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1.1. General introduction 

 

Molecules are held together by covalent bonds, formed by sharing of electrons between 

atoms in molecular orbitals. While covalent bonds within molecules are strong, e.g. the typical 

bond energy for a bond between sp3-carbon atoms is 348 kJ/mol, the non-covalent forces that 

govern how molecules interact with each other are much weaker, with binding energies on the 

order of 1 – 170 kJ/mol. There are several types of non-covalent interactions, i.e. van der Waals 

interactions, electrostatic interactions, π-π interactions and hydrogen-bonding. An example of 

non-covalent interactions is found in DNA, where the base pairs of two strands hydrogen-bond 

to form the helical DNA molecule (Figure 1.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1: Example of non-covalent interactions by hydrogen-bonding of base pairs in a DNA molecule. Adapted 

from National Human Genome Research Institute. 

 

1.1.1. Functional supramolecular materials 

 

These non-covalent interactions have inspired chemists to develop molecules that 

exhibit novel functional properties, due to spontaneous self-assembly via non-covalent 

interactions to form supramolecular complexes and materials.[1–4] In highly innovative work on 

the complementary triple hydrogen-bonding motifs uracil and 2,6-diacylaminopyridine, Lehn 

and co-workers developed functional supramolecular materials with polymer-like properties 

simply by mixing the two complementary components in a 1:1 ratio.[5,6] The introduction of 

multiple hydrogen-bond donors and acceptors gave rise to a high dimerization constant, which 

enabled strong association between the complementary hydrogen-bonding motifs. Another type 

of supramolecular material consisting of three-fold hydrogen-bonding by self-complementary 

molecules was developed by Meijer and co-workers (Figure 1.2).[7–9] The benzene-1,3,5-

tricarboxamide (BTA) motif intermolecularly hydrogen-bonded, forming helical nanorods. 

End-functionalizing telechelic hydrophobic (i.e. Kraton) or hydrophilic (i.e. 

poly(ethyleneglycol)) polymers resulted in thermoplastic elastomeric materials and 

hydrogelators, respectively. In addition, Meijer and co-workers investigated the self-assembly 

of BTA nanorods in water environment. Incorporation of a hydrophobic spacer between the 
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BTA motif and the hydrophilic tails effectively shielded the nanorods from the water 

environment by the hydrophobic effect, which induced the formation of elastic and reversible 

hydrogels.[10–12] Another type of supramolecular material, which was for the first time observed 

by Friedrich Reinitzer in 1888, is the liquid crystal (LC).[13] 

Figure 1.2. Supramolecular materials containing the BTA functionality. A) poly(ethylenebutylene) end-capped 

with BTA, reprinted with permission from reference [8] and B) Cryo-TEM of PEG functionalized BTA hydrogel 

fiber. Reprinted with permission from reference [10]. 

 

1.1.2. Liquid crystals 

 

Most pure compounds show two phase transitions, i.e. melting from a crystalline solid 

to a liquid state and evaporation from a liquid to a gas state. Weak attractive non-covalent or 

supramolecular repulsive excluded volume interactions between molecules can induce a certain 

degree of anisotropy to the preferred position or orientation of molecules in a fluid state, 

resulting in one or more additional phases between the crystalline and isotropic liquid states. 

These liquid-crystalline (LC) phases possess the fluid properties of the liquid state and the 

ordered properties of the crystalline state, and compounds showing such phases are called liquid 

crystals.[1,14,15] LC compounds are capable of self-assembling into hierarchical structures and 

can exhibit stimuli-responsive properties due to changes in the orientational and positional 

order of the molecules by exerting a stimulus. For instance, light responsive actuators,[16,17] 

thermoresponsive materials[18] and chemical responsive materials have been reported.[19] 

 

LC phases are divided into two classes, i.e. thermotropic and lyotropic phases. 

Thermotropic LC phases are formed from the crystalline solid by heating, while lyotropic 

phases are formed by addition of solvent. Both classes demonstrate different types of phases 

depending on the shape of the molecules (Figure 1.3). Calamitic or rod-shaped molecules tend 

to form nematic or smectic LC phases, each differing in the degree of lateral orientational and 

rotational order of the molecules, while discotic or disc-shaped molecules tend to form 

columnar LC phases, i.e. nematic, hexagonal and rectangular.[14]  
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Figure 1.3. Types of LC phases, depending on the molecular shape. 

 

1.2. Functional nanostructured columnar liquid crystals 

 

Columnar liquid crystals are dynamically functional anisotropic materials, which can 

have different stimuli-responsive properties. The anisotropy of the material can be used to 

endow the material with one-dimensional transport properties for electrons, ions and 

molecules.[20] Based on this principle, materials have been developed with possible novel 

applications in volatile organic memory devices[21], ion-conductive batteries[22] and molecular 

filtration properties.[23] 

Figure 1.4. Ferroelectric switching of benzene-1,3,5-tricarboxamide (BTA) columnar liquid crystals. Reprinted 

with permission from reference [21].  

 

Our group works on the development of volatile organic memory devices that are based 

on ferroelectric switching of the dipole moment present in columnar liquid crystals.[21] 

Benzene-1,3,5-tricarboxamide (BTA) columnar liquid crystals with a large macrodipole along 

the columnar axis invert their polarization upon switching polarity of an electric field (Figure 

1.4) by flipping of the amide bonds, switching the macrodipole in opposite direction. Other 

examples of ferroelectric columnar liquid crystals include the urea based columnar liquid 

crystals of Yamamoto et al. that hydrogen-bond via the urea moiety and demonstrated a 

macrodipole capable of switching upon inversion of an electrical field (Figure 1.5).[24]  
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Furthermore, Aida and co-workers developed a ferroelectric columnar liquid crystal 

with spontaneous polarization along the columnar axis due to polar phthalonitrile moieties 

pointing unidirectionally along the columnar axis and stabilized by hydrogen-bonding of the 

amides.[25,26]  

Figure 1.5. Ferroelectric switching of urea columnar liquid crystals and wedge-shaped phthalonitrile columnar 

liquid crystal.[20,24–28] Adapted with permission from references [20] and [27]. 

 

Another type of functional nanostructured columnar liquid crystal includes those 

developed for ion-conductive organic batteries. [22,29–32] Utilizing ionic columnar liquid crystals 

of N,N,N-trimethylbenzenammonium, Kato et al. found four orders of magnitude higher ion 

conductivity for the Colhex LC phase in comparison to the Colrec LC phase (Figure 1.5).[22] The 

difference in ion conductivity was ascribed to the closer packing of the ions in the Colrec phase, 

which inhibited the ion mobility. The same group also constructed a ternary mixture of a 

amphiphilic columnar liquid crystal with a protic salt consistent of benzenesulfonate and 

imidazolium that demonstrated higher proton conductivity in the Colhex phase compared to the 

pure salt (Figure 1.6).[32] The nanosegregation of the columnar liquid crystal distributes the 

protic salt in the nanostructure and facilitates high ion mobility.  

Figure 1.6. Ion-conductive organic batteries based on ionic columnar liquid crystals and proton-conductive 

materials of a protic salt columnar liquid crystalline ternary mixture. Adapted with permission from references 

[22] and [32]. 
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A general strategy for the development of nanostructured materials is the use of a binary 

LC complex to obtain the desired columnar LC phase behavior. Several different complexes 

have been designed and demonstrated to exhibit columnar LC behavior by self-assembly of the 

proper ratio of molecules. An overview is given in Figure 1.7. Sierra et al. has demonstrated 

the use of (s)-triazine derivatives in combination with benzoic acids to form a 1:3 complex 

showing thermotropic LC properties.[33,34] Similarly, Wang et al., Kim et al. and Kleppinger et 

al. utilized benzene-1,3,5-trisimidazole derivatives to form 1:3 complexes with benzoic acids 

to obtain thermotropic columnar liquid crystals.[35–37] In addition to hydrogen-bonding, ionic 

interactions from the acid-base reaction between tris(2-aminoethyl)amine and benzoic acids 

have also been applied to form columnar LCs.[38] In these complexes, the acid-base reaction of 

primary amines with carboxylic acids results in the formation of an ionic complex between 

ammonium and carboxylate groups. A similar approach was previously applied in our group by 

complexation of a carboxylic acid functionalized benzene-1,3,5-tricarboxamide with 

polyamine dendrimers to obtain self-assembled columnar superstructures.[39,40] When one of 

the components is polymerizable, and forms a polymer network while retaining the self-

assembled complex, the other molecule could be used as a template molecule for the formation 

of a nanoporous structure. Weak non-covalent interactions between the network and the 

template simplify removal of the latter. More examples, used in the development of nanoporous 

materials, are discussed in section 1.3 of this chapter. 

 
Figure 1.7. Overview of template assisted columnar liquid crystalline complexes, R = C12H25, PPI = 

poly(propyleneimine), PEI = poly(ethyleneimine), PFS = poly(ferrocenylsilane).[33–40] 
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1.3. Nanoporous materials 

 

Solid porous materials with pore sizes of approximately 0.2 nm up to approximately 50 

nm are classified as nanoporous.[41] Nanoporous materials are made from inorganic, organic or 

hybrid organic/inorganic building blocks and originate from synthetic or natural sources. 

Nanoporous materials have commercial use as absorber materials, separation materials, for gas 

storages, drug delivery systems or synthetic catalysts. The best known class of commercial 

nanoporous materials is zeolites, aluminosilicate minerals containing holes which can 

accommodate a variety of cations, i.e.: Na+, K+, Ca2+, Mg2+ etc. (Figure 1.8).[42–44]  

 

Filtration is one of the main fields of application for porous materials. When “large” 

suspended particles with sizes between 100 – 1000 nm are rejected, this is called microfiltration 

(Figure 1.8). Rejection of smaller particles and macromolecules with a size of 1 – 500 nm is 

done by ultrafiltration. In nanofiltration, all divalent ions and all molecules with sizes of 0.5 – 

5 nm are also rejected. Finally, reverse osmosis occurs when all monovalent ions are also 

rejected, and only water passes through. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.8. Rejection of particle size for different filtration applications and structure of nanoporous zeolites. 

Reprinted with permission from Thomas Splettstoesser (www.scistyle.com). 

 

1.3.1. Nanoporous materials from block-copolymers  

 

In block-copolymers, the separate blocks may nano-phase segregate because of the 

immiscibility of the (two or more) blocks.[45] Even for diblock-copolymers, a broad array of 

different morphologies has been observed, of which in particular cylindrical and bicontinuous 

phases are of interest for the formation of nanoporous materials upon selective removal of one 

of the blocks.[46] This selective phase removal approach with block-copolymers was explored 

by Gohy et al. [47–50] and Hillmeyer et al. (Figure 1.9).[51–54] In the work of Gohy, amphiphilic 

block copolymers consisting of poly(ethylene oxide) and polystyrene were connected via a 

photocleavable ortho-nitrobenzyl ester junction. Self-assembly of the block-copolymer 

afforded the nanosegregated structure after which UV-treatment and extraction removed the 

minor phase, leaving a nanoporous material. The pores were additionally functionalized with a 

fluorescent dye to characterize the pore structure and the functionalities in the pores.[55] 

However, the smallest pore size achieved by block-copolymers is approximately 10 nm.[56–60]  

 

0,1 1 10 100 1000
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Figure 1.9. Nanoporous materials from amphiphilic photocleavable block-copolymers. Reprinted with permission 

from reference [55]. 

 

1.3.2. Nanoporous materials made from lyotropic liquid crystals 

 

The liquid crystalline phase affords a degree of orientational and positional order to the 

constituent molecules, which due to their small size can provide nanostructured materials with 

feature sizes below 5 nm and high pore densities. In nanostructured materials prepared from 

lyotropic liquid crystals, the solvent takes the role of template.[61,62] Amphiphilic molecules of 

phosphonium,[23] ammonium,[63] imidazolium[64] or gemini carboxylate salts[65–67] self-

assemble in water to afford lyotropic bicontinuous cubic mesophases, stabilized by 

polymerization of the 1,3-butadiene functionalities on the tails(Figure 1.10). Moreover, the 

water filtration performance of the ammonium and phosphonium nanoporous materials having 

a 3D porous network was tested by dead-end filtration of salts (e.g. NaCl, KCl, MgCl2 and 

CaCl2), sugars, glycerol and ethylene glycol. The membranes rejected >90% of salts and sugars, 

>45% of glycerol and >35% of ethylene glycol via molecular size-exclusion, demonstrating the 

potential of these materials for use as nanofiltration membranes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.10. Bicontinuous cubic nanoporous materials from the polymerization of lyotropic LCs by Gin et al.[23] 

Reprinted with permission from reference [63]. 
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In lyotropic LCs, polymerization-induced phase separation often interferes with the 

fixation of the morphology of the nanostructure in a membrane (Figure 1.11). Guymon and co-

workers were capable of controlling the nanosegregation of lyotropic LCs in polymerizable 

medium without polymerization-induced phase separation[68] by adding at least 10% of a co-

polymerizable surfactant similar in structure to the non-polymerizable surfactant. Subsequent 

photopolymerization of the polymerizable LC phase results in retention of the nanostructure 

and the isolation of a porous material after removal of the template surfactant. Incorporation of 

NIPAM in the polymer network led to a thermoresponsive material that shrinks upon heating 

above its lower critical solution temperature (LCST).[69,70] 

Figure 1.11. Control of phase-separation results in retention of nanostructured porous materials.[68–70] Reprinted 

with permission from reference [68]. 

 

1.3.3. Nanoporous materials made of smectic liquid crystals 

 

Figure 1.12. Smectic nanoporous materials of hydrogen-bonding calamitic LCs of benzoic acid dimers by 

Schenning et al.[75,76] Adapted with permission from reference [75]. 
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Nanoporous materials from calamitic mesogens have been used to prepare 2D porous 

networks by cross-linking across the layers of a smectic LC phase. The group of Schenning et 

al. has demonstrated the use of smectic hydrogen-bonding calamitic LCs for this purpose 

(Figure 1.12).[71–74] The smectic LCs form hydrogen-bonds between layers by carboxylic acid 

dimerization. Incorporation of 10% covalent cross-linker keeps the layers of the smectic phase 

together after photopolymerization. The interlayer cross-links also keep the material together 

upon breaking of the interlayer hydrogen-bonds between carboxylic acid groups in basic 

solution, which results in a stable polymer film useful as a high capacity adsorber material for 

planar cationic dyes.[75,76] 
 

In a related approach to a nanoporous smectic polymer, Kohmoto and co-workers used 

bispyridyl template molecules to connect layers of polymerizable carboxylic acid derivatives 

(Figure 1.13).[77] The acid-base reaction of the pyridyl groups with the benzoic acids, resulted 

in ionic complexation. When the material was polymerized in the presence of an interlayer 

cross-linker, a 2D nanoporous material was obtained upon removal of the bispyridyl template. 

 

 

 
Figure 1.13. Bispyridyl templated smectic nanoporous materials based on calamatic LCs. Adapted with 

permission from reference [77]. 
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1.3.4. Nanoporous materials made from columnar liquid crystals 

 

The previous paragraphs illustrate the diversity of molecular systems for the 

development of nanoporous materials from smectic and bicontinous lyotropic LC phases. 

Columnar LCs have also been used to make nanoporous materials, in most cases by a template-

assisted approach. Ishida and co-workers have used a chiral aminoalcohol as the template 

molecule which forms ionic interactions with a polymerizable benzoic acid (Figure 1.14). An 

LC film was macroscopically aligned by application of an external magnetic field, and the 

polymerizable liquid crystal was cross-linked in situ, after which the template molecule was 

removed to leave a polymer network with helical pores. Dye molecules or salts were absorbed 

by the polymer network in a chiral fashion, with one-handed helicity as determined from 

circular dichroism measurements.[78–83]   

 
Figure 1.14. Chiral template-assisted nanoporous materials with one handed helical nanopores. Reprinted with 

permission from reference [83]. 

 

Recently, Gin et al. demonstrated the use of a lyotropic polymerizable benzoate salt as 

a mesogen that self-assembles into a Colhex phase and aligned in a magnetic field or by soft 

confinement of the LC film (Figure 1.15).[84–91] After alignment and cross-linking, a polymer 

film was obtained that may find use as a breathable coating or water filter membrane. 
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Figure 1.15. Nanoporous materials of cross-linkable columnar hexagonal sodium benzoate derivative with 

homeotropic alignment due to soft confinement.[84,85] Adapted with permission from reference [85]. 

 

1.4. Aim and outline 

 

 The research described in this thesis focuses on the development of organic 

nanostructured porous materials from hydrogen-bonding columnar LCs with novel functional 

properties. The main aim of the work is to utilize the orthogonal self-assembly properties of 

hydrogen-bonding columnar LCs in combination with template molecules to find an 

appropriate system that shows nanosegregation of the template molecule and allows fixation of 

the morphology in a polymer network. Removal of the template molecule from the polymer 

matrix then leads to the formation of a nanostructured porous material in which the functional 

properties can be studied.  

  

Chapter 2 describes the synthesis and characterization of a polymerizable C3-symmetric 

benzene-1,3,5-tricarboxamide (BTA) of which macroscopic alignment was studied by 

application of an electric field. The electrical properties of the polymeric BTA material were 

analyzed and characterized. Continuation of previous work in our group on superlattices of 

BTA derivatives is represented in Chapter 3. A polymerizable BTA derivative exhibiting 

orthogonal ionic interactions with polyamines is synthesized, and its thermotropic LC self-

assembling properties were characterized. After polymerization and removal of the polyamine 

template, a nanostructured material was obtained. Furthermore, the polarity of the pore interior 

was investigated by use of a solvatochromic dye. Chapter 4 introduces a new molecular system, 

an alkene-functionalized benzoic acid which shows orthogonal self-assembly with a benzene-

1,3,5-trisbenzimidazole template molecule. Synthesis and characterization of the LC properties 

are discussed. After polymerization and removal of the template, a nanoporous material is 

obtained of which the selective ion-binding properties were investigated. Further modifications 

of the pore interior to introduce different functions in the nanoporous material are investigated 
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in Chapter 5. Finally, Chapter 6 reflects upon the methods used in the previous chapters and 

discusses the next steps towards the development of a nanofiltration device. Also, the risk 

analysis and technology assessment (RATA) is discussed.  

  

In a broader perspective, the research described in this thesis may lead to novel 

nanoporous materials which integrate multiple responsive properties in a single nanostructured 

material. For example by facile chemical modification of the pore interior, the pore sizes, 

permeability and responsive properties could be tuned in a modular fashion. 
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Chapter 2 

The alignment of hydrogen-bonding columnar liquid crystals 

of benzene-1,3,5-tricarboxamide  

 

Abstract 

In this chapter, several alignment methods, including shear, surface treatment, 
magnetic or electric fields, were applied to a polymerizable hydrogen-bonding columnar 
liquid crystal based on benzene-1,3,5-tricarboxamide (BTA). The synthesis, characterization 
and macroscopic alignment of a methacrylate-functionalized BTA derivative (mBTA) was 
also investigated. The mBTA showed a columnar hexagonal (Colhex) mesophase between 
43 °C and 125 °C according to DSC, POM, XRD and FT-IR analysis. Shearing resulted in a 
macroscopic planar (edge-on) alignment, and an electric field of >8.0 V/µm resulted in 
homeotropic alignment of mBTA. Addition of up to 10 wt% of butyl acrylate lowered the 
viscosity of mBTA without affecting its phase behavior, while the reproducibility of sample 
preparation and alignment increased. Polymerization fixed the morphology of the Colhex 
mesophase in a polymer network and stabilized the structural properties at room temperature. 
The monomeric mixture with butyl acrylate was ferroelectric, but the aligned polymer was not 
responsive to an external electric field. Although the morphology was retained in the 
polymeric material, the macrodipole was lost or flipping of the amides became unfavorable 
and with that the electrical responsive properties disappeared. Further investigation on how to 
retain the morphology and ferroelectric properties is required. 
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2.1. Introduction 

Liquid crystals (LCs) consist of molecules that exhibit orientational and positional 
order, while maintaining fluid-like properties. The alignment of the molecules influences the 
physical properties of the material. For films of columnar LCs, there are two distinct 
orientations with respect to the surface: homeotropic alignment in which the discs are “face-
on” to the surface, and planar alignment in which the discs are “edge-on” to the surface 
(Figure 2.1). An interesting aspect of the homeotropic alignment of phases with a dipole along 
the column axis is that the dipole moment is out-of-plane, leading to a macrodipole normal to 
the surface.[1–3] This macrodipole can lead to ferroelectric properties useful in non-volatile 
memory devices or for piezoelectric properties where the deformation of the material can be 
used for energy harvesting.[4–8]  

 
 
 
 
 
 
 
 
 

Figure 2.1. Homeotropic or planar alignment of columnar LCs. 
 
 
For calamitic LCs several generally applicable methods have been developed to obtain 

a desired alignment (e.g. planar or homeotropic), such as electric/magnetic field alignment, 
polyimide substrate treatment (by rubbing its surface with a velvet cloth),[9] or the use of so 
called command layers, which are stimuli-responsive polymer substrates that can induce a 
change in the LC alignment on top.[10,11] However, these methods are not generally applicable 
to columnar LCs,[12] most probably due to the fact that columnar LCs have a higher viscosity 
compared to calamitic LCs. There are a number of cases in which planar alignment of 
columnar LCs has been achieved by application of unidirectional shear to the surface of thin 
films of LC materials.[12] The columns stack “edge-on” in the direction of the shear force. 
There are also several reports of spontaneous homeotropic alignment, e.g. on clean glass 
substrates, in which alignment is mostly controlled by a slow nucleation-growth process.[13–17] 
Another method to align columnar phases homeotropically is by tuning the surface energy of 
the substrate to obtain similar interaction strength with the core and the periphery of the 
molecules.[18–22] For example, the work of Geerts and co-workers demonstrated the use of a 
water-soluble top layer to induce homeotropic alignment in a columnar hexagonal (Colhex) 
phase of a phthalocyanin (Figure 2.2).[23]  
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Figure 2.2. Homeotropic alignment of 2(3),9(10),16(17),23(24)-tetra (2-decyltetradecyloxy) phthalocyanin and 
final check to demonstrate the function of the sacrificial layer. Reprinted with permission from reference [23]. 

 
 
Electric[2,24–27] or magnetic fields[28,29] have also been exploited for uniform alignment 

of columnar LCs. A recent example of this alignment technique was reported by Osuji et al. 
(Figure 2.3).[28] They demonstrated that the Colhex mesophase of a LC monomer could be 
uniformly aligned over a large area by rotating the sample in a magnetic field and slow 
cooling it from the isotropic melt in to the columnar mesophase. Finally, nanoconfinement of 
columnar LCs in porous silicon, porous anodic aluminum oxide (AAO), or SU8 support 
membranes.[21,30–35] with pores perpendicular to the substrate have been used to obtain 
homeotropic alignment.  
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Figure 2.3. Homeotropic alignment of a lyotropic columnar LC monomer by rotating the sample in a magnetic 
field. Reproduced with permission from reference [28]. 
 

The hydrogen-bonding columnar LCs described in this chapter are benzene-1,3,5-
tricarboxamides (BTAs). Alkyl-substituted BTAs are known to form Colhex LC phases over a 
broad temperature range.[2,36–41] Crystal structures of similar compounds have previously 
demonstrated the existence of three-fold hydrogen-bonding in BTA molecules, resulting in a 
helical structure with a large macrodipole along the columnar axis (Figure 2.4).[1,3,42–44]  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4. Chemical structure of benzene-1,3,5-tricarboxamide (BTA), three-fold hydrogen-bonded columnar 
structure and macrodipole. 
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In this chapter, the synthesis, characterization and alignment of a polymerizable BTA 
derivative is investigated. Cross-linking polymerization fixes the morphology into a polymer 
network. To lower the viscosity and improve the reproducibility of sample preparations, a 
polymerizable additive (i.e. co-monomer) was added to the polymerizable BTA. The resulting 
cross-linked polymer material was subsequently tested for ferroelectric and piezoelectric 
properties in order to investigate whether it had an electrical response. Ideally, the 
ferroelectric properties should intrinsically result in reverse piezoresponsive properties, which 
is useful for the harvesting of energy upon the application of an oscillating stress. 

 
2.2. Design and synthesis of BTA derivatives 

 
The order of uniformly aligned LC materials can be fixed by cross-linking, which 

prevents the material from losing molecular alignment over time. In the last fifteen years there 
have been extensive developments on polymerizable LCs.[45–52] In particular, the use of 
(meth)acrylate-based LCs show promise for applications, because they polymerize fast, and 
they generally have a glass transition above room temperature.[53–56] Hence, a cross-linkable 
BTA monomer was designed with methacrylate functionalities on the side chains (mBTA). 

 

Scheme 2.1. The synthesis of polymerizable benzene-1,3,5-tricarboxamide derivative, mBTA. a) Boc2O, DCM, 
3 hrs (Quant.); b) methacryloyl chloride, Et3N, DCM, 2 hrs (82%); c) 2.0 N HCl, Et2O, 16 hrs; d) Et3N, CHCl3 
(mBTA 60%). 
 

The synthesis of mBTA is depicted in Scheme 2.1. The synthesis of the sidechains for 
mBTA consists of three steps, beginning with the facile Boc-protection of aminohexanol to 
obtain the N-Boc protected aminohexanol in quantitative yield. The product was esterified 
with methacryloyl chloride in the presence of triethylamine in 82% yield. Subsequently, the 
Boc group was removed with hydrochloric acid in diethyl ether to obtain the hydrochloride 
salt of the amine in situ. The salt was then directly used in the coupling reaction with 
benzene-1,3,5-triacid chloride and triethylamine to obtain mBTA in 60% over two steps with 
an overall yield of 49%. All compounds were fully characterized by 1H-NMR, 13C-NMR, FT-
IR and MALDI-ToF-MS analyses. 
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2.3. Characterization of thermotropic liquid crystal properties 

 
Typical characterization techniques for the analysis of the thermotropic LC properties 

are differential scanning calorimetry (DSC), polarized optical microscopy (POM), variable 
temperature infrared spectroscopy (VT-IR) and X-Ray diffraction (XRD) to determine and 
assign the phase behavior of the LC. BTAs are known for the large temperature window in 
which they can form a Colhex mesophase. The phase transitions of mBTA were studied in the 
presence of a small amount of inhibitor (100 ppm BHT) to prevent thermal polymerization 
during the measurements. A wide mesophase range, from 43 to 125 °C, was observed by DSC 
for mBTA, although the window is significantly smaller than for unfunctionalized alkyl BTAs 
reported in literature (Table 2.1).[2,57] For comparison, the aliphatic C9BTA (control 
compound) shows a phase transition at 9 °C from a crystalline (Cr) to a Colhex mesophase and 
an order-disorder transition from the mesophase to an isotropic liquid at 203 °C. Increasing 
the length of the aliphatic tails from C9 to C18 shifts the Cr to Colhex phase transition to higher 
temperatures (79 °C), but it hardly effects the order-disorder transition.  

 
Table 2.1: Phase behavior of mBTA (1 wt% BHT) and aliphatic BTAs from literature[2,57] 
Compound  T/°C (∆H/(kJ/mol))[a]  

mBTA 
C6BTA 
C9BTA 

Cr 
Cr 
Cr 

43 (1.0) 
40 (3.3) 
9 (9.0) 

 
Colrec 

 
164 (0.5) 

Colhex 

Colhex 

Colhex 

125 (5.8) 
209 (19.9) 
203 (9.7) 

I 
I 
I 

C10BTA 
C18BTA 

Cr 
Cr 

13 (18.4) 
79 (90.8) 

  Colhex 

Colhex
 

205 (13.5) 
209 (14.6) 

I 
I 

[a] The onset temperatures and enthalpies are calculated from the second heating run of the DSC traces. 
The observed phases are identified by the following abbreviations: Cr = crystalline, Colrec = rectangular 
columnar, Colhex = hexagonal columnar and I = isotropic liquid. 

 Examination of the phase by POM confirmed the findings from DSC. For example, 
the aliphatic C10BTA is solid below 13 °C, and up to 210 °C it is liquid crystalline. A focal 
conical shaped texture was grown by cooling from the isotropic melt with 10 K/min (Figure 
2.5.A). This texture is typical for Colhex LC phases and demonstrates the structural properties 
of the material. Also for mBTA, a focal conical shaped texture was grown from the isotropic 
melt by cooling at 10 K/min (Figure 2.5.B). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. A) POM with crossed polarizers for C10BTA (scale bar = 50 µm) and B) mBTA (scale bar = 200 
µm) at the Colhex phase, cooling from isotropic state at 10 K/min. 

 

A B 
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FT-IR spectroscopy can be used to show the formation of (triple) hydrogen-bonds 
between the layers in columnar stacks of BTA’s, in which the C=O stretch vibrations and N-H 
stretch vibrations of the amides shift to lower wavenumbers when going to the hydrogen-
bonded state. On the other hand, the N-H bending vibrations shift to higher wavenumbers 
when going to the hydrogen-bonded state. In the FT-IR spectrum of C10BTA, the N-H stretch 
vibration shifts from 3329 cm-1 to 3265 cm-1 when cooling from the isotropic state to the 
Colhex

 phase (Figure 2.6). This coincides with a shift of the C=O stretch vibration from 1653 
cm-1 to 1637 cm-1 and a shift of the N-H bend vibration from 1510 cm-1 to 1537 cm-1 upon 
cooling. These FT-IR band shifts demonstrate that hydrogen-bonding of the amide groups is 
stronger in Colhex mesophase than in the isotropic state. VT-IR analysis of mBTA also 
evidences the hydrogen-bonding characteristics of the Colhex phase and the shift that is present 
in the amide bands of the spectrum around 125 °C coincide with the isotropisation 
temperature (Figure 2.6). At higher temperatures, the N-H stretching band is a broad signal 
centered at 3329 cm-1 that shifts to a sharper signal at 3240 cm-1. The C=O stretching band of 
the amide shifts from 1640 cm-1

 at higher temperatures to 1635 cm-1 at lower temperatures; 
and similarly, the N-H bending band of the amide shifts from 1520 cm-1 at higher 
temperatures to 1553 cm-1 at lower temperatures. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. A+B) FT-IR spectra of C10BTA cooling from 250 °C to 40 °C and C+D) FT-IR spectra of mBTA 
cooling from 150 °C to 25 °C, demonstrating hydrogen-bonding behavior. 
  

The XRD pattern of mBTA is also dependent on temperature. In the crystalline phase 
at 25 °C, a hexagonal lattice is observed with q-ratios of √1: √3: √4 and an interdisc distance 
(idd) of 0.35 nm (Figure 2.7). Around the broad peak at 14 nm-1, three distinct peaks are 
observable, indicative of the ordered close packing of alkyl chains typical for the crystalline 
phase.[58] At 100 °C, these XRD peaks disappeared, while the peaks from the hexagonal 
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lattice show some broadening which is typical for the lower order present in the LC phase 
(Colhex), with an intercolumnar distance of 2.01 nm and an interdisc distance of 0.35 nm. 
Assuming there is one molecule per hexagonal unit cell, the density of the Colhex phase 
corresponds to 0.96 g/cm3.   

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 2.7. XRD spectra of mBTA at different temperatures, showing the following phases: crystalline at 25 °C, 
Colhex at 100 °C with unit cell parameters: a = 2.01 nm; c = 0.35 nm and isotropic liquid at 145 °C.  

2.4. Planar and homeotropic alignment of mBTA 

 
 When BTAs are directly applied to a surface, they tend to show a random orientation 
of columns side-on at a surface. A typical 2D-XRD pattern of this random orientation of 
columns is depicted in Figure 2.8. The full rings are indicative of domains growing in all 
directions.  

 
To obtain macroscopically uniaxial planar alignment, the samples were mechanically 

sheared in one direction, after which the 2D-XRD profile was recorded (Figure 2.8). 
Azimuthal integration of the linecuts of the planar-aligned sample is shown in Figure 2.8.C. 
The 100, 110 and 200 reflections, which lie on circles in randomly oriented planar samples 
(Figure 2.8.A), have preferred azimuthal angles on opposite sides of the circle indicating 
planar alignment of the intercolumnar planes (Figure 2.8.B). In line with this, the interdisc 
reflection is visible perpendicular to the intercolumnar reflections. Reflections due to spacing 
between alkyl chains show 4 azimuthal maxima at 90° intervals separated by 45° from the 
azimuthal maxima of the intercolumnar reflections, characteristic of a helical arrangement of 
the alkyl chains.[59–63] 
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Figure 2.8. 2D-WAXS plots of A) random, unpolymerized mBTA, and B) planar-aligned, unpolymerized 
mBTA. C) Azimuthal plot of planar aligned unpolymerized mBTA with linecuts of the intercolumnar distances 
(ICD), the alkyl region and the interdisc distance (IDD). 
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Figure 2.9. 2D-WAXS plots of A) random unpolymerized mBTA, and B) homeotropically aligned polymerized 
mBTA. 

 
Homeotropic alignment of mBTA was difficult to obtain. Several different approaches 

were tried. First, several surface modifications were tried by functionalizing glass substrates 
with C18 alkyl tails or perfluorinated alkyl tails. However, spin-coating of mBTA and/or 
application of mBTA between two substrates, heating to the isotropic state and slow cooling 
to the Colhex mesophase did not result in the desired homeotropic alignment. Also, substrates 
were coated with “homeotropic-inducing” polyimide (Sunever 7511) or PEDOT:PSS; but also 
on these substrates, no homeotropic alignment was observed. Next, a static magnetic field of 
~1.0 T was applied to the mBTA sample to try and induce spontaneous alignment by slow 
nucleation-growth from the isotropic state. This was also a fruitless attempt in obtaining 
homeotropically aligned mBTA. Finally, application of an electric field led to homeotropic 
alignment of mBTA. Electric-field-aligned samples were prepared by filling LC cells 
consisting of ITO-coated glass substrates on which PEDOT:PSS was spin-coated and glued 
together to incorporate 6 µm glass beads as spacers. PEDOT:PSS was utilized because it can 
be used as a water-soluble sacrificial layer and facilitate removal from the ITO-coated glass 
substrates. Furthermore, PEDOT:PSS is an electrically conductive layer that smoothens the 
ITO-coating, which can contain spikes of up to 100 nm (Figure 2.10) and therefore can cause 
short-circuits when an electrical field is applied. After filling the LC cell above the isotropic 
temperature, the sample was slowly cooled to 135 °C (into the Colhex phase) while a static 
electric field of 8.3 V/µm was applied for up to 4 min. During cooling, birefringence as 
observed with POM continuously decreased, which is depicted in Figure 2.11. This is a good 
indication of homeotropic alignment of the mBTA Colhex phase, although definitive proof for 
homeotropic alignment requires confirmation by 2D-XRD. As stated earlier, this resulted in 
the absence of the interdisc distance found by XRD measurements (on the polymer sample, 
Figure 2.9.B). 
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Figure 2.10. A) Contact-mode AFM and B) Dektak surface profiles of multiple runs on “bare” ITO-coated glass 
substrates. 
 

 
Figure 2.11. POM images of mBTA in ITO-coated LC cells A) before and B) after application of an electric 
field for 10 sec or C) 4 min. 
 
2.5. Polymerization of mBTA 

 
A stable mBTA based material with the columnar arrangement of the LC phase was 

obtained by cross-linking the desired morphology and alignment of the columnar LCs as a 
polymer network. mBTA contains three methacrylate groups and its radical chain-addition 
polymerization results in a cross-linked network. Polymerization of mBTA, in between two 
glass substrates coated with ITO and PEDOT:PSS, was performed by addition of 1.0 wt% 
photoinitiator (phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide, Irgacure 819) and UV-
irradiation (365 nm) for 10 min. at 100 °C. The polymerization was followed by FT-IR 
analysis of the irradiated sample (Figure 2.12), and a conversion of 80% was calculated from 
the decrease in transmittance intensity of the C-H bending vibration of the methacrylate at 
940 cm-1 and C=C twist vibration of the methacrylate at 815 cm-1. 
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Figuur 2.12. FT-IR spectra before and after photopolymerization of mBTA containing 1 wt% Irgacure 819 and 
1 wt% BHT. Monomer and polymer spectra were measured at room temperature. 

 
The morphology of the polymer material was compared with the monomeric material 

by XRD (Figure 2.13). A Colhex phase was observed for the monomer at 100 °C. After 
polymerization, this structure remained present. Moreover, after application of an electric 
field and subsequent polymerization, the interdisc distance disappeared, while the hexagonal 
structure remained present. This means that the molecules are standing in the direction of the 
incoming X-Ray beam, however, there are still a lot of small domain sizes, explaining why a 
full circle is observed in the 2D-WAXS data (Figure 2.9.B). 
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Figure 2.13. XRD of mBTA monomer at 100 °C, polymer unaligned and polymer homeotropic aligned. IDD = 
interdisc distance. 
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2.6. Reproducible homeotropic polymer materials of mBTA 
 
The earlier described method to prepare homeotropically aligned samples is 

inconvenient because the majority of samples is polymerized in the isotropic state, preventing 
the formation of fully aligned polymerized material. Therefore, commercial LC cells of Instec 
were used with a gap of 6.8 µm and an electrode area of 5.0 x 5.0 mm (Figure 2.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14. Commercial LC cell of Instec with ITO electrode area and optional alignment layer. 
 
 

To prevent premature polymerization of the monomeric mBTA in the isotropic state, 
the viscosity was lowered by addition of 2-10 wt% of butyl acrylate (co-monomer). Since the 
presence of this diluent did not change the isotropisation temperature or the morphology 
(Figure 2.15), a phase-separated system of LC droplets in an isotropic butyl acrylate matrix is 
probably formed. Under these conditions, filling of the LC cells was faster (30 min. at 
140 °C) and premature polymerization could be prevented. In these cells, the active area of 
the cell was homeotropically aligned by application of an electric field (22 V/µm, 10 min.) 
perpendicular to the cell plate surface (Figure 2.16). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.15. A) DSC and B) XRD at 100 °C of mBTA containing different concentrations of butyl acrylate 
additive. 
 
 
 

A B 

0 20 40 60 80 100 120 140 160

-20

-10

0

10

20

H
e
a
tf
lo

w
 (

W
/g

)

Temperature (°C)

 2% butyl acrylate

 4% butyl acrylate

 6% butyl acrylate

 8% butyl acrylate

 10% butyl acrylate

1 10

0,01

0,1

1

In
te

n
s
it
y
 (

A
U

)

q (nm
-1
)

 2 wt%

 4 wt%

 6 wt%

 8 wt%

 10 wt%



Chapter 2 

30 

 

 
 

Figure 2.16. mBTA containing 10 wt% butyl acrylate in a LC cell with ITO electrodes, gap 6.8 µm, 
between crossed polarizers A) before, B) after alignment at 110 °C and 22 V/µm for 10 min. and C) close-up 
after alignment. Central part is the electrode area. 
 
2.7. Ferroelectric properties of homeotropically aligned and polymerized mBTA 

 
 Ferroelectric analysis was performed on the unpolymerized and on the polymerized 
homeotropically aligned samples consisting of mBTA and 10 wt% butyl acrylate, in LC cells 
with a 25 mm2 ITO-coated glass electrode area. For the analysis of ferroelectric behavior, two 
block wave functions were applied to erase any previous polarization state and to create a 
negative polarization state (Figure 2.17). Next, three triangular waves were applied to read out 
the current response of the polar switching process that took place. From the first triangular 
wave, the polarization was deduced by subtracting the background current displayed by the 
current response of the second triangular wave. In this way, the ferroelectric hysteresis loop 
was obtained, and the frequency dependence of mBTA was investigated (Figure 2.18). The 
unpolymerized mixture of mBTA and butyl acrylate showed ferroelectric switching in an 
applied electrical field, with a remnant polarization of 27 mC/m2 at 1.0 Hz and a coercive 
field of 19 V/µm. Interestingly, lowering the frequency up to 10 mHz resulted in higher 
remnant polarization (136 mC/m2) and larger coercive field (27 V/µm). Evidently, additional 
effects contribute to the observed polarization, but their study is beyond the scope of this 
thesis. The cross-linked sample showed insignificant polarization of below 1.0 mC/m2 (Fig. 
2.18.B). Similarly, no piezoelectric response was observed for the polymerized samples when 
investigating the direct piezoresponse (d33) by a piezometer equipped with flat gold contacts 
at a frequency of 110 Hz and a force of 10 N. This might be because the measurements took 
place below the Tg of the polymer sample. Therefore, several attempts were taken into 
determining the Tg by DSC measurements or dynamic mechanical thermal analysis (DMTA). 
The DSC showed no peaks from -50 °C to 200 °C, and samples for DMTA were too brittle 
and broke upon application of the clamps of the DMTA. 
 
 
 
 
 
 
 
 
 

A B C 
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Figure 2.17. A) Voltage input and B) current readout for the ferroelectric analysis of BTAs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18. Ferroelectric switching of A) unpolymerized mixture at 80 °C (Colhex) and B) polymerized mixture 
of mBTA and 10 wt% butyl acrylate 80 °C.  
 
 
2.8. Conclusions 

  
The results obtained in this chapter show that mBTA has a wide temperature range for 

the Colhex phase and that in thin films homeotropic, as well as planar alignment can be 
achieved. Fixation of the morphology was possible by cross-linking of the methacrylate 
functionalities. Promising ferroelectric properties were found for the monomeric mixtures 
with added butyl acrylate. The cross-linked mixture of mBTA with butyl acrylate did not 
exhibit a ferroelectric response, most probably because the material is highly cross-linked and 
is a glass up to 80 °C, which makes flipping of the amide dipoles unfavorable. In future 
experiments, the glass transition temperature of the mBTA network should be determined and 
ferroelectric response measured above this temperature. The role of poly(butyl acrylate) can 
be explored by mixing with non-polymerizable BTA (e.g. C10BTA) and evaluating the 
ferroelectric switching behavior.  
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2.9. Experimental section 

 

2.9.1 Materials 
 
Solvents were dried on molecular sieves prior to use and stored under nitrogen. 

Chemicals were purchased from Sigma-Aldrich or Acros and used as received, unless stated 
otherwise. NMR spectra were recorded at room temperature using a Varian Mercury 400 (400 
MHz) spectrometer in CDCl3 solutions (unless otherwise noted). Chemical shifts are given in 
ppm with respect to tetramethylsilane (TMS, 0 ppm) as internal standard. Coupling constants 
are reported as J-values in Hz. Column or flash chromatography was carried out using silica 
gel (0.035-0.070 mm, ca 6 nm pore diameter). MALDI-TOF-MS spectra were obtained using 
a PerSeptive Biosystems Voyager-DE PRO spectrometer, with α-cyano-4-hydroxycinnamic 
acid (CHCA) as matrix.  
 

2.9.2 Instrumentation 
 

VT-IR data were recorded on an Excalibur TS 3000 MX of Biorad equipped with a 
Specac Golden Gate diamond ATR. Background spectra were obtained for every temperature, 
and samples were equilibrated for 2 min at a given temperature prior to the measurement. 
Spectra were signal-averaged over 50 scans at a resolution of 2 cm-1, background subtracted 
and normalized. 
 

POM images were obtained on a Jeneval microscope equipped with crossed polarizers 
and Polaroid DMC Ie CCD camera. Experiments above room temperature were conducted 
with a Linkam THMS 600 hot stage and controlled cooling with liquid nitrogen. 
 

DSC measurements were performed in hermetic T-zero aluminum sample pans using a 
TA Instruments Q2000 – 1037 DSC equipped with a RCS90 cooling accessory. All transition 
temperatures and enthalpies were determined from the first cooling and second heating run, 
with heating and cooling rates of 10 K min-1. 
  

XRD measurements were performed using a Ganesha lab instrument equipped with a 
Genix-Cu ultra-low divergence source producing X-ray photons with a wavelength of 1.54 Å 
and a flux of 1 x 108 photons/second. Diffraction patterns were collected on a Pilatus 300K 
silicon pixel detector with 487 x 619 pixels of 172 µm2 placed at a sample to detector distance 
of 1080 mm. The detector consists out of three plates with a 17 pixels spacing in between, 
resulting in two dark bands on the image. Temperature-dependent measurements were 
performed with a Linkam HFSX350 heating stage. 
 

Azimuthal integration of the obtained diffraction patterns was performed to obtain the 
intensity versus the scattering vector (q). Relation (1) was used to convert the scattering 
vector into d-spacing, where Bragg’s law (2) is fulfilled (λ is the wavelength, n is an integer 
and θ is the angle of incidence). The beam center and the q-range were calibrated by utilizing 
silver behenate (0.107 Å-1; 58.43 Å) as a diffraction standard.[64] 
 

��

�
  (1)   

��

��
 (2) 
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The ferroelectric switching experiments were conducted inside a temperature 
controlled Janis probe station at atmospheric pressure. Switching signal waveforms were 
applied by an Agilent 33120a arbitrary waveform generator and amplified by a Falco WMA-
300 high voltage amplifier. The actual circuit current was measured by a Keithley 6485 
picoampmeter which was visualized and stored on an Agilent DSO7104A oscilloscope for 
further analysis. 
 
2.9.3 Methods 
 

Sample preparations for homeotropic alignment 

 
The compound, mBTA, stabilizer (0.01 wt% BHT), butyl acrylate (10 wt%) and 

photoinitiator (1.0 wt% Irgacure 819) were dissolved in chloroform for thorough mixing and 
filtered prior to use by 0.45 µm filters to remove dust. After which the solvent was evaporated 
by airflow.  

 
The ITO coated glass substrates were cleaned by sonication in acetone (15 min), 

followed by physical washing in a sodium dodecyl sulfate (SDS) solution. Next, the 
substrates were sonicated in the soap solution (15 min) and rinsed with deionized water. 
Additionally, the substrates were sonicated in isopropyl alcohol (IPA) (15 min) and dried by a 
N2 flow. Finally, the glass substrates were put in an UV/ozone oven (30 min) to remove any 
remains of organic compounds.  
 

Spincoating of PEDOT:PSS was performed on cleaned substrates by applying vacuum 
and placing one droplet on the substrate. The substrate was spun at 2000 rpm for 30 s. Two 
substrates containing PEDOT:PSS were glued together with glue containing glass beads as 
spacers (6 µm). 
 

The filling of LC cells, alignment and photopolymerization were performed in a 
lamellar fume hood. LC cells were filled with the mBTA mixture by capillary forces at 140-
145 °C while covered with a glass Petri dish. Homeotropic alignment was achieved by 
connecting two electrodes to the LC cell and application of a direct current of 50 V (non-
commercial cells) or 150 V (commercial cells) at the desired temperature. Afterwards the 
aligned material was exposed to UV radiation (365 nm) for 10 min at the same temperature to 
polymerize the material. 

 
Planar alignment was obtained by placing the sample in between two clean 

PEDOT:PSS coated glass substrates. The sample was heated to 145 °C to and the top 
substrate was pressed down and sheared in one direction when cooling down to 100 °C. 
Afterwards, the sample was polymerized at 100 °C. Removal of the polymer film could be 
achieved by breaking the (non-commercial) cell and immersing in deionized water to dissolve 
the sacrificial layer. 
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2.9.4 Synthetic procedures 
 

General procedure for aliphatic symmetric BTAs   

A 250 mL round bottom flask was charged with a solution of the 
appropriate aliphatic amine (3.5 equiv.) and Et3N (3.5 equiv.) in 35 mL 
dry DCM and stirred under inert argon atmosphere. The mixture was 
cooled in an ice-bath at 0 °C. A solution of benzene-1,3,5-tricarboxylic 
acid chloride (0.26 equiv.) in DCM (dry) was added dropwise by a 

dropping funnel while maintaining cooling in an ice-bath. Stirring for 1 hour was followed by 
addition of DCM and washing with water and 0.5 M HCl (aq.). The organic layer was dried 
with Na2SO4 and solvents were evaporated in vacuum. Purification was performed by column 
chromatography.  
 
Synthesis of N, N’, N”-Benzene-1,3,5-tridecylcarboxamide (C10BTA)  

The compound was synthesized according to the general 
procedure by using decylamine (5.11 g, 3.5 equiv.) and TEA 
(4.52 mL, 3.5 equiv.). The crude product was purified by 
flash column chromatography (silica-gel, DCM/MeOH, 19:1) 
and precipitated twice in cold MeOH to obtain a white solid 

(3.21 g, 55%). 1H-NMR (CDCl3): δ = 8.34 (s, 3H, Ar-H), 6.55 (t, 3H, N-H), 3.45 (q, 6H, NH-
CH2), 1.65-1.27 (m, 48H, CH2CH2), 0.88 (t, 9H, CH3) ppm. 13C-NMR (CDCl3): δ = 165.7, 
135.3, 127.9, 40.4, 31.9, 29.6-29.2, 27.0, 22.7, 14.1 ppm. Elemental analysis: Calculated for 
C39H69N3O3: C, 74.59; H, 11.07; N, 6.69, found: C, 74.18; H, 11.21; N, 6.46.  
MALDI-TOF MS: Calculated: [M+Na]+ = 650.53 Da, observed [M+Na]+ = 650.52 Da.  
FT-IR: 3231, 3069, 2955, 2919, 2871, 2851, 1637, 1564, 1468, 1293 cm-1. 
 
Synthesis of N-Boc-amino-6-hexanol (4)  

A 250 mL round bottom flask was charged with 1-aminohexanol (5.0 g, 
1.0 equiv.) in 40 mL DCM (stab. EtOH). To this stirred solution was 

slowly added Boc2O (10 g, 1.1 equiv.). The reaction mixture was stirred for 3 hrs, 100 mL 
DCM (stab. EtOH) was added and the mixture was washed with 1 N HCl (3 ×50 mL), 1 N 
NaOH (1 × 50 mL) and NaCl 35 wt% (1 × 50 mL). The organic layer was dried with MgSO4, 

filtered and evaporated to dryness to obtain the product as a white solid in a quantitative yield 
(9.34 g, 100%). 1H-NMR (CDCl3): δ = 4.52 (s, 1H, N-H), 3.64 (q, 2H, OH-CH2), 3.12 (q, 2H, 
NH-CH2), 1.61-1.47 (m, 4H, CH2CH2), 1.44 (s, 9H, -C-(CH3)3), 1.39-1.34 (m, 4H, CH2CH2) 
ppm. 13C-NMR (CDCl3): δ = 156.1, 79.1, 62.6, 40.4, 32.5, 30.1, 28.4, 26.4, 25.3 ppm. FT-IR: 
3347, 2977, 2933, 2861, 2246, 1687, 1518, 1366 cm-1.  
 

Synthesis of N-Boc-aminohexylmethacrylate (5)  

A 250 mL necked round bottom flask was charged with 4 (7.0 g, 
1.0 equiv.) in 50 mL DCM (stab. EtOH). TEA (7.1 mL, 1.5 
equiv.) was added to the reaction mixture. Subsequently 

methacryloyl chloride (4.4 mL, 1.3 equiv.) was added dropwise while cooling in an ice-bath. 
Stirring for 4 hrs at RT was followed by filtration of the solution. After addition of 30 mL 
DCM, the organic layer was washed with water (1 × 50 mL) and 1 N HCl (1 × 50 mL). The 
organic layer was dried with MgSO4, filtered and evaporated to dryness. The product was 
purified with column chromatography (silica-gel, EtOAc/Hept, 1:4) to obtain a colorless oil 
(5.1 g, 55%). 1H-NMR (CDCl3): δ = 6.09-6.06 (m, 1H, H(H)C=C ), 5.55 (quint., 1H, 
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H(H)C=C), 4.57 (s, 1H, N-H), 4.14 (t, 2H, CH2CO), 3.11 (q, 2H, CH2NH), 1.94 (t, 3H, CH3), 
1.71-1.53 (m, 4H, CH2CH2), 1.44 (s, 9H, -C-(CH3)3), 1.39-1.34 (m, 4H, CH2CH2) ppm. 
13C-NMR (CDCl3): δ = 167.5, 146.7, 136.5, 125.2, 85.2, 64.6, 40.5, 29.9, 28.4, 27.4, 26.4, 
25.7, 17.9 ppm. FT-IR: 3418, 2981, 2934, 2863, 1785, 1716, 1638, 1515, 1454 cm-1.  

 

Synthesis of N, N’,N”-benzene-1,3,5-tricarboxamidehexylmethacrylate (mBTA)  

To 5 (5.6 g, 1 equiv.) was added a 2 N HCl solution in Et2O (75 
mL). The solution was stirred for 24 h. After filtration and 
evaporation of the solvent the product was obtained as a white 
solid in a quantitative yield (4.52 g, 100%). 1H NMR (CDCl3): δ 
= 8.28 (s, 3H, N-H), 6.09 (s, 1H, H(H)C=C ), 5.56 (s, 1H, 
H(H)C=C), 4.14 (t, 2H, CH2CO), 3.01 (s, 2H, CH2NH), 1.94 (s, 
3H, CH3 in methacrylate), 1.80-1.66 (m, 4H, CH2CH2), 1.53-
1.44 (m, 4H, CH2CH2) ppm. 
The deprotected amine 6 (2.62 g, 1.0 equiv.) and benzene-1,3,5-

tricarboxylic acid chloride (0.85 g, 0.26 equiv.) were dissolved in 40 mL CHCl3. To the 
mixture, TEA (3.8 mL, 2.1 equiv.) was added dropwise while maintaining cooling in an ice 
bath. Stirring for 1 h was followed by addition of 50 mL CHCl3 and washing with water (2 × 
80 mL) and 0.5 N HCl (1 × 80 mL). After drying the organic layer with MgSO4, filtration and 
evaporation of the solvents, the product was subjected to flash column chromatography 
(CHCl3/EtOAc 1:1 � 0:1) to obtain a white sticky solid (1.50 g, 60%). 1H-NMR (400 MHz, 
CDCl3): δ = 8.36 (s, 3H, Ar-H), 6.78 (t, 3H, N-H), 6.09 (s, 3H, H(H)C=C ), 5.55 (t, 3H, 
H(H)C=C), 4.14 (t, 6H, CH2CO), 3.45 (q, 6H, CH2NH), 1.93 (s, 9H, CH3), 1.74-1.37 (m, 
24H, CH2CH2) ppm. 13C-NMR (100 MHz, CDCl3): δ = 167.6, 165.7, 136.4, 135.2, 128.0, 
125.3, 64.5, 40.1, 29.4, 28.5, 26.4, 25.5, 18.3 ppm. Elemental analysis: Calculated for 
C39H57N3O9: C, 65.80; H, 8.07; N, 5.90, found: C, 65.66; H, 7.98; N, 5.63. MALDI-TOF MS: 
Calculated: [M+H]+ = 712.42 Da, observed [M+H]+ = 712.42 Da. FT-IR: 3242, 3074, 2932, 
2860, 1716, 1631, 1556, 1453, 1318, 1294, 1160 cm-1. 
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Chapter 3 

Nanostructured porous materials of benzene-1,3,5-

tricarboxamide  

 

Abstract 

 

A nanostructured porous material was obtained by cross-linking of a self–assembled 
system consisting of columnar liquid crystals with polyamines and subsequent removal of the 
polyamine template. For this purpose, a columnar liquid crystal with liquid-crystalline 
properties at room temperature was synthesized and fully characterized. The orthogonal self-
assembly of the columnar liquid crystal with polyamines (i.e. PPI dendrimers) resulted in the 
formation of nanosegregated structures. When cross-linked by photopolymerization, a 
nanostructured polymer network was obtained. Partial removal of the polyamine template led 
to a nanostructured porous material that was characterized and its absorbent properties were 
investigated. The polarity of the porous material was probed, and the porous material was 
used for the selective absorption of cationic dye molecules in aqueous solution over anionic 
dye molecules with a molecular size smaller than 4.4 nm. 
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3.1. Introduction 

The development of organic nanoporous materials with highly selective properties is 
important for many fields of research. For instance, the biomedical field is one area of interest 
were nanoporous materials could be used as drug delivery systems to slowly release a 
selectively bound drug molecule at the desired place.[1–3] Organic nanoporous materials are 
also applicable in organic electronic devices, where a periodic nanosegregated structure could 
be used as a battery or solar cell.[4–8] A particularly important application is the use of organic 
nanoporous materials for water purification.[9,10] For instance, it has been demonstrated that 
these type of materials could be useful not only for the desalination of water[11–16] but also as 
an absorber material in waste water purification. The use of organic materials allows for a 
large chemical diversity that could be applied to tune the desired properties of the material. 
This chapter focusses on the application of thermotropic liquid-crystalline (LC) properties of 
columnar benzene-1,3,5-tricarboxamide (BTA) liquid crystals for the development of 
nanoporous materials.[17] In particular porous materials with highly selective absorbing 
properties ideal for application in waste water treatment. 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Chemical structure of benzene-1,3,5-tricarboxamide (BTA), its three-fold hydrogen-bonded 
columnar LC structure and the macrodipole in this LC phase. 
 

Alkyl-substituted BTAs are known to form hexagonal columnar (Colhex) LC phases 
over a broad temperature range.[18–24] The columnar structure is build-up by a three-fold 
hydrogen-bonding interaction resulting in a helical structure with a large macrodipole along 
the columnar axis (Figure 3.1).[25–29] Previously, Fitié et al. showed that the BTA motif can be 
used to orthogonally self-assemble with PPI dendrimers and form nanosegregated structures 
(viz. superlattices) at elevated temperatures.[22] Also, the structure of the material was 
controlled at the molecular level by the application of a variety of polyamines (i.e. branched, 
linear or linear organometallic).[30] 
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Figure 3.2. Concept for the formation of a nanostructured porous material from a columnar hexagonal lattice 
and the chemical structures of BTA 1 (dark grey) and G2 PPI (light grey). The concept also applies to other 
columnar lattices . 
 

In the current work, we demonstrate that orthogonal self-assembly of polymerizable, 
hydrogen-bonded, columnar LCs with polyamines (i.e. PPI dendrimers) followed by 
photopolymerization results in a nanostructured cross-linked material (Figure 3.2). 
Subsequently, partial removal of the polyamine template leads to a nanostructured porous 
material. Hence, a BTA derivative with LC properties at room temperature was synthesized 
and fully characterized. Subsequently, a nanostructured porous material was obtained, 
characterized and its absorbent properties were investigated. The polarity of the porous 
material was also probed, and the porous material was used for the selective absorption of 
cationic dye molecules from aqueous solution. 
 
3.2. Design and synthesis of cross-linkable BTA 1  

 
The molecular structure of BTA 1 is depicted in Figure 3.2. The molecular design is 

based on the structure-properties relations of previously made BTAs. C3-symmetric alkyl- 
functionalized BTAs have a Colhex phase across a broad temperature range, e.g. C10-BTA,[24] 
is crystalline below 50 °C, has a Colhex phase up to 211 °C and is an isotropic liquid above 
this temperature. Incorporation of acrylate esters results in drastic lowering of the order-
disorder transition from approximately 211 °C for the C10-BTA to 120 °C for the acrylate-
functionalized BTA.[31] Furthermore, desymmetrization of alkyl-substituted BTAs from C3-
symmetric to C2-symmetric also results in lowering of the order-disorder transitions of BTAs 
to 116 °C.[22] Therefore, the phase transition temperatures were expected to be even lower 
when both features, i.e. acrylate esters and a C2-symmetry, are incorporated into one 
molecule. For chemical stability during synthesis and storage of 1, the methacrylate ester 
functionality was chosen (instead of an acrylate ester) for cross-linking of the desired 
nanostructure. The additional methyl group (on the acrylate polymerizable group) makes the 
compound less susceptible to hydrolysis and Michael addition reactions. Furthermore, an 
additional carboxylic acid functionality was added to the end of one alkyl chain to form non-
covalent ionic interactions with polyamines via a salt bridge. In combination with the amide 
hydrogen-bonds between stacked BTA molecules, these orthogonal interactions promote the 
formation of nanosegregated structures.  
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The synthesis of 1 is convergent, with the alkyl tails synthesized first (Scheme 3.1) 
and then coupled to the BTA core. First, aminoester 5 was synthesized starting from 11-
bromoundecanoic acid (2), SN2 substitution of the bromide by sodium azide afforded 
azidoacid 3 in 95% yield, subsequent esterification gave azidoester 4 in 86% yield and 
reduction of the azide afforded the free aminoester 5 in quantitative yield. So, the synthesis of 
aminoester 5 from 11-bromoundecanoic acid was performed in 82% overall yield over three 
steps. Next, the acrylate functionalized tails were synthesized starting from 6-aminohexanol 
(6). Boc-protection of 6 afforded N-Boc protected aminoalcohol 7 in quantitative yield, 
subsequent esterification gave acrylate ester 8 in 86% yield, and final Boc-deprotection 
resulted in aminoester 9 as the hydrochloride salt in quantitative yield. The synthesis of 
aminoester 9 was performed in 86% overall yield over three steps and was directly used as the 
hydrochloride salt in the next reaction without further purification. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 3.1. A) Synthesis of aminoesters 5 and 9, and B) the convergent synthesis of BTA 1. a) NaN3, DMSO, 
rt, 2 hrs (95%); b) Boc2O, DMAP, tBuOH, rt, 2 h (86%); c) NH3, MeOH, Pd/C, H2, 70 psi, rt, 1 h (Quant.); d) 
Boc2O, DCM, rt, 3 h (Quant.); e) Methacryloyl chloride, Et3N, DCM, 0 °C, 3 h (86%); f) HCl/Et2O, rt, 24 h 
(Quant.); g) NaOH (aq.), MeOH, rt (97%); h) EDC.HCl, 5, DMAP, Et3N, DCM, -40 °C, 16 h (58%); i) LiOH, 
THF/H2O, rt, 48 h, (99%); j) Ghosez’s reagent, DCM, 2 h, rt; k) 9, Et3N, DCM, rt, 2 h (67% over two steps); l) 
TFA, DCM, rt, 16 h (Quant.). 
 

Finally, the C2-symmetric core structure was synthesized by partial hydrolysis of 
trimethyl benzene-1,3,5-tricarboxylate (10). By using the optimized procedure developed by 
Engel et al.,[32] mono-carboxylic acid 11 was obtained in 97% yield. Next, Steglich 
esterification of carboxylic acid 11 with aminoester 5 resulted in the formation of mono amide 
12 in 58% yield. Mild hydrolysis of the dimethyl ester of 12 afforded diacid 13 in 99% yield. 
Subsequently, the diacid 13 was converted to the diacid chloride and directly coupled with 
freshly prepared aminoester 9 to obtain BTA 14 in 67% yield over two steps. Final 
deprotection of the tert-butyl ester gave BTA 1 quantitatively, which resulted in an overall 
yield of 37% over 6 steps. BTA 1 was fully characterized by 1H-NMR, 13C-NMR, FT-IR and 
mass spectroscopy analyses.  
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Figure 3.3. POM image of BTA 1 at A) 20°C, and B) 35 °C both with crossed polarizers. Scale bar = 100 µm. 
 
3.3. Thermotropic liquid crystalline properties of BTA 1 

 
The thermotropic LC properties of 1 were studied by polarized optical microscopy 

(POM), X-ray diffraction (XRD) and FT-IR analyses. The POM image with crossed 
polarizers shows BTA 1 is anisotropic at room temperature, and when heated to 35 °C, it 
becomes an isotropic liquid (Figure 3.3). This thermotropic LC behavior is ideal for our 
application to form a nanostructured porous material by orthogonal self-assembly with a 
polyamine because at elevated temperatures the ionic interactions between a carboxylate and 
ammonium salt could form a covalent amide bond.[33] This phase behavior was also confirmed 
by XRD (Figure 3.4A), and the highly birefringent LC phase was assigned Colhex, based on 
the representative q-ratios of 1:√3:2 and a diffuse peak at 14.3 nm-1

 due to packing of the 
flexible alkyl tails. Furthermore, from the XRD an intercolumnar distance of 1.94 nm was 
found, with an interdisc distance of 0.35 nm which is typical for LC BTA derivatives. From 
these unit cell parameters, the density was determined to be 1.08 g/cm3. 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3.4. A) XRD plots and B) normalized FT-IR spectra of BTA 1 at 20 °C (Colhex, a = 1.94 nm, c = 0.35 
nm) and at 35 °C (isotropic). 

 
The thermotropic LC properties of BTA 1 are directly related to the hydrogen-bonding 

properties of the molecules, as is depicted in Figure 3.4B. The IR-spectra show that at room 
temperature BTA 1 is in a hydrogen-bonded state, where the OH stretch (3381 cm-1) and NH 
stretch (3241 cm-1) are sharp peaks, at 1716 cm-1 there is both the C=O stretch of the 
unsaturated ester and the C=O stretch of the carboxylic acid. Furthermore, at 1641 cm-1 the 

A B 
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C=O stretch of amides is present and at 1544 cm-1 the amide II band both confirming an 
hydrogen-bonded state. While at 35 °C BTA 1 is not hydrogen-bonded, the OH stretch (3520 
cm-1) and NH stretch (3321 cm-1) both shift to higher wavenumbers and become much 
broader. Also the C=O stretch of the amides (1638 cm-1) and the amide II band (1537 cm-1) 
slightly shift to a lower wavenumber indicating a non-hydrogen-bonded, isotropic state.[28] 
 
3.4. Orthogonal self-assembly with polypropyleneimine dendrimer 

 

The unit cell parameters of the Colhex phase of 1 indicate that when part of the BTA 
columns is replaced by columns of a polyamine, pores of approximately 2 nm in diameter 
may be obtained. For the formation of a superlattice structure, the ammonium/carboxylate 
ionic interaction should not interfere with the hydrogen-bonding interaction between the BTA 
molecules. Fitie et al. have shown that a BTA polyamine superlattice is obtained when a 
second generation (G2) PPI dendrimer (Figure 3.2) is used as the polyamine.[30] Therefore, 
mixtures of 1 and G2 PPI with molar ratios varying between 4:1 and 12:1 were prepared and 
the structure of the LC phases was investigated with small angle X-ray scattering (SAXS) 
(Figure 3.5A). At a molar ratio of 4:1 (1 : G2 PPI), only a very broad peak at 3.82 nm-1 was 
observed. At a 5:1 molar ratio, additional sharper peaks were observed, indicating the 
formation of one or more well-ordered phases. Upon increasing the molar ratio further from 
5:1 up to 8:1, the peak at 3.68 nm-1 increased in intensity; and the peaks at 3.83 nm-1 and 3.97 
nm-1 disappeared.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 3.5. A) SAXS, B) WAXS profiles of mixtures of 1 and G2 PPI dendrimer at room temperature (molar 
ratios, 1 : G2 PPI). C) Structural interpretation with unit cell parameters: a = 5.30 nm; b = 3.53 nm; c = 0.35 nm 
(interdisc distance); γ = 75.2 °, BTA 1 = black, PPI dendrimer = gray. D) FT-IR of 1 and 1 + G2 PPI (8:1) at 
room temperature. 
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In the 5:1 mixture, two phases are present, one of which is persistent at a 8:1 molar 
ratio, in which stoichiometric amounts of amine and carboxylic acid groups are present. The 
POM image of the 8:1 molar ratio shows birefringence between crossed polarizers (Figure 
3.6), verifying the anisotropic nature of the mixture. 

 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3.6. POM image of a mixture of 1 and PPI dendrimer at room temperature (8:1, molar ratio). Scale bar = 
200 µm. 
 

Further analysis of the mixtures by WAXS showed peaks in the small-angle regime, 

indicating that a superlattice was formed (Figure 3.5B). In the medium-angle regime, the 
intercolumnar reflections were found and in the wide-angle regime the broad peak 
corresponding to the ‘molten’ alkyl chains and interdisc distance are present. A full 
interpretation of the superlattice structure can be found in Table 3.1. The scattering data were 
consistent with a columnar oblique superlattice (Figure 3.5C) with unit cell parameters a = 
5.30 nm, b = 3.53 nm, c = 0.35 nm and γ = 75.2°. These features give a volume of the unit cell 
of 6.33 nm3. Based on comparison with the volume of the unit cell of the Colhex phase of 1 

(1.14 nm3), we propose that each unit cell of the superlattice contains 5 molecules of 1 and 
one column of dendrimer with 5/8 of a molecule fitting in a height of 0.35 nm. The volume of 
the unit cell of the superlattice structure results in a density of 1.17 g/cm3, slightly higher than 
the weighed average density of 1.07 g/cm3 of the separate components. This result shows that 
the non-covalent ionic bonds between the components increases the density of the system.  
 

The FT-IR spectrum of the 8:1 mixture (Figure 3.5D) shows that the N-H stretch 
vibration at 3263 cm-1 for the hydrogen-bonded amide is still present in the complex; 
however, this band is slightly broadened due to overlap with the very broad N-H stretching 
band of the ammonium group. Furthermore, the C=O stretching band of the amides is at 1639 
cm-1, and the amide II band became broader and overlaps with the carboxylate C=O stretching 
band at 1535 cm-1. The intensity of the C=O stretching band at 1717 cm-1 decreases, and the 
O-H stretch band at 3382 cm-1 disappears because of disappearance of the free carboxylic acid 
groups. These observations are consistent with the presence of hydrogen-bonded amide 
groups in combination with ionic interactions between ammonium and carboxylate groups. 
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Table 3.1. Interpretation superlattice structure of 1 and PPI dendrimer (8:1, molar ratio) 
qmeas (nm-1) dmeas (nm) dcalc (nm) Interpretation 

1.23 5.13 5.12 (100) 
2.44 2.57 2.57 (200) 
3.68 1.71 1.71 (300) 
4.49 1.40 1.40 (320) 
4.95 1.27 1.28 (400) 
5.69 1.10 1.08 (330) 
6.16 1.02 1.00 (520) 
6.52 0.96 0.99 (430) 
7.35 0.86 0.86 (340) 
14.31 0.44 ND Molten alkyl chains 
18.18 0.35 ND (001) 
19.15 0.33 0.33 (511) 
ND = Not determined, unit cell parameters: a=5.30 nm, b=3.53 nm, c=0.35 nm and γ=75.2° 
 
3.5. Orthogonal self-assembly with other polyamines 

 
In order to investigate the versatility of the orthogonal self-assembly method for BTA 

1, several different amines were tested for the formation of LC mixtures. When combining 
BTA 1 with pentaethylenehexamine (PEHA) in a 2:1 molar ratio, a LC mixture was also 
obtained. The POM image of this mixture showed a similar type of texture as the mixture 
with the dendrimer (Figure 3.7). Also, WAXS analysis of this mixture showed a similar 
structure (Figure 3.8B). 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.7. POM image of 1 and PEHA (2:1, molar ratio) at room temperature. Scale bar = 500 µm. 
 

The full interpretation of the nanosegregated structure is shown in Table 3.2. The unit 
cell parameters were consistent with that of 1 with the PPI dendrimer, i.e.: a = 4.38 nm; b = 
5.38 nm; c = 0.348 nm and γ = 73.5 °. This was also confirmed by the calculated density, 
which is 1.07 g/cm3 for a cell volume of 7.86 nm3. This density is slightly higher than the 
weighted average density of the separate components (1.04 g/cm3), due to the ionic 
interactions between the molecules. Based on a comparison with the volume of the unit cell of 
the Colhex phase of 1 (1.14 nm3), we propose that each unit cell of the superlattice contains 6 
molecules of 1 and 3 molecules of PEHA (Figure 3.8C). The proposed lattice has all 3 
molecules of PEHA at 1 interstitial site, and the organization of BTA columns within the cell 
is in line with the dominance of (300), (030) and (330) reflections. However, the position of 
the PEHA molecules inside the unit cell cannot exactly be determined from the small number 
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of observed reflections. There are still several ways to distribute PEHA molecules among 
multiple interstitial sites within the same unit cell. Uniform distribution of the remaining two 
PEHA molecules is not possible, due to the simplicity of the structure, which would result in a 
smaller unit cell. Therefore, the remaining PEHA molecules should be distributed non-
uniformly.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. A) 2D-WAXS profile of the 2:1 mixture of BTA 1 and PEHA at room temperature. B) 
Corresponding 1D plot, and C) proposed structural interpretation: a = 4.38 nm, b = 5.38 nm, c = 0.35 nm 
(interdisc distance) and γ = 73.5 °, BTA = black and PEHA = grey. D) FT-IR of 1 and 1 + PEHA (2:1) at room 
temperature. 

 
Moreover, according to FT-IR spectroscopy the orthogonal non-covalent interactions 

in the 2:1 mixture are present (Figure 3.8D). The FT-IR spectrum of the 2:1 mixture is very 
similar to that of the 8:1 mixture of 1 with PPI. The N-H stretching band is located at 3261 
cm-1, the C=O stretching of the amides is present at 1632 cm-1, and the amide II band is at 
1544 cm-1. Therefore, we conclude that the BTA molecules are present in the hydrogen-
bonded state. The N-H stretching vibration is slightly broader due to overlap with the N-H 
stretch band of the ammonium group. Furthermore, the C=O stretching band at 1717 cm-1 
decreased in intensity, while the band at 1544 cm-1 became broader, consistent with the 
conversion from carboxylic acid to carboxylate. So, both the hydrogen-bonding properties as 
well as the ionic interactions are present in the 2:1 mixture of BTA 1 and PEHA.  
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Table 3.2. Interpretation superlattice structure of 1 and PEHA (2:1, molar ratio) 
qmeas (nm-1) dmeas (nm) dcalc (nm) Interpretation 

3.65 1.72 1.72 (030) 
4.49 1.40 1.40 (300) 
4.90 1.28 1.28 (330) 
6.52 0.96 0.96 (440) 
7.35 0.86 0.86 (530) 
14.38 0.44 ND Molten alkyl chains 
18.05 0.35 ND (001) 
19.79 0.32 0.32 (551) 
ND = Not determined, unit cell parameters: a = 4.38 nm; b = 5.38 nm; c = 0.35 nm and γ = 73.5 °. 

 
Other amines (e.g. piperazine, triazanonane, heptakis(6-aminoethylthiodeoxy)-β-

cyclodextrin, diethylenetriamine, 1,12-diaminoundecane, O,O’-bis(3-aminopropyl)diethylene 
glycol, bis(3-aminopropyl)piperazine, DBU, DABCO, N,N,N’,N’,N’’,N’’-
pentamethyldiethylenetriamine, hexamethylenetetramine or 2,6-di-tert-butylpyridine) did not 
form LC mixtures with BTA 1. Either macro phase-separation was observed, or a mesophase 
was not observed. It appears that a balance must be met between the hydrophobic 
polymerizable BTA 1 and the hydrophilic amine. Apparently, this can only be achieved with a 
polyamine as the hydrophilic component. 
 
3.6. Cross-linking of the superlattice structure 

 
The nanostructured material consisting of a 8:1 molar ratio of methacrylate-

functionalized BTA 1 and PPI dendrimer was fixed in a polymer network by UV-irradiation 
for 10 minutes under nitrogen atmosphere using mixtures containing 1.0 wt% photoinitiator 
(Irgacure 819). According to FT-IR analysis of the C=C bending vibration band (815 cm-1), 
67% of the methacrylate groups had reacted after irradiation, resulting in a cross-linked 
polymer material (Figure 3.9A). Longer irradiation times did not result in higher cross-
linking. Post-irradiation heating of the sample for several minutes at 100 °C resulted in >90% 
cross-linking. However, this temperature treatment resulted in loss of the hydrogen-bonding 
interactions in the cross-linked sample as determined by FT-IR analysis. Also, the C=O 
stretching band of the unsaturated ester at 1717 cm-1 has decreased in intensity, which 
confirms the conversion of the unsaturated ester into the saturated ester. Furthermore, a minor 
shift in the N-H stretching band (3282 cm-1) was detected. This result confirms that the 
orthogonal self-assembly is still present in the polymerized material, since all the other 
vibration bands remain located at their original position. POM analysis showed that the 
texture of the sample did not change upon photopolymerization, remaining anisotropic with a 
similar birefringent texture (Figure 3.10).  
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Figure 3.9. A) FT-IR spectra of 1 and PPI (8:1) before and after photopolymerization. B) 2D-WAXS pattern of 
planar aligned 1 and PPI (8:1), C) azimuthally integrated plots of aligned 1 and PPI (8:1) before and after 
polymerization and D) 2D-WAXS pattern of planar aligned 1 and PPI (8:1) after photopolymerization. All 
measurements were performed at room temperature.  

 
Structural investigation was performed by WAXS on planar-aligned samples prepared 

by application of a shear force (Figure 3.9B, Figure 3.9D). Upon photopolymerization, the 
desired planar alignment was retained in the polymer network. However, a decrease in 
intensity and broadening of the WAXS peaks in the medium-angle regime was observed, 
indicating that the superlattice structure was not fully retained (Figure 3.9C). The loss of 
intensity and increase of WAXS line width was particular pronounced in the wide-angle 
regime, but the most important peaks are still present. This result is most probably caused by 
sample shrinkage, which takes place during the cross-linking of the methacrylate groups, and 
is known to decrease the order in nanostructured LC materials.[34–36] 
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Figure 3.10. POM of 1 and PPI (8:1) at 20 °C between crossed polarizers: A) before and B) after 
photopolymerization. Scale bar = 200 µm. 
 

3.7. Removal of the polyamine dendrimer template 

 
The dendrimer was partly removed from the polymer network by washing the sample 

with pH 5.0 deionized water. Extraction was followed by monitoring the pH of the solution 
after every subsequent washing step. When the deionized water was back at pH 5.0, the 
maximum amount of dendrimer was removed, which was after three extractions. The amount 
of removed PPI dendrimer was quantified in two ways; i.e. by elemental analysis (Table 3.3) 
of the dried porous material and by 1H-NMR analysis of the extracted PPI dendrimer with an 
internal standard in D2O (Figure 3.11). The biggest change in elemental analysis is expected 
from the nitrogen content (N%). The calculated change in nitrogen content for 100% removal 
of the PPI dendrimer is from 8.17% nitrogen to 5.74% nitrogen, which is a difference of 
2.43%. However, the measured change in nitrogen content was 1.12% nitrogen, which 
corresponds to 46% removal of PPI dendrimer according to elemental analysis. From 1H-
NMR analysis in D2O the amount of extracted PPI dendrimer can be measured by the use of 
imidazole as an internal standard. By comparing the integrals of the added imidazole with the 
integrals of the PPI dendrimer, a PPI/imidazole ratio of 0.0338 was obtained. The sample was 
found to contain 14.7 µmol imidazole. Therefore, 0.38 mg PPI dendrimer was removed of the 
expected 0.87 mg PPI dendrimer, which corresponds to 44% of the total amount of 
dendrimer. 
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Figure 3.11. 1H-NMR spectrum of G2 PPI dendrimer in D2O with 1 mg/ml imidazole as internal standard after 
removal from the cross-linked porous material. 
 

Both methods showed that between 44-46% of the dendrimer could be removed. The 
remainder of dendrimer must either be physically bound or chemically bound in the porous 
material. Displacement of physically bound dendrimer was tested by exchange with other 
cations, e.g. Methylene Blue (MB). However, when a sample was treated with 1 mM MB 
solution (aq.) in sodium carbonate buffer at pH 10 for 24 hours, mass spectrometry analysis of 
the solution showed that no exchange took place (Figure 3.12). In case of chemical bonding, 
direct amidation from the ammonium/carboxylate complex is not likely, because the 
complexation and polymerization take place at room temperature. High temperatures are 
required for amidation to occur. Another possibility for chemical bond formation would be 
Michael addition of the amine to the methacrylate ester during the photopolymerization. 
Either the UV-irradiation generates enough heat for the Michael addition reaction to take 
place, or it is a radical-type of Michael addition reaction. When the photoinitiator is exposed 
to UV-light, radicals are generated which can subtract the proton from a primary amine, to 
form a radical nitrogen that can react with a methacrylate ester. The partial removal of the 
dendrimer template results in 44% removal of the 14 wt% of the polyamine dendrimer, which 
gives rise to a porosity of 6%. 

 
 

Table 3.3. Elemental analysis of dried porous material before and after PPI dendrimer removal 
 C (%) H (%) N (%) Rest (%) 

Calculated 

before removal 

65.60 8.95 8.17 17.27 

Calculated 

after 100% removal 

66.07 8.44 5.74 19.74 

Measured 

before removal 

63.3 ± 0.1 8.88 ± 0.03 7.62 ± 0.01 20.2 ± 0.1 

Measured 

after removal 

60.6 ± 0.2 8.31 ± 0.12 6.50 ± 0.02 24.7 ± 0.3 
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Figure 3.12. MALDI-ToF MS spectra of G2 PPI dendrimer obtained at different stages of the exchange process 
on the cross-linked material: A) the pure dendrimer, and B) the solution upon addition of excess MB to a porous 
membrane for 24 h. No exchange is observed between the remaining PPI dendrimer in the porous material and 
MB. 
 
3.8. Polarity of the porous material 

 
The polarity of the porous material was assayed by using Reichardt’s dye (Figure 

3.13B), a polarity probe with negative solvatochromicity.[37] Because this dye does not 
dissolve in water, a co-solvent was applied that is fully miscible with water. To determine 
whether the co-solvent has an effect on the polarity of the porous material, several different 
co-solvents were applied in a 1:1 volume ratio with the aqueous NaHCO3 buffer solution. By 
changing the co-solvent ratio from 20% up to 80%, the changes in the polarity of the solution 
can be observed by eye, going from orange (polar) to purple (less polar) (Figure 3.14A), 
respectively. When the porous material was applied, the only difference which was observed 
is the amount of dye uptake (Figure 3.13A). The porous material absorbs less dye at a higher 
acetonitrile concentration since the dye is better solvated. Moreover, the absorbance 
wavelength maximum (579 nm) of the dye in the porous material was independent of the 
buffer/co-solvent ratio. Also, by changing the co-solvent, the polarity of the solution changes 
(Figure 3.13C); however, the UV-visible absorbance features of the dye in the porous material 
is independent of the polarity of the co-solvent (Figure 3.13D). This result shows that the UV-
visible absorbance spectrum of the solvatochromic dye in the porous material is due to the 
polarity of the porous material and is not related to the polarity of the solvent. Moreover, the 
absorption band in the porous material is broad, suggesting that the dye molecules are in an 
environment with some heterogeneity in its polarity. 
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Figure 3.13. A) UV-visible absorbance spectra of the porous material containing Reichardt’s dye, with 
dependence of acetonitrile percentage on dye uptake, B) structure of Reichardt’s dye, C) absorbance spectra of 
Reichardt’s dye in solution, with different co-solvents applied (50 % v/v), and D) absorbance spectra of porous 
materials containing Reichardt’s dye with different co-solvents applied (50% v/v). All experiments were 
performed in co-solvent mixtures with sodium bicarbonate buffer solution (aq.) at pH 10. 
 

The normalized average polarity (EN
T) was derived from the maximum absorbance 

wavelength and was found to be 0.586 kcal/mol.[27] This value corresponds to literature 
values[37] of the solvatochromic dye in butanol (EN

T = 0.586 kcal/mol) and carboxylic acids 
(e.g. acetic acid EN

T = 0.648 kcal/mol or propionic acid EN
T = 0.611 kcal/mol). Also, the 

polarity of the porous material is quite comparable to the polarity of bilayers of 
dipalmitoylphosphatidylcholine (DPPC; EN

T = 0.590 kcal/mol).[38] From these comparisons, 
we conclude that the pores are also very hydrophobic. We speculate that this is due to the 
close proximity of the carboxylate anions of the polymerizable BTA 1, which repel each other 
and therefore expose more of the flexible hydrocarbon side chains towards the pores. 
 
 
 
 
 
 
 
 
 
Figure 3.14. A) Solutions of Reichardt’s dye in 20%, 50% and 80% (from left to right) of acetonitrile and 
NaHCO3 buffer solution (aq.) pH 10. B) Solutions of Reichardt’s dye in NaHCO3 buffer solution of pH 10, with 
different cosolvents (1:1). From left to right iso-propanol, acetone, N,N-dimethylformamide, dimethylsulfoxide 
and acetonitrile. The inset shows an example of a porous material after absorption of Reichardt’s dye. 
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3.9. Selective absorption of dye molecules from aqueous solution 

 
When the carboxylic acid-functionalized, porous material is brought into a buffered 

aqueous solution of pH 10, the carboxylate anions can interact with cationic molecules. The 
specificity of the interaction was tested by comparing the absorption of the dye by a non-
porous polymer film of cross-linked pure 1 (control absorption) with a porous cross-linked 1 
and PPI material (total amount absorbed). The selectivity was tested for uptake of three 
different types of water-soluble dyes, i.e. cationic, anionic and neutral dyes (Figure 3.15C) by 
measuring the UV-Vis absorbance spectra of the polymer-contacted dye solutions and 
calculating the amount of absorbed dye per weight of material according to a calibration line. 
This was then expressed in percentage of the total amount of carboxylates in the material that 
are occupied by forming a 1 : 1 complex with a dye molecule (Figure 3.15A). The absorption 
behavior of the cationic dyes was compared with that of the anionic dyes. Furthermore, 
cationic dyes were more readily absorbed, while the anionic dyes were not absorbed at all. 
The control absorption was in most cases ≤ 1% of the total amount of absorbed dye, 
corresponding to adsorption of the dye to the carboxylates at the surface. In the case of MB, 
78% of the total amount of carboxylates in the material formed a complex with MB, owing to 
the porous nature of the material.  

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.15. A) absorption and control absorption data for different dyes by porous BTA material in sodium 
bicarbonate buffer (aq.) at pH 10 after 6 hours, B) normalized kinetic plot of methylene blue and sodium 
fluorescein absorption in solution, and C) chemical structures of the different dyes applied. MB = Methylene 
Blue, CV = Crystal Violet, SF = Sodium Fluorescein, MO = Methyl Orange, NR = Nile Red and Me-G2-PPI = 
Fluorescein labeled, methylated, poly(propylene imine) dendrimer of generation 2. *Mixture of AcN / NaHCO3 
buffer pH 10 (1:1). 
 

For the non-charged dye, Nile Red (NR), only non-specific absorption was detected 
from the control polymer, which shows the selective absorbance properties of the material. 
Also, NR is a solvatochromic dye that is used to probe hydrophobic pockets and has a similar 
size as MB. This shows that indeed specific interaction with the carboxylates is the dominant 
factor and not the hydrophobic interaction. When mixing a cationic dye (MB) with the 
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anionic dye sodium fluorescein (SF), only the cationic dye is selectively absorbed as is shown 
by UV-Vis spectrometry (Figure 3.15B). The kinetic plot shows a decrease of the MB 
absorbance in solution, while the SF remains constant. This can also be demonstrated visually 
(Figure 3.16). The mixed solution has a green color, while after addition of the porous 
material, the material becomes blue in a yellow solution, showing that also in the presence of 
other dyes the material selectively absorbs cationic molecules. The kinetics of the process 
might be very depending on the size and shape of the pores in the material, and the alignment 
of the pores. These effects were not further investigated. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.16. Photos showing selective absorption of MB in the presence of sodium fluorescein in aqueous 
NaHCO3 buffer at pH 10: A) before addition of the porous material, and B) after addition of the porous material 
and shaking for 20 h. 
 

However, when a multivalent cationic dye is used (i.e. Me-G2-PPI), this experiment 
only showed as much absorption as in the control measurement. Comparing the size of the 
three cationic dyes shows that this latter effect is most likely due to pore size selectivity. The 
diameter of MB is 8.0 Å and is readily absorbed, CV is almost twice as large with a diameter 
of 15.1 Å and only modestly absorbed. Furthermore, the Me-G2-PPI dendrimer has a 
diameter of 43.5 Å and is not absorbed. This result shows that the pore size is smaller than 4.4 
nm and can be around the expected size of 2.0 nm of a BTA column. 
 
3.10. Conclusions 

 
The results in this chapter show that orthogonal self-assembly of a polymerizable 

hydrogen-bonded Colhex phase from methacrylate-functionalized benzene-1,3,5-
tricarboxamides combined with several polyamine template molecules results in a 
nanostructured porous material after photocross-linking and partial removal of the water 
soluble template by extraction. A fraction of the template molecules was not removed, 
presumably because they are covalently bound to the network. The porous material 
selectively absorbs hydrophobic cationic dyes from aqueous solution. Comparison with 
control films polymerized in the absence of template conclusively demonstrates that the 
nanoporous templated structure formation is essential for binding of the dyes. 
Characterization of the polarity of the pores with Reichardt’s dye shows that the pores provide 
an environment (EN

T = 0.586 kcal/mol) which is similar to that of solvents such as n-butanol. 
The rather low polarity of the pores explains the observed selectivity for binding of 
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hydrophobic dyes. Furthermore, size selectivity for dyes with a diameter of less than 
approximately 4 nm was observed.  
 
3.11. Experimental section 

 

3.11.1 Materials 
 

Solvents were dried on molecular sieves prior to use and stored under nitrogen. 
Chemicals were purchased from Sigma-Aldrich or Acros and used as received, unless stated 
otherwise. FT-IR spectra were recorded at room temperature on a Perkin Elmer Spectrum One 
spectrometer equipped with a universal Attenuated Total Reflectance (ATR) sampling 
accessory. NMR spectra were recorded at room temperature on a Varian Mercury 400 (400 
MHz) spectrometer in CDCl3 solutions (unless otherwise noted). Chemical shifts are given in 
ppm with respect to tetramethylsilane (TMS, 0 ppm) as internal standard. Coupling constants 
are reported as J-values in Hz. Column or flash chromatography was carried out using silica 
gel (0.035-0.070 mm, ca 6 nm pore diameter). MALDI-ToF-MS spectra were obtained on a 
PerSeptive Biosystems Voyager-DE PRO spectrometer, with α-cyano-4-hydroxycinnamic 
acid (CHCA) as matrix.  
 
3.11.2 Instrumentation 
 

POM images were obtained using a Leica CTR 6000 microscope equipped with 
crossed polarizers and a Leica DFC420 C camera. Experiments above room temperature were 
conducted by placing the sample at a Linkam THMS 600 hot stage. 
 

Measurements were performed in hermetic T-zero aluminium sample pans using a TA 
Instruments Q2000 – 1037 DSC equipped with a RCS90 cooling accessory. All transition 
temperatures and enthalpies were determined from the first cooling and second heating run, 
with heating and cooling rates of 10 K min-1. 
  

XRD measurements were performed using a Ganesha lab instrument equipped with a 
Genix-Cu ultra-low divergence source producing X-ray photons with a wavelength of 1.54 Å 
and a flux of 1 x 108 photons/second. Diffraction patterns were collected on a Pilatus 300K 
silicon pixel detector with 487 x 619 pixels of 172 µm2 placed at a sample to detector distance 
of 1080 mm. The detector consists out of three plates with a 17 pixels spacing in between, 
resulting in two dark bands on the image. Temperature dependent measurements were 
performed with a Linkam HFSX350 heating stage. Azimuthal integration of the obtained 
diffraction patterns was performed to obtain the intensity versus the scattering vector (q). 
Relation (1) was used to convert the scattering vector into d-spacing, where Bragg’s law (2) is 
fulfilled (λ is the wavelength, n is an integer and θ is the angle of incidence). The beam center 
and the q-range were calibrated by utilizing silver behenate (0.107 Å-1; 58.43 Å).[39] 
 

��

�
  (1)   

��

��
 (2) 

 
UV-Vis experiments on solutions were performed on a Cary 300 UV-Vis 

spectrophotometer equipped with a Peltier temperature controller. All experiments were 
performed with 10x10 mm quartz cuvets at 25 °C with stirring. UV-Vis measurements on 
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polymer materials were conducted between two glass slides using a Perkin Elmer 900Lambda 
spectrometer. 
 
3.11.3 Methods 
 

Porous material preparation 

 
The fabrication of porous materials was performed by dissolving the BTA and 

polyamine in DCM and mixing in the desired ratio, 1 wt% of photoinitiator (Irgacure 819) 
was added and the solvent was slowly evaporated. Subsequently, was the material applied 
between two clean glass slides and exposed to UV-irridiation (365 nm) for 10 minutes under 
nitrogen atmosphere. The polymer material was carefully removed from the glass and washed 
3x with deionized water for 30 minutes, while monitoring the pH of the water. When the pH 
was back to 5.0 after the third washing, all polyamine was removed. The obtained porous 
material was dabbed dry before use. 
 
Polarity probing 

 
Reichardt’s dye was dissolved in a 1 : 1 mixture of the appropriate organic solvent 

(see Figure 6) and NaHCO3 buffer at pH 10 in a concentration of 0.45 mM. To these solutions 
was added a porous material and were shaken for 2 hours, after which the membranes where 
analyzed by UV-Vis spectroscopy.  
 

Dye absorption experiments 

 
The different dyes (see Figure 7) were dissolved in NaHCO3 buffer solution at pH 10 

in a concentration of 10 µM. The decrease in absorbance of the solution was monitored over a 
time period of 6 hours with UV-Vis spectroscopy. 
 
3.11.4 Synthetic procedures 
 
11-Azidoundecanoic acid (3) 

Synthesized according to an adapted literature procedure of 
Alvarez et al.[40] First, the NaN3 (2.15 g; 33 mmol; 1.1 equiv.) 
was dissolved in 66 mL DMSO (0.5 M) by stirring at room 

temperature during overnight. Subsequently, 11-bromoundecanoic acid (2) (7.96 g; 30 mmol; 
1.0 equiv.) was added and stirred for 2 hours at room temperature. The reaction was quenched 
with H2O (exothermic) and stirred until it cooled to room temperature. The reaction mixture 
was extracted with Et2O (3 x 90 ml), washed with H2O (2 x 150 ml) and once with brine (150 
ml). The organic layer was dried with MgSO4, filtered and concentrated in vacuo, to afford 3 
as a white solid (6.49 g; 95% yield). 1H-NMR (CDCl3, 400 MHz): δ = 3.25 (t, J = 8.0 Hz, 2H, 
CH2N3), 2.35 (t, J = 8.0 Hz, 2H, CH2CO2H), 1.61 (m, 4H), 1.28 (m, 12H). 13C-NMR (CDCl3, 
100 MHz): δ = 180.4, 51.5, 34.1, 29.4, 29.3, 29.2, 29.1, 29.0, 28.8, 26.7, 24.6. ATR FT-IR 
(film): 3038, 2926, 2855, 2092, 1705, 1457, 1412, 1348, 1254, 1105, 934, 723, 636, 558, 481 
cm-1. Maldi-ToF: m/z calculated for C11H21N3O2 (M+H)+: 228.16, found: 228.05, (M-H)-: 
226.16, found: 226.21. 
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tert-Butyl 11-azidoundecanoate (4) 

To a stirred solution of 3 (5.0 g; 22 mmol; 1.0 equiv.) in t-
BuOH was slowly added Boc2O (9.59 g; 44 mmol; 2.0 equiv.) 
and DMAP (800 mg; 6.6 mmol; 0.3 equiv.). The reaction 

mixture was stirred for 2 hours at room temperature, after which the solvent was removed in 
vacuo and the crude reaction mixture was purified by column chromatography (EtOAc/Hept.; 
1:6) to yield the desired product as a clear oil (5.34 g; 86%). 1H-NMR (CDCl3, 400 
MHz): δ = 3.26 (t, J = 16 Hz, 2H, CH2N3), 2.20 (t, J = 16 Hz, 2H, CH2CO2

tBu), 1.57 (m, 4H), 
1.47 (m, 12H), 1.44 (s, 9H, C(CH3)3). 13C-NMR (CDCl3, 100 MHz): δ = 173.3, 79.9, 51.5, 
35.6, 29.4, 29.3, 29.3, 29.1, 29.0, 28.8, 28.1, 26.7, 25.1. ATR FT-IR (film): 2977, 2928, 2856, 
2093, 1729, 1457, 1392, 1367, 1290, 1253, 1147, 1113, 950, 848, 755, 722, 638, 558, 463 cm-

1. 
 
tert-Butyl 11-aminoundecanoate (5) 

To a solution of 4 (2.0 g; 7.0 mmol; 1.0 equiv.) in MeOH 
(20 ml) was added NH3 in MeOH (2 ml; 7 N) and was 
purged with N2. Subsequently, Pd/C (100mg) was added 

and shaken in the Parr reactor with 70 psi H2 for 1 hr. The Pd/C was filtered and all solvent 
was evaporated in vacuo to yield 5 as a yellow oil (1.80 g; quant.). 1H-NMR (CDCl3, 400 
MHz): δ = 2.68 (t, J= 8 Hz, 2H, CH2NH2), 2.20 (t, J = 8 Hz, 2H, CH2CO2

tBu), 1.57 (m, 4H), 
1.44 (s, 9H, C(CH3)3)), 1.28 (m, 12H). 13C-NMR (CDCl3, 100 MHz): δ = 173.3, 79.9, 41.7, 
35.6, 29.5, 29.5, 29.4, 29.3, 29.1, 28.8, 28.1, 26.9, 25.1. ATR FT-IR (film): 3323, 2977, 2924, 
2854, 1729, 1573, 1466, 1392, 1366, 1309, 1254, 1150, 1039, 951, 848, 820, 754, 722, 587, 
558, 464 cm-1. Maldi-ToF: m/z calculated for C44H69N3O9 (M+H)+: 258.24, found: 258.33. 
 

N-Boc-6-aminohexanol (7) 

A stirred solution of 6-aminohexanol (6) (2.34 g; 20 mmol) in 
DCM (50 ml) was cooled to 0 °C. Subsequently, Boc2O (6.52 g; 
30 mmol) was added portion-wise and slowly warmed to room 

temperature while stirring for 3 hours. The reaction mixture was diluted with 50 ml DCM, 
washed with sat. aq. NaHCO3 (2 x 100 ml), H2O (1 x 100 ml) and brine (1 x 100 ml). The 
organic layer was dried with Na2SO4, filtered and the solvent was removed in vacuo. 
Purification was performed by flush column chromatography (EtOAc/Heptane; 2:3) and 
freeze-dried from EtOAc to obtain 7 as a fluffy white solid (3.18 g; 73% yield). 1H-NMR 
(CDCl3, 400 MHz): δ = 4.51 (br. s, 1H, NH), 3.65 (dt, J = 4.0, 8.0 Hz, 2H, CH2OH), 3.12 (dt, 
J = 4.0, 8.0 Hz, 2H, CH2NH), 1.61-1.47 (m, 4H), 1.44 (s, 9H, C(CH3)3), 1.41-1.24 (m, 6H). 
13C-NMR (CDCl3, 100 MHz): δ = 156.1, 79.1, 62.6, 40.4, 32.5, 30.1, 28.4, 26.4, 25.3. ATR 
FT-IR (solid): 3347, 2977, 2933, 2861, 2246, 1687, 1518, 1366 cm-1. 
 

N-Boc-6-aminohexyl methacrylate (8) 
A stirred solution of 7 (2.85 g; 10 mmol) in DCM (100 ml) was 
cooled to 0 °C. Next, Et3N was added and a solution of 
methacryloyl chloride (1.2 ml; 13 mmol) in DCM (10 ml) was 

added dropwise. After stirring for 3 hrs at 0 °C, the reaction mixture was slowly warmed to 
room temperature and washed with H2O (1 x 100 ml). The organic layer was dried with 
MgSO4, filtered and the solvent was evaporated in vacuo. The compound was purified by 
column chromatography (EtOAc/Heptane, 1:4), to obtain 8 (2.45 g; 86%) as a colorless oil. Rf 
= 0.80 (EtOAc/Heptane, 1:1). 1H-NMR (CDCl3, 400 MHz): δ = 6.09 (s, 1H, H(H)C=C), 5.55 
(s, 1H, H(H)C=C), 4.62 (br. s, 1H, NH), 4.14 (t, 2H, CH2O), 3.11 (dt, J = 4.0, 8.0 Hz, 2H, 
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CH2NH), 1.94 (s, 3H, CH3), 1.68 (q, 2H, CH2CH2CH2O), 1.50 (m, 2H, CH2CH2CH2NH), 
1.44 (s, 9H, C(CH3)3), 1.38 (m, 4H). 13C-NMR (CDCl3, 100 MHz): δ = 167.5, 146.7, 136.5, 
125.2, 85.2, 64.6, 40.5, 29.9, 28.4, 27.4, 26.4, 25.7, 17.9. ATR FT-IR (film): 3418, 2981, 
2934, 2863, 1785, 1716, 1638 , 1515, 1454 cm-1. 
 
6-Aminohexyl methacrylate.HCl (9) 

To 8 (5.60 g, 1 equiv.) was added a 2 N HCl solution in Et2O 
(75 mL). The solution was stirred for 24 hrs at room 
temperature. After evaporation of the solvent the product was 
obtained as a white solid (4.52 g, quant.) and was directly used 

in the subsequent reaction. 1H-NMR (CDCl3, 400 MHz): δ = 8.28 (s, 3H, NH), 6.09 (s, 1H, 
H(H)C=C ), 5.56 (s, 1H, H(H)C=C), 4.14 (t, J = 8.0 Hz, 2H, CH2O), 3.01 (s, 2H, CH2NH), 
1.94 (s, 3H, CH3), 1.80-1.66 (m, 4H), 1.53-1.44 (m, 4H). 
 
Benzene-1,3,5-tricarboxylic acid 1,3-dimethyl ester (11) 

Trimethyl benzene-1,3,5-tricarboxylate (6.40 g; 25.37 mmol) was suspended 
in 500 ml MeOH and 26.5 ml NaOH (0.95 N, aq.). Stirred at room 
temperature for 1 hr (pH ~ 8.0), after which the pH was monitored for 16 hrs 
and kept at pH 7.0-8.0 by addition of 1.0 M NaOH. Evaporated all solvent and 
redissolved in EtOAc and 0.5 M HCl (aq.). Layers were separated and the 

water layer was extracted with EtOAc (2 x 50 ml), dried with Na2SO4, filtered, evaporated 
and purified by column chromatography (CHCl3/MeOH, 19:1) to obtain 11 (5.86 g, 97%) as a 
white solid. 1H-NMR (CD3OD, 400 MHz): δ = 8.75 (m, 2H, arom.), 8.72 (m, 1H, arom.), 3.97 
(s, 6H, 2x CH3). 13C-NMR (CD3OD, 100 MHz): δ =166.1, 165.2, 133.9, 133.5, 131.9, 131.0, 
51.7. 
 

Dimethyl 5-((11-(t-butoxy)-11-oxoundecyl)carbamoyl)isophtalate (12) 

A stirred solution of 11 (10.0 g; 41.6 mmol; 1.0 
equiv.) in DCM (200 ml) was cooled to 0 °C. 
Subsequently, DMAP (1.0 g; 8.55 mmol; 0.2 
equiv.), EDC.HCl (8.95 g; 46.74 mmol; 1.1 
equiv.) and Et3N (4.72 g; 46.74 mmol; 1.1 equiv.) 

were added and stirred for 1 hr at 0 °C. Next, was cooled to -40 °C and tert-butyl 11-
aminoundecanoate (6.61 g; 25.65 mmol; 0.6 equiv.) in DCM (25 ml) was added dropwise and 
stirred for overnight. The solvent was evaporated and the residue was redissolved in EtOAc 
(250 ml). This was washed with 20% KHSO4 (aq.; 1 x 125 ml), NaHCO3 (sat. aq.; 1 x 125 
ml), dried with Na2SO4, filtered and evaporated to dryness. The compound was purified by 
column chromatography (EtOAc/Hept.; 1:19 -> 1:4) to yield 12 as a clear oil (7.13 g; 58%). 
1H-NMR (CDCl3, 400 MHz): δ = 8.79 (t, J = 1.6 Hz, 1H, arom.), 8.61 (d, J = 1.6 Hz, 2H, 
arom.), 6.23 (br. s, 1H, NH), 3.98 (s, 6H, 2x CH3), 3.49 (dt, J = 6.8, 6.0 Hz, CH2NH), 2.20 (t, 
J = 8.0 Hz, 2H, CH2CO2

tBu), 1.64 (quin, J = 4 Hz, 2H, CH2CH2NH), 1.55 (quin, J = 4 Hz, 
2H, CH2CH2CO2

tBu), 1.44 (s, 9H, CH3), 1.32 (m, 12H). 13C-NMR (CDCl3, 100 MHz): δ = 
173.4, 165.6, 165.5, 135.7, 133.0, 132.1, 131.1, 79.9, 52.6, 40.4, 35.6, 29.6, 29.4, 29.4, 29.3, 
29.3, 29.1, 28.1, 27.0, 25.1. ATR FT-IR (film): 3302, 3097, 2923, 2854, 1726, 1639, 1605, 
1559, 1469, 1436, 1393, 1368, 1341, 1277, 1250, 1215, 1152, 1104, 1059, 1003, 961, 941, 
922, 850, 838, 808, 766, 741, 712, 700, 665, 589, 537, 491 cm-1. Maldi-ToF: m/z calculated 
for C26H39NO7 (M+Na)+: 500.25, found: 500.27. 
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5-((11-(t-Butoxy)-11-oxoundecyl)carbamoyl)isophthalic acid (13) 

A solution of 12 (6.0 g; 12.54 mmol; 1.0 equiv.) in 
THF/H2O (21:1; 252 ml) was treated with 
LiOH.H2O (3.7 g; 88.18 mmol; 7.0 equiv.) at 
room temperature during 48 hrs. The 
reactionmixture was poured into 300 ml H2O, 

acidified with 1.0 M HCl to pH ~ 2.0, extracted with DCM (3 x 300 ml), dried with Na2SO4 
and evaporated to dryness, which afforded 13 as a white solid (5.56 g; 99%). 1H-NMR 
(CD3OD, 400 MHz): δ = 8.80 (br. s, 1H, NH), 8.76 (s, 1H, arom.), 8.65 (s, 2H, arom.), 3.39 
(dt, J = 6.8, 6.0 Hz, CH2CH2NH), 2.19 (t, J = 8 Hz, 2H, CH2CH2CO2

tBu), 1.64 (quin, J = 4 
Hz, 2H, CH2CH2NH), 1.55 (quin, J = 4 Hz, 2H, CH2CH2CO2

tBu), 1.44 (s, 9H, CH3), 1.32 (m, 
12H). 13C-NMR (CD3OD, 100 MHz): δ = 175.2, 174.3, 170.4, 139.6, 135.4, 134.0, 130.5, 
81.3, 41.1, 36.5, 30.6, 30.6, 30.6, 30.5, 30.4, 30.1, 28.4, 28.1, 26.2. ATR FT-IR (film): 3331, 
2917, 2851, 1722, 1692, 1646, 1604, 1540, 1453, 1404, 1368, 1279, 1151, 1110, 954, 923, 
850, 745, 692, 598, 543 cm-1. Maldi-ToF: m/z calculated for C24H35NO7 (M+Na)+: 472.22, 
found: 472.30; (M+K)+: 488.34, found: 488.28; (M-H)-: 448.24, found: 448.07. 
  
((5-((11-(t-Butoxy)-11-oxoundecyl)carbamoyl)isophthaloyl)bis(azanediyl))bis(hexane-6,1-

diyl) bis(2-methylacrylate) (14) 

To a suspension of 13 (3.52 g; 
8.78 mmol; 1.0 equiv.) in dry 
DCM (200 ml) under argon 
atmosphere was added Ghosez’s 
reagent (5.0 g; 87.8 mmol; 10.0 
equiv.) and was stirred for 2 hrs 

at room temperature. The clear solution was evaporated to dryness and redissolved in DCM 
(200 ml). Subsequently, a solution of 6-aminohexyl methacrylate.HCl (4.41 g; 18.44 mmol; 
2.1 equiv.) and Et3N (5.2 ml) was added. The reaction mixture was stirred for 2 hrs at room 
temperature. An additional 400 ml DCM was added, washed with 20% KHSO4 (400 ml), 
dried with Na2SO4, filtered and evaporated. Purification was performed by column 
chromatography (0 -> 10% MeOH in DCM) to afford 14 (4.61 g; 5.88 mmol; 67%) as a clear 
oil. 1H-NMR (CDCl3, 400 MHz): δ = 8.37 (s, 3H, arom.), 6.57 (br. s, 3H, 3x NH), 6.09 (m, 
2H, 2x C=CH(H)), 5.55 (m, 2H, 2x C=CH(H)), 4.13 (m, 4H, 2x CH2OC=O), 3.47 (m, 6H, 3x 
CH2NH), 2.20 (t, J = 14.2 Hz, 2H, CH2CO2

tBu), 1.94 (s, 6H, 2x CH3), 1.62 (m, 12H), 1.44 (s, 
9H, 3x CH3), 1.25 (m, 20H). 13C-NMR (CDCl3, 100 MHz): δ = 173.5, 167.7, 166.1, 136.5, 
135.4, 128.3, 125.5, 80.0, 64.6, 40.5, 40.2, 35.7, 34.8, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 28.9, 
28.6, 28.2, 27.1, 26.5, 25.6, 25.2, 18.4. ATR FT-IR (film): 3301, 3074, 2929, 2857, 1717, 
1632, 1536, 1453, 1402, 1367, 1320, 1295, 1261, 1161, 1102, 1059, 1012, 985, 939, 848, 815, 
790, 752, 705, 665, 597, 544, 506, 465 cm-1. Maldi-ToF: m/z calculated for C44H69N3O9 
(M+Na)+: 806.48, found: 806.49, (M+K)+: 822.60, found: 822.46. 
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BTA 1  

To a stirred solution of 14 (8.1 g; 
10.3 mmol) in dry DCM (51 ml) 
was slowly added TFA (51 ml). 
After stirring for 2 hours at room 
temperature, the solvent was 
evaporated in vacuo and co-

evaporated with EtOAc (6 x 20 ml). Purification of the residual oil was performed by column 
chromatography (0 => 3% MeOH in DCM), to obtain a first fraction of 1 (5.3 g) and after 
flushing the column with 10% MeOH a second fraction of 1 was obtained (2.2 g, Quant.) as a 
white wax. 1H-NMR (CDCl3, 400 MHz): δ = 8.54 (m, 2H, arom.), 8.44 (m, 1H, arom.), 7.60 
(br. s, 1H, NH), 7.38 (br. s, 2H, 2x NH), 6.09 (m, 2H, 2x C=CH(H)), 5.55 (m, 2H, 2x 
C=CH(H)), 4.13 (t, J = 12.0 Hz, 4H, 2x CH2OC=O), 3.43 (m, 6H, 3x CH2NH), 2.33 (m, 2H, 
CH2CO2

tBu), 1.94 (s, 6H, 2x CH3), 1.39 (m, 10H), 1.28 (m, 10H). 13C-NMR (CDCl3, 100 
MHz): δ = 176.7, 167.5, 166.5, 136.3, 134.8, 128.8, 125.3, 64.5, 40.4, 40.2, 34.0, 29.2, 29.1, 
29.1, 29.1, 29.0, 28.8, 28.4, 26.8, 26.5, 26.4, 25.6, 24.8, 18.2. ATR FT-IR (film): 3381, 3241, 
3076, 2926, 2854, 1716, 1641, 1596, 1544, 1465, 1454, 1404, 1376, 1318, 1295, 1210, 1163, 
1115, 1065, 1012, 937, 905, 864, 815, 730, 690, 651, 615, 593, 543, 485, 465 cm-1. MALDI-
TOF-MS (CHCA): m/z calculated for C40H61N3O9 (M+Na)+: 750.42, found: 750.44, (M-
H)-: 726.44, found: 726.45. 
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Chapter 4 

Nanostructured porous materials of the complex between 

polymerizable benzoic acid and benzene-1,3,5-

trisbenzimidazole 

 

Abstract 

The development of a nanoporous material from a columnar liquid crystalline complex 
between a polymerizable benzoic acid and a benzene-1,3,5-trisbenzimidazole (BTB) template 
molecule is described. After cross-linking, the morphology was retained and quantitative 
removal of the template molecule afforded a nanoporous material. The nanoporous material 
selectively binds cations, with a preference for binding sodium or potassium ions over lithium 
or barium ions as shown by FT-IR spectroscopy. Binding was also quantified gravimetrically 
via the quartz crystal microbalance, a technique that was used for this purpose for the first 
time here.  
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4.1. Introduction  

 Nanoporous polymeric materials can be made by removal of template molecules from 
nanostructured cross-linked precursors. In Chapter 1, an overview was given of 
nanostructured systems derived from templates that form columnar liquid-crystalline (LC) 
complexes. Only in a few cases, the nanostructured materials were further developed into 
nanoporous materials, notably the work from the groups of Ishida et al. who used chiral 
aminoalcohols as the template in combination with polymerizable benzoic acids, and Gin et 

al., who used lyotropic LCs where the solvent is the template, and our own work on 
superlattice complexes between a cross-linkable BTA and polyamines, as described in 
Chapter 3.[1–4]  
 

In the current chapter, we describe the development of a nanoporous material, based 
on the columnar LC hydrogen-bonded complex of a benzene-1,3,5-trisbenzimidazole (BTB) 
template molecule with three molecules of benzoic acid. The thermotropic LC properties of 
the BTB template with different benzoic acid derivatives was previously investigated by 
Wang et al. (Figure 4.1), as briefly discussed in Chapter 1.[5] They demonstrated that a 
hydrogen-bonded complex consisting of 3 benzoic acids and 1 BTB template molecule 
formed columnar rectangular (Colrec) phases when aliphatic side chains were attached to the 
benzoic acid (A1-A4) or columnar hexagonal (Colhex) phases when 1,2,3-triazole-
functionalized side chains were applied (A5-A7). The advantage of this approach is the use of 
easy accessable molecules, making it possible to increase structural diversity. Moreover, the 
UV visible absorption and fluorescent properties of the template make it easy to verify 
quantitative removal of template. Compared to the BTA-based nanoporous material with 
pores large enough to accomodate organic cations (discussed in Chapter 3), a system based on 
BTB-benzoic acid complexation with a more rigid carboxylic acid would result in smaller and 
better defined pores, capable of binding inorganic ions but rejecting all organic cations. 

 

Figure 4.1. Thermotropic LC properties of the BTB template upon complexation with different benzoic acids 
(A1-A7). Reprinted with permission from reference [5]. 
 
 A polymerizable complexating agent is required to obtain a polymer matrix from 
which the template can be removed. We used a trialkoxybenzoic acid with terminal double 
bonds (compound 2), which can be polymerized by acyclic diene metathesis (ADMET) to 
fixate the morphology (Figure 4.2.).[6,7] ADMET polymerization has previously been used to 
cross-link a LC octahedral iron complex by Swager et al.,[8] but its use in the preparation of 
nanoporous materials has not been reported. In the complex of BTB with gallic acid 
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derivative 2, formation of internal double bonds from the terminal double bonds with the 
expulsion of ethene would produce a polymer network (Figure 4.3). We anticipated that 
removal of the BTB template from the matrix would provide a nanoporous material with 
carboxylic acid-lined pores with a cross-section comparable to the size of the template 
molecule (1.6 nm, Figure 4.2).  
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

 

 

 

 

 

 
Figure 4.2. Molecular structures of the benzene-1,3,5-trisbenzimidazole (BTB) template, 3,4,5-tridodecyloxy 
benzoic acid (1) and alkenyl-functionalized benzoic acid (2). The radius of the BTB template was determined 
from its Chem3D optimized structure. 

 
In this chapter, the liquid-crystallinity of the complex of the BTB template with non-

polymerizable benzoic acid derivative 1 was studied in detail. The LC properties of the BTB 
complex with benzoic acid derivative 2, its cross-linking and formation of a nanoporous 
material with ion-binding properties are also investigated (Figure 4.4). 

 
 
 
 
 
 
 
 
 
 

Figure 4.3. ADMET reaction with Grubbs 2nd-generation catalyst (3).  
 
 
 

2 2
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Figure 4.4. Self-assembly approach for the template-assisted development of a nanoporous cross-linked polymer 
material that demonstrates selective ion binding. 
 
 
4.2. Synthesis of benzoic acid derivatives and the benzene-1,3,5-trisbenzimidazole 

template 

 
 To test the applicability of the BTB molecule as a suitable template for the formation 
of nanostructured porous materials, its complexation and orthogonal self-assembly with 
unfunctionalized 3,4,5-tridodecyloxy benzoic acid (1) was tested as described in the 
literature.[5] First, the BTB template was synthesized according to a literature procedure by 
condensation of 1,2-diaminobenzene with trimesic acid in the presence of polyphosphoric 
acid. Trialkoxy-benzoic acid 1 was synthesized as described by Hulshof et al.[9] Finally, the 
polymerizable benzoic acid 2 was obtained according to Scheme 4.1. In this synthesis, methyl 
gallate (4) was functionalized with alkene tails by Williamson ether synthesis, giving methyl 
ester 5 in 82% yield. The resulting methyl ester was subsequently hydrolyzed with KOH to 
the corresponding benzoic acid 2 in quantitative yield. 
 

 
Scheme 4.1. Synthesis of monomeric benzoic acid 2. 
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4.3. Thermotropic liquid crystalline properties of the complex between unfunctionalized 

benzoic acid 1 with benzene-1,3,5-trisbenzimidazole  

  

The thermotropic LC properties of the BTB template with unfunctionalized benzoic 
acid 1 was investigated by differential scanning calorimetry (DSC), variable-temperature X-
ray diffraction (VT-XRD) and polarized optical microscopy (POM). The obtained results 
were compared to the work of Wang et al.[5]  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. DSC profile of a mixture of BTB with 3.0 equiv. benzoic acid 1 at temperature ramp rate of 
10 °C/min, showing the first cooling and second heating curves. Endothermic is up. 
  
 

DSC analysis of the BTB template complexed with exactly 3.0 equivalents of benzoic 
acid 1 only showed one phase transition at 49 °C, which is the Cr to Colhex phase transition 
(Figure 4.5), according to Wang et al.[5] This assignment was confirmed with VT-XRD (vide 

infra). Although an isotropisation peak was not observed in DSC, POM showed isotropization 
around 240 °C (Figure 4.6). Upon annealing at the isotropization temperature, small crystals 
started to phase-separate from the mixture. Most probably, these crystals consist of solid BTB 
or a 1:2 or 1:1 complex of BTB with benzoic acid 1. Crystals were also observed in the LC 
phase upon cooling back to 220 °C. When 3.3 or more equivalents of benzoic acid 1 were 
used, phase-separation in the isotropic state was not observed, and a nice single phase was 
grown with focal conical shaped textures (Figure 4.6).  
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Figure 4.6. POM images of mixtures of BTB with 3.0 equiv. benzoic acid 1 A) at 220 °C after cooling from 
isotropic state at 10 °C/min and B) annealing at the isotropic state 240 °C for 10 min. POM photographs of a 
mixture of the BTB template with 3.3 equiv. benzoic acid 1, C) at the isotropic temperature 250 °C and D) at 
200 °C. 
 

The phase behavior was also investigated by VT-XRD (Figure 4.7). At temperatures 
below 50 °C, the complex of BTB and 3.0 equiv. of benzoic acid 1 was crystalline, noticeable 
from the many diffraction peaks observed. From 50 °C up to 240 °C, a Colhex phase was 
observed, which disappeared above 240 °C. The Colhex phase was recognizable from the 
characteristic q-ratios of 1:√3:√4:√7, with an intercolumnar distance of 3.46 nm and an 
interdisc distance of 0.38 nm at 150 °C. Assuming that the unit cell contains one molecule of 
BTB and 3 molecules of benzoic acid 1, a density of 1.03 g/cm3 is calculated. Comparison of 
the experimental data with the work of Wang et al., showed a number of differences.[5] We 
observed a higher isotropization temperature, indicative of a higher purity of the components 
utilized to make the complex. Moreover, a Colhex phase was observed instead of the Colrec 
phase found by Wang et al., while the textures they observed in POM are similar to what we 
observed in samples with a significant amount of phase separation. It must be noted that phase 
separation only occurred when the complex was heated to the isotropic state.  

C 
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Figure 4.7. VT-XRD profile of a mixture of BTB with 3.0 equiv. benzoic acid 1. 
 
4.4. Thermotropic liquid crystalline properties of the complex between polymerizable 

benzoic acid 2 with benzene-1,3,5-trisbenzimidazole 

  

The complexes of BTB with benzoic acid 1 demonstrated different but useful phase 
behavior in comparison to the literature. This made it promising for our approach towards a 
nanoporous material from cross-linking of a LC material containing a BTB template. First, 
the thermotropic properties of the complex between polymerizable benzoic acid 2 and BTB 
was assessed with DSC, VT-XRD, POM and Fourier-transform infrared spectroscopy (FT-
IR). DSC showed two phase transitions, from a crystalline to a LC phase at 45 °C and 
isotropization at 230 °C (Figure 4.8).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8. DSC profile of a mixture of the BTB template with 3.0 equivalents of benzoic acid 2, showing the 
first cooling and second heating run and a zoom-in of the isotropisation peak as an inset. 
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The 3:1 complex between polymerizable benzoic acid 2 and BTB had similar 
properties as the complex with benzoic acid 1 (Figure 4.9), with phase separation of needle 
shaped crystals upon annealing in the isotropic state at 240 °C. Utilizing 3.3 equivalents of 
benzoic acid 2 made it possible to grow one single phase with a focal conical texture typical 
for a columnar mesophase.  

 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 4.9. POM images of the mixture of BTB complexed with different amounts of benzoic acid 2: A) 3.3 
equivalents at 100 °C and B) 3.0 equivalents at 240 °C.  

 
The complex was further characterized by FT-IR spectroscopy. Comparison of the FT-

IR spectra of the individual components with the complex showed that a hydrogen-bonded 
complex was formed (Figure 4.10). The carbonyl stretching vibration of the benzoic acid 
shifts from 1686 cm-1 to 1676 cm-1 in the complex, which is consistent with the formation of a 
carboxylate salt. Furthermore, an N-H stretching vibration around 3200 cm-1 was absent in the 
complex, while a pronounced band arose in the complex at 3264 cm-1 typical for the 
formation of an imidazolium salt. These changes confirmed that an acid-base reaction had 
taken place between the template (pKa of the protonated 2-phenylbenzimidazolium is 5.23) 
and the benzoic acid (pKa of gallic acid is 4.41).[10]  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.10. FT-IR spectra of the BTB template, benzoic acid 2 and the 1:3 complex of the two molecules at 
room temperature. 
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With VT-XRD a crystalline phase was observed below 50 °C, a Colhex mesophase 
between 50 °C and 220 °C, and an isotropic liquid phase above 220 °C (Figure 4.11). XRD of 
the Colhex phase showed diffraction peaks with characteristic q-ratios of 1:√3:√4:√7, which 
correspond to an intercolumnar distance (ICD) of 3.25 nm and an interdisc distance (IDD) of 
0.37 nm at 150 °C. These lattice parameters are quite similar to the lattice parameters of the 
complex with benzoic acid 1 (ICD = 3.46 nm and IDD = 0.38 nm); the slightly smaller ICD 
might be explained by the fact that the alkyl tails of benzoic acid 2 are one carbon shorter than 
those of benzoic acid 1. The calculated density, 1.13 g/cm3, was slightly higher than for the 
analogous BTB complex with benzoic acid 1.  
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Figure 4.11. VT-XRD spectra of the mixture of the BTB template complexed with 3.0 equiv. benzoic acid 2. 
 
4.5. Polymerization of the complex between benzoic acid 2 and benzene-1,3,5-

trisbenzimidazole 

 

Acyclic diene methathesis (ADMET) was used to cross-link the alkene functionalities 
of benzoic acid 2.[6,8] ADMET is a polycondensation reaction and therefore only leads to 
cross-linking when more than two of the three double bonds on each molecule react with 
neighboring molecules. A LC mixture of BTB with 3 equivalents of benzoic acid 2 was 
heated under vacuum at 100 °C with 2 mol% of Grubbs 2nd generation metathesis catalyst (3) 
to achieve high conversion of the terminal double bonds via ADMET. Network formation was 
finished after 3 hours according to FT-IR analysis. From the decrease of the end-terminal =C-
H bending vibration at 908 cm-1, depicted in Figure 4.12, a conversion of 82% was 
determined. The sample became an insoluble polymer film, which is also indicative of a 
degree of double bond conversion that is high enough to fix the morphology into a polymer 
matrix.  
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Figure 4.12. FT-IR spectra before and after ADMET polymerization of the BTB template complexed with 3.0 
equivalents of benzoic acid 2 and containing 2.0 mol% Grubbs catalyst (3) at 100 °C and application of vacuum 
for 3 h. 

Comparison of the XRD diffraction patterns of the complex before and after 
polymerization of a bulk sample showed retention of the lattice parameters of the Colhex phase 
(Figure 4.13). Slight broadening of the peaks was observed compared to their monomeric LC 
phases, which is common for polymerized materials.[11–14]. The order of a shear-aligned bulk 
sample was also retained after ADMET cross-linking, as can be seen in the 2D-XRD profile 
shown in Figure 4.13.B. In this diffractogram, the interdisc reflection is perpendicular to the 
intercolumnar reflection, showing that the disc-shaped complexes stack with their plane 
perpendicular to the column axis, as well as the flexible alkyl tails.  

 

 

 

 

 

 

 

Figure 4.13. A) Comparison of bulk XRD before and after ADMET polymerization of the 1:3 complex and B) 
2D image of XRD after ADMET polymerization of shear-aligned 1:3 complex. 
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Grazing incidence wide angle X-ray scattering (GIWAXS) was utilized to probe the 
morphology of unpolymerized thin films. To this end, thin films (~50 nm) of the complex 
without catalyst were prepared by spin-coating from MeOH/CHCl3 solution (1:9 v/v) on clean 
glass substrates. The diffraction pattern of the Colhex phase was observed when the spin-
coated samples were heated to 200 °C (Figure 4.14.A). Polymerized films were prepared by 
addition of 2 mol% catalyst and heating at 100 °C under vacuum. The hexagonal morphology 
of the unpolymerized complex was retained in the polymer matrix (Figure 4.14.B). Linecuts 
of the multidomain planar samples had an angular difference of 60° between the different 
reflections, which is characteristic for a planar hexagonal lattice. Varying the angle of the 
incident beam probed the morphology of the surface and the bulk of the material (Figure 
4.15). At a low angle of 0.14°, mainly the surface was probed, whereas at an increased 
incident angle more of the bulk material was probed. The lower angle of 0.14° as well as the 
higher angle of 0.36° demonstrated that the structure was the same throughout the entire 
material.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. A) GIWAXS diffractogram of the complex after spin-coating on a clean glass substrate at 200 °C; 
B) Linecuts of GIWAXS spectra after spin-coating and after polymerization at 100 °C and vacuum at an incident 
angle of 0.18°.  
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Figure 4.15. GISAXS profiles of the polymer with template at different incident angles. 
 
 
4.6. Preparation of cross-linked nanoporous films by removal of the benzene-1,3,5-

trisbenzimidazole template 

  

Nanoporous films were prepared by extraction of the BTB template molecule from 
cross-linked films of the BTB and benzoic acid 2 complexes (1:3 ratio, respectively). Thin 
films on glass (thickness 50-200 nm) were extracted with DMSO (a good solvent for BTB) by 
shaking the samples 3 times for 1 hour in 15 ml of solvent. The cumulative amount of 
extracted template was determined by measuring the absorption in UV at 316 nm in the 
solution and in the thin film after every subsequent extraction (Figure 4.16.A). Concentrations 
were calculated using the extinction coefficient determined separately in DMSO. 
Measurement of the BTB concentration in solution suggested that 80 ± 20% of the template 
was removed after three extractions. Direct measurements of BTB concentration in the film 
were hampered by partial overlap of the absorption band of the BTB template with the 
absorption band of the benzoic acid-based polymer matrix. However, the amount of 
remaining template was determined directly with fluorescence spectroscopy on the films, 
making use of the emission band of BTB at 522 nm without any interference. Fluorescence 
measurements on the thin films were performed by excitation at 330 nm and recording the 
emission spectra after every subsequent extraction. The emission spectra were normalized, 
and the emmision band of BTB at 522 nm was set to 100% before the extractions. The results 
of the measurements are shown in Figure 4.16. This method showed that after three 
extractions, the template was removed quantitatively from the thin film. 
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Figure 4.16. A) Template removal quantified by UV-Vis in solution and fluorescence spectroscopy in the thin 
film. B) Normalized fluorescence emission spectra of template removal in the thin film after every subsequent 
extraction.  
 
 
  Another method to quantify the template removal is via gravimetry using a quartz 
crystal microbalance with dissipation monitoring (QCM-D). QCM-D has been used 
frequently for biological binding studies,[15,16] and applications in materials science are 
upcoming.[17–19] In QCM-D, the change in frequency of a quartz crystal resonator is 
monitored when its mass changes. The adsorbed mass, Mf, and the frequency-shift, ∆fn, are 
related by the Sauerbrey Equation (1): 

� �
� ��

��ν
     (1) 

where n denotes the overtone order, fq is the frequency of the quartz crystal (fq = 5 
MHz), ρq is the density of the quartz crystal (ρq = 2.65 g/cm3) and ν is the speed of light (ν = 
3.00 x 108 m/s). The Sauerbrey Equation is only valid for sufficiently rigid thin films, i.e. with 
low dissipation changes during mass adsorption measurements.[20]  

 
For the QCM-D measurements, thin films of the BTB with benzoic acid 2 complex 

were spin-coated on an empty gold sensor and polymerized by heating to 100 °C for 3 hrs 
under vacuum. The results of the QCM-D measurements before and after template removal 
are summarized in Table 4.1. The amount of adsorbed mass of the film after spin-coating and 
polymerization on an empty gold sensor was 1131 ± 1 mg/cm3. This corresponds to film 
thicknessess ranging from 181 ± 7 nm. After 3 extractions with DMSO, the sensors were 
washed with MilliQ water and dried at 40 °C in a vacuum oven containing P2O5 for 1 h. The 
sensor showed a decrease in mass which is equal to the removal of 98 ± 1% of the BTB 
template. An example of the QCM-D measurements is depicted in Figure 4.17.A. Quantitative 
template removal was also confirmed by FT-IR analysis on the bulk of the film by monitoring 
the disappearance of the N-H stretching vibration at 3241 cm-1 and the appearance of free 
carboxylic acid groups with a carbonyl C=O stretching vibration at 1676 cm-1, shifted from 
1685 cm-1 in the complex (Figure 4.17.B). After removal of the template, the structure of the 
resulting material was investigated with XRD and GISAXS (Figure 4.17.CD). These 
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measurements showed that the hexagonal structure was retained after removal of the BTB 
template.  

 
Table 4.1. QCM-D results on template removal 
Film thickness (nm) Mass polymer  

with template (mg/cm3) 
Mass polymer  
without template (mg/cm3) 

Template removed (%) 

181 ± 7 1131 ± 1 927 ± 3 98 ± 1 
 
When the complex was spin-coated on a poly(vinylalcohol) sacrificial layer, free-

standing thin films were obtained by placing the polymerized samples in water prior to or 
after template removal.[21,22] This procedure dissolves the sacrificial layer and makes the thin 
film float at the water surface (Figure 4.18). Transmission electron microscopy (TEM) 
analysis was performed on the free standing films with or without the template removed. 
However, the TEM results did not give further evidence of pore formation, probably because 
of the planar alignment of the material. 

 

 

 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17. A) Static QCM-D profiles of an empty gold sensor, after spin-coating and polymerization of the 
complex and after template removal. B) FT-IR spectra before and after template removal C) Linecuts of 
GISAXS profiles before and after template removal. D) XRD profiles of the polymer material with and without 
the BTB template.  
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4.7. Size-selective binding of salt ions from aqueous solution 

 
FT-IR spectroscopy showed that the pore walls of the nanostructured materials were 

functionalized with carboxylic acid groups after removal of the BTB template (vide supra). 
The carboxylic acid groups were expected to be in a more rigid environment and closer 
together than in the nanoporous material dicussed in Chapter 3. Cross-linked films of the 
complex, from which the BTB template had been removed, were soaked in aqueous solutions 
of hydroxide salts to deprotonate the carboxylic acid groups and form the corresponding 
carboxylate salts. After soaking for 3 h in 100 mM aqueous solutions of the hydroxides of Li+, 
Na+, K+, Cs+ and NH4

+, the films were dried and analysed with FT-IR (Figure 4.18). 
Depending on the cation, the FT-IR spectrum showed a shift in the symmetric and 
asymmetric C=O stretching vibration from 1684 cm-1 to 1558 cm-1 (asymmetric stretch) and 
1585 cm-1 to 1376 cm-1 (symmetric stretch), indicative of the formation of the carboxylate 
salt. None of the divalent cations were bound as carboxylate salts. Of the monovalent cations, 
only Na+ and K+ ions, formed the corresponding carboxylate salt. Even the smaller Li+ ion 
was not bound, showing that binding of the ions was not determined by ionic radius alone. An 
explanation for the observed selectivity can be found in the size of the hydrated radii of the 
cations (Figure 4.19). Divalent cations have larger hydrated radii than monovalent ions, and 
for the monovalent cations the hydrated radius is smallest for Na+ and K+ ions, while hydrated 
radii of Li+ and NH4

+ ions are comparable in size to hydrated Cs+ ions. The exclusive binding 
of Na+ and K+ and rejection of all other monovalent and divalent inorganic ions and organic 
cations[23] therefore demonstrates size-selectivity, characteristic for nanoporous materials with 
uniform pore sizes.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.18. A) Picture of free-standing nanoporous membrane films floating on water and B) FT-IR spectra 
after exposure to different hydroxide salts (0.1 M (aq.)). 
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Figure 4.19. The hydrated radii of several cations from reference [23]. 
 

QCM-D was utilized to quantify the amount of bound cations and to determine the 
specificity of the binding from static ex situ measurements. The measurements were 
performed on spin-coated and polymerized films. QCM-D was performed before and after 
deposition of a thin film to the sensor, after template removal and after exposure to 10 mM 
NaOH/LiOH/Ba(OH)2 aqueous solution. Figure 4.20.A shows an example of a set of ex situ 
static measurements for a single sample after drying of the sensor at every processing step. 
The figure shows a series of steps, corresponding to mass changes when the polymer film 
with the template is deposited, followed by mass loss when template is removed, and a mass 
increase when Na+ ions are bound. The first mass change allowed for the determination of the 
number of carboxylic acid binding sites, which was 25.72 nmol. The next step in the graph 
corresponded to removal of 8.48 nmol of template (99%). Finally, the mass change after 
exposure to NaOH corresponded to 24.88 nmol of Na+ ions, occupying 98% of the available 
carboxylic acid binding sites. The same experiment was also performed without template 
removal, from which the non-specific interaction of Na+ ions with the surface was calculated 
to be 7 ± 2% (Figure 4.20.B). Nanoporous films after template removal were found to bind 
Li+ and Ba2+ ions by occupying 3 ± 7% and 5 ± 2% of the carboxylic acid sites, respectively. 
This was less than the non-specific binding of the Na+ ions. Finally, exposing a sodium 
saturated film to deionized water partially removed the bound Na+ ions by 45 ± 7% of the 
binding sites.  

 
 

 
 
 

 
 
 

 

 
Figure 4.20. A) Static QCM-D profiles after template removal and exposure to 10 mM NaOH (aq). B) Bar 
diagram of QCM-D results on binding or removal; a) template removal as percentage of amount of polymer 
complex applied per area; b) percentage of total amount of carboxylic acid groups occupied; c) percentage of 
total amount of carboxylic acids occupied, with template still present. 
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4.8. Conclusions 

 

To conclude, a nanoporous material was obtained with a smaller pore size and better 
defined pores in comparison to related materials described in Chapter 3. This made the 
material size-selective for the binding of Na+ and K+ ions over other inorganic and organic 
cations in aqueous solution. The first example of quantitative gravimetric analysis on ion 
binding in organic nanoporous materials was demonstrated using QCM-D. Moreover, the 
size-selective binding of monovalent salt ions makes these nanoporous materials appealing 
candidates for nanofiltration applications when processed into defect-free thin film form. All 
organic material can be rejected as well as all divalent salt ions and large (hydrated) 
monovalent salt ions. Future applications might be found in the selective permeability of the 
material, useful for softening of drinking water or as an ion-exchange membrane. However, to 
assess the feasibility of these applications the material should be integrated into a support, 
after which the mechanical stability and permeability of the material in thin film membrane 
form could be investigated.  

 

4.9. Experimental section 
 

4.9.1 Materials and instrumentation 

Chemicals and solvents were purchased from Sigma-Aldrich or Biosolve, respectively, 
and used as received, unless stated otherwise. FT-IR spectra were recorded at room 
temperature using a Perkin Elmer Spectrum One spectrometer equipped with an universal 
Attenuated Total Reflectance (ATR) sampling accessory. NMR spectra were recorded at 
room temperature on a Varian Mercury 400 (400 MHz) spectrometer. Chemical shifts are 
given in ppm with respect to tetramethylsilane (TMS, 0 ppm) as internal standard. Coupling 
constants are reported as J-values in Hz. Column or flash chromatography was carried out 
using silica gel (0.035-0.070 mm, ca 6 nm pore diameter). MALDI-TOF-MS spectra were 
obtained on a PerSeptive Biosystems Voyager-DE PRO spectrometer, with α-cyano-4-
hydroxycinnamic acid (CHCA) as matrix. Polarized optical microscopy (POM) images were 
recorded using a Jeneval microscope equipped with crossed polarizers and a Polaroid DMC Ie 
CCD camera, equipped with a Linkam THMS 600 hot stage. Differential Scanning 
Calorimetric (DSC) measurements were performed in hermetic T-zero aluminum sample pans 
using a TA Instruments Q2000 – 1037 DSC equipped with a RCS90 cooling accessory. All 
transition temperatures and enthalpies were determined from the first cooling and second 
heating run, with heating and cooling rates of 10 Kmin-1. X-Ray Diffraction (XRD) images 
were recorded on a Ganesha lab instrument equipped with a Genix-Cu ultra-low divergence 
source producing X-ray photons with a wavelength of 1.54 Å and a flux of 1x108 
photons/second. Diffraction patterns were collected on a Pilatus 300K detector with reversed-
biased silicon diode array sensor. The detector contains 487 x 619 pixels of 172 x 172 µm2 

and consists out of three modules with an intermodule gap of 17 pixels in between, resulting 
in two dark bands on the image. Gracing Incidence X-Ray Scattering (GIXS) measurements 
were performed on a sample to detector distance of 1080 mm (WAXS) or 1530 mm (SAXS). 
Temperature dependent measurements were executed with a Linkam HFSX350 heating stage 
and cool unit. Azimuthal integration of the obtained diffraction patterns was performed by 
utilizing the SAXSGUI software. Relation (2) was used to convert the scattering vector into 
d-spacing, were Bragg’s law (3) is fulfilled (λ is the wavelength, n is an integer and θ is the 
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angle of incidence). The beam center and the q-range were calibrated by utilizing silver 
behenate (0.107 Å-1; 58.43 Å). 

 
��

�
  (2)      

	�

�

 (3) 

 
UV-Vis experiments on solutions were performed using a Cary 300 UV-Vis 

spectrophotometer equipped with Peltier temperature controller. All experiments were 
performed in 10x10 mm quartz cuvets at 20 °C. Unknown concentrations were obtained from 
a calibration curve of known concentrations, according to the Lambert-Beer’s Law. 
4.9.2 Methods 
 

Sample preparations  

 
The fabrication of porous materials was performed by making a stock solution of 

gallic acid alkene (3 equivalents) in MeOH/CHCl3 (1:9 v/v) and adding this solution to the 
required amount of solid benzene-1,3,5-trisbenzimidazole (BTB, 1 equivalent) (35 mg/ml, 
final concentration). Prior to use was added a solution of Grubbs catalyst (2nd generation, 2 
mol%) in CHCl3. Clean glass substrates (30 x 30 mm) were obtained by dipping the glass 
substrates in piranha solution (aqueous hydrogenperoxide 35% and concentrated sulfuric acid; 
1:3 v/v) for 10 seconds, rinsing thoroughly with deionized water and drying. The LC solution 
was spin-coated on the clean substrate and placed in a pre-heated oven at 100 °C and apply 
vacuum for 3 hrs. Subsequently, the sample was placed in 15 ml DMSO (3 x) and extracted 
by careful shaking for 1 hour, each. The amount of extracted template was quantified by UV-
Vis measurements at λmax = 316 nm. The initial amount of template was calculated according 
to the thickness of the layer and the density of the polymerized complex of the XRD 
measurements. Layer thickness was determined by a Veeco Dektak 150 Surface Profiler. 

 
Quartz crystal microbalance with dissipation (QCM-D) experiments 

 

QCM-D measurements were performed in a Q-Sense E4 4-channel quartz crystal 
microbalance with a peristaltic pump (Biolin Scientific). Sensors were prepared by cleaning 
the sensors with piranha solution (H2SO4/H2O2, 3:1, v/v), extensive washing with MilliQ 
water, followed by acetone and drying by air flow. Subsequently, a ~50 mg/ml of the complex 
(benzoic acid : template : catalyst, 3:1:0.06 mol/mol/mol) in CHCl3/MeOH (9:1) was spin-
coated on the sensors at 3000 rpm for 30 sec. to obtain layer thicknesses of 100-200 nm. The 
sensors were polymerized in a vacuum oven at 100 °C and vacuum for 3 h. The sample was 
measured dry to determine the layer thickness and the amount of material on the sensor 
according to the Sauerbrey equation. The sensors were extracted three times with 15 ml 
DMSO for 1 hr by careful shaking and finally rinsed with MilliQ water and dried in a vacuum 
oven at 40 °C over P2O5 in vacuo for at least 1 h. Subsequently, the dry sensors were 
measured again to determine the amount of template which was removed. Subsequently, the 
sensors were equilibrated in MilliQ water for 3 hrs with a flow rate of 50 µL/min at 20 °C. 
The MilliQ water was exchanged for the NaOH (aq.) solution and measured for an additional 
3 h with a flow rate of 50 µL/min at 20 °C. Finally, the sensors were quickly rinsed with 
MilliQ water and dried in a vacuum oven at 40 °C with vacuum and P2O5 before quantifying 
adsorbed sodium ions. All measurements were at least performed in triplicate. Errors are 
given as standard deviations. 
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X-ray photoelectron spectroscopy (XPS) measurements 

 

The angular-resolved XPS measurements are carried out with a Thermo Scientific K-
Alpha, equipped with a monochromatic small-spot X-ray source and a 180° double focusing 
hemispherical analyzer with a 128-channel detector. Spectra were obtained using an 
aluminium anode (Al Kα = 1486.6 eV) operating at 72 W and a spot size of 400µm. Survey 
scans were measured at a constant pass energy of 200 eV and region scans at 50 eV. The 
background pressure was 2 x 10-9 mbar and during measurement 3 x 10-7 mbar Argon because 
of the charge compensation dual beam source. Sputtering was done with a beam energy of 
1000 eV at low current. 

 
4.9.3 Synthetic procedures 

 
The synthesis of benzene-1,3,5-trisbenzimidazole (BTB), was performed according to 

literature.[5]  
 

Synthesis of polymerizable benzoic acid 2 

To a stirred solution of methyl gallate (2.1 g; 11.5 mmol; 1.0 
equiv.) in DMF (55 ml) was added K2CO3 (15.9 g; 115 mmol; 
10.0 equiv.) and 11-bromo-1-undecene (8.85 g; 37.95 mmol; 3.3 
equiv.). The resulting suspension was heated to reflux (110 °C) 

for overnight and after completion of the reaction, cooled to ambient temperature, filtered and 
evaporated to dryness. The residue was redissolved in EtOAc (17 ml) / water (22 ml) and 
extracted with EtOAc (2 x 17 ml), dried with Na2SO4, filtered and evaporated in vacuo, after 
which the crude compound was purified by flash column chromatography (heptane/ethyl 
acetate, 7:3 -> 1:1) to obtain a white solid (6.0 g, 82%). 1H-NMR (CDCl3, 400 MHz): δ = 
7.25 (s, 2H, 2x CH arom.), 5.80 (ddt, 3 H, J = 7 Hz, 10 Hz and 17 Hz, 3x CH2=CH-CH2), 
4.97 (dd, 6H, J =10 Hz and 17 Hz, 3x CH2=CH), 4.01 (t, 6H, 7 Hz, 3x CH2-CH2-O), 3.88 (s, 
3H, CH3O), 2.03 (dt, 6H, J = 8 Hz and 7Hz, 3x CH2=CH-CH2), 1.81 (m, 6H, 3x CH2-CH2-O), 
1.36 (m, 36H, 18x CH2-CH2-CH2). 13C-NMR (CDCl3, 100 MHz): δ = 167.0, 152.9, 142.4, 
139.3, 124.8, 114.2, 108.0, 73.6, 69.2, 52.2, 34.0, 30.4, 29.8, 29.7, 29.7, 29.6, 29.5, 29.4, 29.3, 
29.3, 29.1, 29.1, 26.2, 26.2. ATR FT-IR: 3076, 2924, 2853, 1721, 1641, 1587, 1500, 1465, 
1430, 1386, 1334, 1216, 1115, 1014, 993, 908, 863, 812, 765, 722, 671, 636, 577, 554 cm-1. 
Maldi-ToF MS: m/z calculated for C41H68O5 (M+H)+ : 640.51 , found: 640.50, (M+Na)+: 
663.50, found: 663.49. 
 

 
A solution of methyl gallate alkene (3.0 g; 4.68 mmol; 1.0 
equiv.) in MeOH/H2O (3:1 v/v, 26 ml) was treated with KOH 
(2.13 g, 37.91 mmol; 8.1 equiv.) and heated to reflux for 
overnight. The reaction mixture was cooled to ambient 

temperature after completion of the reaction, neutralized to pH ~ 3.0 with 3.0 M HCl and 
extracted with EtOAc (3 x 20 ml). The organic phase was dried with Na2SO4, filtered and 
evaporated to dryness to obtain the desired product as a white solid in quantitative yield (2.9 
g). 1H-NMR (CDCl3, 100 MHz): δ = 11.37 (br. s, 1H, OH), 7.30 (s, 2H, 2x CH arom.), 5.83 
(ddt, 3H, J = 12 Hz, 21 Hz and 34 Hz, 3x CH2=CH-CH2), 4.95 (dd, 6H, J =21 Hz and 34 Hz, 
3x CH2=CH), 4.02 (m, 6H, 3x CH2-CH2-O), 2.05 (m, 6H, 3x CH2=CH-CH2), 1.78 (m, 6H, 3x 
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CH2-CH2-O), 1.31 (m, 36H, 18x CH2-CH2-CH2). 13C-NMR (CDCl3, 100 MHz): δ = 177.9, 
172.2, 153.0, 143.2, 139.3, 123.8, 114.3, 108.6, 73.7, 69.3, 34.0, 30.5, 29.8, 29.7, 29.6, 29.6, 
29.6, 29.6, 29.5, 29.4, 29.3, 29.3, 29.1, 29.1, 26.2, 26.2, 21.0. ATR FT-IR: 3078, 2976, 2922, 
2851, 2636, 1686, 1641, 1586, 1504, 1464, 1431, 1390, 1328, 1275, 1228, 119, 1068, 991, 
948, 908, 866, 767, 750, 724, 681, 626, 584, 543, 496, 479 cm-1. Maldi-ToF MS: m/z 
calculated for C40H66O5 (M+Na)+ : 649.48, found: 649.48. 
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Chapter 5 

Chemical modifications of the pore interior in nanoporous 

materials 

 

Abstract 

 

The final properties of the nanoporous material described in Chapter 4 were tuned by 
chemical modification of the pore interior. Activation of the carboxylic acid functionality by 
anhydride formation and subsequent reaction with an amine results in partial functionalization 
of the pore interior with amide functional groups. On the other hand, activation of the 
carboxylic acid by acyl chloride formation, followed by reaction with an amine results in full 
functionalization of the pore interior. These approaches have demonstrated to be facile 
methods for the chemical modification of the pore interior without loss of morphology. 
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5.1. Introduction 

 The final properties of a nanostructured porous material can be tuned by combining 
both bottom-up and top-down approaches.[1] Ideally, both approaches should be modular, easy 
to use and employ inexpensive chemicals.[2] In Chapter 4, facile bottom-up self-assembly of 
terminal double-bond-functionalized benzoic acid molecules with the benzene-1,3,5-
trisbenzimidazole (BTB) template was demonstrated. In order to tune the final pore size and 
surface functionality, both the benzoic acid and the template molecule can be replaced by 
other components. However, here we explore a top-down approach consisting of chemical 
post-modification of the pore interior. After template removal from the polymerized benzoic 
acid – BTB complex, the pore walls are functionalized with carboxylic acid groups, which 
can be converted to other functional groups (e.g. anhydride, acyl halide, ester or amide) by 
simple chemical transformations. This would give the opportunity to further tune the pore size 
and polarity and therefore their selectivity and permeability. Functionalization of the 
carboxylic acids may even be used to endow the porous material with catalytic activity or 
responsive properties. In the literature, there are many examples of the chemical modification 
of polymer membranes. Often the bulk material is chemically modified to obtain better 
antifouling properties or to make the membranes more hydrophilic/hydrophobic. However, 
only a few reports focus on the chemical modification of the pore interior.[3–6] Chemical 
modification of the pore interior of a porous block co-polymer system was demonstrated by 
Gohy et al. The carboxylic acid-functionalized pores were modified by reaction with a diazo-
functionalized fluorescent dye (Figure 5.1) in order to visualize the pores with fluorescence 
spectroscopy.[7–10]  

Figure 5.1. Chemical modification of the pore interior in porous block co-polymers. Reproduced with 
permission from reference [10].  

 
In this chapter, chemical modification of the pore interior of nanoporous membranes, 

obtained from complexes consistent of alkenyl-functionalized benzoic acid monomer with 
BTB, is explored with the specific aim to develop methods to incorporate any desired 
functionality. To this end, the carboxylic acid groups lining the pore wall were activated by 
conversion to the anhydrides or acyl halides and were subsequently treated with the desired 
nucleophile (Figure 5.2). 
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Figure 5.2. Approach towards the modular functionalization of the pore interior. 

 

 

5.2. Chemical modifications 

 

Membranes, consisting of trisalkene functionalized benzoic acids complexes with 
benzene-1,3,5-trisbenzimidazole template, were identical to those described in Chapter 4. 
After quantitative removal of the template, a nanoporous material remained with pores of 
which the pore walls are decorated with carboxylic acid groups. The first method we explored 
to functionalize the pore walls was conversion of the carboxylic acid groups to anhydrides. To 
determine the difference between the formation of a mixed anhydride or a symmetric 
anhydride (see Figure 5.3 for structures), the carboxylic acid-functionalized pores were 
reacted with two different reagents. Either trifluoroacetic anhydride (TFAA) or α-
bromoacetic anhydride ((BrAc)2O) were used as a 0.1 M solution in DMF with 0.2 M Et3N as 
a base. After immersion of a 150 nm thick membrane in a solution of either reagent for 1 h, 
the membrane was dried under vacuum, and its FT-IR spectrum was recorded. The resulting 
spectra are depicted in Figure 5.4. The unmodified membrane shows a C=O stretching band 
of the free carboxylic acid at 1686 cm-1. In the membranes treated with TFAA or (BrAc)2O, 
this band had strongly decreased in intensity, and showed C=O stretching vibrations at 1787 
and 1722 cm-1, characteristic of the formation of anhydride groups. The similarity of the 
spectra of the membranes treated with TFAA or (BrAc)2O suggested that a symmetric 
anhydride between membrane carboxylic acid groups was formed. In order to investigate 
further whether the mixed anhydride or the symmetric anhydride were formed, the FT-IR 
spectra were compared to literature spectra of symmetric and mixed benzoic anhydrides. 
Benzoic anhydride is symmetric and shows C=O stretching vibrations at 1784 and 1723 cm-

1,[11] while the mixed anhydride benzoic 2,2,2-trifluoroacetic anhydride has C=O stretching 
vibrations at 1835 and 1773 cm-1.[12] The anhydride that was formed in the nanoporous 
material had comparable C=O stretching vibrations to symmetric anhydrides and not to mixed 
anhydrides. Therefore, we conclude that anhydrides are formed between the benzoic acid 
moieties in the pores due to the close proximity of the benzoic acid groups (Figure 5.3). 

 

O

O

CF3

O O

OH O

O O

HO CF3

O

mixed anhydride symmetric anhydride  
 

Figure 5.3. Reaction of mixed anhydride with benzoic acid to form a symmetric anhydride. 
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Figure 5.4. FT-IR spectra of the anhydride modified pore interior utilizing trifluoroacetic anhydride (TFAA) or 
α-bromoacetic anhydride ((BrAc)2O) 
 

In the following step, a nucleophile was added to the TFAA-treated material to obtain 
the desired functionality. In a first attempt, the porous material was treated with a 2.0 M 
solution of n-butylamine, a short aliphatic amine, in NMP for 20 min. After rinsing with 
MeOH and drying of the porous material, FT-IR analysis was performed to confirm the 
conversion. In the FT-IR spectrum of the product, the anhydride bands disappeared, and an 
amide band at 1625 cm-1 appeared (Figure 5.5). However, a broad band at 1684 cm-1, which 
can be assigned to a carboxylic acid C=O stretching vibration, indicates that only part of the 
acid groups were converted to amides. As can be seen in Figure 5.6, the proposed symmetric 
benzoic anhydride that is formed upon treatment with TFAA results in equal amounts of 
amide and carboxylic acid functionalization while the asymmetric anhydride would 
potentially give full conversion to benzoic amide with the TFA anion as the leaving 
group.[13,14] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. FT-IR spectra of the pore interior modifications after anhydride activation and amide formation. 
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Figure 5.6. Reaction of symmetric or mixed anhydride with n-butylamine. 

 
 When the acid groups at the pore walls are activated via the formation of an acyl 
chloride, full functionalization is possible.[15] To this end, the unmodified nanoporous material 
was treated with thionyl chloride at 70 °C for 1 h. (Figure 5.7). Subsequently, the membrane 
was treated with n-butylamine as the nucleophile. The conversion was followed via FT-IR 
spectroscopy as depicted in Figure 5.8. The C=O stretching vibration of the unmodified 
carboxylic acid shifts from 1684 cm-1 to 1786 cm-1 in the acyl chloride. Conversion to the 
amide resulted in a shift of the C=O stretching vibration to 1650 cm-1. 
 

 
 
Figure 5.7. Acyl chloride activation of carboxylic acid groups and conversion to n-butyl amide in the nanopores. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.8. FT-IR spectra of the pore interior modifications after acyl chloride activation and amide formation. 
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5.3. Morphological properties 

  
According to the FT-IR analysis, the modifications only affect the chemical 

composition of the pore interior. Effects on the morphology of the material were investigated 
with grazing incidence wide angle X-ray scattering (GIWAXS). In Figure 5.9. the azimuthal 
angular plots of GIWAXS measurements on films with chemically modified pore interiors are 
shown. In all azimuthal plots, maxima are observed at 60° intervals (at 120, 180 and 240°) 
indicative of hexagonal packing. This showed that hexagonal order in the membrane is 
retained upon functionalizing the interior of the pores.  

 

Figure 5.9. Comparison of GIWAXS profiles for anhydride or amide modified pore interiors (incident angle is 
0.18°). 
 

5.4. Conclusions  

  
The carboxylic acid-functionalized pore interior of the nanostructured porous polymer 

network material described in Chapter 4 was activated by chemically converting them to a 
symmetric anhydride, after which partial functionalization took place. Activation via the acyl 
chloride was also explored, which afforded full modification of the pore interior. These 
approaches have demonstrated to be facile methods for the chemical modification of the pore 
interiors of these liquid-crystalline templated polymer materials, without loss of morphology. 
This opens opportunities for tuning the pore size, polarity, permeability, selectivity and 
responsive properties of the pores. For instance, the incorporation of a catalytic center could 
help in the cleaning of the membrane or enhance the catalytic reactivity in the confined area 
of the porous material. To accomplish this, the porosity of the modified materials should be 
evaluated. 
  
 



Chemical modifications of the pore interior in nanoporous materials 

93 

 

5.5. Experimental section 
 

5.5.1 Materials and instrumentation 
 
Chemicals and solvents were purchased from Sigma-Aldrich or Biosolve, respectively, 

and used as received unless stated otherwise. FT-IR spectra were recorded at room 
temperature using a Perkin Elmer Spectrum One spectrometer equipped with an universal 
Attenuated Total Reflectance (ATR) sampling accessory. X-Ray Diffraction (XRD) images 
were recorded on a Ganesha lab instrument equipped with a Genix-Cu ultra-low divergence 
source producing X-ray photons with a wavelength of 1.54 Å and a flux of 1x108 
photons/second. Diffraction patterns were collected on a Pilatus 300K detector with reversed-
biased silicon diode array sensor. The detector contains 487 x 619 pixels of 172 x 172 µm2 

and consists out of three modules with an intermodule gap of 17 pixels in between, resulting 
in two dark bands on the image. Gracing incidence X-ray scattering (GIXS) measurements 
were performed on a sample to detector distance of 1080 mm (WAXS) or 1530 mm (SAXS). 
Azimuthal integration of the obtained diffraction patterns was performed by utilizing the 
SAXSGUI software. Relation (1) was used to convert the scattering vector into d-spacing, 
were Bragg’s law (2) is fulfilled (λ is the wavelength, n is an integer and θ is the angle of 
incidence). The beam center and the q-range were calibrated by utilizing silver behenate 
(0.107 Å-1; 58.43 Å).[16] 
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5.5.2 Methods 
 

Sample preparations  

 

The fabrication of porous materials was performed by making a stock solution of 
gallic acid alkene (3 equivalents) in MeOH/CHCl3 (1:9 v/v) and adding this solution to the 
required amount of solid benzene-1,3,5-trisbenzimidazole (BTB, 1 equivalent) (35 mg/ml, 
final concentration). Prior to use was added a solution of Grubbs catalyst (2nd generation, 2 
mol%) in CHCl3. Clean glass substrates (30x30 mm) were obtained by dipping the glass 
substrates in piranha solution (aqueous hydrogen peroxide 35% and concentrated sulfuric 
acid; 1:3 v/v) for 10 seconds, rinsing thoroughly with deionized water and drying. The liquid 
crystal solution was spin-coated on the clean substrate and placed in a pre-heated oven at 100 
°C and apply vacuum for 3 h. Subsequently, the sample was placed in 15 ml DMSO (3x) and 
extracted by careful shaking for 1 h, each. The amount of extracted template was quantified 
by UV-Vis measurements at λmax = 316 nm. The initial amount of template was calculated 
according to the thickness of the layer and the density of the polymerized complex of the 
XRD measurements. Layer thickness was determined by a Veeco Dektak 150 Surface 
Profiler. 
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5.5.3 Synthetic procedures 
 
Synthesis of anhydride modified pore interior 

 

A glass substrate of 3 x 3 cm containing a spin-coated nanoporous material was 
submerged in a ~10 ml solution of 0.1 M bromoacetic anhydride or trifluoroacetic anhydride 
and 0.2 M Et3N in anhydrous DMF. The sample was left to stand in the solution for 1 h at 
room temperature, without stirring, after which was rinsed with CHCl3 and dried by air. The 
conversion was then determined by FT-IR analysis of the bulk material. 

Synthesis of acyl chloride modified pore interior 

 

A glass substrate of 3 x 3 cm containing a spin-coated nanoporous material was 
submerged in a ~10 ml solution of thionyl chloride. One drop of anhydrous DMF was added 
and the sample was heated to 70 °C for 1 h, without stirring, after which was rinsed with 
CHCl3 and dried by air. The conversion was then determined by FT-IR analysis of the bulk 
material. 

Synthesis of n-butyl amide modified pore interior 

 

A glass substrate of 3 x 3 cm containing a spin-coated nanoporous material actived by 
the anhydride or acyl chloride was submerged in a ~10 ml solution of 2.0 M n-butylamine in 
NMP. The sample was left to stand in the solution for 20 min at room temperature, without 
stirring, after which was rinsed with MeOH and dried by air. The conversion was then 
determined by FT-IR analysis of the bulk material. 
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6.1. Introduction 

  

The work described in this thesis covers the development of nanostructured porous 

materials from hydrogen-bonded columnar liquid crystals. The first steps are taken towards 

the development of functionalized nanoporous materials. This chapter reflects upon the 

previous chapters by comparing the methods used for the development of the two different 

nanoporous materials described in Chapter 3 and 4. Furthermore, the next steps towards the 

development of a nanofiltration device are discussed. In addition, the societal impact and 

technological assessment will be discussed as part of the Risk Analysis and Technology 

Assessment (RATA) program within the NanoNextNL consortium. 

 

6.2. Outlook 

 

 More insight into the properties of these nanoporous materials can be gained by 

looking into their alignment and comparing unaligned materials with homeotropically aligned 

materials. As discussed in Chapter 2, the desired alignment could be obtained by application 

of an electric field. However, this method has the disadvantage that the binary mixtures of 

hydrogen-bonded columnar liquid crystals are more viscous than a single compound. Higher 

electric fields and temperatures are required over relatively thin sample thicknesses (~6 µm), 

which increases the chance of short-circuiting the samples. Another method to obtain the 

desired homeotropic alignment might be by soft confinement of the columnar liquid 

crystals.[1] The liquid crystal-air interface favors the formation of planar-aligned columnar 

liquid crystals. However, by confining the liquid crystal sample with a top layer of 

poly(dimethoxysiloxane) (PDMS), a homeotropic alignment has been achieved for a 

thermotropic columnar liquid crystal.[1] One requirement is that the liquid crystalline phase 

should be slowly grown from the isotropic phase to obtain a macroscopic uniaxial alignment.  

 

 Also, a more detailed characterization of the morphology is required. For instance by 

direct visualization of the porous structure with AFM or TEM. This could be facilitated by 

obtaining uniaxial aligned samples. In Chapter 4, the quartz crystal microbalance (QCM) was 

introduced as a new technique to analyze the size-selective binding of metal ions. QCM is a 

good technique for the gravimetric quantification of nanograms of material by static 

measurements of dried samples. However, although in-flow measurements are possible, no 

kinetic information could be obtained on the absorption of these small ions. This is due to the 

change in density and viscosity of the applied buffers, which is larger than the change in mass 

from absorption of the small ions. On the other hand, it might be possible to determine the 

binding constant of the ions by static QCM measurements after exposure to different 

concentrations of the ions. Moreover, more insight should be gained in the understanding of 

the size-selective binding of the ions. Some questions to be answered in future research on 

this area are: Why is it possible to bind Na+ quantitatively, while the pores are running from 

the sides of the material and possibly contain a lot of “dead-ends”? Why is Na+ and K+ 

selectively bound over other ions?  

 

 Two different polymerization methods were applied in this thesis for the cross-linking 

of nanostructured materials, i.e. the photopolymerization of methacrylates and acyclic diene 

metathesis of end-terminal double bonds. The photopolymerization reaction is much faster 

(10 min) than the metathesis reaction (3 h). In both cases, the nanostructure was retained; but 

in the case of the photopolymerization, a less ordered structure was obtained in comparison to 

the metathesis reaction for which exact retention of the nanostructure was obtained. An 
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advantage of the photopolymerization method over ADMET is that up to the spontaneous 

polymerization temperature, the reaction can be prevented until the desired temperature is 

reached, whereas the metathesis catalyst is already active at room temperature and may 

prematurely initiate polymerization.  

 

 Chemical modification of the pore interior is an intriguing approach for the 

functionalization of the nanoporous material. When the pores of the nanoporous material 

described in Chapter 5 are functionalized, it is not yet known to what extent the pores are 

blocked by the functional groups. This could be further investigated by TEM or AFM. It is of 

particular interest to functionalize larger pores, in comparison to those which can be created 

with the BTB template, in order to tune permeability and selectivity in a modular manner. 

This requires the synthesis of larger template molecules with complexation properties similar 

to the benzene-1,3,5-trisbenzimidazole (BTB) template. Functionalization of the pore interior 

will not only offer the opportunity to introduce responsive properties in the material, but also 

dramatically influences the permeability of the nanoporous membrane. Functionalization of 

the pore walls with free amides could perhaps facilitate the transport of ions through the 

membrane, due to hydrogen-bonding with water molecules and not binding to salt ions, as the 

carboxylic acids do.  

 

For membrane applications, it is important to test the permeability of the nanoporous 

membranes by (dead-end) filtration experiments, in particular to elucidate the difference in 

permeability of a homeotropic, planar or unaligned membrane. To make this feasible, the 

mechanical properties of the material need to be improved, for instance by incorporation into 

a support membrane, as was already discussed in Chapter 4. 

 

 

6.3. Risk Analysis and Technology Assessment 

 

 The research described in this thesis is part of the Nanomaterials program within the 

NanoNextNL consortium. The program aims to develop novel materials with new functional 

properties from supramolecular and bio-inspired materials, which could lead to innovative 

new products. Understanding the relation between a materials structure and the expected 

properties is necessary to be able to further develop these functional materials. The 

NanoNextNL program encourages collaboration between academia and industry to develop 

new nanotechnology solutions that are beneficial for society. Furthermore, a part of the 

NanoNextNL program focuses on the Risk Analysis and Technology Assessment of the 

research conducted within the program. To create awareness for the general public about the 

risks associated with nanotechnological breakthroughs and to assess the societal impact of the 

technology, thereby promoting public acceptance of nanotechnology.  

 

Due to the vast growth of nanotechnologies like nanorobotics, nanomedicine and 

nanomaterials, the perception of the general public is that nanotechnology carries high 

risks.[11] Well-known examples of nanotechnology that turned out to be hazardous, e.g. the 

carcinogenic carbon nanotubes, have contributed to the fear for nanotechnology.[12] However, 

risks which are related to the nanotechnology described in this thesis are not different from 

those for handling (bio)chemicals, as will be discussed below for the nanoporous materials. In 

our research we developed novel nanoporous materials made by the self-assembly of 

chemical building blocks (i.e. molecules). The risks associated with the production of these 
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kind of materials mainly involve the handling of the chemicals, and no specific risk factors 

related to the nanostructural properties of the materials have been identified.  

 

Technology assessment in a user committee meeting on nanomaterials in aqueous 

environment in the Netherlands, organized by Dr. Pieter van Broekhuizen from the 

Nanodiode program on clean water, resulted in the conclusion that additional work is needed 

to convert the knowledge produced in this PhD work into technology. As an example, the 

BTA nanostructured porous material described in Chapter 3 has a hydrophobic pore interior 

and size-selectivity for dyes with a cut-off of 4 nm, which would make it a good material for 

the absorption of hydrophobic cationic dyes from waste water in the clothing industry. 

Membranes are prepared by removal of a dendrimer template. To assess the applicability of 

the technology for a certain application, long term leaching of template should be 

investigated. Several techniques were utilized to quantify the short term removal of 

dendrimer, which was less than 50%, but long-term leaching of the remainder of the 

dendrimer was not investigated.  

 

An additional limitation to developing the science into technology is the possibility to 

produce the nanostructured porous materials on a large scale. This depends on the cost of 

synthesis of the building blocks. BTA was produced in a 12 step convergent synthesis, which 

makes it too expensive for large scale production, although the hydrophobic pore interior and 

size-selectivity for dyes with a cut-off of 4 nm would make it a good material for the 

absorption of hydrophobic cationic dyes from waste water in the clothing industry.  

 

The size-selective binding of ions in the nanoporous material developed in Chapter 4 

is potentially useful in applications as ion-exchange resin or in softening of drinking water by 

filtration of calcium and magnesium ions. The preparation of the nanoporous material 

developed in Chapter 4 is a simple and modular process, and removal of the BTB template is 

quantitative. The synthesis of the building blocks consists of three steps for the carboxylic 

acid and one step for the template molecule, making the synthetic hurdles much lower than 

for the porous materials of Chapter 3, making large scale production of these materials 

feasible. However, further research is necessary to develop a nanofiltration membrane.  
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Nanostructured porous materials of hydrogen-bonding columnar liquid crystals 

 

 

In this thesis, the development of nanoporous materials from hydrogen-bonding 

columnar liquid crystals is described. In Chapter 2, several alignment methods are reported 

for a polymerizable hydrogen-bonding columnar liquid crystal based on benzene-1,3,5- 

tricarboxamide (BTA), including shear, surface treatment, magnetic and electric fields. 

Application of shear results in a macroscopic planar (edge-on) alignment and an electric field 

of >8.0 V/µm resulted in homeotropic alignment of the liquid crystal. Cross-linking fixed the 

morphology of the Colhex mesophase in a polymer network and stabilized the structural 

properties at room temperature. Ferroelectric switching behavior was observed for the 

monomeric species. However, the aligned polymeric material is not responsive to an external 

electric field. Although the morphology is retained in the polymeric material, the macrodipole 

is lost and the electrical responsive properties disappear.  

 

 

Chapter 3 discusses the development of a nanostructured porous material from 

hydrogen-bonded columnar liquid crystals with polyamines. The nanoporous material was 

obtained by cross-linking of a superlattice structure, followed by removal of the template. The 

morphology of the material was characterized, and its ability to absorb dye molecules were 

investigated. The porous material was capable of size- and charge-selective absorption of 

cationic dye molecules with a molecular size smaller than 4.4 nm.  

 

 

The development of a nanoporous material from a columnar liquid crystalline complex 

between a polymerizable benzoic acid and a benzene-1,3,5-trisbenzimidazole (BTB) template 

molecule is described in Chapter 4. The ordered morphology was fixed by ADMET 

polymerization, and quantitative removal of the template molecule afforded a nanoporous 

material that selectively binds sodium or potassium ions over lithium or barium ions as shown 

by FT-IR analysis. Binding was also quantified gravimetrically by quartz crystal 

microbalance. The final properties of this nanoporous material could be tuned by chemical 

modification of the pore interior, as discussed in Chapter 5. Activation of the carboxylic acid 

group in the nanopores by anhydride formation and subsequent reaction with an amine results 

in partial functionalization of the pore interior with amide functional groups. On the other 

hand, activation of the carboxylic acid groups by acyl chloride formation, followed by 

reaction with an amine results in full functionalization of the pore interior. These approaches 

have been demonstrated to be facile methods for the chemical modification of the pore 

interior, without loss of morphology. 
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Nanogestructureerde poreuze materialen van waterstofbrug gebonden kolomnaire 

vloeibaar kristallen 

 

  

Nieuwe nanoporeuze materialen, die gemaakt zijn van waterstofbrug gebonden 

kolomnaire vloeibare kristallen, zijn ontwikkeld. In Hoofdstuk 2 staan verscheidene 

uitlijningsmethoden beschreven om deze polymeriseerbare vloeibaar kristallen te bestuderen, 

waaronder uitlijning door middel van een wrijvingskracht, oppervlakte behandeling, een 

magnetisch of een elektrisch veld. Het toepassen van een wrijvingskracht resulteert in een 

macroscopisch planaire uitlijning, terwijl een elektrisch veld van > 8.0 V/µm een homeotrope 

uitlijning induceert van het vloeibare kristal. Door middel van polymerisatie kan de 

morfologie van een kolomnaire hexagonale fase worden gefixeerd in een polymeer netwerk. 

Voor het monomeren vloeibaar kristal werd ferroelektrisch gedrag geobserveerd, maar dit was 

niet het geval voor het uitgelijnde polymere materiaal. Ondanks dat de morfologie behouden 

blijft in het polymere materiaal, blijkt het onmogelijk te zijn om de amide bindingen in het 

materiaal te inverteren, waardoor er geen elektrisch responsieve eigenschappen meer zijn.  

 

 

Hoofdstuk 3 bediscussieerd de ontwikkeling van een nanogestructureerd poreus 

materiaal opgebouwd uit waterstofbrug gebonden kolomnaire vloeibaar kristallen in 

combinatie met polyamines. De verkregen superrooster structuur werd gefixeerd in een 

polymeer netwerk waarna de polyamine template molecuul partieel verwijderd kon worden 

om een nanoporous materiaal te vormen. Dit nanoporeus materiaal werd volledig 

gekarakteriseerd en de absorptie van kleurstoffen in dit materiaal werd onderzocht. 

Vervolgens is de polariteit van het nanoporeuze materiaal vastgesteld en de selectieve 

absorptie van kationische kleurstoffen over anionische kleurstoffen met een moleculaire 

grootte kleiner dan 4.4 nm werd geobserveerd.  

 

 

De ontwikkeling van een ander nanoporeus materiaal opgebouwd uit een kolomnair 

vloeibaar kristallijn complex tussen een polymeriseerbare benzoëzuur en een benzeen-1,3,5-

trisbenzimidazool (BTB) template molecuul is beschreven in Hoofdstuk 4. Na acyclische 

diëen metathese reactie van de polymeriseerbare benzoëzuur werd de morfologie van het 

vloeibaar kristallijne complex behouden en het kwantitatief verwijderen van de BTB template 

molecuul resulteerde in een nanoporeus materiaal. Het nanoporeuze materiaal bind selectief 

kationen met een voorkeur voor het binden van natrium of kalium over lithium of barium 

ionen. De binding werd ook voor het eerst gravimetrisch bevestigd met behulp van de kwarts 

kristal microbalans. Uiteindelijke eigenschappen van het nanoporeuze materiaal kunnen 

worden afgestemd door de chemische modificatie van de inwendige poriën, zoals beschreven 

in Hoofdstuk 5. Activatie van de carbonzuur groepen door het vormen van anhydriden 

resulteert in partiele functionalisatie van de inwendige poriën. Aan de andere kant, activering 

van de carbonzuur groepen door het vormen van zuur chlorides resulteert wel in volledige 

functionalisatie van de inwendige poriën. Deze aanpakken hebben aangetoond dat door 

middel van een simpele methode de chemische modificatie van de inwendige poriën plaats 

kan vinden, onder behoud van de morfologie.  
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