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Chapter 1  

Introduction 
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Abstract  
This thesis describes the fabrication and properties of nanoporous polymer 
networks based on smectic liquid crystals and their use as adsorbents. The 
present chapter provides an overview of the principles and materials that can 
be used for the construction of nanoporous networks. The nanoporous 
properties of these materials is of interest because of a large surface area to 
volume ratio and the potential for applications in areas such as filtration, 
separation, adsorption, catalysis, and ion conduction. Some main principles 
are described for the construction of nanostructured networks based on 
reactive, and therefore polymerizable, hydrogen bonded liquid crystals and 
their intriguing properties such as capture and release of guest species. The 
final section of the present chapter sets out the aims of the research and the 
structure of the thesis. 
 
 
 
 
 
 
This chapter is partially reproduced from:  
H. P. C. van Kuringen & A. P. H. J. Schenning, in Hydrogen bonded supra-
molecular materials (eds Z.-T. Li & L.-Z. Wu) 43-67, Springer-Verlag 
Berlin Heidelberg, 2015. 
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1.1 Introduction 
 
Porous materials have minute interstices through which liquid or air may 
pass.1 Dependent on the size of their pores, a certain size of particles or 
molecules are blocked. Nanoporous materials are frameworks with a pore 
size of generally 100 nm or smaller. According to the IUPAC (International 
Union of Pure and Applied Chemistry),2 the following subdivisions in 
nanopores can be made: macroporous: 50 nm – 1 μm, mesoporous: 2–50 
nm, and microporous: less than 2 nm. Porous materials attract a great deal of 
interest because of their large surface area to volume ratio and their 
applications in areas such as filtration, separation, catalysis, ion conduction, 
adsorption, and drug delivery.3-11 The small pore size of these materials 
makes discrimination between molecules and ions based on size and shape 
possible and can be tailored to slow down the passage of molecules.12 The 
confined environment within the material can also be used to enhance 
chemical reactions or to make the synthesis better product selective.  
 
Inspired by biological cell membranes, chemical engineers have fabricated a 
variety of different nanoporous materials. Inorganic materials such as 
silica,9 zeolites,10 and metals11 have been used as porous materials because 
of their long-term stability. However, it is generally hard to tailor their 
properties. Organic materials are much easier to modify and tune for 
specific applications. Polymers are widely used as nanoporous materials 
thanks to their relative easy processability into a variety of geometries.13 
Porous materials made from conventional polymers generally display a 
quite broad pore size distribution. For applications in the field of capture 
and release, separation and filtration, a narrow pore size distribution is 
desired, since the largest pores in the system will determine the selectivity. 
Much effort has been expended on controlling the structure of various 
porous polymers. This can be achieved with different top-down techniques, 
such as photolithography,14 (photo-) embossing,15 and inkjet printing.16 To 
control the structure at the molecular level, bottom-up approaches are 
appealing, for example the self-assembly of block copolymers.  
 
Covalently connecting incompatible polymers at their chain ends leads to 
self-assembled nanostructured materials.17,18 It is well-known that these 
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block copolymers self-assemble into a variety of structures. These are 
depending on the number of blocks, their chain length, and flexibility, 
volume fraction and the extent of repulsion between the covalently 
connected blocks. A number of morphologies have been identified; 
spherical, cylindrical, gyroid, lamellar, as well as more complicated 
structures.19 Nanopores can be created by removing one of these blocks. 
One of the first examples of a nanoporous polymer made from an ordered 
block copolymer was reported in 1988 by Lee et al.20 In recent decades, a 
number of strategies to remove the minor phase have been published.13 This 
is mainly done by degradation of one of the blocks or cleavage of the block 
junction. Those strategies generally require the use of harsh conditions such 
as etching,21 ozonlysis,22 hydrolysis,23 or depolymerization.24 These 
strategies result in a variety of pore shapes and sizes ranging from 5 to 50 
nm with narrow size distribution. To create smaller pore dimensions, 
supramolecular interactions and molecular building blocks are needed. 
 
The use of supramolecular interactions is often required to control the 
organization of materials at the molecular level. Supramolecular 
noncovalent interactions,25 such as metal coordination, hydrogen bonding, 
hydrophobic forces, van der Waals forces, π-π interactions, and electrostatic 
interactions, can be used to create nanostructured molecular materials. Metal 
coordination, has been applied to construct nanoporous supramolecular 
networks such as metal organic frameworks (MOFs)26 or coordination 
polymers.27 Hydrogen bonds are ideal noncovalent interactions to construct 
supramolecular nanoporous architectures since they are highly selective and 
directional.28 Hydrogen bonds are formed when a donor with an available 
acidic hydrogen atom interacts with an acceptor that carries available 
nonbonding electron lone pairs. The strength of the hydrogen bond depends 
mainly on the solvent and number and sequence of the hydrogen bond 
donors and acceptors. Various supramolecular materials have been 
developed which use hydrogen bonds as structural element to position 
molecules. After removal of these molecular templates, a porous material is 
obtained to fabricate molecule specific systems. 
 
This chapter provides an overview of the construction of liquid crystalline 
nanoporous materials based on hydrogen bonded systems. The preparation 
of one-dimensional (1D) columnar and two-dimensional lamellar porous 
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materials will be discussed and the functional properties will be addressed. 
Three-dimensional nanoporous materials based on hydrogen bonded liquid 
crystals have not been reported. For lyotropic liquid crystalline porous 
systems and porous liquid crystalline networks based on other 
supramolecular interactions, the reader is referred to recent review papers.3 
Finally, the aim, i.e. the fabrication of nanoporous adsorbents based on 
hydrogen bonded smectic liquid crystals, and outline of this thesis, is given.  
 
 

1.2 Liquid crystals as molecular building blocks for nanoporous 
materials 
 
The self-assembly of liquid crystals (LCs) and their polymers is very 
appealing for the construction of nanostructured materials. Providing them 
with supramolecular interactions, such as hydrogen bonds makes them 
promising building blocks for porous materials. Here, the pore size can be 
decreased to below 1 nm, while the assemblies themselves can have much 
larger dimensions.  
 
LCs represent an intermediate state of matter between a crystalline solid and 
an isotropic liquid phase.29 Most solids when heated directly transform to a 
liquid state. However, some solids do not change directly to a liquid state on 
heating but instead pass through a phase that has properties of both solids 
and liquids. This mesophase is known as liquid crystalline phase and the 
molecules comprised of them are known as liquid crystals. LCs can be 
divided into two categories: lyotropic and thermotropic LCs.29 Lyotropic 
LCs are obtained when an appropriate concentration of a material is 
dissolved in a solvent and the transition from an ordered phase to an 
disordered (isotropic) phase is controlled by the concentration. The most 
common systems are those formed by water and amphiphiles. Thermotropic 
LC phases occur in a certain temperature range and the phase is stable over 
a certain temperature interval. If the temperature is increased, thermal 
motion will destroy the ordering of the LC phase resulting in the formation 
of an isotropic liquid phase. Transitions between the various LC mesophases 
generally occur at defined temperatures and with little hysteresis observed 
between heating and cooling cycles. LCs can self-organize in a number of 
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phases (Figure 1.1). One of the most common LC phases is the nematic 
phase. In this phase, rod-like or calamitic organic molecules have no 
positional order, but they self-align to have only orientation order with their 
long axis parallel. Nematics have fluidity similar to that of isotropic liquids 
and they can be easily aligned by an external magnetic or electric field. The 
nematic phase is the least-ordered LC phase. The smectic phase is another 
well-known phase. This mesophase is more ordered than the nematic phase 
where, in addition to the orientation order, the molecules possess positional 
order, such that the molecules organize in layered structures. The smectic 
phase has a higher viscosity than the nematic phase and the molecular 
director can be tilted with respect the normal of the layers. Many other LC 
phases are known. 
 

 
Figure 1.1 Schematic representation of LCs. Examples of LC phases are: (a) an 
isotropic phase without order, (b) a nematic phase having orientation order, (c) a 
smectic A phase having both orientation and positional order, (d) and a tilted 
smectic C phase. (e) Example of a rod-like LC with polymerizable end-groups. (e) 
The order of these polymerizable LCs can be locked into a polymer network. 

 
Mesophases can be locked into a polymer network by making use of 
polymerizable LCs30 (Figure 1.1e & f). These molecules contain moieties 
such as acryloyls, diacetylenics, and dienes. Self-organization and in situ 
photopolymerization under UV irradiation will provide ordered 
nanostructured polymers maintaining the stable LC order over a wide 
temperature range. A number of thermotropic LC phases, including the 
nematic and smectic mesophases, have been successfully applied to 
synthesize polymer networks. Polymerization of reactive lyotropic LCs also 

Poly-
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LC polymer 
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have been employed for preparation of nanoporous polymeric materials.31,32 
For the construction of nanoporous membranes, lyotropic hexagonal or 
columnar, lamellar or smectic, and bicontinuous cubic phases have been 
used, polymerized, and utilized in a variety of applications (Figure 1.2). For 
the construction of nanoporous polymeric structured materials, scientists 
often make use of hydrogen bonded LCs. The first hydrogen bonded LC 
was published in 1989 by Kato and Fréchet.33 Since then a variety of 
hydrogen bonded LCs have been synthesized and applied for a number of 
applications, including nanoporous materials.34 In these LC systems, 
hydrogen bonds have been used to position template molecules. By careful 
design of the components, channels complementary to the template unit 
could be created. This might enable scientists to control the structure and 
properties of the resultant pores. 
 

 

 
Figure 1.2 Nanoporous materials with different pore geometries constructed by 
different LC phases. The columnar or hexagonal phase results in 1D pores. The 
smectic or lamellar phase gives 2D pores. The bicontinuous cubic phase provides a 
3D pore structure. The red parts represents the pore, while the blue fraction is the 
molecular region. Reproduced from reference 31 by permission of John Wiley & 
Sons Ltd. 

 
 

1.3 1D-nanopores 
 
In the last decade, Kim et al. synthesized one of the first nanoporous 
materials based on thermotropic LCs.35 Their system consists of a 
benzotri(imidazole) core and polymerizable trialkoxybenzoic acid acrylate. 
These molecules self-organize in a 1:3 supramolecular complex through 
hydrogen bonding and they spontaneously form a hexagonal columnar LC 
phase (Figure 1.3).3,36 This LC phase is stable over a broad temperature 

1D 2D 3D
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window. Irradiation of the material with UV light induces polymerization of 
the acrylate moieties at the termini of the alkyl chains to give a cross-linked 
polymer film. Subsequently, acidified methanol is used to break the 
hydrogen bonding interactions. This results in the extraction of the 
benzotri(imidazole) core and a porous polymer network is formed. 90 % of 
the core molecules can be removed and nitrogen adsorption tests revealed 
the porous nature of the material. It is worth noting that the gas permeability 
constant of this porous polymer was four orders of magnitude higher than 
that of low-density polyethylene. Furthermore, the X-ray diffraction (XRD) 
pattern is nearly identical to the cross-linked supramolecular polymer 
network, revealing that the hexagonal columnar organization is maintained. 
Another interesting feature of this material is the ability to recognize 
structural differences of guest molecules. The “de-cored” polymer readily 
incorporates the original core template, while other guest molecules with the 
right size to fit into the channel were hardly captured, such as the tri-N-
methylated derivative of benzotri(imidazole) and 1,3,5-benzenetricarboxylic 
acid. Although the experimental details of the host–guest chemistry were 
not given, this proves the shape selectivity in porous materials. 
 

 
Figure 1.3 A porous columnar structure is formed with hydrogen bonded liquid 
crystals. The hexagonal structure is locked into a polymer network. The core 
molecule can be removed and incorporated later, while structure analogues are 
hardly adsorbed. Adapted from reference 36.  
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In a similar approach, Saigo et al. have prepared a chiral columnar LC 
structure using the same benzoic acid derivative and a chiral amino alcohol 
(Figure 1.4).3,36-38 The columnar phase could be photopolymerized and 
powder XRD analysis revealed that the rectangular columnar structure is 
maintained after polymerization.37 An acidic aqueous solution was used to 
desorb the amino alcohol and Fourier transform infrared (FTIR) 
measurements reveal that the desorption process involves an ion exchange 
reaction. Furthermore, the intensities of the XRD peaks attributed to the 
rectangular columnar structure became undetectable (Figure 1.4), indicating 
that the columnar phase was lost after removal of the template. The re-
adsorption of the amino alcohol was investigated by immersing the polymer 
network in a methanol solution of the amino alcohol. FTIR spectroscopy 
showed that the adsorption is based on the formation of the ammonium 
carboxylate salt. Furthermore, XRD signals indicative of the rectangular 
columnar structure became detectable again.38 These results showed that 
hydrogen bonding interactions can be used to bind guest molecules in 
materials by molecular imprinting. They have demonstrated that the 
polymer porous material also readily incorporates other guest molecules 
with sizes that fit in the chiral nanochannels.39 Detailed studies indicate that 
modification of the polymer porous material has large effects on properties 
such as structural order, guest recognition and release, and its repetitive 
switching.36,40  
 

 
Figure 1.4 Desorption and adsorption in the nanoporous columnar liquid 
crystalline polymer film. (a) The chemical structures and a schematic 
representation of the formation of the columnar structure. (b) The X-ray diffraction 
of the cross-linked network at different stages of adsorption and desorption. 
Adapted with the permission from reference 38. Copyright 2006 American 
Chemical Society and reference 36.  

 

a b
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Recently, these monomeric structures have been aligned in a magnetic field 
to create macroscopically aligned helical pores (Figure 1.5).41 This 
framework was capable of incorporating various basic or cationic guest 
molecules and restricts their positions. It is expected that these materials can 
serve as a ‘universal’ scaffold for arraying molecules into a helical and 
macroscopically oriented structure. Further potential applications of this 
framework include circularly polarized light emitting devices, piezoelectric 
materials, chiral magnets, anisotropic ion-conductive materials or 
membranes for chiral separation. 
 

 
Figure 1.5 Macroscopic helical nanoporous frameworks have been obtained by 
magnetic field alignment. (a) Schematic structure of the hexagonally packed 
helical columns with structural periodicity along the column axis. (b) 2D X-ray 
diffraction images of a film from three different directions. B is the magnetic field 
and N is the normal of the polymer film. Adapted with the permission from Nature 
Publishing Group, reference 41.  

 
A similar approach can also be applied to create a nanoporous network 
having two different polymerizable units. Lee published a LC formed by 
hydrogen bonds between phloroglucinol and pyridine derivatives.42 These 
molecules were mixed in a 1:3 ratio to form a star-shaped discotic columnar 

a

b
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phase. The pyridine derivative contains two different photoreactive 
polymerizable groups in the alkyl chain. These groups, diacetylene and 
acrylate, might be selectively polymerized along the vertical and horizontal 
axis. The core molecules are removed with a sodium hydroxide treatment, to 
create the nanoporous conjugated network. These pores have a pyridine 
interior and an estimate pore size of 1 nm. 
 
Nanoporous columnar structures have also been constructed without 
removing the core molecule.43,44 An illustrative example is a rosette-like 
structure formed by hydrogen bonded folates. These folic acid derivatives 
exhibit a thermotropic columnar LC phase through the formation of 
hydrogen bonded pterin rings (Figure 1.6). 

 

 
Figure 1.6 Self-assembly into a hydrogen bonded rosette. (a) The chemical 
structure of a folate. (b) The folates form a hydrogen bonds tetramer which exhibits 
a columnar LC phase. (c) The central core shows cation selective transport 
properties. Adapted with the permission from reference 43. Copyright 2006 
American Chemical Society. 

 
These columns exist over a wide temperature range thanks to the 
stabilization of the amide hydrogen bonds. The tetramer ring is organized in 
such a way that a small pore of only 3.7 Å is formed in the middle. Note that 
these LCs are not reactive and no polymer network is formed in this case. 
The pore exhibits cation selective transport properties and it is suggested 
that this ion transport is based on tunneling through the supramolecular 
macrocycles. Furthermore, big cations are able to go through the small pore 
thanks to the dynamic behavior of the hydrogen bonds. This is not possible 
with covalent macrocycles such as crown ethers and calixarenes. Another 
system which directly forms porous columnar structures is described by 

a b cc
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Percec et al.45 They reported that dipeptide moieties can be used to self-
assemble in cone-shaped dendrons to form nanometer-sized hollow 
columns. The self-assembly is based on hydrogen bonds between the 
dipeptides. The porous columns were used as ion channels, for instance for 
proton transport. 
 
In the previous examples of nanoporous materials based on hydrogen 
bonded LCs, the hydrogen bonds are generally formed between a core 
molecule and a few molecules containing polymerizable groups, or 
molecules capable of forming hydrogen bonds directly inducing porous 
structures. Hydrogen bonds could also be formed between discotic 
molecules within a column. Fitié et al. reported a procedure to use these 
hydrogen bonded columns to create a nanostructured material with potential 
use as a nanoporous network.46 
 

 
Figure 1.7 Concept of the formation of nanostructured porous material based on 
BTAs. The BTAs form a hydrogen bonded column. The carboxylic acid moieties are 
able to form an ionic interaction with amines to form a well-ordered superlattice. 
Reprinted with the permission from reference 46. Copyright 2008 American 
Chemical Society. 

 
Discotic molecules with a benzene-1,3,5-tricaboxyamide (BTA) core have 
also been used to form a columnar LC phase through threefold 
intermolecular hydrogen bonding (Figure 1.7). The BTAs are functionalized 
with a carboxylic acid moiety, which is able to form an ionic interaction 
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with amines. A well-ordered superlattice is formed by mixing the BTAs 
with a second-generation poly(propyleneimine) (PPI) dendrimer with amine 
endgroups. The orthogonal combination of hydrogen bonding in the 
columnar direction and ionic interaction in the plane perpendicular to the 
columns gives rise to a structure in which the dendrimer is confined to 
separate columnar domains. Recently, polymerizable analogues of the BTA 
have been used to fixate the superlattice in a supramolecular polymer 
network.47 Nanostructured materials were obtained with a periodicity of 4–5 
nm. A washing step resulted in a porous structure with a pore size of 
approximately 2 nm. This network was able to adsorb small cationic dyes, 
such as methylene blue and methyl violet.  
 
 

1.4 2D-nanopores 
 
The cross-linked hexagonal columnar structures discussed in the previous 
section have the advantage of their structure preservation after removal of 
the hydrogen bonded template molecule.3 The pore size is retained thanks to 
the rigidity of polymerized honeycomb structures. This approach cannot be 
applied to a lamellar structure since the polymerized regions exist in sheets 
that are not covalently connected to each other. Hydrogen bonds hold the 
polymer sheets together and breaking of 
the hydrogen bonds results in the collapse or disintegrations of the lamella 
structure. To circumvent the breakup, Kishikawa et al. developed a method 
to prepare lamellar structured nanoporous films.48 A smectic LC mixture 
was used in which the majority is a hydrogen bonded LC that organizes in a 
smectic A fashion. In addition, a small fraction of “nanopillars” was added. 
These nanopillars are able to preserve the lamellar structure after removing 
the template molecules (Figure 1.8) These nanopillar cross-linkers were 
synthesized in such a way that they are quite similar in size and shape to the 
hydrogen bonded LC. Both LCs have a rod-like shape and two 
polymerizable units at each end. The LC mixture is organized in a smectic 
state and subsequently photopolymerized to lock in the smectic state in a 
polymer network. After removal of the template, nanoporous layered 
structures are obtained that are held together by the pillar moieties and they 
do not collapse. 
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Figure 1.8 Formation of a layered polymer network with 2-dimensional 
nanopores. (a) Chemical structure of the supramolecular monomer and the pillar 
molecule. (b) Formation of layered polymer without pillars. (c) Formation of the 
network with pillars to build nanoporous layered polymers. Adapted with the 
permission from reference 48. Copyright 2008 American Chemical Society. 

 
In a similar approach, nanoporous materials have been prepared without the 
use of a template.49 These materials were built from a mixture of two LCs, a 
hydrogen bonded dimer and a covalent cross-linker. A polymer network was 
created by photopolymerization to lock the smectic structure into a network 
followed by an alkaline treatment to create the pores (Figure 1.9). The 
hydrogen bonds were formed between two benzoic acid monomers and after 
deprotonating of the acid moieties the hydrogen bonds break and a 
carboxylate pore interior was created. The smectic nature of the material 
resulted in straight pores with a 2D geometry. Transmission electron 
microscopy (TEM) (Figure 1.9c) revealed a layered structure with a 
periodicity of approximately 3 nm and pores of around 1 nm.  
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Figure 1.9 A nanoporous network based on smectic LCs. (a) The chemical 
structure of the used LCs. (b) Schematic representation showing the formation of a 
polymer network with 2D nanopores. (c) TEM of the nanoporous polymer network 
filled with barium ions, showing the layered structure. The scale bar is 20 nm. (d) 
Simplified artistic view of the nanopores in the layered network. To visualize the 2D 
pores the counter ions are not shown and the benzoic acid derivatives are drawn 
highly ordered. Adapted from reference 49 by permission of John Wiley & Sons Ltd 

 
A unique feature of these kinds of ordered LC networks is their anisotropic 
swelling upon base treatment.50 Films that were polymerized in the 
cybotactic nematic phase (nematic phase having smectic domains) swell 
only perpendicularly to the molecular director (Figure 1.10). Additionally, 
the self-organization of LCs can easily be combined with top-down 
techniques, such as inkjet printing and photolithography,50 which could be 
interesting for application in microfluidic devices. 
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Figure 1.10 Swelling and deswelling of aligned LC polymer films in a direction 
perpendicular to the molecular alignment (a) A planar aligned LC network 
showing anisotropic swelling. (b) Homeotropic aligned network showing swelling 
in two directions (scale bar corresponds to 500 μm). (c) The swelling depends on 
the concentration of covalent cross-linker and on the direction with respect to the 
molecular orientation. (d) Hysteresis during the activation step and the first cycle 
and repeated cycle. Reproduced from reference 50 by permission of The Royal 
Society of Chemistry. 

 
Furthermore, this smectic nanoporous network could be used as reaction 
medium, for instance for the formation of silver nanoparticles (NPs).51 The 
pores were first filled with silver ions and subsequently these ions were 
reduced to form Ag NPs. The NPs are almost monodisperse (Figure 1.11), 
and the size is controlled by the length of the covalent linker. A cross-linker 
with a larger molecular length results in larger NPs. This strategy can in 
principle be extended to fabricate micro-patternable anisotropic plasmonic 
or semiconducting hybrid structures. The nanoporosity of the hybrid 
polymer films makes them interesting for a wide variety of applications, 
ranging from nanoreactors to antimicrobial patches. 
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Figure 1.11 The smectic nanoporous network can be used as reaction medium for 
the formation of silver NPs. (a) Atomic force microscopy deformation image 
showing a layered morphology (b) The transmission electron microscopy exhibits 
the distribution of the nanoparticles. (c) The silver particles are almost 
monodisperse. 

 
 

1.5 Aim and outline of this thesis 
 
The nanoporous smectic LC polymer network discussed in previous section 
might be used as a promising new class of adsorbent. Adsorption is 
considered to be one of the preferred treatment methods to purify water due 
to cost effectiveness.52 In addition, adsorption can also be used to recover 
valuable chemicals or subtract toxins from industrial waste streams.53 For 
this purpose, adsorbents with a high selectivity and adsorption capacity are 
very appealing. Porous and nanostructured materials have gained 
considerable attention in the past decade as good candidates for 
adsorption.54 The main factors responsible for the outstanding performances 
of these functional materials are high porosity, low density, high specific 
surface area, and permeability.55 Activates carbons are the most well-known 
and widespread adsorbent materials used to remove organic pollutants from 
water, but they have several deficiencies, including poor removal of 
hydrophilic pollutants and slow uptake on the order of hours.56 Furthermore, 
regenerating activated carbon is energy intensive, requiring heating to 500-
900 °C, and does not fully restore performance. Nanoporous LC networks 
have been studied earlier for use as nanoporous membranes, ion transport 
materials, as an reaction medium, for molecular imprinting, and chiral 
recognition. Nanoporous materials based on reactive thermotropic LCs 
have, however not been considered as an efficient adsorbent. 
 
The aim of this thesis is the fabrication of nanoporous materials based on 
hydrogen bonded smectic LCs and to explore their use as adsorbent. In this 
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thesis the term adsorption and not absorption will be used. Adsorption is a 
surface-based process where a film of adsorbate is created at the surface. 
Here we consider the adsorption of species at the interior surface of the 
nanopores as leading. And although it can be argued that the objected 
species also diffuse into our material and therefore are absorbed, the term 
absorbance is reserved, to prevent confusion, to the absorption of light by 
the dye molecules.  
 
The layout of the thesis is designed as follows: Chapter 2 describes the 
adsorption properties of smectic nanoporous networks using synthetic dyes 
as model compounds to study the capacity, kinetics, selectivity and re-
usability of the LC polymer networks. Chapter 3 reports on photoresponsive 
nanoporous LC materials by incorporating a photoresponsive azobenzene 
cross-linker to the hydrogen bonded smectic LC polymer network. The LC 
cross-linker is replaced by an azobenzene cross-linker. The role of the 
network rigidity, pore orientation and molecular arrangement is discussed in 
Chapter 4. Two cross-link procedures are systematically investigated, 
followed by an adsorption study to investigate the influence of these 
adjustments. A versatile scaling-up procedure is described in Chapter 5. 
Detailed insight is obtained into the fabrication of polymer particles based 
on hydrogen bonded smectic LC monomers. Micrometer sized particles with 
well-defined nanopores are produced. In the last chapter the perspectives of 
the developed materials will be addressed. Preliminary research to other 
applications and improvements of the smectic nanoporous networks will be 
discussed.  
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Abstract 
An efficient and selective porous nanostructured polymer adsorbent is 
prepared from smectic liquid crystals. The adsorption study is performed by 
using hydrophilic dyes as model water pollutants. The anionic pore interior 
of the nanoporous polymer is able to selectively adsorb cationic methylene 
blue over anionic methyl orange. Even zwitterion rhodamine B could hardly 
be adsorbed due to the presence of the anionic group in this dye. The 
confined pore dimensions allow size selective adsorption; a so-called 4th 
generation cationic dendrimer is not able to diffuse into the nanometer sized 
pores. The porous nature of the polymer provides easy and fast accessibility 
of all adsorption sites. Stoichiometric ion exchange is obtained, which 
equates to an adsorption capacity of nearly 1 gram of methylene blue per 1 
gram adsorbent. Furthermore, a competitive Langmuir adsorption constant 
and pseudo second order rate constant are determined. The adsorbent and 
adsorbate could both be recovered after acid treatment of the polymer. 
 
 
 
This chapter is partially reproduced from: 
H. P. C. van Kuringen, G. M. Eikelboom, I. K. Shishmanova, D. J. Broer & 
A. P. H. J. Schenning. Responsive nanoporous smectic liquid crystal 
polymer networks as efficient and selective adsorbents. Adv. Funct. Mater. 
24, 5045-5051, 2014. 
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2.1 Introduction 
 
Porous and nanostructured materials have gained considerable attention in 
the past decade as good candidates for adsorption.1 The main factors 
responsible for the outstanding performances of these functional materials 
are high porosity, low density, high specific surface area, and permeability.2 
In the literature, various (porous) materials are described that show selective 
adsorption, such as silica,3 hydrogels,4-8 or metal–organic frameworks 
(MOFs).9,10 High adsorption capacities were found for materials based on 
functionalized biological waste11 or clay–polymer composites,12 but these 
materials were not selective. Recently, a charge-selective supramolecular 
hydrogel with high adsorption capacity was published, but the adsorption 
process was slow.13 Materials that show high selectivity as well as high 
capacity in combination with a fast adsorption process are practically 
unavailable.  
 
Nanoporous smectic liquid crystalline (LC) networks can potentially fulfill 
all these requirements. The well-defined pore size and pore size distribution 
in such networks can be beneficial for selectivity. The high porosity results 
in a high specific surface area which promotes a high adsorption capacity. 
Furthermore, the order in such networks results in materials with low 
tortuosity, which might result in fast kinetics. In this chapter we describe the 
use of a nanoporous smectic LC network as an adsorbent (Figure 2.2).14  
 
 

2.2 Experimental section 
 

2.2.1 Materials 
The hydrogen bridged 4-(6-acryloxy-hexyl-1-oxy)benzoic acid (6OBA) and 
the LC cross-linker, 4-((4-(6-(acryloyloxy)hexyloxy)phenoxy)carbonyl) 
phenyl 4-(6-(acryloyloxy)hexyloxy) (C6H) were both custom made by 
Synthon Chemicals, Germany. Initiator 1-hydroxycyclohexylphenylketone 
(Irgacure 184) was supplied by Ciba Specialty Chemicals, inhibitor p-
methoxyphenol was purchased from Aldrich. 
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2.2.2 Preparation of the liquid crystalline network 
The LC mixture was made with 6OBA and C6H in a 90/10 w/w ratio. In 
order to make the mixture accessible for photopolymerization 0.5 wt% 1-
hydroxycyclohexylphenylketone (Irgacure 184) was added as photoinitiator. 
For stabilization, 0.1 wt% of p-methoxyphenol was added as thermal 
polymerization inhibitor. A mixture was made by dissolving the compounds 
in dichloromethane, which was subsequently evaporated. Films with a 
thickness of approximately 18 μm were made by processing the mixture in 
the nematic phase at 105 °C by capillary suction between two accurately 
spaced glass plates. To get planar alignment the glass plates were provided 
with polyimide (OPTMER AL 1051, JSR Corporation, Tokyo, Japan). The 
coated glass slides were procured at 90°C for 10 minutes, thereafter they 
were cured for 60 minutes at 180 °C. The cured plates were rubbed using a 
velvet cloth to induce an uniaxial alignment direction. Subsequently, they 
were glued together in anti-parallel fashion using a photopolymerizing glue 
containing 18 µm beads to obtain a well-defined spacing between the glass 
plates. The photopolymerization in the smectic state of the monomer 
mixture was performed at 95 °C for 5 min with a mercury lamp (Omnicure 
s1000) at the intensity of approximately 5 mW cm−2 at the sample surface 
followed by a heat treatment of 15 minutes at 135 °C to ensure maximum 
conversion of the acrylate groups.  
 

2.2.3 Dye adsorption 
For adsorption experiments hydrophilic dyes were chosen (Figure 2.1); 
cationic methylene blue (MB), anionic methyl orange (MO), zwitterionic 
rhodamine B (RhoB) were purchased from Acros Organics. Multivalent 
cationic manganese(III) 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine 
chloride tetrakis(methochloride) (Porph) was supplied by Sigma Aldrich. A 
2nd generation poly (propylene imine) multivalent cationic dendrimer which 
was modified with acetyl end groups, methylated interior and fluorescein 
isothiocyanate (FITC) label (Me-G2-PPI-Ac)15 and an analogue of the 4th 
generation which was modified with glycol gallate end groups (Me-G4-PI-
GG) were received from SyMO Chem B.V. The dyes were dried prior to use 
and dissolved at a known concentration in deionized water to get a relative 
absorbance of approximately 1. The hydrogen bonded polymer film was cut 
into small films of approximately 0.6–1.0 mg. These films were immersed  



Chapter 2 
_____________________________________________________________ 
 

26 
 

 
Figure 2.1 The hydrophilic dyes used in the adsorption study. Cationic methylene 
blue (MB), anionic methyl orange (MO), zwitterionic rhodamine B (RhoB), 
multivalent cationic porphyrin derivative (Porph), a 2nd generation poly (propylene 
imine) multivalent cationic dendrimer which was modified with acetyl end groups, 
methylated interior and fluorescein isothiocyanate label (Me-G2-PPI-Ac)15 and an 
analogue with of the 4th generation which was modified with glycol gallate end 
groups (R1) and fluorescein isothiocyanate label (R2) (Me-G4-PPI-GG).15 

 
in 5 mL 0.05 M KOH solution to deprotonate the carboxylic acid moieties, 
which resulted in the elimination of the hydrogen bonds and formation of 
the polymer salt (Figure 2.2). They were quickly washed with a few 
milliliters of deionized water to remove the residual base and, subsequently, 
the dye solution was added to the polymer films. The films were allowed to 
adsorb the dyes at 20 °C until reaching equilibrium. The solutions were 
mixed by a magnetic stirring bar or by using a shaking plate, both operating 
at 50-200 rpm. Adsorption is usually calculated by dividing the weight of 
the adsorbate by the weight of the adsorbent.6-8,11,12 In our LC network the 
adsorption capacity can be clearly determined by the amount of carboxylate 
moieties, which is related to the initial concentration of the hydrogen 
bonded dimers of 6OBA in the LC mixture. The adsorption will be 
expressed as the number of moles of adsorbate by the number of carboxylate 
moieties. The expression to calculate this is shown in Equation 2.1. 
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Where q (mol/mol) is the amount of dye per amount of carboxylate moieties 
in the polymer film, ci and cf (mol L−1) are the concentrations of dye in 
solution before and after adsorption, respectively, V (L) is the volume of the 
dye solution and nm (mol) is the amount of carboxylate moieties. The 
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adsorption behavior was monitored by UV-vis spectroscopy, and the dye 
concentration was calculated using the absorbance maximum. A calibration 
curve was made to be sure that the extinction coefficient remains constant 
over a large concentration range, i.e., does not change over 0.1 up to 1.5 
absorbance which might change due to aggregation of methylene blue.16 
 

2.2.4 Characterization 
Differential scanning calorimetry (DSC) measurements were performed in 
hermetic T-zero aluminum sample pans under nitrogen atmosphere using 
TA Instruments Q1000 DSC equipped with a RCS90 cooling accessory. The 
DSC experiments were conducted at a rate of 5 °C / min and the transition 
temperatures were determined from the second heating / cooling run using 
Universal Analysis 2000 software (TA instruments, USA). Polarized optical 
microscopy (POM) studies were conducted using a Leica CTR 6000 
microscope equipped with two polarizers that were operated crossed with 
the sample in between, a Linkam hot-stage THMS600 with a Linkam 
TMS94 controller and a Leica DFC420 C camera. Fourier transform 
infrared (FTIR) spectra were obtained using a FTS 6000 Spectrometer from 
Bio-Rad equipped with Specac Golden gate diamond ATR and were signal-
averaged over 50 scans at a resolution of 4 cm-1. Varian Resolution Pro 
software was used for the analysis of the spectra. Thermogravimetric 
analyses (TGA) were performed on a TA Instruments Q500 TGA in a 
nitrogen atmosphere till 200 °C followed by an isotherm for 15 minutes in 
the same atmosphere and subsequently in air atmosphere until 800 °C. 
Samples were heated at a rate of 10 °C / min. The X-ray photoelectron 
spectroscopy (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 aluminum anode (Al Kα = 1486.6 eV) 
operating at 72 W and a spot size of 400 μm. Survey scans were measured at 
a constant pass energy of 200 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. Spectra fitted are referenced to the C1s 
peak at 284.5 eV. The materials were carefully dried prior to use to remove 
the water residue. Dye absorbance measurements of the solutions were 
performed in 1 cm path length quartz cells and using an UV-vis-NIR 
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spectrophotometer (Shimadzu UV-3102). Kinetic dye adsorption 
experiments were conducted on a Cary 300 UV-Vis spectrophotometer 
while stirring. 
 
 

2.3 Results and discussion 
 

2.3.1 Preparation and characterization of the nanoporous smectic 
liquid crystalline network 
For the preparation of nanoporous smectic LC materials, a LC mixture 
6OBA and C6H (Figure 2.2d) in a 9/1 w/w ratio was used.14 The mixture 
melts at 90 °C to become smectic A. A careful look revealed a cybotactic 
nematic phase above 101 °C and at 110 °C it becomes isotropic. The 
mixture was photopolymerized in the smectic phase at 95 °C which resulted 
in a planar aligned free standing smectic film of approximately 2.5 cm × 2.5 
cm in size with a thickness of 18 μm. This smectic film was subsequently 
treated with base to obtain the nanoporous film. The hydrogen bonded 
network and base treated network were characterized with TGA, XPS, and 
FTIR to determine the composition of the material. FTIR confirmed the 
conversion of the acrylate groups. The TGA graph showed an absence of  
 

 
Figure 2.2 Schematic representation of the formation and adsorption of the 
nanoporous adsorbent based on smectic liquid crystals. (a) The smectic A order of 
the LCs is locked in a polymer network (b) followed by a base treatment to create 
the porous polymer salt network. (c) The counter ions can be exchanged for the 
cationic MB dyes. (d) The monomer mixture contains 90 % hydrogen bonded 6OBA 
dimer and 10 % C6H cross-linker. (e) Free standing hydrogen bonded polymer 
film. 
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inorganic compounds in the case of the hydrogen bonded film. The KOH 
treated polymer salt film revealed an inorganic fraction of 17.4 % which is 
close to the predicted value of 19.0 % assuming that all carboxylic acid was 
converted to carboxylate anions with potassium counter ions. XPS 
confirmed the compound composition, which is close to the theoretical 
predicted values for both films. The formation of the polymer salt was 
investigated with FTIR, which revealed the absence of hydrogen bonds and 
the formation of carboxylate moieties. A more detailed description of the 
polymer salt formation of a related system can be found in Chapter 3. POM 
confirmed that the smectic anisotropic network is maintained after the base 
treatment (see also Chapter 4). 
 

2.3.2 Methylene blue adsorption 
To investigate the adsorption behavior of the LC polymer network, 5 mL 
MB solution (5.0 μg mL−1,15.6 μM) was prepared and both a colorless 
transparent film freshly treated with base (0.74 mg) as well as an untreated 
film (0.85 mg) were allowed to adsorb the cationic dye. Color changes could 
be observed by the naked eye. The solution containing the base treated film 
became gradually less blue and the film appeared blue (Figure 2.3b). After 5 
h, the solution was completely colorless while the film was darkly colored 
(blue), indicating that the polymer film had adsorbed the cationic dye from 
the solution. In contrast, the hydrogen bonded polymer film that had not 
been treated with the alkaline solution did not become colored. Absorbance 
spectra of the solutions were recorded with UV-vis spectroscopy to quantify 
the adsorption, which confirmed the absence of dye in the solution with the 
base treated (activated) polymer films (Figure 2.3a). The solution with the 
hydrogen bonded film had nearly the same absorbance as the initial dye 
solution, revealing its inability to adsorb the cationic dye. The adsorption in 
the polymer salt network suggests that the adsorption is based on an ionic 
interaction. The cationic dye is able to be adsorbed in the anionic interior of 
the material. If this anionic interior is absent, as in the case of the hydrogen 
bonded state, the cationic dye cannot be adsorbed. Furthermore, the polymer 
salt film is able to adsorb all MB from the solution and calculations reveal a 
MB / carboxylate ratio of 0.04 mole / mole. This indicates that the material 
is not yet saturated and could possibly adsorb higher amounts of MB.  
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Figure 2.3 MB adsorption in the nanoporous network. (a) UV-vis spectra of the 
dye solutions before and after it was added to the activated or not activated 
adsorbent. (b) vials with the initial dye solution, the dye solution with the activated 
(base treated) adsorbent and the not activated adsorbent. 

 

2.3.3 Adsorption capacity 
To investigate the maximum adsorption capacity for this material, the 
adsorbent was exposed to solutions with a higher MB concentrations. Since 
the adsorption is based on ionic interactions different MB / carboxylate ratio 
were chosen between 0.04 and 2. The total volume of the dye solution was 
kept constant at 5 mL. To be sure that adsorption equilibrium is reached the 
dye concentration in solution was recorded for 3 days. The solutions and 
films were visually inspected. The solutions up to a MB / carboxylate ratio 
of 0.88 all became almost colorless, indicating adsorption of the MB. The 
solutions with a higher ratio became less blue but not colorless. The films 
became darker blue when they had adsorbed more MB and at a certain point 
they even appear black, caused by combination of the high dye 
concentration in the film and the absorbance of MB in the visual area.17 
Remarkably, an orange / red reflection appeared if high amount of MB are 
adsorbed, this might indicate MB aggregation in the pores. The dye 
concentrations in these solutions were determined by UV-vis spectroscopy 
and the amount of adsorbed dye was calculated using Equation 2.1 (Figure 
2.4a). A straight line is observed up to a ratio of almost 1, indicating full 
adsorption, which was expected since these solutions became colorless at 
equilibrium. Saturation is obtained at an occupation degree of 100% when 
all carboxylate moieties are occupied with a MB molecule. Only a small 
excess of dye is necessary to reach complete occupation, meaning that the 
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affinity between MB and the adsorbent is high. At 100% occupation, the 
adsorption capacity is 980 mg of MB for 1 g of material. The nanoporous 
LC network can adsorb 30 times more than the well-known adsorbent, 
activated carbon.18 However, a poly(acrylic acid) based hydrogel was able 
to adsorb even more MB.12 This is caused by the lower molecular mass of 
acrylic acid with respect to the benzoic acid derivative in our network. The 
adsorption equilibrium data can be fitted well to the Langmuir adsorption 
isotherm.19 This isotherm is based on the assumption that the adsorbent has 
a specific number of independent active sites that can bind a finite number 
of molecules. The best fit was obtained with an adsorption capacity of 1.00 
mole / mole (appendix 2.1). This means that all sites are reachable for MB 
and to achieve this, the material has to be sufficiently porous and there 
cannot be steric limitations. In comparison, the adsorption capacity for the 
poly(acrylic acid) based hydrogel12 is only 0.45 mole/mole. The obtained 
Langmuir adsorption constant for our LC network is 3.42 × 10−4 L mg−1 
(0.363 L μmol−1) which is much higher than for the poly(acrylic acid) based 
hydrogel (6.36 × 10−5 L mg−1).12 This means that the binding affinity is more 
than 5 times higher for this LC adsorbent. The MB filled adsorbent was 
characterized with TGA, XPS, and FTIR to determine the composition of 
the material. The TGA showed an absence of potassium or other inorganic 
salts. XPS showed a compound composition close to the expected value; no 
potassium was observed and, interestingly, the spectrum revealed the 
absence of chloride, which could be present as counter ion from MB. These 
results confirm the earlier statement that the adsorption is based on an ionic 
interaction and the material can adsorb MB until all potassium is exchanged. 
The absence of chloride in the material showed that the adsorbent is 
possibly charge selective. FTIR spectroscopy revealed the absence of 
hydrogen bridges between carboxylic acid moieties in the adsorbent. This is 
expected, because all carboxylate moieties are occupied with MB. The pH 
of the initial MB solutions (pH = 7) were below the pKa of the adsorbent 
(pKa = 8.5),14,20 indicating that the solution does not need to be adjusted to 
pH 8.5 or higher. Additionally, a tetra cationic dye was adsorbed to confirm 
the proposed ion exchange mechanism. A porphyrin derivative (Porph) with 
4 cationic moieties was dissolved in 5 mL water (0.73 mg mL−1 , 0.8 mM) 
and the activated adsorbent was added with a 2 / 1 ratio of dye over 
carboxylate moieties. A decrease of this dye in solution was observed and 



Chapter 2 
_____________________________________________________________ 
 

32 
 

UV-vis spectroscopy revealed that 10.5% of the dye is adsorbed. Meaning 
that 84% of the carboxylate moieties is occupied with this tetracationic dye.  
 

 
Figure 2.4 Adsorption characteristics of the nanoporous network. (a) Occupation 
degree of carboxylate moieties in the adsorbent at different MB / carboxylate ratios. 
(b) MB absorbance in solution over time. 

 

2.3.4 Adsorption kinetics 
The adsorption kinetics were investigated by measuring the absorbance of 
the dye solution over time (Figure 2.4b). The absorbance of the reference 
MB solution did not significantly change, and therefore (photo)reduction of 
MB can be neglected.21,22 The data were fitted to both pseudo-first order and 
pseudo-second order kinetics. It reveals that the pseudo-second order 
equation fits the adsorption kinetics well: the correlation coefficient is very 
high (R2 = 0.9987)(Appendix 2.2). The pseudo-second order kinetic is often 
found when studying the adsorption of MB, and supports the view that ionic 
interactions between the LC network and MB are occurring.6,12,13,23 The rate 
constant of our adsorbent is 2.89 × 10−3 g (mg min)−1. Such a high rate 
constant has not been reported before for materials which also have a high 
adsorption capacity. The rate constant is 5 times faster than the poly(acrylic 
acid) based hydrogel12 (0.575 × 10−3 g (mg min)-1) and nearly 2000 times 
faster than a supramolecular hydrogel13 (1.5 × 10−6 g (mg min)-1).  
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2.3.5 Selective adsorption of hydrophilic dyes 
To investigate selective adsorption competitive experiments were 
performed. A solution was made with an anionic and cationic dye, which 
have quite similar molecular dimensions. 12.9 μg mL−1 (39.4 μM) anionic 
MO and 5.0 μg mL−1 (15.6 μM) cationic blue MB were dissolved in 
deionized water, which resulted in a green solution. The UV-vis spectrum of 
the solution revealed two peaks, one with a peak maximum at 465 nm 
belonging to MO and the second absorbance peak at 665 nm belonging to 
MB. Excess of nanoporous adsorbent was added to this solution and was 
allowed to adsorb the dyes. After 5 h, a yellow solution was observed and a 
blue colored adsorbent (Figure 2.5b). The UV-vis spectra of the solution 
was recorded and revealed the same absorbance peak of MO as the initial 
solution, while the MB peak is hardly visible (Figure 2.5a). This evidences 
that charge selective adsorption is possible with this adsorbent.  
 

 
Figure 2.5. Charge selective adsorption. (a & c) UV-vis spectra before and after 
adsorption. (b) Vials of the mixed cationic MB and anionic MO solution before and 
after adsorption. (d) Vials of the mixed cationic MB and zwitterionic RhoB solution 
before and after adsorption. 
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Subsequently, a solution was made with zwitterionic RhoB and MB. RhoB 
has a permanent positive charge and under the conditions used the acid 
group is deprotonated, which results in a negative charge as well. This 
zwitterion was dissolved in deionized water (5.0 μg mL−1, 10.4 μM) 
together with 5.0 μg mL−1 MB (15.6 μM) and excess of adsorbent was 
added. This resulted in a purple solution which gradually became pink while 
the adsorbent became blue/purple (Figure 2.5d). The UV-vis spectrum 
revealed the disappearance of the MB signal, while the RhoB absorbance 
peak at 554 nm is only reduced (Figure 2.5c). This reduction is caused by 
the disappearance of the overlapping MB absorbance peak and the slight 
adsorption of RhoB in the adsorbent. A single MB absorbance peak was 
subtracted from this spectrum and revealed a RhoB adsorption of 33 %, 
while MB is adsorbed for at least 99 %. The small pores in the adsorbent 
only allow dyes with cationic groups to get adsorbed and have strong 
preference for ions with solely cationic groups. 
 
The restricted pore size in the adsorbent might be used to have selective 
adsorption of small cations over larger cations. A commercially available 
dendrimer (Me-G4-PPI-GG),15 which was modified with glycol gallate end 
groups, methylated interior, with 30 cationic moieties and a fluorescein 
isothiocyanate label to become detectable for UV-vis spectroscopy was 
selected. The adsorbent was added to a mixture of 5.0 μg mL−1 MB (15.6 
μM) and 168 μg mL−1 (0.029 μM) Me-G4-PPI-GG. Excess of adsorbent was 
added to the green solution, which slowly became yellow, while the 
adsorbent became blue (Figure 2.6b), indicating that size-selective 
adsorption took place. The UV-vis spectrum confirmed the size selective 
adsorption of the small MB over the larger dendrimer (Figure 2.6a). An 
adsorption experiment was carried out with a 2nd generation dendrimer (Me-
G4-PPI-Ac)(Figure 2.1),15 the adsorbent became yellow and UV-vis 
spectroscopy revealed a decrease of this dye in solution, indicating the 
adsorption of this smaller sized dendrimer. It should be noted that due to the 
flexible nature of the dendrimer the dimensions are unknown, but they are at 
least much larger than MB, which is approximately 1.6 nm × 0.7 nm × 0.4 
nm in size.24 
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Figure 2.6 Size selective adsorption. (a) UV-vis spectra before and after 
adsorption. (b)Vials of the mixed small MB and the larger Me-G4-PPI-GG solution 
before and after adsorption.  

 

2.3.6 Desorption 
Desorption is important to re-use the adsorbent or to retrieve valuable 
adsorbates. This was investigated with fresh, completely MB filled 
adsorbent in deionized water. The solution became only slightly blue, 
indicating a minor desorption of MB (Figure 2.7a). The adsorbent is able to 
hold the major fraction of the MB at neutral pH. However, after the addition 
of 0.1 mL 4 M HCl the solution suddenly became blue indicating desorption 
of MB (Figure 2.7b). FTIR spectroscopy revealed the presence of the 
hydrogen bonds in the adsorbent while the signals of the carboxylate salt 
were hardly observed. At low pH the carboxylate moieties are protonated 
and MB is removed from the adsorbent. Additionally, the adsorption and 
desorption was investigated multiple times. The activated adsorbent was 
placed in neutral water containing MB and subsequently immersed in pH 1 
HCl solution to adsorb and desorb MB, respectively. The adsorption and 
release was quantified with UV-vis spectroscopy, which revealed that up to 
60% of the MB was released in every cycle. The adsorption and desorption 
is reversible in three repeating cycles (Figure 2.7c), indicating that the 
adsorbent can be used many times. 
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Figure 2.7. MB desorption from the adsorbent. (a) MB desorption hardly occurred 
in deionized water. (b) Decreasing the pH of the solution resulted in desorption. (c) 
Occupation degree of adsorption sites with MB during three cycles of adsorption 
and desorption. 

 
 

2.4 Conclusion 
 
The nanoporous smectic LC network is able to very efficiently adsorb 
cationic dyes and to selectively adsorb cationic dyes over anionic, zwitter 
ionic and larger cations. The adsorption is based on the ion-exchange and all 
counter ions can be exchanged, which resulted in a very high adsorption 
capacity of almost 1 gram of MB in 1 gram adsorbent. The adsorption 
follows the Langmuir isotherm and pseudo second order kinetic model and 
the study reveals high values for the Langmuir adsorption and rate 
constants, which are very competitive with other promising adsorbents. The 
adsorbate can be released by acid treatment, which makes the re-use of 
adsorbate or the recovery of valuable adsorbates possible.   
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Appendix 2.1 Langmuir adsorption isotherm 
 
The Langmuir adsorption isotherm can be represented as Equation A2.1 
 

ac

ac
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1max       (Equation A2.1) 

 
q is the adsorption (mol / mol), qmax is the maximum adsorption (mol / mol), 
a is the Langmuir adsorption constant (L / μmol) and c is the adsorbate 
concentration at equilibrium (μmol / L).  
 

 
Figure A2.1 Comparison of experimental equilibrium values (marks) with predicted 
adsorption isotherm (line) 

 
Table A2.1 Langmuir parameters of the nanoporous smectic LC network 
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a 0.363 L / μmol 
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Appendix 2.2 Adsorption kinetics  
 
Pseudo-second order kinetics can be represented as Equation A2.2. This 
model was successfully used to describe an adsorption process of methylene 
blue on the LC adsorbent with carboxylate groups. 

2
2 )( te qqk

dt

dq
       (Equation A2.2) 

In this equation, 2k  is the rate constant (mol / mol), qe and qt are the 

adsorption at equilibrium and at time t (min), respectively. After integration, 
reformulation and linearization the equation equals Equation A2.3. 
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Figure A2.2 Pseudo second order kinetics of MB in the LC adsorbent 
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Chapter 3 

Photoresponsive nanoporous  
polymer network 

 
_____________________________________________________________ 
 
 
Abstract 
Photoresponsive nanoporous polymer films are fabricated by adding a 
photoresponsive azobenzene cross-linker to a hydrogen bonded smectic 
liquid crystalline polymer network. A base treatment results in the 
nanoporous material which are fully characterized. Upon exposure to UV 
light a decrease in the smectic layer-spacing is observed, suggesting a 
decrease in pore size. In addition, the binding sites in the material could be 
changed with light, leading to light-induced adsorption of cations and 
cationic dyes. Finally, light could also be used to create nanoporous 
channels in the polymer film. 
 
 
 
 
 
 
 
This chapter is partially reproduced from: 
H. P. C. van Kuringen, Z. J. W. A. Leijten, A. H. Gelebart, D. J. Mulder, G. 
Portale, D. J. Broer & A. P. H. J. Schenning. Photoresponsive nanoporous 
smectic liquid crystalline polymer networks: changing the number of 
binding sites and pore dimensions in polymer adsorbents by light. 
Macromolecules 48, 4073-4080, 2015.  
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3.1 Introduction 
 
The nanoporous network adsorbs or desorbs cationic species in response to 
change in pH. The next main challenges are to control capture, transport, 
and release of species in nanoporous materials by an external stimulus.1,2 
Various stimuli can be used including light, temperature, magnetic, and 
electric fields. Among them light is particularly attractive, allowing accurate 
and remote tuning with high spatial and temporal accuracy.3 One of the 
well-known photoresponsive moieties is azobenzene.4,5 This photochromic 
dye can undergo a trans-cis isomerization upon light irradiation causing a 
change in size, conformation, and dipole moment (Figure 3.1c).4-12 
Isomerization of azobenzene compounds can lead to photochromic pKa 
changes,13 which might lead to a change in adsorption binding strength. 
When incorporated in a host molecule, the pore dimension can be changed 
driving its selectivity toward cations with different size.14,15 Azobenzene 
molecules have been applied in liquid crystals (LCs) and LC polymers16 to 
combine photoresponsivity with self-organization of molecules.4 However, 
photoresponsive nanoporous LC materials have received minimal attention. 
Gas permeation LC membranes have been prepared which can switch 
between an impermeable ordered state and a permeable disordered state17,18 
while azobenzene containing smectic LCs have been used to induce 
anisotropic and photoswitchable ion conduction.19 Lyotropic azobenzene 
containing LC assemblies with switchable nanopores have also been 
reported.20 In this chapter we report on a photoresponsive nanoporous LC 
network by incorporating of a photoresponsive azobenzene cross-linker to 
the hydrogen bonded smectic LC polymer network (Chapter 2). The LC 
cross-linker is replaced by the azobenzene cross-linker. We investigate if the 
change in size, conformation, and dipole moment upon photoisomerization 
of azobenzene unit can be used to control the capture, transport and release 
of species.  
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3.2 Experimental section 
 

3.2.1 Materials 
The photoresponsive cross-linker, 4,4-‘bis(6-methacryloyloxyhexyloxy) 
azobenzene (A6MA), was synthesized by Philips Research Laboratories.21 
4-(6-acryloxy-hexyl-1-oxy)benzoic acid (6OBA) was custom-made by 
Synthon Chemicals, Germany. The initiator, bis(2,4,6-trimethylbenzoyl)-
phenylphosphineoxide (Irgacure 819), was supplied by Ciba Specialty 
Chemicals and the inhibitor p-methoxyphenol was purchased from Sigma-
Aldrich.  
 

3.2.2 Preparation of the liquid crystalline network 
A LC mixture was made from the hydrogen bonded 6OBA and the 
covalently bonded photoresponsive cross-linker A6MA, in a 95/5 molar 
ratio (LC ratio 90/10). In order to make the mixture accessible for 
photopolymerization, 0.5 wt% photoinitiator was added and 0.1 wt% of p-
methoxyphenol was added as thermal polymerization inhibitor. The mixture 
was made by dissolving the compounds in dichloromethane, which was 
subsequently evaporated. Films with a thickness of 6 or 18 μm were 
obtained by capillary suction of the mixture in the melt at 100 °C between 
two accurately spaced glass plates. These LC cells were fabricated as 
described in Chapter 2. The cell was cooled to 90 °C at 5 °C / min followed 
by an isotherm of 2 min. The photopolymerization in the smectic state of the 
monomeric mixture was performed for 1000 s with a mercury lamp 
(Omnicure s1000, emitting at 320-500 nm) which was provided with a 400 
nm cutoff filter (Newport), to avoid the isomerization of the azobenzene 
moiety during polymerization. The intensity was approximately 22 mW cm-

2 at the sample surface. To ensure maximum conversion of the acrylate 
bonds, the polymerization was followed by a heat treatment at 135 °C for 15 
min. 
 

3.2.3 Deprotonation and protonation 
The polymer network was cut in small pieces to obtain small films (5 × 5 
mm, 0.5 / 1.0 mg) which were immersed in 5 mL buffered sodium borate 
solutions (pH = 7 until 10) or 0.1 M KOH (pH = 13.0) to deprotonate the 
benzoic acid moieties leading to the elimination of the hydrogen bonds. The 
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protonation process was done in 5 mL buffered solutions or 0.1 M HCl (pH 
= 1.0). The films were kept 1 day in the KOH and HCl solutions and 3 days 
in the buffered solutions to equilibrate the system. 
 

3.2.4 Isomerization 
The isomerization of the azobenzene LC network was investigated using a 
mercury lamp provided with a UV band-pass filter (<400 nm). The emitted 
intensity was approximately 25 mW cm-2. Polymer films were immersed in 
the buffered solution, irradiated, and stirred continuously. 
 

3.2.5 Dye adsorption 
The adsorption process was performed with the cationic dye, methylene 
blue (MB). Polymer films were exposed to a freshly made, 5 µg/ mL MB 

buffered sodium borate solution.  
 

3.2.6 Characterization 
Fourier transform infrared (FTIR), polarized optical microscopy (POM) and 
UV-vis were carried out as described in Chapter 2. Differential scanning 
calorimetry (DSC) was conducted at 1 °C / min temperature ramp ranging 
from 0 °C until 140 °C and 3 min isotherm. The second cycle was used for 
characterization. POM monomer samples were prepared between a non-
rubbed polyimide coated glass plate and a non-coated cover glass. X-ray 
diffraction (XRD) of the monomer mixture was performed on a Ganesha lab 
instrument equipped with a GeniX-Cu ultralow divergence source producing 
X-ray photons with a wavelength of 1.54 Å and a flux of 1 × 108 photons / s. 
Scattering patterns were collected using a Pilatus 300 K silicon pixel 
detector with 487 × 619 pixels of 172 µm2 in size. A glass capillary was 
filled with the monomer mixture and heated with 30 °C / min till the 
isotropic phase was reached and subsequently cooled with 10 °C / min. 
Pictures were recorded for 5 min. XRD experiments on polymer films at 
middle and wide angles have been performed at the DUBBLE-BM26B 
beamline at the ESRF, Grenoble, France.22,23 A X-ray wavelength λ of 1.033 
Å and a sample-to-detector distance of about 20 cm were used. 2D images 
have been recorded using a Frelon CCD detector with pixel size of 43.88 
µm × 43.88 µm and dimension 2048 × 2048 pixels. The CCD detector has 
been used in binning 2 × 2 mode. Images have been corrected for the 
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incoming beam intensity, background scattering and sample absorption. 
After all the corrections have been applied, 2D images have been integrated 
along the same angular sector in order to obtain the I(q) vs q 1D profiles. 
The q scale (where q is the module of the scattering vector and is equal to 4π 
/ λ sin(θ), with θ being half of the scattering angle). Polymer films were 
placed in the beam using a small holder equipped with two thin Mylar 
windows. The exposure time was 60 s per image. All spectra were smoothed 
to remove spikes.  
 
 

3.3 Results and discussion 
 

3.3.1 Preparation and characterization of the photoresponsive nano-
porous network 
A photoresponsive azobenzene diacrylate cross-linker (A6MA, molecular 
length in extended conformation is 3.6 nm) and the hydrogen bonded dimer 
diacrylate (6OBA dimer, molecular length in extended conformation is 3.9 
nm) in a 10-90 ratio were used for making the photoresponsive nanoporous 
network (Figure 3.1). The phase behavior of this mixture was characterized. 
DSC revealed upon heating a melting peak at 89 °C followed with two 
mesophase transitions. Upon cooling the mixture exhibited a smectic A 

 
 

            Δ 
 
 
 
 
 
 
 
Figure 3.1 Schematic representation of the monomer mixture and the formation 
of the photoresponsive polymer network. (a) Chemical structures of A6MA and 
6OBA dimer. (b) The smectic order of the LCs is locked in a network by 
photopolymerization. (c) Upon UV exposure azobenzene undergoes a trans – cis 
isomerization causing a change in molecular length and dipole moment. (d) Free 
standing photoresponsive polymer film. 
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phase at 97 °C and it crystallized at 58°C. The phase transitions are similar 
to the 6OBA - C6H mixture (Chapter 2). The smectic A phase was 
confirmed with XRD. An intermolecular spacing of 0.4 nm and a d-spacing 
(layer-spacing) of 4.1 nm were calculated. The latter is in close agreement 
with the estimated molecular length of the 6OBA dimer, which embody 90 
% of the LCs in the mixture, indicating a lamellar SmA arrangement. The 
mixture was incorporated in a LC cell having planar alignment layers and 
was photopolymerized in the smectic phase at 90 °C. After opening of the 
cell, a planar aligned free-standing polymer film of approximately 2.5 × 2.5 
cm in size was obtained (Figure 3.1d). 
 
FTIR confirmed the conversion of the C=C bond of the acrylate groups at 
1635 cm-1 and the presence of the hydrogen bonds, vide infra. The polymer 
film revealed a homogeneous yellow color indicating that the azobenzene 
dye is equally distributed throughout the film. UV-vis spectroscopy 
measurements (Figure 3.4a) showed a typical azobenzene absorbance 
spectra,7 with an intense π→π* band at 361 nm, corresponding to the trans 
isomer and a much weaker n→π* band at longer wavelengths. POM 
pictures taken between crossed polarizers showed birefringence indicating 
that the material is aligned (Figure 3.2a and b). Observations with polarized 
light from a single polarizer showed that the azobenzene cross-linker is 
coaligned (Figure 3.2c and d), since the dye predominately absorbs light 
parallel to the molecular axis. XRD measurements showed four lobes 
featured at middle angles suggesting a planar aligned polymer film with a 
typical smectic C organization (Figure 3.2e). This means upon 
polymerization that the polymer layers are diagonally oriented in chevron-
like fashion (Figure 3.1b). The smectic A – smectic C transition upon 
polymerization has been seen before and is the result of polymerization 
shrinkage.24 A narrow signal was found for the intermolecular distance (0.4 
nm), and a d-spacing of 3.2 nm with a tilt of 41° with respect to the initial 
smectic A organization was observed. The tilted d-spacing corresponds well 
with the molecular length of the 6OBA dimer. 
 
The pH at which the hydrogen bonds are broken was determined by 
immersing the material in buffered solutions and following the 
deprotonation by FTIR (Figure 3.3a). For pristine hydrogen bonded polymer 
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Figure 3.2 Characterization of the hydrogen bonded polymer network. (a & b) 
POM pictures taken between crossed polarizers showing the birefringence. The 
scale bar is 100 µm. (c & d) Macroscopic pictures of the polymer film showing 
dichroism under 0° (c) and 90° tilt angle (d). The scale bar is 0.5 cm. (e) XRD 
pattern of the polymer film showing the smectic C structure. The axis of the 
(crossed) polarizers are depicted by the arrows. The molecular director in all 
images is in the same direction as depicted in Figure 3.1b). 

  
films the signals at 1675 and 1425 cm-1, corresponding to the carbonyl bond 
in the hydrogen bonded state and in-plane bending of the O-H bond, 
respectively, disappeared at pH = 9. Simultaneously, two new vibrations 
emerged at νs = 1540 cm−1 and νas = 1385 cm−1, and started to appear at pH 
= 9 to reach a maximum intensity at pH = 9.5. This indicates the formation 
of a carboxylate salt.25 Since the asymmetric carboxylic acid vibration at 
1675 cm−1 completely vanishes after the deposition in basic solution, it can 
be assumed that the conversion to the polymer salt is completed. In a second 
step the films - which were completely converted to the polymer salt - were 
immersed in a lower pH solution. While decreasing the pH the vibrations at 
1540 and 1385 cm-1 started to disappear at pH = 8.5 and are completely 
absent at pH = 7 and lower. However, the vibration at 1675 cm-1 already 
appeared at pH = 8 and lower. This indicates that the hydrogen bonds can be 
formed again and that this process occurs in two steps: first the protonation 
of the carboxylate moieties followed with the formation of hydrogen bonds. 
The latter signal does not reach its original height. This could be attributed 
to a decreased ordering of the carboxylate tethers causing changes in the 
deprotonation process. This is why a second and third cycle of high and low 
pH treatment were performed. The trend was the same for both the breaking 
and the formation of the hydrogen bonds over both cycles, despite the fact 
that the deprotonation occurs at slightly lower pH (8.5 instead of 9) for the 
second and third cycle compared to the first one. This demonstrated the 
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reversibility of the pH response after the first cycle. A hysteresis was found 
between the pH of formation and elimination of the hydrogen bonds (Figure 
3.3b). 

 
Figure 3.3 Conversion of the hydrogen bonded network into the polymer salt 
network. (a) FTIR spectra of the pristine hydrogen bonded polymer network and 
the polymer salt network. (b) FTIR absorbance at 1675 cm-1 of the polymer film of 
the cycle of deprotonation (opening) by increasing pH and protonation (closing) by 
decreasing pH.  

 
The polymer salt film showed severe anisotropic swelling (Figure 3.4.b & c) 
similar to earlier reported smectic 6OBA polymer films lacking the 
azobenzene cross-linker.26 The swelling mainly occurred perpendicular to 
the alignment direction of the LCs, and microscopy pictures revealed a 
 

 
Figure 3.4 Changes in the absorbance and size of the polymer network upon base 
treatment. (a) UV-vis spectra of the hydrogen bonded and polymer salt network. (b) 
Microscope pictures of the hydrogen bonded polymer film and (c) swollen polymer 
salt film. The alignment direction is indicated by the arrows, the scale bar is 400 
µm. 
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macroscopic size increase of 43 % (± 10 %). Parallel to the alignment 
direction a 7 % (± 6 %) decrease was observed (see also Chapter 1 and 4). 
UV-vis absorbance of the polymer salt film is less intense (Figure 3.4a). 
This is caused by swelling of the polymer film and a loss of order of the 
azobenzene moiety, vide infra.  
 
XRD revealed an almost isotropic signal for both the intermolecular and the 
layer distance (Figure 3.5e) and small deviations of the intensity are found 
over the rings. The d-spacing is 3.5 nm which is close to the estimated 
length of the azobenzene cross-linker in the trans state. Observations with 
polarized light revealed that there is little dichroism remaining (Figure 3.4c 
& d), indicating that the azobenzene cross-linker is practically 
macroscopically unaligned since the photochromic dye only absorbs light 
which is parallel to the molecular axis. This confirmed the observations 
from XRD. However, POM pictures taken between crossed polarizers 
(Figure 4a & b) clearly show the birefringence, indicating that some 
alignment of the cross-linker is still left. These observations could be 
explained with a multidomain smectic A undulating layer model (Figure 
3.5f).27 Macroscopically the material is hardly aligned, but within the 
domains some anisotropy is left, resulting in birefringence. The undulating 
layers resulting in a broad, almost isotropic signal, for the smectic layer 
spacing. For the intermolecular distance the elimination of the hydrogen  
 

 
Figure 3.5 Characterization of the polymer salt network. (a & b) POM pictures 
taken between crossed polarizers showing the birefringence. (c & d) POM pictures 
of the polymer film showing little dichroism under 0° (c) and 90° tilt angle (d). The 
scale bar is 100 µm. (e) XRD pattern of the polymer film. (f) Proposed multidomain 
smectic A undulating layered organization of the polymer salt network. The axes of 
the (crossed) polarizers are depicted by the arrows. The molecular director in all 
images is in the same direction as in (f). 
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bonds, resulted in a random orientation of the carboxylate tethers, which 
give rise to an isotropic signal (see also Chapter 4). The dimensions (1.53 × 
10-5 cm3) and layer-spacing characteristics of the swollen polymer salt 
network point to a 2D pore surface area of 8.75 cm2.  
 

3.3.2 Photoresponsive behavior  
The photoresponsive properties of the free standing polymer network films 
were investigated by a variety of techniques. UV light in the wavelength 
range of 320-400 nm was used to perform trans-cis isomerization of the 
azobenzene cross-linker. UV-vis spectroscopy measurements revealed a 
large decrease of the trans peak at 361 nm and the appearance of the cis 
isomer peak at 446 nm for both the hydrogen bonded and the polymer salt 
networks (Figure 3.6a & c). These are typical observations for the 
isomerization of azobenzene7 and prove that the isomerization occurs. 
However, exact values for the conversion cannot be given due to the 
difficulties in determining the initial trans-cis ratio and the extinction 
coefficients, caused by changes in volume and orientation of the azobenzene 
in the anisotropic films. The kinetics of the photoresponse was analyzed by 
plotting the absorbance at 361 nm as a function of time (Figure 3.6e). This 
revealed a steep slope in the first seconds followed by a flattening, 
indicating that a photostationary state is reached. The isomerization kinetics 
can be described by Equation 3.1 which has been used to study the 
isomerization of azobenzene in thin (glassy) polymer films.26,28  

     tktk
AA

AA
sf

t exp1exp
0

 






   (Equation 3.1)  

0A , tA and A represent the absorbance at the initial state, at time t (s) and 

at infinite time, respectively. fk  and sk embody a fast and slow rate 

constant (s-1) and is the fraction which underwent the fast reaction. This 
model divides the isomerization kinetics into two first order reactions. The 
rate constants were determined and are summarized in Table 3.1. The 
derivation can be found in Appendix 3.1. These typical values reveal that 
the rate constants are on the same order of magnitude and that two processes 

play a significant role29. For the hydrogen bonded network fk is higher, 

while sk is higher for the polymer salt network.  
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Figure 3.6 Photoisomerization of azobenzene. (a & b) Absorbance spectra of 
hydrogen bonded polymer network and (c & d) polymer salt network upon light 
exposure. (e & f) The absorbance at 361 nm over time. (a, c & e) represent the 
trans-cis isomerization. (b, d & f) are from the cis-trans isomerization. 

 
The underlying mechanism could be a result of the mobility of the 
azobenzene cross-linker, which is higher in the state were the hydrogen 
bonds are broken. But in addition, this swollen polymer salt system is 
known to stretch the bridging cross-linker to a smectic A configuration, as 
confirmed by the XRD data.24 In our system the azobenzene cross-linker is 
stretched along the long axis thus bringing the azo moiety under stress, 
especially in the cis state, leading to an anticipated mechanical-chemical 
acceleration of the back-reaction. This could also explain the smaller 
decrease of the trans signal in the polymer salt state at photostationary 
conditions. 
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Table 3.1 Kinetic parameters of the light-induced isomerization in the hydrogen 
bonded and polymer salt film using Equation 3.1 

Material A∞ α kf (×10-3)(s-1) 1-α ks (×10-3)(s-1) 

H-bonded polymer 0.69 0.6 -42.1 0.4 -2.2 

Polymer salt 0.42 0.7 -33.1 0.3 -5.0 

 
The back-isomerization can occur by thermal relaxation and exposure to 
visible light. Blue light irradiation at room temperature revealed a very fast 
response (Figure 3.6b, d & f). Within 20 s both networks reached a 
photostationary state. The absorbance does not reach the same value as the 
pristine films. The films were also allowed to relax back at room 
temperature in the dark. This revealed a slow process which took tens of 
hours. This allows us to investigate the UV-exposed films with other 
techniques without large changes in the trans-cis ratio in the material.  
 

3.3.3 Change in pore size 
XRD measurements (Figure 3.7) on the polymer salt network revealed that 
after UV irradiation the d-spacing is 3.3 nm, which is 0.2 nm smaller than 
before. This might be caused by the molecular length change of the 
azobenzene cross-linker under UV exposure. However, the isomerization of 
the azobenzene moiety itself is known to causes a molecular length change 
of 0.35 nm.7 This discrepancy could be attributed to the fraction of 
azobenzene units which were not isomerized to the bended cis state and the 
flexibility of the polymer main chain between two azobenzene units could 
allow deformation. This measurement was performed with the same 
polymer salt film as before (Figure 3.5e) which was shielded by Mylar 
windows during both measurements to prevent water evaporation. 
Furthermore, the signal at 18.5 nm-1 is more pronounced, and could be 
attributed to water. This could mean that water is squeezed out of the 
nanostructured material. Although the humidity has played a role by 
inducing some limitations in measuring conditions, it is the first indication 
that the isomerization of azobenzene changed the d-spacing in smectic LC 
polymer networks and could indicate the formation of smaller pores. The 
5% decrease in d-spacing did not result in a macroscopic change that could 
be observed with the naked eye. Optical microscopy pictures also did not 
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0.2 nm 
smaller

show observable dimensional changes upon irradiation. Because of 
relatively low concentration of azobenzene, one could expect shrinkage and 
expansion in the direction parallel and perpendicular to the molecular 
director, respectively.30-32 Adsorption experiments – as described in Chapter 
2 – revealed that the adsorption of MB was not influenced by light meaning 
that binding sites are equally accessible for this dye. 

 
Figure 3.7 Characterization of the isomerized polymer salt network. (a) XRD 
pattern from the UV irradiated polymer salt film. (b) 1D profiles of the UV 
irradiated and not irradiated polymer salt film. (c) Schematic representation of the 
network upon UV irradiation. The layer-spacing of this network is 0.2 nm smaller 

  

3.3.4 Change in binding sites 
The influence of the isomerization of azobenzene on the number of binding 
sites was explored by exposing the polymer film to a certain pH and 
simultaneous light irradiation. Buffer solutions were selected so that the 
resulting films were in the hydrogen bonded state, in the polymer salt state, 
and at the edge between hydrogen bonded and polymer salt, but still in the 
hydrogen bonded regime, at pH = 7.0, pH = 9.9, and pH = 8.5, respectively 
(Figure 3.3). Polymer films underwent an alkaline and acid treatment prior 
to use. This was done to erase the initial molecular ordering and to enter the 
reversible regime. Subsequently, the films were immersed in buffer solution 
and allowed to equilibrate for a day before they were irradiated with UV 
light at room temperature. FTIR spectra were recorded during 60 min of UV 
irradiation. No changes were found in these spectra for the material at pH = 
7.0 and 9.9. The film in pH = 8.5 solution revealed a gradual change in the 
vibrations at 1675, 1540, 1425, and 1385 cm-1 (Figure 3.8) showing that 
hydrogen bonds were converted to the polymer salt during UV irradiation. 
This is slower than the isomerization of azobenzene (Figure 3.6e), and could 
be attributed to a slower diffusion of ions. This conversion is most likely 
caused by the change in dipole moment of the isomerized azobenzene cross-
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linker, which causes a change of the pKa of the benzoic acid moieties, 
resulting in the formation of a nanoporous polymer salt film. Photochromic 
pKa changes in azobenzene molecules have been reported.13 In our case 
photochromic changes lead to the formation of binding sites in the polymer 
material. It should be noted that an elevated temperature, caused by the 
thermal heating of the sample by illumination, does not affect the process. 
Light controlled release of ions was investigated as well. UV-exposed 
polymer salt films at pH = 8.5 were irradiated with blue light to induce the 
back-isomerization. This resulted in the cis-trans isomerization of the 
azobenzene, but hydrogen bonds were not re-formed, nor were ions 
released. This is most likely caused by the hysteresis as earlier observed 
(Figure 3.3). Lowering of the pH is necessary to release ions.  

 
Figure 3.8 Photoinduced creation of binding sites in the polymer network. (a) 
FTIR spectra taken from the irradiated hydrogen bonded polymer film at pH = 8.5 
(b) the intensity of the absorbance at 1675 cm-1 during isomerization of azobenzene 
in buffered solutions.  

 
The photoinduced creation of binding sites can be visualized with the 
adsorption of MB. Therefore, MB was added to the pH = 8.5 buffer and the 
pretreated hydrogen bonded film was immersed in the blue colored 3 mL 5 
µg/mL MB solution and irradiated with UV light for 3 h while being stirred. 
The solution became gradually less blue, and the film appeared blue (Figure 
3.9a & b). Absorbance spectra were recorded of the solution in situ with 
UV-vis spectroscopy, confirming the decrease of MB in solution (Figure 
3.9c). A similar experiment was performed with a pretreated hydrogen 
bonded polymer film in MB buffer solution, but without the UV irradiation 
step. This solution was still blue after 3 h, and UV-vis measurements 
revealed only a small decrease of MB in solution, indicating that this film 
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hardly adsorbs MB. UV irradiation of a MB buffer solution without 
adsorbent revealed a marginal decrease of the MB absorbance signal, 
indicating that minimal (photo)reduction of MB occurred.33,34 
 

 
Figure 3.9 Photoinduced adsorption of MB. (a) The hydrogen bonded polymer 
film does not adsorb MB at pH 8.5. (b) Exposure of this polymer film to UV light 
results in the adsorption of MB. (c) Change of absorbance of MB over time for both 
the light exposed and non-exposed polymer films. (d) Locally irradiated polymer 
film that only adsorb at the illuminated areas. The scale bar is 1 mm.  

 
We have also investigated if light can be used to create a nanoporous pattern 
in the hydrogen bonded polymer film. Therefore a polymer film was 
covered with a lined photomask, irradiated for 1 h and subsequently 
immersed in a MB solution. Figure 3.9d shows that only the areas which 
have been irradiated have adsorbed MB. This shows that a light stimulus 
can create nanopores in a polymer film and show the merits of using light as 
local stimulus to control transport in a polymer material.  
 

 
3.4 Conclusion 
 
This chapter showed photoresponsive nanoporous LC polymer films. They 
can be fabricated by incorporation of an azobenzene cross-linker in a 
smectic liquid crystalline hydrogen bonded polymer network and 
subsequent treatment with an alkaline solution. Upon exposure to UV light a 
decrease of the smectic layer-spacing in the polymer salt network is 
observed, suggesting that the pore size alters. Although preliminary findings 
show no change of the adsorption toward cationic dyes, such a result is 
interesting to control capture and release of species. Moreover, the 
isomerization of azobenzene moieties leads to a change in the number of the 
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binding sites, resulting in light-induced adsorption of cations and cationic 
dyes. This effect is most likely caused by a change in dipole moment of the 
azobenzene cross-linker leading to a change of the pKa of the surrounding 
benzoic acid moieties. Such a mechanism is novel and should be taken into 
account in porous materials that show light-induced adsorption, transport 
and release of species. The adsorbed cations can in principle be released 
again by lowering the pH, which makes these materials appealing for the 
recovery of valuable species or for cleaning purposes. Light can also be 
used to create nanoporous channels in a polymer film, showing that this 
method can be potentially used to control transport of species in polymer 
materials.  
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Appendix 3.1 Derivation of the kinetic parameters 
 
Equation A3.1 was used to fit the experimental data. 
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Ruslim and Ichimura28 showed that isomerization kinetic of azobenzene 
could be described by Equation A3.2. 
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0A , tA and A represent the absorbance at the initial state, at time t (s) and 

at infinite time, respectively. fK  and sK embody a fast and slow rate 

constant (s-1) and   is the fraction of cis-isomer which underwent the fast 
reaction. 
 
The kinetic parameters can be determined by combining Equations A3.1 and 
A3.2  
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Abstract 
This chapter sets out the decisive role of rigidity, orientation and order in 
liquid crystalline based polymer adsorbents. The rigidity is varied by 
changing the cross-link density in the liquid crystalline network. The 
addition of small aliphatic cross-linkers increases the order of the network, 
but does not significantly improve the order in the nanopores and the 
swelling is reduced but not prevented. Adding more liquid crystalline cross-
linker improves the integrity of the polymer films resulting in almost no 
swelling and more ordered 2D nanopores. This does, however, not improve 
the size selectivity of the polymer adsorbent. Relatively large cationic 
species can still be adsorbed by the network, suggesting that these liquid 
crystal networks can be considered as adaptive adsorbents. The highly 
cross-linked materials show anisotropic adsorption. Moreover, straight 
smectic pores are favored over disordered pores in nematic and isotropic 
networks. Low cross-linked materials do not show this difference due to 
swelling which decreases the order and creates openings in the two-
dimensional polymer layers. The latter is, however, beneficial for the fast 
adsorption kinetics.  
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4.1 Introduction 
 
We found favorable adsorption characteristics for our nanoporous smectic 
polymer films. The anionic nanoporous network is able to efficiently and 
selectively adsorb small cations over anions, zwitterions and larger cations 
(Chapter 2). However, the size selectivity proved to be limited as cationic 
dyes of somewhat different size such as porphyrins and methylene blue 
could both be adsorbed by the LC network. To improve the size selectivity 
we should know how the adsorption and diffusion of adsorbates occurs. We 
should know if the diffusion mainly takes place through the nanopores or 
that it also happens through the polymer layers. If this predominantly occurs 
in the pores is the tortuosity of the pore important? We also do not know if 
size selectivity is determined by the layer-spacing and the molecular length 
of the cross-link? Chapter 3 revealed no differences in adsorption between 
the trans and cis state of the azobenzene cross-linker, while the layer-
spacing is reduced. This suggests that there are other important factors as 
well.  
 
Size discrimination has been realized in other nanoporous materials, such as 
metal-organic frameworks (MOFs), zeolites, and silica.1,2 These materials 
have in common that they have a more rigid network. Intriguing properties 
are obtained in these rigid networks such as anisotropic adsorption or a 
preferred molecular orientation of the adsorbate within a cavity.2 In 
particular MOFs have gained much attention in the last decade. These 
materials can be selective, have fast kinetics or high adsorption capacity, but 
a combination of these three properties in one material has not been 
reported.1,3,4 In nanoporous soft materials the molecular organization and 
pore orientation is found to influence the transport of species through the 
materials, for instance in membranes for ion conductivity5-9 or gas 
diffusion.10  
 
The porous liquid crystalline (LC) networks reported in Chapter 2 and 3 are 
soft and flexible, reminiscent of hydrogels. The elimination of the hydrogen 
bonds upon base treatment caused the severe swelling in the perpendicular 
direction with respect to the molecular alignment direction (Chapter 1 and 
3). Furthermore, almost all order in the lateral side-groups at the main 
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chains of the network was lost as showed by the XRD in Chapter 3. To 
improve the adsorption selectivity we have to understand the role of the 
molecular arrangement and pore orientation by diminishing the swelling and 
improving the molecular order in the network. This might be realized by 
increasing the cross-link density. In this chapter, we explore two routes to 
obtain ordered anisotropic nanopores in LCs. In the first route small 
aliphatic cross-linkers will be introduced, while in the second route the 
amount of LC crystalline cross-linker will be changed in the smectic 
networks. Subsequently, the orientation and structure of the nanopores is 
evaluated by changing the molecular alignment and using other LC phases. 
The adsorption characteristics of these polymer films will be investigated 
which will give insight in the role of the nanoporous structure and 
adsorption paths through the materials. Such a study is also important for 
other research areas, such as membrane filtration and transformation or 
storage of solar energy2, where nanostructure, softness, direction and size 
play an important role. 
 

4.2 Experimental section 
 

4.2.1 Materials 
The hydrogen bridged 4-(6-acryloxy-hexyl-1-oxy)benzoic acid (6OBA) and 
the LC cross-linker, 4-((4-(6-(acryloyloxy)hexyloxy)phenoxy)carbonyl) 
phenyl 4-(6-(acryloyloxy)hexyloxy) benzoate, (C6H) were both custom 
made by Synthon Chemicals, Germany. Initiator 1-hydroxycyclohexyl 
phenylketone (Irgacure 184) was supplied by Ciba Specialty Chemicals, 
inhibitor p-methoxyphenol, and cross-linkers 1,6-hexanediol diacrylate 
(HDDA) and trimethylolpropane triacrylate (TMPTA) were purchased from 
Aldrich.  
 

4.2.2 Preparation of the liquid crystalline network 
The LC mixture was made with 6OBA and C6H in which the LC cross-
linker concentration ranged from 10 - 50 wt%. The mixtures containing the 
aliphatic cross-linker HDDA or TMPTA were made starting with the 6OBA 
- C6H 90-10 mixture (Chapter 2) and subsequently 2 – 10 wt% of aliphatic 
cross-linkers were added. 0.5 wt% 1-hydroxycyclohexylphenylketone as 
photoinitiator and 0.1 wt% of p-methoxyphenol as inhibitor were added to 
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all mixtures. The compounds were mixed by dissolving them in 
tetrahydrofuran or dichloromethane which were subsequently evaporated. 
The planar aligned polymer networks were prepared as described in Chapter 
2. For homeotropic alignment octadecyltrimethoxysilane functionalized 
glass cells were used and similarly processed as the planar films. In order to 
create the pores the films were treated with a few mL of a 0.05 or 0.1 M 
KOH solution for 15 minutes till 1 day. The exposure time was dependent 
on the cross-link density. 
 

4.2.3 Dye adsorption 
The adsorption process was performed by using freshly made aqueous 
cationic dye solutions, methylene blue (MB) (Acros Organics) and 
fluorescein labeled methylated poly(propylene imine) dendrimer of 
generation 3 (Me-G3-PPI)11 (Figure 4.1). The cuvettes were equipped with a 
magnetic stirring bar. The MB adsorption experiments were carried out 
using 3 mL MB solution (5.0 μg mL−1 , 15.6 μM) and millimeter sized films 
were cut with equal numbers of adsorption sites (8.50 × 10-7 mol) giving a 
18 fold excess of adsorption sites. The adsorption process was followed 
using a UV-vis spectrophotometer. The maximum of the MB absorbance at 
665 nm was used to investigate the depletion of MB in solution. Dendrimer  
 

 
Figure 4.1 Two cationic species are used in this research. Fluorescein labeled 
methylated poly(propylene imine) dendrimer of generation 3 (Me-G3-PPI)11 was 
used as large cation with a size of approximately 3-4 nm. Methylene blue (MB) is 
much smaller. 
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adsorption experiments were performed with 3 mL 0.1 mg mL-1 (1.51 × 10-4 
M) Me-G3-PPI and polymer adsorbents with 1.09 × 10-5 mol of adsorption 
sites. This is a 1.2 fold excess of cationic groups over anionic adsorption 
sites. The adsorption process was followed by measuring the maximum 
absorbance of fluorescein at 494 nm over time.  
 

4.2.4 Characterization 
Fourier transform infrared (FTIR), polarized optical microscopy (POM), 
differential scanning calorimetry (DSC), and UV-vis were carried out as 
described in Chapter 2. Macroscopic swelling experiments were conducted 
with small films of approximately 1 mm × 1 mm. The size was measured 
before and after alkaline treatment using optical microscopy while the films 
were kept under humid conditions. Birefringence measurements were 
conducted using a Berek compensator. The angle of the maximum 
birefringence and alignment direction was determined and is defined as the 
domain birefringence tilt. X-ray diffraction (XRD) (wide angle X-ray 
scattering (WAXS) and medium angle X-ray scattering (MAXS)) of the 
polymer films containing aliphatic cross-linkers were performed 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 1 
x 108 ph/s. Scattering patterns were collected using a Pilatus 300K silicon 
pixel detector with 487 × 619 pixels of 172 µm2 in size. XRD measurements 
at wide angles on polymer films containing different ratios of 6OBA - C6H 
have been performed at the DUBBLE-BM26B beamline at the ESRF, 
Grenoble, France.12,13 Polymer films were placed in the beam using a small 
holder equipped with two thin Mylar windows to keep the humid conditions. 
An X-ray wavelength λ of 1.033 Å and a sample-to-detector distance of 
about 20 cm were used. 2D images have been recorded using a Frelon CCD 
detector with pixel size of 43.88 µm × 43.88 µm and dimension 2048 × 
2048 pixels. The CCD detector has been used in binning 2 × 2 mode. 
Images have been corrected for the incoming beam intensity, background 
scattering and sample absorption. After all the corrections have been 
applied, 2D images have been integrated along the same angular sector in 
order to obtain the I(q) vs q 1D profiles. The q scale, where q is the module 
of the scattering vector and is equal to 4π / λ sin(θ), with θ being half of the 
scattering angle. The exposure time was 60 s per image and all spectra were 
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smoothed to remove spikes. To calculate the length of the LC molecules in 
the tilted layers Equation 4.1 was used. 

)cos(
d

L        (Equation 4.1) 

L is the average molecular length (nm) of the LCs, d is the layer-spacing 
(nm) and θ is the tilt (°) of the LCs with respect to the normal of the layer. 
(See also Figure 4.6b)  
 
 

4.3 Results and discussion 
 

4.3.1 Formulation of the monomer mixtures 
In order to fabricate rigid and molecularly ordered materials the influence of 
the cross-link density in the polymer adsorbents was investigated. The 
starting material for this study was the LC nanoporous network reported in 
Chapter 2 (6OBA - C6H 90-10). This polymer showed anisotropic swelling, 
i.e. swelling was prevented in the alignment direction by the LC cross-
linker, while perpendicular to this, severe swelling caused stretching of the 
2D polymer sheets. It is anticipated that this creates additional openings in 
the polymer layer (Figure 4.2c). The size of these openings cannot be 
controlled with the current polymer network.  
 

 
Figure 4.2 Schematic representation of the formation of openings in the polymer 
layer. (a) Side view of the smectic organization of the hydrogen bonded polymer 
film (see also Chapter 2). (b) Top view of each polymer layer in which the 
orthogonal rod-like bridging units are densely packed in the hydrogen bonded state. 
(c) Upon base treatment the low cross-linked materials swell which creates 
openings between the polymer chains.  
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In order to prevent swelling, two cross-linking routes have been 
investigated. The first route involves the addition of small aliphatic cross-
linkers. This type of cross-linker will be located in the aliphatic regions of 
the LCs (Figure 4.3a), rather than in the aromatic regions, and will cross-
link adjacent polymer chains. Furthermore, the molecular length of small 
aliphatic cross-linkers is much smaller than the smectic layer-spacing, 
making them unsuitable to form cross-links between the smectic layers. 
Two aliphatic cross-linkers were selected: HDDA and TMPTA (Figure 
4.3c). These molecules have two and three polymerizable acrylate groups, 
respectively. By adding them to the monomer mixture they will dissolve in 
the LC mixture. The second route comprises the addition of more LC cross-
linker, C6H (Figure 4.3b). From earlier research14 it is known that more 
cross-linker can be added to hydrogen bonded dimer, 6OBA, without 
affecting the smectic phase. A higher cross-link concentration is expected to 
reduce to swelling in the smectic networks. This was already found for 
polymer films having the so-called cybotactic nematic phase.15  

 
Figure 4.3 Schematic representation of the two routes to increase the rigidity in 
the LC network by increasing the cross-link density. (a) For route 1 small 
aliphatic acrylates are added. (b) More of the LC cross-linker is used in route 2. (c) 
The molecular structures of the small aliphatic cross-linkers, HDDA and TMPTA, 
the hydrogen bonded 6OBA dimer and the LC cross-linker, C6H.  

 
The effect of the cross-linking on the material characteristics and pore 
formation was investigated at three levels. At the macroscopic level the 
swelling was determined. POM pictures give insight at the mesoscopic level 
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while XRD experiments were conducted to investigate nano size changes. 
At the end of each section the most important observations are summarized 
and combined in a schematic representation of the polymer network. Next, 
the adsorption characteristics were evaluated. The experimental data of the 
networks with the highest cross-link densities are summarized in Table 4.1.  
 
Table 4.1 Experimental data of the hydrogen bonded and the polymer salt 
networks. The 6OBA - C6H 90-10 network and the materials with the highest 
concentration of a HDDA, TMPTA or LC cross-linker are displayed. 

Material 
Layer-
spacing 

(nm) 

Mole-
cular 
tilt (°) 

Perpendicular 
swelling (%) 

Parallel 
swelling 

(%) 

Birefringence 
(-) 

Domainb 
birefringence 
tilt (°)(+ or -) 

6OBA-C6H 90-10 
 hydrogen bonded 

2.7 52   >0.158 0 

6OBA-C6H 90-10 
polymer salt 

3.4 - 51a -1a 0.0027 11 

6OBA-C6H 90-10 
8 wt% HDDA 

 hydrogen bonded 
3.8 34   0.136 0 

6OBA-C6H 90-10 
8 wt% HDDA 
polymer salt 

3.5 30 34 14 0.0031 18 

6OBA-C6H 90-10 
8 wt% TMPTA 

 hydrogen bonded 
4.1 34   0.121 0 

6OBA-C6H 90-10 
8 wt% TMPTA 

polymer salt 
3.6 35 29 17 0.0022 22 

6OBA-C6H 50-50 
 hydrogen bonded 

3.8 23   0.156 0 

6OBA-C6H 50-50 
polymer salt 

3.4 23 6a -3a 0.039 0 

a) Differences in swelling behavior were observed for these materials. 
b) This is the birefringence of the domain under a particular tilt with respect to the 
molecular alignment direction. 
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4.3.2 Route 1: Changing the aliphatic cross-linker density 
 

Phase behavior of the monomer mixture 
To know the right conditions to lock the smectic organization of the new 
monomer mixtures in a polymer network, the phase behavior has to be 
studied. POM and DSC were used to determine the phases and the 
corresponding transition temperatures of the 6OBA - C6H 90-10 mixtures 
containing HDDA and TMPTA. The phase diagrams show similar results 
for the two different aliphatic cross-linkers (Figure 4.4). First a nematic 
phase was observed for all monomer mixtures, upon cooling from the 
isotropic temperature which is most-likely a cybotactic nematic phase.14,16 
The 10 wt% HDDA mixture showed isotropic areas, which is attributed to 
phase separation and so this mixture was not studied further. Upon further 
cooling a smectic A phase was formed. Note that a smectic C phase was 
observed with POM with homeotropic boundary conditions for the mixtures 
with low cross-linker concentration. This phase was not observed before. 
Importantly, up to 10 wt% of TMPTA and 8 wt% of HDDA cross-linker can 
be added without affecting the phases; only the transition temperatures were 
decreased. 

 
Figure 4.4 Phase diagrams of the LC monomer mixtures. (a) 6OBA - C6H 90-10 
containing HDDA. (b) 6OBA - C6H 90-10 containing TMPTA (right). The 
transition temperatures are based on the second DSC cooling run. 

 

Formation of smectic LC polymer films 
The smectic A organization for all mixtures was locked in the polymer films 
by photopolymerization. The lower viscosity of the nematic phase was used 
for filling of the LC cells followed by a cooling step to the smectic A phase 
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(Figure 4.4). The polymerization temperature was 5 °C below the nematic - 
smectic A transition. FTIR experiments showed the absence of the C=C 
vibration at 1635 cm-1 of the acrylates, indicating full polymerization.  
 
The alignment of the polymerized networks was further investigated by 
POM. Optical images where recorded with the alignment direction parallel 
and at a 45° tilt angle with respect to the axes of the crossed polarizers. This 
revealed dark images under parallel conditions and bright images under 45° 
tilt revealing birefringent polymer films (Figure 4.5). The birefringence for 
the 18 µm thick 6OBA - C6H 90-10 film was just above the detection limit 
(0.158) of the optical compensator (Table 4.1). The birefringence of the 
6OBA - C6H 90-10 networks with 8 wt% HDDA or TMPTA is 0.136 and 
0.121, respectively. This decreased birefringence indicates that the cross-
linkers affect the alignment of the LCs. However, the high values also show 
that the vast majority of the LCs are aligned along the rubbing direction. 
Only the sample containing 10 wt % TMPTA showed randomly orientated 
domains meaning that this triacrylate aliphatic cross-linker is not completely 
dissolved and can also only be used up to 8 wt%. The observed textures in 
Figure 4.5 point to focal conic domains which are aligned along the rubbing 
direction and that the smectic layers decorate a so-called chevron structure.17 
This behavior indicates that the LC are uniaxial organized in a smectic C  
 

 
Figure 4.5 POM images of the hydrogen bonded networks. A selection of networks 
is depicted with the molecular director parallel (top) and at a 45° tilt (bottom) with 
respect to the axes of the crossed polarizers. From left to right: 6OBA - C6H: 90-
10, 90-10 8% HDDA and 90-10 8% TMPTA. The single arrow shows the alignment 
direction. The axes of the crossed polarizers are represented by the crossed arrows. 
The scale bar is 50 µm. 

90-10 90-10-8wt% 
HDDA

90-10-8wt% 
TMPTA



The role of rigidity, orientation and order 
________________________________________________________ 

71 
 

Intermolecular 
spacing

Layer
spacing

Tilt

Rubbing
direction

Molecular 
length

zigzag fashion, vide infra. The smectic A – smectic C transition upon 
polymerization has been seen before and is most likely the result of 
polymerization shrinkage and its effect on the molecular packing.18 
 
WAXS and MAXS measurements of the polymerized samples were 
performed to investigate the nanostructured organization of the hydrogen 
bonded films with 8 % HDDA, 8 % TMPTA and without aliphatic cross-
linker (Figure 4.6). Most importantly, no additional signals were observed in 
the presence of the aliphatic cross-linker, indicating homogenous, well 
mixed samples. The WAXS spectra show an intermolecular distance of 0.4 
nm for all samples, and the shape suggesting a planar alignment of the LCs. 
The broadness of the signals implies imperfect orientation order. The 
diffraction spectra showed four narrow lobes featured at medium angles 
suggesting a typical smectic C organization. This confirms the observations 
of the microscopy images and means that upon polymerization the polymer 
layers are diagonally oriented in a smectic C chevron-like fashion (Figure 
4.6b). The lobes for the aliphatic cross-linker containing network are 
slightly merged, which could point to a smooth curvature wall between the 
smectic C domains. The reference sample (90-10) gave the same tilt (52°) 
and smectic layer-spacing (2.7 nm) as earlier observed.18 Both aliphatic 
cross-linker containing films exhibit a 34° tilt angle and the layer-spacing is 
3.8 and 4.1 nm for the HDDA and TMPTA, respectively. With these values  
  

 
Figure 4.6 XRD patterns of the hydrogen bonded networks. (a) WAXS and MAXS 
diffraction spectra of the films show the typical smectic C pattern. From left to 
right: 6OBA - C6H 90-10 without aliphatic cross-linker, 8 wt% HDDA and 8 wt% 
TMPTA. The arrow shows the alignment (rubbing) direction. (b) Schematic 
drawing of the network which explains the designations. 
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the average molecular length of the LCs should be 4.6 and 4.9 nm. This is 
much more compared to the calculated length for the 6OBA - C6H 90-10 
sample (4.2 nm) and indicates that the smectic layer-spacing is not only the 
result of the molecular LC length and the tilt angle, but that the aliphatic 
cross-linker also contributes. An increase of approximately 8% could be 
expected, since 8 wt% of aliphatic cross-linker was used. 
 

Formation of porous polymer salt films 
In order to prepare nanoporous polymer films, the hydrogen bonds were 
broken by immersing the films in a 0.05 M KOH solution. FTIR confirmed 
the elimination of the hydrogen bonds and the formation of a carboxylate 
salt, which results in the uptake of water, causing macroscopic swelling. 
Small pieces of each film were cut and the size was measured before and 
after base treatment using an optical microscope. The swollen films were 
taken out of solution and were measured while humid, to ensure maximum  
 

 
Figure 4.7 Swelling of the smectic polymer films. (a) Microscopy images of the 
hydrogen bonded and polymer salt films showing the anisotropic swelling. The 
scale bar is 500 µm. (b) Schematic drawing of the network which explains the 
parallel and perpendicular swelling direction. (c & d) Swelling in parallel and 
perpendicular direction is plotted against the concentration HDDA (c) or TMPTA 
(d). 
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swelling. The drying of the films results in some shrinkage. The polymer 
networks exhibit severe anisotropic swelling (Figure 4.7), which was seen 
before in cybotactic nematic films of same composition15 and also for the 
photo-responsive material in Chapter 3. Swelling of up to 60 % occurred 
perpendicular to the molecular director, while much less swelling was 
observed in the parallel direction. 
 
The swelling in the perpendicular direction gradually decreases with the 
increasing weight percentage of aliphatic cross-linker. In the parallel 
direction only small changes in swelling are observed. The overall trend is 
clear; the aliphatic cross-linker reduces the swelling in the perpendicular 
direction and only very small differences are observed for the diacrylate 
(HDDA) or triacrylate (TMPTA) cross-linker. The swelling, however, 
cannot be eliminated for the samples with the highest aliphatic cross-linker 
content. As shown before, more cross-linker cannot be added due to phase 
separation and alignment issues. 
 
POM images show similar textures compared to the hydrogen bonded state, 
indicating that the network is maintained thanks to aliphatic cross-linkers 
(Figure 4.8). The images taken with the alignment direction parallel to one 
of the crossed polarizers are darker than the images taken under 45° tilt,  
 

 
Figure 4.8 POM images of the polymer salt networks. A selection of networks is 
depicted with the initial molecular director parallel (top) and at a 45° tilt (bottom) 
with respect to the axes of the crossed polarizers. From left to right: 6OBA - C6H 
90-10, 90-10 8% HDDA and 90-10 8% TMPTA. The single arrow shows the 
rubbing direction. The axes of the crossed polarizers are represented by the crossed 
arrows. The scale bar is 50 µm. 
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which demonstrates the birefringence. Rotation of the samples revealed a 
small difference in the direction of the birefringence in neighboring 
domains, which means that the LCs are no longer uniaxially aligned 
throughout the entire film, but only within the domains. The domains have 
the same value (on the order of 11 – 22° (Table 4.1)) for the positive or 
negative tilt angle of birefringence with respect to the rubbing direction. The  
networks show whitish textures, while colorful textures were observed for 
the hydrogen bonded networks. The birefringence of the different 90-10 
networks were quite comparable and were in the order of 0.002 – 0.003 
(Table 4.1). The decrease is most likely caused by the breaking of the 
hydrogen bonds resulting in a random orientation of the carboxylate tethers, 
vide infra. 
 
XRD measurements at the polymer salt films containing 8 wt% aliphatic 
cross-linker were performed in vacuum (Figure 4.9), which makes direct 
comparison with POM and swelling experiments difficult. As previously 
reported,18 the measurements of the 90-10 network showed an almost 
isotropic signal at wide angle, indicating a loss in anisotropy of the 
intermolecular distance at 0.4 nm. This is caused by elimination of the 
hydrogen bonds, resulting in a random orientation of the carboxylate tethers. 
The anisotropic signals at medium angles correspond to the 1st and 2nd order  
 

 
Figure 4.9 XRD patterns of the polymer salt networks. WAXS and MAXS 
diffraction spectra of the polymer salt films showing that the smectic C pattern is 
maintained with aliphatic cross-linker. From left to right: 6OBA - C6H 90-10 
without aliphatic cross-linker, 8 wt% HDDA and 8 wt% TMPTA. The arrow shows 
the alignment direction. 
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signals of the smectic layer-spacing. The maximum intensity of the 
intermolecular distance was found at a 90° angle with respect to the 
maximum of the layer-spacing signal, indicating that a lamellar polymer salt 
structure is obtained. The aliphatic cross-linker containing networks show 
similar intermolecular diffraction patterns, indicating that the carboxylate 
tethers are also randomly orientated in these networks. The features at 
medium angles show a more anisotropic pattern revealing four disguisable 
lobes, indicating a smectic C pattern. This means that the structure of the 
polymer network is preserved by the small amount of aliphatic cross-linker. 
The intermolecular spacing is again 0.4 nm for all polymer salt networks. A 
layer-spacing of the sample without aliphatic cross-linker was 3.4 nm while 
the layer-spacing of the HDDA and TMPTA films are 3.5 nm and 3.6 nm, 
respectively (Table 4.1). The slightly larger layer-spacing for these materials 
is most likely caused by the presence of the aliphatic cross-linker in the 
polymer layer, vide supra. Furthermore, the molecular tilts almost not 
change, while the layer-spacing for these dried polymer salt networks is 
notably lower compared to the hydrogen bonds films. This might be caused 
by the absence of water in the pore and spreading and interdigitation of the 
carboxylate tethers. The most important outcome of these XRD 
measurements is that the polymer network is preserved by the small amount 
of aliphatic cross-linker, but the carboxylate tethers are still randomly 
orientated. 
 
To prove that the aliphatic cross-linkers are only situated within a polymer 
layer and not between polymer layers a mixture was prepared without LC 
cross-linker. These smectic LC films containing 8 wt% HDDA or 8 wt% 
TMPTA did not dissolve completely, indicating that some polymer layers 
are covalently connected. However, the birefringence completely 
disappeared, which indicates a full loss of anisotropy. This means that the 
majority of the aliphatic cross-linker is polymerized within the layers. In 
principle if there are no covalent LC cross-links between the polymer layers 
the films should fall apart and dissolve, since ideally only 2D polymer 
sheets are formed.  
 
Interestingly, experiments previously conducted in our group by Ivelina 
Shishmanova showed that when 1 wt% HDDA cross-linker was used 2D 
polymer sheets could be collected. To obtain these sheets the monomer 
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mixture was polymerized in a homeotropic fashion and subsequently treated 
with DMF to break the hydrogen bonds (Figure 4.10). To collect the 
polymer sheets the solution was drop-casted on a silicon wafer and the 
solvent was evaporated. SEM and AFM were used to visualize the sheets. 
 

 
Figure 4.10 Formation of 2D polymer sheets with a molecular thickness. (a) The 
break-up of the 2D polymer sheets of 6OBA containing 1 wt % HDDA. (b) SEM 
image of a folded sheet (scale bar is 10 µm). (c) AFM image of a sheet with a 
thickness of approximately 3-4 nm (scale bar is 0.25 µm).  

 
The SEM picture shows a folded polymer sheet, while the AFM displays 
flat polymer sheets. The thickness is approximately 3-4 nm which 
corresponds with two times the length of a 6OBA molecule indicating the 
formation of 2D polymer sheets. 
 

Sub-conclusion of changing the aliphatic cross-linker density 
Overall our results indicate that the polymerization of the smectic A LC 
monomer mixture without the aliphatic cross-linker leads to the formation of 
focal conic domains with a chevron-like smectic C structure, while the base 
treatment gives severe anisotropic swelling and a loss of order within the 
layers (Figure 4.11). Some anisotropy is left thanks to the small amount of 
LC cross-linker. This cross-linker is orientated on average in a smectic A 
fashion with respect to the polymer layers but the different domains of the 
zigzag structure are still present. This polymer salt network can be best 
described with a multidomain smectic A undulating layer model (see also 
Chapter 3).19  
 
The base treatment of the 6OBA - C6H 90-10 polymer film with 8 wt% 
aliphatic cross-linker also results in a porous network. As expected, the 
aliphatic cross-linkers are situated in the aliphatic part of the smectic layers. 
This results in a larger smectic layer-spacing and a reduced swelling. 
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Figure 4.11 Schematic representations of the polymer networks. The 6OBA - C6H 
90-10 polymer network without (a) and with 8 wt% aliphatic cross-linker (b). For 
clarity the drawings are represented in higher order: the actual material is more 
disordered. 

 
It was anticipated that these cross-linkers were able to prevent the 
perpendicular swelling. Due to the smectic A - smectic C transition upon 
polymerization this is not completely achieved. Besides, only a limited 
amount of these aliphatic molecules could be used. Most importantly, is that 
the small amount of aliphatic cross-linker can preserve the smectic C 
network, in contrast to the samples without aliphatic cross-linker (Figure 
4.11). Within the layers there is still quite some disorder, which is 
comparable to the system without aliphatic cross-linker. The carboxylate 
tethers are randomly orientated and the layers were collapsed. Only small 
differences were found between the diacrylate and triacrylate cross-linkers. 
 

Adsorption study  
The influence of the increased cross-link density on the adsorption 
characteristics was investigated. Two cationic dyes of different size and 
shape were selected (Figure 4.1): MB as small flat shaped blue colored dye 
(1.6 nm × 0.8 nm × 0.4 nm)3 and Me-G3-PPI as a large yellow colored 
spherical dye (diameter ~ 3 – 4 nm). Small films of 6OBA - C6H 90-10 with 
and without 8 wt% HDDA were treated with base and subsequently allowed 
to adsorb the dyes (see also Chapter 2). All films became blue or yellow, 
respectively, which indicates the adsorption of both dyes. This means that 
the increased cross-link density cannot prevent the adsorption of MB or Me-
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G3-PPI. Although the pore size is around 1 nm18 and the XRD showed a 
more pronounced effect of the HDDA cross-linker, this does not result in 
size selective adsorption. The networks have 2-dimensional pores which 
allow dyes, such as MB, to be adsorbed like putting a letter in a mailbox. 
Me-G3-PPI could also be adsorbed which is probably caused by the 
flexibility of dendrimers and its ability to deform in order to fit in the pores. 
The adsorption kinetics revealed small differences (Figure 4.12). For both 
dyes the low cross-linked network is slightly faster which is probably due to 
swelling. The swelling creates more pore volume that is beneficial for 
diffusion through the material. Since the maximum allowed concentration of 
HDDA cannot decrease the swelling considerably, the effect on the kinetics 
is small. To diminish these effects, more cross-links should be present to 
create more rigid 2D pores. This will be investigated in the next part of this 
chapter. The kinetics of the 90-10 network followed pseudo-second order 
kinetics (R2 = 0.998) as described in chapter 2. Remarkably, the HDDA 
containing network showed deviations from the pseudo-second order 
kinetics (R2 = 0.923), which suggest that additional factors influences the 
adsorption process. 
 

 
Figure 4.12 Adsorption kinetics of the 6OBA - C6H 90-10 with and without 8wt% 
HDDA. (a) Adsorption of the small MB dye (b) Adsorption of the larger Me-G3-
PPI dye. 
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4.3.3 Route 2: Changing the liquid crystal cross-linker density 
 

Formation of smectic liquid crystalline polymer films 
The phase behavior of the LC 6OBA - C6H mixtures containing more cross-
linker have been reported before.14 LC mixtures with up to 50 wt% C6H 
cross-linker were photopolymerized. POM pictures reveal similar 
observations as described in the previous section, meaning that smectic C 
focal conic domains with chevron structure are obtained (Figure 4.13). The 
birefringence of the network with the highest cross-link density 50-50 was 
0.156, which indicates that the LCs are well aligned along the rubbing 
direction. 
  

 
Figure 4.13 POM images of the hydrogen bonded networks. A selection of 
pictures of the hydrogen bonded polymer network with the molecular director 
parallel (top) and at a 45° tilt (bottom) with respect to the crossed polarizers. Left: 
6OBA - C6H 80 – 20. Right: 6OBA - C6H 50-50. The single arrow shows the 
alignment direction. The axes of the crossed polarizers are represented by the 
crossed arrows. The scale bar is 50 µm. 
 

 
The molecular organization was investigated in more detail with 
synchrotron X-ray radiation. In order to detect both MAXS and WAXS, the 
detector was positioned in such a way that only a part of the WAXS was 
measured (Figure 4.14). The WAXS signal corresponds to the 
intermolecular distance and is 0.4 nm for all samples. The four lobes at 
medium angle start to merge, but separated high intensity signals are still 
present, as also observed for the aliphatic cross-linker containing films, vide 
supra. The smectic layer-spacings and tilts with respect to the initial SmA 
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organization (Figure 4.14b and Table 4.1) reveal an increase in layer-
spacing from 2.7 nm for the 90-10 ratio to 3.8 nm for 70 – 30, but adding 
more cross-linker does not increase the layer-spacing further. The rise in the 
layer-spacing is caused by the decrease of the molecular tilt. Equation 4.1 
was used to calculate the average molecular length, which is 4.2 ± 0.15 nm. 
This value corresponds with the average molecular length of the 6OBA 
dimer and C6H and previous results.14 

 
Figure 4.14 XRD patterns of the hydrogen bonded networks. (a) 2D diffraction 
spectra of some representative 6OBA - C6H polymer films, which show a smectic C 
pattern. The arrow shows the alignment direction. (b) Graph showing the influence 
of cross-link density on the layer-spacing and tilt angle. 

 

Formation of porous polymer salt films 
Nanoporous polymer films were prepared by immersing them in a 0.05 M 
KOH solution. Films containing 40, 45 or 50 wt% C6H cross-linker often 
showed incomplete conversion of the hydrogen bonds. Therefore, these 
films were treated with 0.1 M KOH and kept in this solution overnight. 
FTIR confirmed the elimination of the hydrogen bonds in the highly cross-
linked networks. When a more concentrated KOH solution was used, 
hydrolysis of ester bonds in the network was observed resulting in a 
decrease of the signal at 1725 cm-1. 
 
Subsequently, the swelling of these films upon base treatment was 
investigated. In parallel direction (Figure 4.7b) no swelling is observed in 
the low and high cross-link density films. Note that the swelling for 6OBA - 
C6H 90-10 is slightly different from that in previous section. Interestingly, 
shrinkage was observed for samples with an intermediate cross-link density 
which indicates a reduction of the smectic layer-spacing, vide infra. 
Increasing the amount of C6H cross-linker shows gradually less swelling in 
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the perpendicular direction and reached marginal swelling for the films 
containing 50 wt% cross-linker (Figure 4.15). The increased cross-link 
density gives the carboxylate tethers possibly less freedom to spread within 
the layer. Furthermore, the hydrophilicity of the network is changed, 
resulting in less absorption of water. Moreover, the increased cross-link 
density also improves the mechanical integrity of the porous films, but this 
was not further quantified. Most importantly, is that the swelling is almost 
eliminated for the network with 50 wt% C6H cross-linker. 
 

 
Figure 4.15 Swelling after base treatment of the smectic LC polymer films 
containing different ratios 6OBA - C6H. 
  

POM pictures of the polymer salt films show similar textures to the 
hydrogen bonded state, indicating that the network is maintained thanks to 
higher cross-link density (Figure 4.16). The images taken with the rubbing 
direction parallel to one of the crossed polarizers are generally darker than 
the images taken at a 45° tilt, which demonstrates birefringence. The 50-50 
network does not show an angular dependency in birefringence between the 
domains, indicating the uniaxial alignment of the LCs. Furthermore, the 
POM picture is colorful and the network has a birefringence of 0.039 which 
is slightly higher than the 90-10 networks. This is, however, much lower 
compared to the hydrogen bonded network. The high LC cross-linker 
density is able to fix the molecular orientation of the cross-linker better, but 
the non-bridged carboxylate tethers are probably still randomly orientated.  
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Figure 4.16 POM images of the polymer salt networks. A selection of pictures of 
networks with the molecular director parallel (top) and at a 45° tilt (bottom) with 
respect to the axes of the crossed polarizers. Left: 6OBA - C6H 80 – 20. Right: 
6OBA - C6H 50-50. The single arrow shows the rubbing direction. The axes of the 
crossed polarizers are represented by the crossed arrows. The scale bar is 50 µm. 

 
XRD measurements were performed with synchrotron X-ray radiation and 
the polymer salt films were shielded by a Mylar window during 
measurements to prevent water evaporation. This allows the comparison of 
the obtained data with POM and swelling experiments. Increasing the 
amount of cross-linker resulted in more anisotropic diffraction patterns 
(Figure 4.17a), both for the intermolecular distance as for the smectic layer-
spacing. Note that the twists for the diffraction patterns are just a matter of 
orientation of the polymer films with respect to the beam. The high cross-
linked samples revealed distinguishable smectic C diffraction signals, 
indicating that a higher cross-link density is beneficial for maintaining the 
alignment and order. Interestingly, the smectic layer-spacing is 3.5 nm ± 0.1 
nm for all cross-link densities (Figure 4.17b). This means that the cross-link 
density does not influence the layer-spacing in the humid polymer salt films. 
For the high cross-linked materials (30 to 50 % cross-linker) this means a 
layer-spacing decrease of 10 % in comparison with the hydrogen bonded 
samples before the alkaline treatment. On the macroscopic scale shrinkage 
of roughly 10 % was observed in the direction perpendicular to the layers 
which indeed corresponds to the reduction in layer-spacing. For these highly 
cross-linked materials the tilt angle was measured to be 22° ± 2°. This is a 
marginal change compared to the hydrogen bonded samples with similar 
cross-link densities, 24° ± 1°. A decrease in layer-spacing with marginally 
change in tilt indicates spreading and interdigitation of the carboxylate 
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tethers. The most important outcome of these XRD measurements is that the 
high cross-linked networks have increased order of the polymer network as 
well as the for the molecular orientation. In contrast, the networks with 
aliphatic cross-linker only improved the order of the polymer network. 

 
Figure 4.17 XRD patterns of the polymer salt networks. (a) 2D diffraction spectra 
of some representative 6OBA - C6H polymer films. The arrow shows the alignment 
direction. (b) Graph showing the influence of cross-link density on the layer-
spacing and tilt angle. 

 

Sub-conclusion of changing the LC cross-linker density 
Based on the swelling, POM and XRD data we can conclude that a high 
cross-link density prevents the swelling almost completely and is also able 
to preserve the alignment of the cross-linkers in large extent (Figure 4.18). 
XRD point to more orientation of the carboxylate tethers and cross-linkers 
while the birefringence suggest almost no alignment. The zigzag smectic C 
structure is maintained and a small decrease in layer-spacing is observed, 
which could suggest interdigitations and spreading of the carboxylate 
tethers. 

 

 
Figure 4.18 Schematic representation of the 6OBA - C6H 50-50 polymer network 
upon base treatment. For clarity the drawing is represented in higher order: the 
actual material is more disordered. 
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Adsorption study 
The influence of the increased cross-link density on the adsorption 
characteristics was investigated in the same way as for the aliphatic cross-
linker polymer films. The 6OBA - C6H 50-50 LC network is compared with 
the 90-10 network. After adding the blue colored MB or yellow colored Me-
G3-PPI (Figure 4.1) both films became blue or yellow, indicating the 
adsorption of both dyes. This means that the increased LC cross-link density 
also cannot prevent the adsorption of MB or Me-G3-PPI. In particular, the 
adsorption of the dendrimer dye was unexpected since the 50-50 network 
shows almost no swelling. Apparently, as mentioned earlier, due to their 
flexibility, the dendrimers are still adsorbed. The adsorption kinetics 
revealed, however, notable differences compared to the low cross-linked 
network (Figure 4.19). The adsorption in the high cross-linked network is 
slower and did also not follow pseudo-second order kinetics (R2 (MB) = 
0.952). This is probably the result of the decreased swelling resulting in less 
pore volume and the more rigid network structure. The adsorption kinetics 
for MB are slightly reduced, while for Me-G3-PPI this is much slower than 
for the low cross-linked network. This indicates that the cross-link density 
plays an important role in the adsorption of bigger cations. However, after 
approximately 1 day (1360 min) of adsorption this network was also able to 
adsorb the same amount of Me-G3-PPI as the 90-10 network. They both 
reached an occupation degree of 97 % ± 3%. This means that approximately 
all adsorption sites are occupied with a cationic charge of Me-G3-PPI.  
 

 
Figure 4.19 Adsorption kinetics of the 6OBA - C6H 90-10 and 50-50.  
(a) Adsorption of the small MB dye (b) Adsorption of the larger Me-G3-PPI dye. 
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Despite the fact that enhanced discrimination based on size was not 
achieved in the experiments mentioned above, the difference in kinetics 
does allow size selective adsorption. When 50-50 polymer salt network with 
excess of adsorption sites was added to a solution of MB and Me-G3-PPI 
the films became blue (Figure 4.20). The network adsorbs MB much faster 
than Me-G3-PPI. After 90 minutes all MB was adsorbed while only 30 
percent of the Me-G3-PPI was adsorbed. 

 
Figure 4.20 Size selective adsorption based on kinetic difference between Me-G3-
PPI and MB in the 6OBA - C6H 50-50 network. (a) UV-vis spectrum of the initial 
dye mixture and after 90 minutes of adsorption. (b) Adsorption kinetics of both 
dyes. (c) Photograph of the dye solution before and 90 minutes after adding the 
polymer films. 
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4.3.4 Changing the pore orientation and molecular order 
 
The influence of the pore orientation and pore structure on the adsorption 
can be easily investigated with LCs without changing the composition of the 
materials (Figure 4.21). Only the polymerization conditions must be 
changed. The pore orientation is investigated by changing the alignment 
direction of the LCs before polymerization. A planar smectic LC alignment 
results in pore openings at the surface of a polymer film and perpendicular 
pore orientation (Figure 4.21). A homeotropic smectic LC orientation results 
in pore openings at the side of the polymer film and parallel pore 
orientation. To obtain the different alignment directions the boundary 
conditions in the LC cells were adjusted. Rubbed polyimide promotes 
uniaxial planar alignment, while an octadecyltrimethoxysilane 
functionalized glass leads to homeotropic alignment. The molecular order 
can be altered by locking different LC phases in the polymer networks 
(Figure 4.4). Therefore, only the polymerization temperature has to be 
changed. The altered molecular order will change the pore structure and this 
affects the tortuosity of the films. Straight pores have the shortest path 
length and the lowest tortuosity, while deviations in the pore structure result 
in longer path lengths and a higher tortuosity. 
 

 
Figure 4.21 Schematic representation of the porous polymer networks with 
different LC organizations. The planar networks do have pore entrances on the 
surface, while the homeotropic network has the pore entrances only on the side of a 
film. The smectic networks possess straight pores, the nematic film has winding-like 
pores while the isotropic polymer film has a disordered pore structure. Note that 
these drawings are idealized schematic representations. 

 

  

Smectic planar Nematic planar Smectic homeotropic Isotropic
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Formation of LC polymer films 
The 6OBA - C6H 50-50 monomer mixture was used to lock the smectic 
planar, nematic planar, smectic homeotropic and isotropic phases in a 
polymer network by photopolymerization at 95, 105, 95 and 150 °C, 
respectively. The alignment and organization of the polymerized films was 
investigated with POM (Figure 4.22). The planar smectic and nematic 
polymerized films show birefringence at a 45° tilt angle with respect to the 
axes of the crossed polarizers, indicating planar (uniaxial) alignment. The 
homeotropic smectic film exhibits almost no difference in birefringence 
between parallel and at a 45° tilt angle while taken this film out of plane 
revealed birefringence, which confirms the homeotropic alignment. These 
POM pictures should be black, but the focal conic domains result in 
granular low birefringent textures. The isotropic film did not show 
birefringence at all, indicating that the isotropic phase is successfully locked 
in the polymer film. 
  

 
Figure 4.22 POM images of the hydrogen bonded polymer networks. The pictures 
show the different birefringence caused by the molecular alignment and orientation. 
The single arrow shows the alignment direction. The axes of the crossed polarizers 
are represented by the crossed arrows. The scale bar is 50 µm. Note that the 
smectic planar film is similar to the 6OBA - C6H 50-50 network from Figure 4.13. 
 

XRD measurements show typical diffraction patterns for the particular 
molecular organizations in the polymer networks (Figure 4.23). The smectic 
planar film shows the same pattern as discussed previously in this chapter. 
The nematic planar film is quite similar, except the fact that the signal 
corresponding to the length of the molecules appeared at 90° tilt with 
respect to the signal of the intermolecular distance. Both homeotropic and 

Smectic planar Nematic planar Smectic
homeotropic 

Isotropic
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isotropic films exhibit an isotropic diffraction pattern for the intermolecular 
distance, but the intensity for the homeotropic film is much higher. This 
indicates a high order in the homeotropic network. Furthermore, the signal 
corresponding to the lamellar organization does not appear. For the 
homeotropic network this distance is in the same direction as the 
propagation direction of the beam. In case of the isotropic network this 
signal is very weak. 
 

 
Figure 4.23 XRD patterns of the hydrogen bonded polymer networks. 2D 
diffraction spectra showing different patterns caused by the molecular alignment 
and orientation. Note that the smectic planar film is similar to the 6OBA - C6H 50-
50 network from Figure 4.14. 

 

Formation of porous polymer salt films 
The polymerized films with 6OBA - C6H 50-50 composition were exposed 
to the 0.1 M KOH solution to open the pores. POM pictures show similar  
observations as described above, indicating that the molecular direction and 
organization are maintained (Figure 4.24).  
 

The role of the pore orientation 
To explore the role of the pore orientation and the existence of pore 
openings in the polymer layers (Figure 4.2) experiments were carried out 
using the smectic homeotropic and planar aligned networks. First of all, the 
base treatment revealed interesting phenomena. The opening of the pores in 
the homeotropic polymer network started at the outside of the film. FTIR 
revealed that the edge showed conversion of the hydrogen bonded  

Smectic planar Nematic planar Smectic homeotropic Isotropic
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Figure 4.24 POM images of the polymer salt networks. The pictures show the 
different birefringence caused by the molecular alignment and orientation. The 
single arrow shows the alignment direction. The axes of the crossed polarizers are 
represented by the crossed arrows. The scale bar is 50 µm. Note that the smectic 
planar film is similar to 6OBA - C6H 50-50 network from Figure 4.16. 

 
carboxylic acids to the carboxylate salt (Figure 4.25b), while in the middle 
of the films no conversion was observed. This suggests that the conversion 
starts at the edge and that transport of ions occurs through the pores and not 
through the 2D polymer layers. Upon further exposing of the polymer film 
complete conversion to the polymer salt was achieved.  
 

 
Figure 4.25 Base treatment of the smectic homeotropic networks. (a) Microscopy 
pictures showing the salt formation at the edge of the polymer film. (b) FTIR 
spectra taken at the edge and in the middle of the polymer film, showing primarily 
carboxylate signals at the edge and only hydrogen bonded carboxylic acid signals 
in the middle of the film. 

 
The MB dye was used to investigate the adsorption. In order to show the 
presence of the openings in the polymer layers (Figure 4.2), low and high 
cross-linked materials were compared. The low cross-linked network 
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(6OBA - C6H 90-10) did not show anisotropic adsorption behavior. The 
kinetics of a planar and homeotropic film is the same (Figure 4.26a). This is 
probably the result of the low order in the material - as showed by XRD and 
birefringence measurements - and the severe anisotropic swelling. The 
swelling create space in between the polymer chains in 2D polymer layer 
resulting in openings that create transverse connections between the pores 
and allow lateral in-diffusion of the dye (Figure 4.2). This means that the 
pores are interconnected which is beneficial for the rate of adsorption. 
Furthermore, both films are homogeneously colored. Only the edges of both 
films are slightly more colored which could be caused by edge roughness 
and/or cutting deformations (Figure 4.26b). The adsorption in the highly 
cross-linked networks (6OBA - C6H 50-50) revealed large differences  
 

 
Figure 4.26 MB adsorption in planar and homeotropic smectic LC aligned 
polymer salt networks. (a & b) Adsorption kinetics and optical images of the 
adsorbing 6OBA - C6H 90-10 networks, showing no difference between the planar 
and homeotropic alignment. (c & d) Adsorption kinetics and microscopy pictures of 
the adsorbing 6OBA - C6H 50-50 polymer salt networks, showing anisotropic 
adsorption from the side for the homeotropic network. The planar network also 
adsorbs at the surface. 
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between the different molecular organizations (Figure 4.26c & d). 
Adsorption in the homeotropic aligned network is much slower. Even after 
one day this network showed incomplete adsorption, while the planar 
network reached an equilibrium state after only a few hours. These high 
cross-linked networks are more ordered and did almost not swell, resulting 
in ordered pores and anisotropic adsorption. The different alignments have 
different amounts of pores at the surface which is approximately 140 times 
less for the homeotropic film. At the early stage of the adsorption process, 
microscopy pictures show that the homeotropic film is primarily colored at 
the edges (Figure 4.26d). After longer adsorption times the films become 
light blue, but the edges are always more colored. The chevron structure is 
visible, here without the use of polarizers, in the planar aligned sample at 
high magnification by a staining-like process of the dye into the oblique 
pores. (Figure 4.26d).  
 

The role of the molecular order 
The influence of the pore structure on the adsorption properties was 
investigated with the high cross-linked networks having a smectic planar, 
nematic planar and isotropic organization. The base treatment resulted in 
different swelling behavior as expected (Table 4.2). The swelling of the 
isotropic film was the same in all directions while the nematic and planar 
smectic film show both some shrinkage in the parallel direction and some 
swelling in perpendicular direction. It should be noted that the swelling for 
the smectic network was somewhat higher compared to previous prepared 
sample (Figure 4.15). 
 
Table 4.2 Swell characteristics of the high cross-linked networks with different 
molecular organizations.  

Material 
Parallel 

swelling (%)
Perpendicular 
Swelling (%) 

Smectic planar -4.1 19.0 

Nematic planar -5.9 13.2 

Isotropic 4.5 4.6 
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MB adsorption revealed minimal differences between the smectic and 
nematic phase, while the isotropic phase is slightly slower (Figure 4.27a). 
This means that the pore structure is of less importance for the adsorption of 
small ions such as MB. The adsorption of the larger Me-G3-PPI dye 
revealed a large effect (Figure 4.27b). The adsorption in the isotropic 
network is the slowest followed by the nematic phase, while the smectic 
phase is the fastest. This is most likely the result of the decreasing tortuosity 
and better defined pore structure. The straight pores in the smectic network 
promotes fast adsorption while a more disordered pore structure increases 
the path length and slows down adsorption. Furthermore, a contribution of 
the swelling of these networks cannot be excluded, since the volume change 
upon swelling is in the same order. But it can be concluded that a LC phase 
dependency is found for the adsorption of larger cations. 
 

 
Figure 4.27 Adsorption kinetics of the smectic, nematic and isotropic 6OBA - 
C6H 50-50 network. (a) Adsorption of the small MB dye. (b) Adsorption of the 
larger Me-G3-PPI dye. 

 
 

4.4 Conclusion 
 
This chapter showed the decisive role of rigidity, orientation and order in 
liquid crystalline based polymer adsorbents. Changing the cross-link density 
gave insights in the adjustability of this polymer network and revealed the 
importance of the rigidity. Addition of small aliphatic cross-linkers 
increased the order of the network but did hardly improve the order in the 
nanopores. Swelling could be reduced but not prevented. However, our 
studies also showed that the use of only aliphatic cross-linker is an 
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appealing method to construct 2D polymer sheets with a molecular 
thickness. Adding more LC cross-linker improved the integrity of the 
polymer films resulting in almost no swelling and ordered 2D nanopores. 
This did, however, not improve the size selectivity of the polymer 
adsorbent. Relative large cationic species can still be adsorbed by the 
network suggesting that these liquid crystal networks can be considered as 
adaptive adsorbents. For enhanced size discrimination even more rigid 
structures should be constructed. This might be done with a combination of 
an increased cross-link density of both aliphatic as well as LC cross-linker. 
 
Furthermore, we found that the use of dyes as model compounds is less 
suitable for studying size selectivity in porous networks with 2D nanopores. 
It would be more interesting both from a fundamental and application point 
of view to study the size selective adsorption of cations such as (alkali) 
metal ions. Chapter 6 sets out preliminary results on the metal ion 
adsorption.  
 
The high cross-linked materials show the anisotropic diffusion paths 
through the material. Moreover, straight smectic pores are favored over 
disordered pores in nematic and isotropic networks. Due to swelling, the 
low cross-linked materials do not show this difference. This is, however, 
beneficial for the fast adsorption kinetics. With the current set of materials it 
is possible to fabricate adsorbents with programmed adsorption kinetics 
which can be further extended by different LC configurations20 and 
gradients over cross-linker throughout the film thickness.21  
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Chapter 5 

Nanoporous polymer particles 
 

_____________________________________________________________ 
 
 
Abstract 
A versatile and, in principle, scalable suspension polymerization method is 
used to synthesize nanoporous smectic liquid crystalline polymer particles. 
Detailed insight is obtained into the fabrication of these particles based on 
hydrogen bonded smectic liquid crystalline monomers. A low viscosity 
nematic phase is used for emulsification, followed by a cooling step to the 
high viscosity smectic A or C phase before polymerization. In the case of 
the smectic C liquid crystalline droplets, spontaneous symmetry breaking is 
observed. Enantiomeric single domain droplets with either a positive or 
negative tilt of the molecular orientation within the concentric layers are 
found in equal quantities. These micrometer sized spherical droplets are 
metastable and equilibrate to dumbbell shaped droplets. The smectic A 
liquid crystalline system yields onion-like layered particles with radial 
alignment of the liquid crystals and a concentric alignment of the smectic 
polymer layers. Base treatment of the polymerized droplets results in 
nanoporous particles with smectic molecular order. Although the particles 
have concentric orientated pores they exhibit a high adsorption capacity in 
combination with a very fast rate constant. This makes them appealing for 
separation, purification and recovery applications.  
 
The results described in this chapter have been submitted for publication as:  
H. P. C. van Kuringen, D. J. Mulder, E. Beltran, D. J. Broer & A. P. H. J. 
Schenning. Nanoporous smectic liquid crystalline polymer particles made 
by suspension polymerization: symmetry breaking and high adsorption.  
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5.1 Introduction 
 
The nanoporous polymer films discussed in previous chapters showed 
favorable adsorption properties. However, the production method involves 
the use of liquid crystal (LC) cells for film formation and alignment layers 
for the appropriate pore orientation. Therefore the formation of films is time 
consuming and inappropriate for large scale production. Small particles are 
promising adsorbents since the large specific contact area will lead to a fast 
performance.1 The challenge is to make easy producible polymeric particles 
with well-defined pore size. The most effective, scalable and popular 
strategies to synthesize non-porous polymer particles are heterogeneous 
polymerization routes that include emulsion polymerization, suspension 
polymerization, precipitation polymerization, dispersion polymerization and 
seed polymerization.2 However, these routes have not been used for the 
construction of nanoporous particles with well-defined pore size. 
 
In the last decade, much effort has gone to the formation of LC droplets3-7 
and shells8,9 that do not require cells and alignment layers. Non-porous LC 
polymer particles have been fabricated by a range of (scalable) 
techniques.10-16 These studies usually cover nematic LCs, while the smectic 
phase has been hardly addressed. Porous LC polymer particles have only 
been produced by a combination of polymerizable and non-polymerizable 
nematic LCs, so called porogens, which have been removed after 
polymerization, to form voids.17,18 This approach does not result in particles 
with uniform nanopores. Our smectic LC monomers could be used for the 
fabrication of polymer particles with well-defined nanopores. However, 
self-assembly and droplet formation of smectic LC systems are complicated 
by a high viscosity and limitations in elastic deformations of the smectic 
layers in the monomeric stage.19 In this chapter, we describe a, in principle, 
scalable procedure for the formation of a new class of nanoporous polymer 
particles by suspension polymerization. 
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5.2 Experimental section 
 

5.2.1 Materials 
The cross-linker, 4-((4-(6-(acryloyloxy)hexyloxy)phenoxy)carbonyl)phenyl 
4-(6-(acryloyloxy) hexyloxy) benzoate (C6H) and hydrogen bonded mono 
acrylates 4-(6-acryloxy-hexyl-1-oxy)benzoic acid (6OBA), 4-(5-acryloxy-
pentyl-1-oxy)benzoic acid (5OBA) and 4-(3-acryloxy-propyl-1-oxy)benzoic 
acid (3OBA), were custom made by Synthon Chemicals, Germany. The 
photoinitiator, Irgacure 907, and inhibitor, Irganox 1076, were supplied by 
Ciba Specialty Chemicals. Stabilizer polyvinylpyrrolidone (PVP) (Mw 
29000) was purchased from Sigma Aldrich. 
 

5.2.2 Preparation of the nanoporous polymer particles 
The nOBA - C6H mixtures were prepared with a high and low cross-linker 
concentration, 50-50 and 90-10, respectively. The 50-50 mixture contains 
47.4 wt% of 6OBA - 5OBA - 3OBA (nOBA) in a 1:1:1 weight ratio, and 
47.4 wt% C6H. The 90-10 mixture contains 85.3 wt% of nOBA and 9.4 
wt% C6H. 5 wt% Initiator and 0.25 wt% inhibitor were added to both 
mixtures. For the phase behavior and monomer droplet study no initiator 
was added and the LCs were mixed by dissolving in tetrahydrofuran which 
was subsequently evaporated. The continuous phase, consisting of 56 mL 
deionized water and 0.4 gram PVP was pre-heated at the nematic phase 
temperature and poured over the molten monomer mixture (4 grams). The 
temperature was set just above the smectic to nematic phase transition. 
These two liquids were homogenized with an IKA homogenizer (T25 digital 
Ultra-Turrax®) for 10 min at 4000 rpm. The stable emulsion was transferred 
to a pre-heated (40 °C) 100 mL round bottom flask equipped with a 
magnetic stirrer operating at 200 rpm. The polymerization was started once 
the temperature of the emulsion was stabilized at 40 °C. This was done by 
immersing a quartz rod acting as a waveguide which was connected to a UV 
light source (250 – 450 nm optical transmission filter) in the emulsion. 
Stirring and heating of the emulsion was maintained for 1 hour to complete 
the polymerization. The reaction mixture was cooled to room temperature 
and filtered through a 7 µm pore size nylon cloth. The filtrate was 
centrifuged to recover the particles, followed by an additional washing and 
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centrifuge step. The particles were subsequently treated with 0.05 M KOH 
solution and again centrifuged.  
 

5.2.3 Dye adsorption 
The adsorption process was performed as described in Chapter 2 by using 
freshly prepared methylene blue (MB), or a mixture of MB and methyl 
orange (MO) (Acros Organics) aqueous solutions. 
  

5.2.4 Characterization 
Fourier transform infrared (FTIR), polarized optical microscopy (POM), 
differential scanning calorimetry (DSC), UV-vis, were carried out as 
described in Chapter 2 and 3. For DSC the 1st heating and cooling cycle was 
used for characterization. X-ray diffraction (XRD) of the monomer mixture 
was carried as described in Chapter 3. XRD of the polymer particles was 
performed on a Ganesha lab instrument as mentioned in Chapter 4, using 
glass capillary filled with the particles. Scanning electron microscopy 
(SEM) characterization was carried out on a Leo 1455VP SEM equipped 
with a 30 kV LaB6 filament with an Everhart-Thornley secondary electron 
detector and a Cambridge four quadrant backscatter detector. ImageJ 
software was used to determine particle size from the SEM and POM 
pictures.  
 
 

5.3 Results and discussion 
 

5.3.1 Formulation and phase behavior of the LC mixtures 
A broad smectogenic temperature interval and a low viscosity nematic phase 
below the boiling point of water are required when formulating the 
monomer mixture for the suspension polymerization. The LC mixtures used 
in previous chapters did not possess these requirements. In order to reduce 
the transition temperatures of the LCs, a mixture of hydrogen bonded 
monomers, nOBA, with different aliphatic spacer lengths20 in combination 
with the smectic cross-linker (C6H) was used (Figure 5.1a). The cross-link 
density influences the swelling and adsorption characteristics of the polymer 
films (see Chapter 4). This is why for the production of smectic particles, 
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two mixtures were studied having respectively 10 or 50 weight % cross-
linker. 

 

 
Figure 5.1 Composition of the LC mixture and the production scheme of the 
nanoporous polymer particles. (a) The monomer mixture contains hydrogen 
bonded nOBA dimers (6OBA : 5OBA : 3OBA 1:1:1 weight ratio) and C6H cross-
linker. Two LC mixtures were made containing 50 % nOBA and 50% C6H or 90% 
nOBA and 10% C6H. (b) The scheme exhibits the blend of an aqueous PVP solution 
and the monomer mixture (b), which is subsequently homogenized in the nematic 
phase followed by a cooling step to obtain LC monomer droplets (c & d) with a 
smectic lamellar order (e).  

 
The phase behavior of the monomer mixtures were characterized by DSC, 
POM and XRD. Upon heating DSC and POM revealed a melting peak 
around 60 °C followed by mesophase transitions. Upon cooling the 50-50 
mixture exhibits an isotropic – nematic phase transition at 107 °C followed 
by a transition to smectic A at 88 °C which remains (meta)stable in its super 
cooled state till below room temperature. XRD measurements confirmed 
these findings (Figure 5.2a). For the smectic A phase at 40 °C, an 
intermolecular spacing of 0.4 nm and layer-spacing of 4.1 nm were 
calculated. The 90-10 mixture exhibits an isotropic - nematic phase 
transition at 97 °C. Within this phase a gradual transition from nematic to a 
skewed cybotactic nematic phase was observed. At 65 °C the mixture 

O
O

O O

O

O

O O
O

O

O

O
OH

O
O

O
HO

O
O
n

O n n=3, 5, 6

1. stirring
2. cooling

b

a

c d

e

C6H

nOBA



Chapter 5 
_____________________________________________________________ 

102 
 

reached a smectic C phase which also holds till below room temperature. 
This phase was confirmed with XRD (Figure 5.2b). An intermolecular 
spacing of 0.4 nm and a layer-spacing of approximately 3.0 nm were 
calculated. The molecular tilt was temperature dependent and is 20° close to 
the nematic – smectic C transition and evolves to 30° close to room 
temperature, corresponding to an average molecular length of 3.3 nm. This 
length is smaller compared to the 50-50 mixture which can be attributed to 
the larger fraction of the smaller LCs. 

 
Figure 5.2 XRD patterns of the monomer mixtures at 40 °C in a magnetic field 
(arrow). (a) nOBA - C6H 50-50 mixture showing a smectic A diffraction pattern. 
(b) nOBA - C6H 90-10 mixture showing a smectic C diffraction pattern.  

 

5.3.2 Formation of the monomer LC droplets 
We have first studied the formation of monomer droplets. Both LC 
monomer mixtures were first heated to the isotropic phase for mixing and, 
subsequently cooled to the nematic phase. A preheated aqueous PVP 
solution was poured on top of the LC mixture and the blend was 
immediately homogenized allowing the formation of spherical monomer 
droplets (Figure 5.1c & d). POM images showed micrometer sized 
birefringent nematic droplets, indicating that the LCs were aligned (Figure 
5.3a & b). In those regions of a droplet where the projected orientation of 
the LC is uniform along the optical path, and either parallel or perpendicular 
to the polarizers, the LC appears to be dark.21 In the other regions the LC 
appears bright. The observation points to a bipolar orientation (Figure 5.3c), 
with planar orientation at the droplets surface. However, the molecular 
director might be tilted with respect the surface and the director (or its 
projection) at the surface might be twisted, deviating from the meridional 
lines.22 For the 50-50 mixture the same director profile was observed. In the 
remaining part of this chapter, the 50-50 and 90-10 mixture will be called 
the smectic A and smectic C mixture, respectively. 

nOBA-C6H 90-10nOBA-C6H 50-50a b
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Figure 5.3 Nematic birefringent monomer droplets. (a) Microscopy image of the 
LC droplets of the 90-10 mixture at 80 °C without (a) or with (b) crossed polarizers 
(arrows). For visualization some larger droplets are depicted. Scale bar is 20 µm. 
(c) Schematic representation of a bipolar orientation. 

 
Cooling the emulsions beyond the nematic – smectic phase transition leads 
to the rearrangement of the LCs. Optical microscopy pictures exhibited a dot 
in the middle of the spherical droplets (Figure 5.4a). This is the core of a 
defect and is known as a hedgehog defect.21 POM images of the smectic A 
mixture between crossed polarizers showed Maltese crosses (Figure 5.4b & 
c). The orientation of the Maltese crosses is always in the same direction as 
the crossed polarizers. These observations are known for LC droplets with 
homeotropic boundary conditions with radial alignment of the LCs and 
concentric alignment of the smectic layers16 (Figure 5.4d). Stated somewhat 
differently, we made onion-like layered droplets with a perpendicular LC 
orientation at the droplet surface. Maltese crosses could not be observed in 
the sub-micrometer sized droplets due to the limitations of using visible 
light. Large droplets (> 20 µm) are often polydomain and show more 
complicated patterns. Although starting with planar orientation at the droplet 
surface the nematic – smectic transition rotates the orientation to 
homeotropic. This change in orientation is most likely stimulated by the 
droplet size and shape in combination with stress build-up in and between 
the smectic layers.19 Twist and bend deformation of smectic LCs are 
prohibited, due to the high elastic energy. This favors the splay deformation, 
where the rod-like molecules are orientated in a splay and the smectic layers 
are bended. This allowed deformation in combination with spherical 
droplets, which is the result of minimizing the interfacial area, resulted in a 
concentric alignment of the smectic layers. 

a b c
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Figure 5.4. Microscopy images and schematic drawing of the onion-like smectic 
A LC droplets. (a) Microscopy images showing hedgehog defects. (b & c) Maltese 
crosses are observed which are in the same direction as the crossed polarizers 
(crossed arrows). The scale bar is 10 µm. (d) Schematic drawing of an onion-like 
droplet with radially aligned LCs in the concentric smectic layers. A black Maltese 
cross is drawn at the position where the LCs are parallel orientated to the axes of 
the crossed polarizers. 

 
Smectic droplets made with the smectic C mixture also exhibited hedgehog 
defects and Maltese crosses (Figure 5.5a & b). However, the orientation of 
the Maltese crosses was not in the same direction as the crossed polarizers. 
This indicates a tilt of the molecular director with respect to the normal of 
the layers, resulting in a tilt of the observed cross (Figure 5.5c). The tilt of 
the cross close to smectic – nematic transition temperature is 19° and 
becomes larger at decreasing temperature and reached an angle 32° at 40 °C. 
These angles are similar to those found with XRD for the tilt angles within 
of the monomer mixture.  
 
Most remarkable is that spontaneous symmetry breaking was observed.23 
The Maltese crosses have either positive or negative tilt in each droplet. 
Both tilts in the droplets were found in equal quantities. This indicates that 
during the nematic – smectic transition all molecules in one droplet reorient 
in the same direction, which results in a droplet with a single domain 
orientation. Or stated somewhat differently, within a single droplet all LC 
molecules exhibit enantiomeric behavior with either a positive or negative 
transition (Figure 5.6). If the droplets were heated above this phase transi- 

a
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Figure 5.5 Microscopy images and schematic drawings of the onion-like smectic 
C LC droplets. (a) Microscopy image showing hedgehog defects. (b) Tilted Maltese 
crosses are observed between crossed polarizers (crossed arrows). The scale bar is 
10 µm. (c) Schematic drawing of the droplet with tilted LCs in the concentric 
aligned smectic layers. A black Maltese cross is drawn at the position where the 
LCs are parallel orientated to the axes of the polarizers.  

 
tion the tilt of the Maltese cross in all droplets disappeared and follows the 
same direction as the crossed polarizers. This indicates a homeotropic 
orientation at the droplets surface, while a planar orientation was observed 
before, i.e. directly after droplet formation in the nematic phase, vide supra. 
Apparently, the LC orientation in a droplet is not only affected by the size 
and anchoring conditions at the droplet surface.14 In this case the 
temperature history has a major influence on the LC orientation. Upon 
cooling, the LCs start to tilt again resulting in tilted crosses. For most 
droplets, a smooth tilt movement was observed, but sometimes the cross 
wobbles before it tilts. Based on this observation it is anticipated that within 
one droplet initially a population of molecules tend to tilt in opposite 
direction, but in the end the majority is decisive and determines the tilt 
direction. The tilt direction in the droplets after a cooling-heating-cooling 
cycle, through the smectic and nematic phase, is not affected by its previous 
orientation; the direction of the tilt can be the same as before, but can also 
change from positive to negative and vice versa. This means that there is no 
memory effect in the droplet itself or by the surroundings.  

b

a c
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Figure 5.6 POM images of the same droplet during multiple heating-cooling 
cycles around the nematic-smectic C transition. A Maltese cross was observed in 
the same direction as the crossed polarizers (crossed arrows) in the nematic 
droplets (70 °C), while tilted Maltese crosses were observed in the smectic C 
droplet (60 °C). The tilt angle is temperature dependent, but the tilt direction is fully 
random after each heating – cooling cycle.  

 
Sometimes, in the absence of polarizers optical microscopy images reveal 
line defects in the larger droplets with droplet sizes of approximately 10 µm 
(Figure 5.7a). In fact these line defects are also expected since filling of 
space of a smectic C LC spherical droplet cannot be solved with only one 
core defect, as discussed earlier24 (Figure 5.7b). It is anticipated that these 
line defects are also present in the smaller droplets, but they are difficult to 
observe due to the limitations of optical microscopy. Moreover, for 
observations the line should be orientated in a perpendicular fashion with 
respect to the optical path. When cooled further down the shape of the 
smectic C droplets change considerably. An additional bulge is formed 
starting at the disclination line at the droplet surface. The interface between 
both segments and disclination line are clearly visible (Figure 5.7c). This 
phenomena has been previously observed and predicted.24 An increasing tilt 
of the LCs results in an increasing surface tension of the droplet. The 
spherical droplet shape becomes metastable and a distortion means a transi- 
 

 
Figure 5.7 Smectic C droplets exhibit line defects and show dumbbell shape 
formation. (a) Large smectic C droplet showing the line defect. (b) Corresponding 
schematic drawing of the concentric smectic layers within a droplet and the line 
defect from the center outwards. (c) Microscopy image of droplets showing the line 
defect and interface lines between two bulges. (d) Corresponding schematic 
drawing of the dumbbell shaped droplet with line defect and interface lines. The 
scale bar is 10 µm. 
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tion of the system to a stable state, resulting in an equilibrium state with an 
energetically preferred dumbbell shape (Figure 5.7d). 
 

5.3.3 Formation of polymer particles 
The molecular organizations of the smectic A and smectic C droplets were 
locked in the particles by performing a photopolymerization at 40 °C. Next, 
the particle suspension was poured over a 7 µm filter to remove eventual 
byproducts and larger particles. In general no residue was obtained. The 
filtrate was washed and centrifuged with deionized water to retrieve purified 
particles. The FTIR confirmed the conversion of the acrylate moieties. 
Optical microscopy pictures of the smectic A polymer particles and small 
smectic C particles show the same hedgehog defects and Maltese crosses as 
seen before for the unpolymerized droplets (Figure 5.8a, b, e & f). The 
larger smectic C particles show the disclination line and interface line of the 
dumbbell (not depicted). Furthermore, pictures taken from these larger 
smectic C particles between crossed polarizers show the radial alignment of 
the LCs in both bulges of the dumbbell (not depicted). This indicates that 
the polymer layers are formed in a concentric fashion in both compartments. 
Tilted crosses were found in the smectic C particles in both directions and 
are 13° ± 3°. This tilt is smaller than in the monomeric state (tilt 32° at 40 
°C) and can be attributed to polymer shrinkage, which is observed more 
often in these photopolymerized LC systems25 (see also Chapter 3 and 4). 
SEM revealed a polydisperse particle size with an average of 1.4 µm for 
both smectic A and smectic C particles (Figure 5.8 c & g). SEM of the 
smectic A particles revealed the spherical shape while dumbbell shaped 
particles were found for all smectic C particles. Also, for the sub-
micrometer sized particles, which were not visible with optical microscopy. 
It should be noted that the particle orientation is important to observe the 
dumbbell shape. XRD measurements were performed on the polymer 
particles revealing an isotropic powder diffraction pattern. Two distinctive 
signals were found corresponding to the layer-spacing and intermolecular 
distance (Figure 5.8 d & h). The latter was 0.4 nm for both type of particles. 
For the smectic A particles the layers spacing was 4.2 nm, which is in close 
agreement with layer-spacing for the monomer mixture, indicating that the 
smectic A phase is locked in the polymer particles. The layer-spacing for the 
smectic C particles was 3.2 nm, which is 0.2 nm more than before in the 



Chapter 5 
_____________________________________________________________ 

108 
 

monomer mixture. Taking into account the average molecular length of 3.3 
nm, this corresponds to a tilt of 14° of the molecular director in the smectic 
layers. This is in agreement with the tilt found for the Maltese crosses for 
these polymer particles. All these results convincingly prove that the LC 
organization in the droplets is locked in the polymerized particles.  
 

 
Figure 5.8 Characterization of the hydrogen bonded polymer particles. (a - d) 
Smectic A particles. (e - h) Smectic C particles. (a & e) Optical microscopy pictures 
showing hedgehog defects. (b & f) POM pictures showing (titled) Maltese crosses. 
(c & g) SEM images showing spherical and dumbbell shaped particles. (d & h) 
XRD 1D profile, the peak at small q corresponds to the smectic layer-spacing. The 
scale bar in these images is 5 µm.  

 

5.3.4 Formation of nanoporous polymer particles 
In order to prepare nanoporous polymer particles, the hydrogen bonds were 
broken by immersing the particles in a 0.05 M KOH solution. FTIR 
confirmed the elimination of the hydrogen bonds. Microscopy pictures taken 
from the alkaline treated smectic A particles showed hedgehog defects and 
Maltese crosses (Figure 5.9a & b). The smectic C particles showed 
hedgehog defects and occasionally disclination and interface lines (Figure 
5.9d). This indicates that the concentric polymer layered structure is 
preserved and that concentric pores are obtained (Figure 5.9g). The Maltese 
crosses are however not visible anymore for the smectic C particles (Figure 
5.9e), due to a loss in birefringence (See Chapter 4). XRD of dried polymer 
salt particles revealed first and second order layer-spacing signals 
corresponding to a spacing of 4.0 and 3.1 nm for the smectic A and C 
particles, respectively. (Figure 5.9 c & f). This is slightly lower compared to 
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the hydrogen bonded polymer particles, which is caused by the spreading 
and interdigitation of the carboxylate tethers (see Chapter 4). The 
intermolecular distance is still 0.4 nm. Optical microscopy measurement 
revealed that the hydroscopic polymer salt particles respond to humidity 
changes. The particles swell when immersed in water and show an increased 
particle diameter of 19 % and 31 % for the smectic A and C particles, 
respectively. As expected, smectic A particles with the high cross-link 
density and a low polymer salt concentration show less swelling compared 
to the low cross-linked smectic C particles (Chapter 4). The swelling caused 
a volume increase of approximately 70 % and 125 %, respectively. 

 
Figure 5.9 Characterization of the nanoporous polymer particles. (a - c) Smectic 
A particles. (d - f) Smectic C particles. (a & d) Optical microscopy pictures showing 
hedgehog defects. (b & e) POM pictures showing the birefringence of the particles. 
The scale bar in these images is 5 µm. (c & f) XRD 1D profile, the peak at small q 
corresponds to the smectic layer-spacing. (g) Schematic drawing of a porous onion-
like layered particle with concentric aligned pores.  

 

5.3.5 Adsorption study 
The adsorption capacity and kinetics of the porous particles were 
investigated by using the cationic methylene blue dye (MB) as adsorbate 
(Chapter 2) (Figure 5.10a, b & e). The capacity of the particles was 
examined by using a 2:1 ratio of MB over adsorption sites in the particles. 
UV-vis spectroscopy revealed that the dye can occupy 81 % of the 
carboxylate adsorption sites in the low cross-linked smectic C particles, 
which corresponds to 887 mg MB / gram particles. This high value shows 
that most sites are available and demonstrates the porosity of the particles 
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and the concentric polymer layers. Apparently, the swelling of the particles 
creates openings in the polymer layers where small ions such as MB (and 
potassium) can go through (Chapter 4). The high cross-linked particles swell 
less and this resulted in a maximum occupation degree of only 8%.  
 
The adsorption kinetics was studied for the low cross-linked smectic C 
particles. This was done with 2:1 excess of adsorption sites in the particles 
with respect to MB in solution and was followed with UV-vis spectroscopy. 
The adsorption process is already finished within a few minutes and follows 
pseudo 2nd order kinetics. This is much faster than for our LC polymer films 
(Chapter 2). The rate constant (4.97 × 10-3 g / (mg × min)) is twice as high 
and even 9 times higher compared to poly(acrylic acid) based hydrogel, for 
example.26 In particular this fast rate constant was unexpected, since the 
particles have a concentric pore orientation which implies a wrong 
orientation of the pores. The concentric pores are sufficiently 
interconnected. The improved rate constant is presumably the result of the 
increased contact area per unit of volume, which is increased roughly 20 
times, compared to the polymer films (Chapter 2).  
 

 
Figure 5.10 Adsorption, desorption and filtration of the porous particles. MB 
adsorption of the particles at slightly basic pH (a & b) and desorption at low pH (c 
& d). (b & c) Macroscopic pictures of a centrifuge tube containing the particles in 
solution. (a & d) Microscopy pictures of the particles in solution. (e) Adsorption 
and desorption over time. (f-h) Selective adsorption and filtration of MB filled 
particles from a MO - MB dye mixture. 
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The particles were treated with a 1 M HCl solution for 30 minutes to form 
the carboxylic acid moieties in order to recover the particles and adsorbate. 
(Figure 5.10c, d & e). This revealed that 719 mg MB / gram of particles was 
retrieved, which is 81% of the adsorbed MB, which demonstrates the re-use 
of the particles and the recovery of the adsorbate. For a concrete 
demonstration of the selective nature of the particles for cationic species, 
MB was successfully separated from a mixed dye solution of anionic methyl 
orange (MO, Chapter 2) and MB. The particles selectively adsorb the 
cationic blue dye, while the anionic orange dye remains in solution (Figure 
5.10f & g). After filtration, the residue on the filter paper is blue while the 
filtrate is orange (Figure 5.10h) which is confirmed by UV-vis spectroscopy 
showing that the absorbance signal of MB at 665 nm is absent. These results 
show that these particles can selectively adsorb species and can be separated 
and recovered. 
 
 

5.4 Conclusion 
 
We developed a convenient and relatively straight forward method to 
produce nanoporous polymer particles and provide a mechanism for their 
formation. Thereto, we studied the formation of smectic liquid crystalline 
droplets prior to their polymerization. The liquid crystalline order, either 
smectic A or smectic C type, depends on the ratio between mono- and 
diacrylate monomers. The symmetry breaking phenomena of the smectic C 
liquid crystalline mixture gave remarkable observations which could be 
locked in the polymer networks. It would be interesting to investigate if this 
symmetry breaking, i.e. tilt direction can be controlled with external stimuli, 
such as polarized light, magnetic or electrical fields, shear or chiral 
dopants.27 
 
The suspension polymerization method could potentially be extended to 
other types of liquid crystals to fabricate polymer particles with structural 
order. This method does not require LC cells, alignment layers, and is in 
principle scalable. 
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The particles exhibit a high adsorption capacity in combination with very 
high adsorption kinetics. Their easy removal from solution by filtration or 
by centrifuge makes them appropriate for separation, purification and 
recovery purposes. In particular the fast adsorption was unexpected, since 
the particles have a concentric pore orientation which implies a wrong 
orientation of the pores. Radially aligned pores might improve the 
adsorption performance even more. However, with the current process, their 
formation is prohibited by the necessary strain in the smectic layers and the 
corresponding elastic deformations.19 Eventually these might be overcome 
by new design rules based on large multi domain particles, or very small 
particles with smectic liquid crystals with a stiff splay deformation.12 
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Abstract 
This chapter describes the technology assessment of the materials developed 
and described in this thesis. We consider a number of potential applications 
and advice on the pathways that would enable the technology to reach a 
stage of maturity for fabrication and implementation. The newly developed 
materials can be used as high surface area adsorbent for water purification 
or aqueous extraction of metals. It is desirable that the nanoporous networks 
are further developed in the direction of altering pore size, by changing the 
molecular length of the liquid crystalline cross-linker and utilizing 
alternative pore chemistries to create better, more selective, pore interiors. 
Furthermore, the application of these nanoporous materials as membranes is 
evaluated. Conditions during gas or liquid transmission are often harsh, 
involving high pressure. An important factor for success is the development 
of hierarchical structures where mesoporous materials serve the mechanical 
integrity while the nanoporous liquid crystalline network acts as the 
separation layer. Finally, the utilization of the confined pore interior as 
reaction medium for the formation of nanoparticles or constructs consisting 
of hybrid materials with alternating layers is discussed. 
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6.1 Introduction 
 
Hydrogen bonded liquid crystals (LCs) are versatile building blocks for the 
construction of nanoporous networks. These networks distinguish 
themselves from current nanoporous materials by their relative ease of 
manufacture. In this thesis we have set out their use as adsorbent. 
Furthermore, we have described a versatile, and in principle, scalable 
method to produce larger quantities of these networks, which is an important 
step toward their application on an industrial scale. In this last chapter we 
evaluate some of the ensuing challenges for their use as adsorbents. 
Furthermore, their potential as membranes and as reaction media is 
discussed. 
 
We have constructed nanoporous materials having minute interstices where 
liquid and ions may pass. However, inherent to our methodology, the pores 
are never empty and are always filled with cations. Such a network can be 
considered as a dense material containing ionic channels. In adsorption 
research, adsorbents are considered as porous, since surface is required 
where solutes can adhere. In contrast, in the field of membrane research, the 
same materials can be considered as dense, where the permeation is the 
product of diffusion and solubility. Therefore the solubility of the guest 
molecules is important. The local organization of nanostructured material 
can promote the solubility of certain species compared to isotropic material 
of the same composition, while also enhancing diffusion. This can result in a 
higher permeation of specific molecules.  
 
 

6.2 Adsorption and ion exchange 
 
Adsorption of harmful or unwanted species is considered to be one of the 
preferred treatment methods to purify water. For adsorption to be viable, it 
needs to be made selective and cost effective.1 Water is the most important 
and essential component on the earth for vital activities of living creatures. 
But, access to clean water is one of the most pervasive global problems and 
it is even expected to grow worse (Figure 6.1). This affects billions of 
people around the world.2 Each year there are about 250 million cases of 
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water-based diseases, resulting in 5 to 10 million deaths. Contaminated fresh 
water reservoirs and rivers require extensive purification. In addition 
available water is often scarce and need to be re-used. Present purification 
systems are often based on filtration through sand filters and/or active 
carbon. These processes are slow, insufficiently selective, and often require 
chemical post-treatments to generate safe drinking water. To overcome 
these enormous challenges, the development of new, more efficient 
adsorbents has shown significant potential. 
 

 
Figure 6.1 Global water scarcities which is affecting billions of people.2 

 
Besides the generation of safe drinking water, adsorption might be used to 
purify industrial (and other) waste streams, selectively removing undesired 
substances, such as pesticides, hormones, drugs, or endocrine disrupting 
compounds3. Adsorption can reduce the energy needed in separation 
processes and reduce the usages of chemicals.4 Moreover, an economically 
attractive new application is the use of selective adsorption for extraction of 
valuable chemicals. In particular, the electronics industries foresee a 
shortage of essential materials as a consequence of exhausting current 
sources and overwhelming demand. Selective trapping these materials from 
the oceans, which contains a large quantity of dissolved minerals, might 
mitigate this problem. This has been applied previously for the adsorption of 
elements such as lithium,5 uranium,6 and copper7 ions from sea water. Ion 
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exchange is a related emerging technology to recover phosphorus and 
nitrogen from effluent.8  
 
The nanoporous materials described in this thesis might be useful in metal 
ion exchange processes, allowing, for example, harmful heavy metal ions to 
be replaced with non-harmful ions. Cadmium, lead, mercury, and nickel are 
examples of metal ions on the list of Priority Substances of the European 
Commission.9 In Asia, drinking water resources in certain regions are 
contaminated with arsenic2 and mining activities all around the world give 
rise to excessive heavy metal pollution.10 Dye adsorption might be another 
possible application, since hydrophilic (cationic) dyes are widely used in 
textile industry, resulting in huge dye waste streams. It is estimated that 1-
2% of dyes are lost during production and 1-10% in use. Due to large-scale 
production and extensive application, synthetic dyes can cause considerable 
environmental pollution and are serious health-risk factors.11 Overall there is 
a vast potential for nanoporous materials in the field of adsorption and ion 
exchange. In this thesis we only demonstrated dye adsorption, however, this 
was mainly done for practical reasons, such as the visibility of the process 
and the ease of quantification with UV-vis spectroscopy. For metal ion 
adsorption, other characterization technique would be necessary. We 
performed some preliminary steps in the direction of metal ion adsorption. 
The small pore size in nanoporous materials could potentially discriminate 
between metal ions based on size, shape, and charge. It would be interesting 
to investigate whether size and/or valence discrimination of metal ions is 
possible.  
 

6.2.1 Size discrimination and pore size 
In order to investigate the discrimination based on ionic radii, the polymer 
films (Chapter 2) were exposed to lithium, sodium, and potassium cation 
solutions. The ionic radii of these cations is 0.76, 1.02 and 1.38 Å, 
respectively.12 In aqueous solution, ions, with their associated solvation 
shell, do not have fixed radii, but exhibit gel like properties that allow them 
to change shape, losing or gaining coordinated water molecules. The 
strength of hydration depends on the metal’s charge and ionic radius and 
concentration, as well as local chemical environment.13 The nanostructure in 
the porous network might change these environmental factors, which could 



Technology assessment 
________________________________________________________ 

119 
 

result in discrimination between the ions. The hydrogen bonded 6OBA - 
C6H network was exposed to a 0.05 M LiOH, NaOH, or KOH alkaline 
solution. Base treatment resulted in swollen polymer films and fourier 
transform infrared (FTIR) revealed the rise of the two carboxylate signals at 
approximately 1540 cm-1 and 1385 cm-1, which indicates the conversion of 
the hydrogen bonded carboxylic acid moieties to the corresponding 
carboxylate salts. Preliminary, X-ray diffraction (XRD) measurements 
showed differences in layer-spacing; 3.7, 3.2, and 3.4 nm for the lithium, 
sodium, and potassium salt samples, respectively. These differences are 
notable and it is anticipated that this is the result of the different hydration 
shell around each ion. It would be interesting to investigate this in more 
detail and optimize the measurements, e.g. by controlling the humidity.  
 
The ionic radii discrimination could be combined with the shape persistent 
networks described in Chapter 4. Furthermore, the influence of the cross-
linker length could be investigated to tailor the pore size. As shown in 
Chapter 4 the rigidity of the network is important. The next step is to change 
the pore size in these networks by using other LC cross-linkers. Preliminary 
results indicated that smectic LC cross-linker having different lengths can be 
used to control the pore size (Figure 6.2).14 XRD measurements revealed a 
general trend in which an increases in molecular length gives rise to an 
increase in smectic layer-spacing. Furthermore, these cross-linkers can be 
used in greater proportion with the 6OBA dimer which allows the formation 
of high cross-linked networks with different layer-spacing. 
 

 
Figure 6.2 Smectic liquid crystalline cross-linkers used for the construction of 
nanoporous polymer networks with modified pore size.  

 

6.2.2 Multivalent ions and pore chemistry 
Preliminary results on valence discrimination between potassium and 
barium revealed some notable outcomes. Potassium and barium have the 
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same ionic radii, but different valences.12 The 6OBA - C6H polymer films 
(Chapter 2) were exposed to 0.05 M KOH and 0.025 M Ba(OH)2 solutions 

having the same pH. As reported in the earlier chapters, the exposure to 
KOH lead to a swollen polymer potassium salt film. Upon exposure to 
Ba(OH)2, the smectic LC network neither swelled nor was a polymer salt 
was formed. This suggests that the hydrogen bonded polymer films respond 
differently to monovalent and bivalent cations. The cations act as counter 
ions for the anionic carboxylates. The monovalent cations form a complex 
with one carboxylate group, however, it is anticipated that Ba2+ forms a 
complex with two oppositely positioned carboxylate groups which results in 
cross-links blocking the pores. X-ray photoelectron spectroscopy confirmed 
the presence of Ba2+ on the surface of this film. However, if the hydrogen 
bonded network is first treated with KOH followed by a treatment with 
BaCl2, barium is then able to occupy all carboxylate groups. This was 
confirmed with FTIR, XPS, and TGA.  
 
The interaction between bivalent and monovalent adsorbate and adsorbent 
was further investigated using a cationic dye. Methylene blue (MB) dye 
adsorption was studied by using the potassium or barium ion filled 6OBA - 
C6H network. This revealed that the barium ion filled films exhibit minimal 
adsorption of MB (Figure 6.3a), whereas the adsorption of the potassium 
filled material is very effective (Chapter 2). Additionally, MB desorption 
experiments were carried out with MB filled materials, which were 
subsequently exposed to either concentrated KCl or BaCl2 solutions (Figure  
 

 
Figure 6.3 Adsorption differences between mono- and bivalent cations. (a) Ba2+ 
filled films are almost not able to adsorb MB, while K+ filled networks easily 
exchange their counter ions (see chapter 2). (b) MB filled films exposed to BaCl2 
and KCl.  
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6.3b). This resulted in a dark blue colored solution in the case of BaCl2, 
whereas the KCl solution was less intensely blue colored. This shows that 
the binding of bivalent ions is stronger than MB. 
 
From an application point of view, it would be interesting to investigate the 
selectivity of the nanoporous networks towards hazardous, or scarce metal 
ions. Selectivity could be investigated with competition experiments, such 
as those described in Chapter 2. In order to understand the adsorbent-
adsorbate interaction, the Pearson’s hard-soft ion theory and the effects of 
pore geometry and coordination of metal ion binding should be examined.15  
 
In order to change the binding interaction, nanoporous networks should be 
constructed with different pore chemistries, i.e. other anionic interiors (such 
as sulfonate moieties), cationic interiors, and/or with an adjustable 
hydrophobic or hydrophilic interior. Furthermore, other functional chemical 
moieties could be introduced, which can selectively bind solutes or act as 
catalytic centres. In this way, adsorption or filtration can be combined with 
detoxification. The catalyst will convert the toxic compound into a non-
toxic derivative. These adjustments could be realized with different LCs, 
designed to contain reactive chemical moieties.  
 
 

6.3 Membranes 
 
The developed nanoporous films are potentially also interesting as 
membranes.16 Membrane separation is a promising technology for purposes 
such as water purification, artificial kidneys, or for ion selective 
separations.17 Membrane processes involve vast amounts of controlled 
nanostructures. Examples of processes, which require pores in the range of a 
few nm and below, are nanofiltration (NF) and reverse osmosis (RO). These 
processes are cost-effective technologies for the removal of inorganic salts 
and low-molecular-weight organic compounds from water.18 They are 
widely applied for seawater desalination, but also for desalination of 
brackish waters, including industrial wastewater treatment, instead of more 
energetically intense and expensive distillation methods. The permeability 
of liquids in NF or RO membranes is generally low, hence high pressures 
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are necessary to achieve sufficient flow across the membrane. Very thin 
membranes are desired for their reduced tortuosity, but, these thin layers 
lack the mechanical integrity to endure the high pressures. The challenge is 
to make hierarchical membranes of a mechanically robust material that can 
withstand these high pressures, whereas a very thin layer determines the 
separation characteristics and promotes fast kinetics. Our smectic LC 
networks possess some of the necessary characteristics such as high 
porosity, straight (non-tortuous) pores, isoporous, and hydrophilic interior, 
which are beneficial for the permeability. A representative example of a 
nanoporous LC film applied as a separation layer is reported by Kato 
(Figure 6.4).18 The separation layer is based on thermotropic ionic LCs, 
which form a bicontinuous cubic phase, and which is polymerized on top of 
a mesoporous polysulfone and a nonwoven polyester layer. This membrane 
showed relatively high filtration performance and ion selectivity. 
 

 
Figure 6.4 Example of a hierarchical membrane. The membrane is build up from 
mesoporous supporting layers and a LC polymer separating layer. Reproduced 
from reference 18 by permission of John Wiley & Sons Ltd. 

 
The bicontinuous cubic phase used in this example is advantageous, since it 
does not need to be aligned on account of the 3D porous structure. However, 
this structure possesses a high tortuosity compared to the straight pores 
found in columnar or smectic phases (Figure 1.1). A columnar phases 
produces 1D pores, however, if a 1D pore is blocked the complete pore is 
useless, whereas with 2D pores an obstruction can be easily circumvented. 
The 3D pore structure has also less risk on blockage. The drawback of the 
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columnar and smectic phases is however, that they have to be aligned to get 
the pores in the right direction. The use of alignment layers at both sides is 
not possible in this case. Furthermore, well-aligned films have to be 
prepared. Such materials have not been developed yet. New techniques or 
procedures have to be developed to fabricate hierarchical structures 
containing well aligned LC layers with low tortuosity. Recently, magnetic 
fields have been applied to macroscopically align LCs prior to 
polymerization.19,20 Examples where magnetic fields are combined with 
hierarchical supporting layers have not been reported. An additional 
complication of the smectic approach is that smectic phases have a strong 
tendency to orient themselves with the molecular axes perpendicular to the 
surface, resulting in 2D pores aligned parallel to the surface and thus the 
transmission of species is blocked by the repeated polymer layers — just 
opposite to what is desired. One possible approach where this problem is 
circumvented is to integrate the smectic LCs into a mesoporous support. In 
this case the pore interior of the support should promote homeotropic 
alignment of the LCs to get the correct pore orientation. Previous work in 
our group showed that the LC monomer mixture of 6OBA - C6H (Chapter 
2) can be aligned in pores of an epoxide support (Figure 6.5).14 The sides of 
this support give rise to a strong homeotropic anchoring. Polarized optical 
microscopy (POM) revealed birefringent textures, which points to the 
homeotropic alignment of the LCs inside the pores. After polymerization 
and base treatment, a hierarchical membrane was obtained. In this research  
 

 
Figure 6.5 Hierarchical membrane of an epoxy base support with LC filled pores. 
(a & b) POM images showing the birefringent texture indicating the homeotropic 
anchoring inside the pores. The black area is the isotropic epoxy based support. (c) 
SEM image showing the cross section of the membrane with the filled pores. Scale 
bar is 20 µm. 
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the support pore shape was rectangular or square. It would be beneficial to 
fabricate cylindrical pores: This will give rise to less stress in the smectic 
layers and the formation of single domain concentric layers throughout the 
cylindrical pores with a line defect in the center. The next step would be to 
fabricate these hierarchical membranes on ~10 cm2 scale and to test their 
membrane performance. 
 
 

6.4 Reaction medium 
 
Nanopores could also be used as template for the synthesis of novel 
nanomaterials.21-23 The confined pore interior may promote controlled 
growth, which cannot be achieved in the bulk. Hierarchical 
inorganic/organic hybrid materials are currently receiving a heightened 
attention for their appealing properties and potential applications such as 
sensors, plasmonic nanostructures, or catalytic activity. Preliminary 
experiments have shown that our nanoporous smectic materials can be used 
as a template for the fabrication of metal nanoparticles and nanometer-thin 
2D inorganic sheets. 
 
The properties of metal nanoparticles depend strongly on their dimensions.24 
For the fabrication of nanometer sized monodisperse metal particles, 
nanoporous smectic LC polymer films can be used (Chapter 1).25 Starting 
from the polymer salt network, silver nanoparticles have been obtained by 
sequential Ag+-ion exchange and reduction with NaBH4 (Figure 6.6). These 
nanoparticles were nearly monodisperse in size. In order to regulate the 
dimension of the nanoparticles, cross-linkers with different lengths were 
employed (Figure 6.1). Detailed structural analysis with extended X-ray 
absorption fine structure (EXAFS) revealed average particle diameters of 
0.9, 1.2, and 1.5 nm for the networks with C3H, C6H, and C11H cross-
linkers, respectively.26 
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Figure 6.6 Hybrid material of the nanoporous polymer network filled with silver 
nanoparticles. (a) Schematic representation of an idealized network with 
nanoparticles. The particle dimensions are regulated by the molecular length of the 
(blue) cross-linker. (b) TEM images of a network containing C11H cross-linker 
filled with silver nanoparticles. The scale bar is 50 nm. (c) Experimental and 
calculated EXAFS signals for the hybrid networks. (d) Corresponding Fourier 
transforms for the hybrid networks. Data for standard silver foil is included for 
comparison. 

 
In recent decades, numerous novel properties have been observed on 
ultrathin crystalline nanolayers. These materials have promising application 
potential in data storage, catalyst, batteries, and semiconductor devices.27-30 
It is very appealing to develop a low cost and efficient method to synthesis 
these nanolayers. The 2D nanoporous network can be used as a template for 
the formation of ultrathin crystal nanolayers.31 This requires a continuous 
infiltration of the solutes in the pores during the crystallization process. By 
using a polymer having carboxylate units as a crystallization control agent 
that inhibits immediate precipitation in solution, CaCO3 nanosheets could be 
formed (Figure 6.7). The polymer, together with calcium ions, forms 
amorphous mineral precursor that can be slowly and continuously delivered 
in the nanopores. It yields CaCO3 quasi-2D crystals with a thickness of only 
~1 nm. Depending on the polymorph and crystal orientation, this 
corresponds to only 3-4 unit cells thick layers. This method can, in 
principle, be extended to a wide variety of crystalline materials that can be 
grown from solution at mild temperatures such as ZnO or Fe3O4. By using 
the different cross-linkers lengths, the thickness and separation distances of 

a
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the nanolayers could be further tuned depending on the application 
requirement.  
 

 
Figure 6.7 Hybrid material of the nanoporous polymer network filled with 2D 
CaCO3 nanosheets. (a) Schematic representation of an idealized network with 
CaCO3 sheet. (b) TEM image showing the nano layers. The inset shows the fast 
Fourier transform of the image. The spots indicate a uniform separation of 
nanolayers. The scale bar is 10 nm. Partially reproduced from reference 31 with 
permission of The Royal Society of Chemistry. 
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Summary  

Nanoporous polymer adsorbents  
based on smectic liquid crystals 

 
 
This thesis describes the fabrication and properties of nanoporous polymer 
networks based on smectic liquid crystals and their use as adsorbents. The 
large surface area to volume ratio of these materials is of interest for 
applications such as filtration, separation, adsorption, catalysis, and ion 
conduction. Nanoporous films and particles are prepared in a facile manner 
compatible with manufacturing which distinguishes them from current 
nanoporous materials. The nanoporous materials described herein are based 
on hydrogen bonded smectic liquid crystalline acrylates that form stacked 
layers. The reactive acrylate groups are polymerized by short exposure to 
UV light, locking the smectic organization in the polymer film. In order to 
create nanopores, the polymer networks are treated with an alkaline solution 
to deprotonate the carboxylic acid groups, thereby forming negatively 
charged pores. The pores have a two-dimensional geometry and 
delamination of the polymer layers is prevented by the presence of a cross-
linker. 
 
This thesis illustrates the possibilities and advantages of the use of 
nanoporous smectic polymer networks as adsorbents. The adsorption 
characteristics are investigated by using hydrophilic dyes as model water 
pollutants. The high porosity and interconnectivity of the nanoporous 
material is the basis for the high accessibility of all adsorption sites. This is 
manifested by a very high adsorption capacity for cations in combination 
with fast performance. The well-defined pores resulted in charge- and size- 
selective adsorption. Acid treatment was demonstrated to effectively recover 
adsorbate and to re-use the adsorbent.  
 
To add an extra functionality to the adsorbent a photoresponsive azobenzene 
cross-linker has been used. Nanoporous polymer films have been fabricated 
that respond to UV light. Upon light exposure a decrease in the smectic 
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layer spacing is observed, suggesting a decrease in pore size. In addition, the 
binding sites in the material can be changed with light, leading to light-
induced adsorption of cations. 
 
The decisive role of rigidity, pore orientation, and order on the adsorption 
characteristics has also been investigated. Two cross-linking methods were 
explored providing insights on the adaptability of the network and the 
adsorption process. The highly cross-linked materials show anisotropic 
adsorption through the pores. Moreover, straight smectic pores are favored 
over disordered pores in nematic and isotropic polymer networks. Materials 
with a low cross-link density do not show the difference in adsorption 
characteristics for the pore orientation due to swelling which decreases the 
order and creates transverse openings through the two-dimensional polymer 
layers. The latter is, however, beneficial for the fast adsorption kinetics. 
 
In light of the potential industrial application, upscaling of the production of 
nanoporous smectic liquid crystalline polymers was investigated. Detailed 
insight is obtained into suspension polymerization of smectic liquid 
crystalline monomers. The particles obtained have an onion-like shape with 
concentric orientated pores, while still exhibiting a high adsorption capacity 
in combination with even faster adsorption process compared to the films. 
This is caused by the increased specific surface area. The particles can be 
easily removed from solution by filtration which makes them appealing for 
separation, purification, and recovery applications.  
 
The last chapter describes the technology assessment of the developed 
materials. We consider a number of potential applications and advice on the 
pathways that would enable the technology to reach a stage of maturity for 
fabrication and implementation. The newly developed materials can be used 
as high surface area adsorbent for water purification or aqueous extraction 
of metals. It is desirable that the nanoporous networks are further developed 
with the aim of altering pore size and utilizing alternative pore chemistries 
to create better, more selective, pore interiors. Additionally, the application 
of these nanoporous materials as membranes is evaluated. Finally, the 
utilization of the confined pore interior as reaction medium for the 
formation of nanoparticles or constructs consisting of hybrid materials with 
alternating layers is discussed. 
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Samenvatting 
Nanoporeuze polymere 

adsorptiemiddelen gebaseerd  
op smectische vloeibare kristallen 

 
 
Dit proefschrift beschrijft de fabricage en eigenschappen van nanoporeuze 
polymere netwerken gebaseerd op smectische vloeibare kristallen en hun 
gebruik als adsorptiemiddel. Een belangrijke eigenschap van nanoporeuze 
materialen is dat ze een groot oppervlak hebben ten opzichte van het 
volume. Dit is gunstig voor toepassingen, zoals filtratie, scheiding, 
adsorptie, katalyse en iongeleiding. De ontwikkelde nanoporeuze films en 
deeltjes onderscheiden zich van de huidige nanoporeuze materialen, doordat 
ze relatief gemakkelijk te produceren zijn. De materialen zijn gebaseerd op 
waterstofgebrugde vloeibare kristallijne monomeren die gestapelde 
(smectische) lagen vormen. Deze smectische organisatie wordt vastgelegd 
door de monomeren te polymeriseren met een korte blootstelling aan ultra 
violet licht. Vervolgens worden, met behulp van een base behandeling, de 
waterstofbruggen verbroken wat resulteert in een poreuze film met 
tweedimensionale gelaagde poriën van ongeveer een nanometer groot. De 
polymeer lagen worden bijeengehouden door een crosslinker.  
 
Dit proefschrift illustreert de mogelijkheden en de voor- en nadelen van het 
gebruik van nanoporeuze smectische polymere netwerken als 
adsorptiemiddel. Een adsorptie studie is uitgevoerd met behulp van 
hydrofiele kleurstoffen die als model staan voor wateronzuiverheden. De 
hoge porositeit van de nanoporeuze materialen is de basis voor de hoge 
bereikbaarheid van alle bindingsplaatsen. Dit manifesteert zich in een hoge 
adsorptiecapaciteit in combinatie met een snelle opname snelheid voor 
kationen. De gestructureerde nanoporiën zorgen voor grootte en 
ladingsselectiviteit. Het adsorptiemiddel en de geadsorbeerde stoffen 
kunnen worden teruggewonnen door een zuur behandeling. Dit maakt het 
mogelijk om de materialen te hergebruiken. 
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Om een extra functionaliteit in het adsorptiemiddel in te bouwen is een licht 
gevoelige azobenzene crosslinker gebruikt. Hierdoor is een licht responsief 
adsorptiemiddel verkregen dat door middel van ultra violet licht van 
adsorptie eigenschap kan worden veranderd. Hierdoor wordt de smectische 
laagdikte en de poriegrootte veranderd. Daarnaast verandert het aantal 
bindingsplaatsen waardoor licht geïnduceerde adsorptie plaatsvindt. 
 
De invloed van de rigiditeit, porie oriëntatie en orde in het adsorptiemiddel 
is onderzocht. Daarvoor zijn twee crosslink methodes onderzocht. Dit geeft 
inzicht in hoe de materiaal eigenschappen veranderen en hoe het 
adsorptieproces wordt beïnvloed. Door de netwerken sterk te crosslinken is 
richtingsafhankelijke adsorptie mogelijk. Daarnaast is de adsorptie in de 
smectische netwerken met rechte poriën sneller dan in nematische of 
isotrope netwerken die een meer wanordelijke structuur hebben. Netwerken 
die minder crosslinks hebben laten deze verschillen niet zien. Dit komt 
doordat zwelling meer wanorde veroorzaakt in deze materialen, wat ervoor 
zorgt dat er ook poriën ontstaan tussen de tweedimensionale poriën. 
Daardoor verloopt de adsorptie wel sneller. 
 
Om deze materialen op industriële schaal te kunnen toepassen is er een 
opschalingmethode ontwikkeld. Hiervoor is suspensiepolymerisatie gebruikt 
en de belangrijke stappen van dit proces zijn onderzocht. Micrometergrote 
polymere bolletjes zijn verkregen met een uivormige structuur; afwisselende 
concentrische polymeerlagen en poriën. Deze deeltjes bezitten een hoge 
adsorptiecapaciteit in combinatie met een nog hogere adsorptie snelheid dan 
de films. De deeltjes kunnen door filtratie worden gescheiden van een 
oplossing waardoor ze geschikt zijn voor scheidings-, zuiverings- en 
herwinningsprocessen.  
 
Het laatste hoofdstuk beschrijft de technologische analyse van de 
ontwikkelde materialen. Een aantal mogelijke toepassingsgebieden wordt 
nader toegelicht en de onderzoeksrichtingen worden aangegeven die het 
mogelijk maken om de technologieën naar een volgend stadium te brengen. 
De nieuwe materialen zouden gebruikt kunnen worden als adsorptiemiddel 
voor waterzuivering of voor de extractie van metaalionen uit water. 
Gewenste onderzoeksrichtingen zijn: de poriegrootte aanpassen en een 
alternatieve porie chemie kiezen die meer selectief is naar de gewenste 
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stoffen. Daarnaast wordt de toepassing als membraan geëvalueerd. Als 
laatste wordt beschreven hoe nanoporeuze materialen kunnen worden 
gebruikt als reactiemedium. Bijvoorbeeld voor de synthese van nanodeeltjes 
of voor hydride materialen met alternerende lagen. 
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