
 

Smectic nanoporous networks : properties and hierarchical
strategies towards applications
Citation for published version (APA):
Shishmanova, I. K. (2013). Smectic nanoporous networks : properties and hierarchical strategies towards
applications. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Chemical Engineering and Chemistry].
Technische Universiteit Eindhoven. https://doi.org/10.6100/IR760596

DOI:
10.6100/IR760596

Document status and date:
Published: 03/12/2013

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR760596
https://doi.org/10.6100/IR760596
https://research.tue.nl/en/publications/20b13856-ffd9-4354-9e15-d97a71e4cbf5


SM
EC

T
IC N

A
N

O
PO

R
O

U
S N

ET
W

O
R

K
S 

Ivelina Shishm
anova

Invitation

You are invited to attend 
the defense ceremony of 
my PhD dissertation 

SMECTIC   
NANOPOROUS 
NETWORKS  

Properties and 
hierarchical strategies 
towards applications

 
on Tuesday 3rd of 
December 2013 at 16.00 
 
The ceremony will take 
place in the Auditorium  
of Eindhoven University 
of Technology
 
Following the ceremony  
I would like to welcome 
you to my reception 

Ivelina Shishmanova
i.shishmanova@tue.nl

SMECTIC  
NANOPOROUS  

NETWORKS

Properties and hierarchical  
strategies towards applications 

Ivelina Shishmanova



 
 

 

 
 
 
 
 

Smectic nanoporous networks: 
 

properties and hierarchical strategies towards applications  
 
 
 

PROEFSCHRIFT  
 
 

ter verkrijging van de graad van doctor aan de Technische Universiteit Eindhoven, 
op gezag van de rector magnificus prof.dr.ir. C.J. van Duijn,  

voor een commissie aangewezen door het College voor Promoties, in het openbaar 
te verdedigen op dinsdag 3 december 2013 om 16.00 uur 

 
 
 

door 
 
 
 

Ivelina Krasimirova Shishmanova 
 
 
 

geboren te Sliven, Bulgarije 
 
 
 

 
  



 
 

 
Dit proefschrift is goedgekeurd door de promotiecommissie:  
 
voorzitter:    prof.dr.ir. R.A.J. Janssen 
1e promotor:   prof.dr. D.J. Broer 
copromotor:   prof.dr.ir. C.W.M. Bastiaansen 
leden:    prof.dr. J.L. Serrano (University of Zaragoza, Spain) 
   prof.dr. A.E. Rowan (Radboud University) 
   prof.dr.ir. J.M.J. den Toonder 
adviseurs:   prof.dr. R.P. Sijbesma 
   dr. A.P.H.J. Schenning 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A catalogue record is available from the Eindhoven University of Technology library 
 
ISBN: 978-90-386-3488-3 
 
Copyright © 2013 by Ivelina Krasimirova Shishmanova 
 
 
The research described in this thesis has been financially supported by the European 
Community within the Marie Curie program of Framework 7 (Hierarchy Project). 
 
 



i 

Table of contents 
Summary ............................................................................................................... v 

1. Introduction ...................................................................................................... 1 

1.1 Nanostructured functional materials based on liquid crystals ................................. 1 

1.1.1 Liquid crystals ........................................................................................................... 2 

1.1.2 Liquid crystal polymer networks ............................................................................ 3 

1.2 Nanoporous networks based on liquid crystal networks .......................................... 5 

1.2.1 Columnar or hexagonal (1D) pathway .................................................................. 6 

1.2.2 Smectic or lamellar (2D) pathway .......................................................................... 8 

1.2.3 Bicontinuous cubic (3D) pathway ......................................................................... 8 

1.3 Hydrogen bonded liquid crystal networks .................................................................. 9 

1.3.1 Actuators based on hydrogen bonded liquid crystal networks ....................... 11 

1.3.2 Sensors based on hydrogen bonded liquid crystal networks ........................... 11 

1.3.3 Membranes based on hydrogen bonded liquid crystal networks ................... 12 

1.4 Aim of the thesis ........................................................................................................... 17 

1.5 Outline of the thesis ..................................................................................................... 18 

1.6 References ...................................................................................................................... 19 

2. Crosslinker Influence in Nanoporous Liquid Crystal Networks .................. 23 

2.1 Introduction ................................................................................................................... 23 

2.2 Materials and methods ................................................................................................. 25 

2.3 Results and discussion .................................................................................................. 29 

2.3.1 Liquid crystal phase behavior ............................................................................... 29 

2.3.2 Network formation and activation ...................................................................... 34 

2.3.3 Crosslinker influence on the layer spacing ......................................................... 40 

2.4 Conclusions .................................................................................................................... 48 

2.5 References ...................................................................................................................... 49 

Appendix A ........................................................................................................................... 50 

3. Swelling of the Liquid Crystal Network ......................................................... 51 

3.1 Introduction ................................................................................................................... 51 

3.2 Sample preparation and methods ............................................................................... 54 



ii 

3.3 Results and discussion .................................................................................................. 55 

3.3.1 Hydrogen bonds reversibility ............................................................................... 55 

3.3.2 Influence of liquid crystal alignment ................................................................... 56 

3.3.3 Influence of pH changes ....................................................................................... 58 

3.3.4 Influence of crosslinker content .......................................................................... 59 

3.3.5 Swelling behavior of a smectic film ..................................................................... 59 

3.4 Conclusions .................................................................................................................... 60 

3.5 References ...................................................................................................................... 61 

4. Strategy to Integrate the Liquid Crystal Network into Support Structures .. 63 

4.1 Introduction ................................................................................................................... 63 

4.2 Materials and methods ................................................................................................. 66 

4.3 Results and discussion .................................................................................................. 69 

4.3.1 Composite fabrication ........................................................................................... 69 

4.3.2 Liquid crystal alignment ........................................................................................ 70 

4.3.3 Influence of micropore size and shape ............................................................... 77 

4.3.4 Activation and Swelling ......................................................................................... 78 

4.3.5 Absorption of dyes ................................................................................................. 81 

4.4 Conclusions .................................................................................................................... 83 

4.5 References ...................................................................................................................... 83 

Appendix B ........................................................................................................................... 85 

5. Hierarchical SiO2 /LC Hybrid Structures ...................................................... 89 

5.1 Introduction ................................................................................................................... 89 

5.2 Materials and methods ................................................................................................. 92 

5.3 Results and discussion .................................................................................................. 95 

5.3.1 SBD/LC composite ............................................................................................... 95 

5.3.2 Alignment quantification via dichroic measurements ...................................... 96 

5.4 Conclusions .................................................................................................................. 103 

5.5 References .................................................................................................................... 103 

Appendix C ......................................................................................................................... 105 

6. Nanoporous Liquid Crystal Networks as a Template for Ag Nanoparticle 
Formation .......................................................................................................... 109 

6.1 Introduction ................................................................................................................. 109 



iii 

6.2 Materials and methods ............................................................................................... 111 

6.3 Results and discussion ................................................................................................ 115 

6.3.1 Ag-LC hybrid synthesis ....................................................................................... 115 

6.3.2 Effect of crosslinker length on Ag particle size .............................................. 121 

6.3.3 Tailor made Ag patterns ...................................................................................... 124 

6.4 Conclusions .................................................................................................................. 125 

6.5 References .................................................................................................................... 126 

7. Technology Assessment ................................................................................ 127 

7.1 Introduction ................................................................................................................. 127 

7.2 Application prospects of  smectic nanoporous polymer films ............................ 128 

7.3 Further developments ................................................................................................ 132 

7.4 References .................................................................................................................... 134 

Curriculum Vitae ............................................................................................... 135 

 





v 

Summary 
Smectic nanoporous networks: properties and hierarchical 
strategies towards applications 

   Nanoporous systems based on liquid crystalline polymers (LCPs) are of great 

current interest due to their large surface area to volume ratio which leads to potential 

applications in areas such as filtration, separation, drugs delivery and catalysis. The 

fabrication process for such polymeric nanoporous materials is presented in this thesis 

and is based on the self-organization of hydrogen bonded liquid crystalline reactive 

(acrylate functionalized) monomers doped with diacrylate crosslinkers. The mesogenic 

superstructure is subsequently photo-polymerized to a self-supported smectic 

monolith offering sub-nanometer 2D galleries. These nanogalleries can be accessed 

upon disruption of the hydrogen bonds existing between the monomer groups by 

heating or alkaline treatment. The interlayer space with a surface containing carboxylic 

ions, which will be addressed as “pore” further on, can take up species of the 

appropriate charge.   

   In this work the properties and potential applications of the hydrogen bonded 

smectic networks are illustrated. First, the smectic monolith formation and the 

influence of the material composition on the system properties was characterized. 

More specifically, the tunability of the pore size by varying the length of the covalent 

crosslinker was explored. Three diacrylate crosslinkers with a different length were 

selected and it was shown that smectic LC phases could be obtained in mixtures of 

these crosslinkers with hydrogen bonded monoacrylates. X-ray diffraction and 

transmission electron microscopy measurements show that the width of the pores 

increases to a very small extend by increasing the size of the crosslinking molecule. 

This can be attributed to not sufficient concentration of diacrylate monomers or to 

measurement limitations. 

   Potentially, nanoporous systems can be used for filtration, ion exchange and size 

and charge selective adsorption of species. Such applications require control over the 

orientation of the pores with respect to the film surface and for filtration applications 
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a very low film thickness to generate a low pressure drop and a high throughput of 

the membrane. Therefore, methods have been developed to integrate the well-

organized nanoporous systems into hierarchical support structures. Composite 

constructions were created where the selective nanoporous networks were reinforced 

by self-supporting microporous membrane based on densely crosslinked epoxy 

membranes with a thickness in the micrometer range. The LC moieties adopted an 

escaped radial conformation when confined in the pores of the support film. Dye 

absorption studies confirmed that the membranes exhibit a charge selective 

absorption. 

   A different approach towards hierarchical assemblies is the creation of organic – 

inorganic hybrid structures based on nanostructured thin inorganic films with a 

porosity and architecture which is engineered using the glancing angle deposition 

(GLAD) process. The GLAD films are silicon oxide-based and resemble nanoblades 

that are anisotropic in the substrate plane, resulting in well-defined channel-like 

features. The LC molecules were infiltrated in these channels and subsequently 

photopolymerized. The hydrogen-bonded moieties aligned perpendicular to the 

nanoblade surface and parallel to the bottom substrate. The composite was stabilized 

by chemical bonding of the smectic molecules to the GLAD structures. 

   Activation of the smectic polymer by an alkali treatment leads to the creation of a 

network, largely consisting of carboxylic acid anions with positive counter ions. This 

influences the swelling behavior of the polymer i.e. it rapidly absorbs water driven by 

osmosis when immersed in a pH 10 buffer solution. The dimensional changes were 

measured in all directions with respect to the alignment director and also as a function 

of composition and alignment direction. It was found that the swelling of thin 

polymer films in high pH buffer solution is highly anisotropic. Expansion takes place 

mainly in the plane of the smectic layers which can be explained by a strong reduction 

in the order parameter of the hydrogen bonded mesogens as soon as the hydrogen 

bonds are disrupted. Swelling in the direction perpendicular to the smectic layers is 

controlled by the presence of copolymerized covalent crosslinker. The anisotropic 

swelling of the nanoporous networks is a benefit in certain fields of interest such as 

controlled unidirectional or bidirectional swelling/actuation but also can introduce 

processing issues in the manufacturing of membranes with a microporous support. 
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   Furthermore, the manufacturing of a hybrid material where the 2D interlayer space 

(“nanogalleries”) is filled with inorganic matter was investigated. We studied the 

synthesis of silver nanostructures within the nanometer sized 2D pores of a 

freestanding LC network. The steps involved in the fabrication of such organic-

inorganic hybrid were: generation of the anisotropic nanoporous gel, opening the 

hydrogen bonds and subsequently filling the nanogalleries with silver ions. After 

chemical reduction of the silver ions, a layered polymer hybrid film was obtained that 

contains silver nanoparticles in which the particle diameter can be controlled by the 

length of the crosslinker. By using a photo-mask, the silver ions could also be 

photochemically converted to silver nanoparticles, yielding patterned polymer films 

where the unexposed pores are still accessible for further modifications. Atomic force 

microscopy analysis of the cryo-ultramicrotomed section of the hybrid film was 

performed. The deformation mapping exhibited a layered morphology over a large 

cross sectional surface suggesting that the spherical Ag particles are organized 

between the layers. 

   In the final chapter of the thesis (technology assessment), the properties of the 

smectic nanoporous systems are discussed with emphasis on applications such as 

selective absorption, blue energy and catalysis. Moreover, potential other applications 

are illustrated and future direction for research and development are discussed. 
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Introduction* 
 

1.1 Nanostructured functional materials based on liquid crystals 

Design and development of supramolecular soft materials using functional small 

molecules is a rapidly growing research area. Tailor made design of the 

supramolecular building blocks opens up a large range of potential applications of 

these self-organized materials. The length scale of the organization can vary from the 

atomic level to a macroscopic length scale. Materials with a well-ordered structure on 

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

solar cells1, non-volatile memory devices2, sensors3, patterning templates4 and 

membranes5. In porous materials, for example, the structure and size of pores 

determine the properties of the material which allows these materials to be applied as 

membrane filters for size and charge-selective separations with applications ranging 

from the desalination of seawater (sub-nanometer scale) to the clarification of beer 

and wine (micrometer scale).6 This thesis will focus on the formation, properties and 

application of hydrogen-bonded nanoporous polymers made by the polymerization of 

liquid crystal monomers. This chapter will therefore first discuss some background 

                                            
* Partially reproduced from: Schenning, A. P. H. J.; Gonzalez-Lemus, Y. C.; 
Shishmanova, I. K.; Broer, D. J., Liquid Crystals 2011, 38 (11-12), 1627-1639.  
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literature on liquid crystals and will place them in the perspective of nanoporous 

systems. It will also provide some insight in our approach and how this relates to the 

state of the art in this specific area. 

1.1.1 Liquid crystals 

Among all the different self-assembled systems, liquid crystals (LCs) are a beautiful 

example of self-organizing materials with anisotropic properties, which have 

fascinated scientists because of their applicability in multiple disciplines, spanning 

from mechanics7-11 to optoelectronics12-14, and light harvesting15-16.  LCs are molecules 

that have the ability to self-assemble into organized mesophases with properties 

between crystalline solids and isotropic liquids.17 In LC phases, the molecules are 

dynamic and behave collectively as a viscous liquid but retain on average a degree of 

organization reminiscent of an ordered, crystalline solid. Consequently, as a more 

accurate definition they can be considered as ordered fluids. LCs can be subdivided 

into two general classes - thermotropic LCs and lyotropic LCs - depending on the 

environmental and molecular factors that govern how they form ordered fluid phases. 

By definition, thermotropic LCs are molecules that form ordered phases in which 

the degree of average order depends primarily on the temperature of the material.18 

Unlike conventional materials which undergo a melting transition from a crystalline 

solid directly to an isotropic liquid, thermotropic LCs lose their order incrementally by 

adopting a number of ordered yet progressively more fluid states with increasing 

temperature. In terms of their molecular structure, thermotropic LCs are molecules 

with an anisotropic shape (e.g., typically rod- or disk-shaped) containing a relatively 

rigid core and a number of flexible peripheral alkyl tails. The rigid cores of these 

molecules encourage ordered packing while the flexible tails tend to disorder the 

system until a compromise is met to produce an ordered fluid state. 

In contrast, lyotropic LCs (LLCs) are molecules that form ordered fluid phases that 

are phase-separated mixtures in which the degree of order depends on the proportion 

of LC mesogens relative to an added immiscible solvent such as water. In addition to 

the dependence of the morphology on system composition, LLC phases are also 

sensitive to other external parameters such as temperature and pressure. In terms of 

molecular structure, LLCs are typically flexible amphiphilic molecules (i.e. surfactants) 
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that contain both a hydrophobic organic tail section and a hydrophilic head group. An 

example of a LLC is a poly (p-phenylene terephthalamide) - sulfuric acid system, a 

solution that is used to make Kevlar fiber.19 

Both thermotropic and lyotropic LCs can exist in different phases such as smectic 

and nematic phases, each differing in the degree of lateral orientational and rotational 

order of the molecules (Figure 1.1a). Furthermore, the self-assembly of these materials 

on the nanometer and larger scales can be manipulated using alignment layers, flow 

and electrical or magnetic fields resulting in monolithic structures on macroscopic 

length scales produced with large scale and low cost processes such as roll-to-roll 

techniques. The generation of defect-free nano-structured materials is comparatively 

straightforward which is in contrast to other nano-scale self-assembled systems.20 

Well-aligned LC phases possess inherent mobility which permits responsiveness, 

processability, and self-healing properties.21-22 Despite these advantageous properties 

of LCs, many commercial applications eventually require mechanically stable films in 

terms of modulus and strength. An efficient general strategy to combine the desirable 

properties of LC phases with the mechanical stability of polymers makes use of 

polymerizable LC monomers.  

1.1.2 Liquid crystal polymer networks 

The molecular order of LCs can be frozen into a polymer network by 

functionalizing the LC molecules with polymerizable groups such as acrylates, 

epoxides or thiolenes.23-24 Although in the densely crosslinked state the networks are 

often not liquid crystalline anymore because of the absence of any phase transition, in 

literature it is now generally accepted to name them liquid crystal networks (LCNs). 

Preferable polymerization is performed by photo-induced crosslinking in the presence 

of a small amount of photoinitiator. Photopolymerization enables selection of the 

desire LC phase despite its temperature and prevents premature polymerization of the 

wrong phase as is often the case for thermally induced crosslinking reactions. This 

means that next to the most common nematic LC phase also chiral nematic, smectic 

or discotic phases can be frozen in resulting in a wide variety of highly ordered 

supramolecular materials (Figure 1.1 a, b). The monomeric character of reactive 

mesogens and the use of light to initiate the polymerization process make these 
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materials compatible with classical top-down structuring techniques such as (photo-) 

lithography and (inkjet) printing, which generate additional opportunities for 

combining self-assembled nanostructures with structuring on a larger length scale 

(Figure 1.1 c).20, 25-27  

 

 
                (a)                                                 (b)                                                       (c) 

Figure 1.1 a) Schematic representation of nematic (top), chiral nematic (middle), and smectic A (bottom) LC 

phases; b) A monodomain can be created by alignment of appropriate monomers and reactive mesogens can be 

photopolymerized to construct polymer materials; c) These systems can be structured by photopatterning and inkjet 

printing. Partially reprinted with permission from reference 28. Copyright John Wiley and Sons.  

 

The LCNs combine the order of the mesogenic units with a high or infinite 

molecular weight, and thus exhibit excellent anisotropic physical and mechanical 

properties. Constructing them from an ordered monomer phase provides the 

advantage of easy processing and convenient molecular tailoring. As an example, the 

anisotropic molecular shape of LCs gives rise to anisotropic physical properties, such 

as birefringence, that are retained after crosslinking of the material. Even though the 

optical properties of the ordered LC polymerized systems are quite similar to those of 

the monomers, the mechanical properties such as Young’s modulus change 

significantly. The latter are also anisotropic due to the orientational order of the 

molecular building blocks in the material. These anisotropic properties of LCNs make 

them appealing for multiple disciplines such as mechanics, optoelectronics, 

membranes and light harvesting.  
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In this thesis prospective applications of nanostructured functional materials based 

on smectic thermotropic LCNs will be investigated. The specific aim of the project is 

to develop and apply membrane materials with well-defined nanopores (1-5 nm). 

Therefore in the next section functional materials based on nanoporous LCNs will be 

reviewed.  

1.2 Nanoporous networks based on liquid crystal networks  

Organic polymers are widely used membrane materials due to their easy 

processability into variety of geometries. Unfortunately conventional nanoporous 

polymer systems, also referred to as mesoporous (IUPAC definition: pore size 2-50 

nm), generally have a high flow resistance and display poorly defined pores.29 

Alternatively, well-ordered mesoporous inorganic materials such as silica and carbon 

can be obtained by means of templating, but with preparation involving relatively 

harsh conditions.30-31 Another route to ordered nanoporous systems is to use the 

phase-separated structures formed by block-copolymers and the subsequent removal 

of one of the blocks.32 These systems are usually not ordered on a macroscopic scale 

and their pore size can go down only to 10 nm due to the use of large polymeric 

molecules. To create monodisperse porous structure with pore size below this limit, 

the self-organization of LCs and their polymers offers an attractive alternative. The 

small pore size in these materials makes discrimination between molecules and ions 

based on size and shape possible. Furthermore, the pore size can be tailored to slow 

down the passage of molecules, which makes them suitable for controlled drug release 

systems. The confined environment within the material can be used to enhance 

chemical reactions or to make them product selective.33 Nanoporous systems based 

on LCNs that have a large surface area to volume ratio are of great current interest 

due to their applications in areas such as filtration, separation, ion conductivity, drugs 

delivery and catalysis.34-35  

For the construction of nanoporous networks lyotropic and thermotropic LCs are 

proposed.  Nano-segregated LCs such as columnar, smectic and bicontinuous cubic 

phases lead to the formation of nanoscale pathways capable of efficiently transporting 

ionic species or molecules (Figure 1.2).   
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                                   1D                    2D                        3D 

Figure 1.2 The different phases that have been used in the construction of nanoporous membranes: columnar or 

hexagonal (1D), smectic or lamellar (2D) and bicontinuous cubic (3D) phase. The red part represents the pore 

while the blue fraction is the molecular region. Reproduced with permission from reference 35. Copyright Wiley-

VCH.  

1.2.1 Columnar or hexagonal (1D) pathway    

   A hexagonal (H) phase is present when anisotropic assemblies are arranged in 

ordered arrays of cylinders. An example of a monomer that possesses such phase is 

ionic LLC 1 which self-organizes in water into an inverted hexagonal LLC mesophase 

with an aqueous pore diameter of ca. 1.2 nm. (Figure 1.3).36 The amphiphilic self-

assembly process localizes the carboxylate head groups at the 

hydrophilic/hydrophobic interface, affording ion-aligned, aqueous pores. 

Polymerization of the system allows retention of the nanoporous structure.  

 

 
(a)                                                               (b) 

Figure 1.3 (a) Chemical structure of polymerizable lyotropic liquid crystalline monomer 1 and the steps involved 

in the preparation of crosslinked network; (b) Possible arrangements of aqueous inverted hexagonal phase (HII) 

domains in different films of cross linked 1. Reprinted with permission from reference 37. Copyright Elsevier.  
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 Nanoporous LLC polymer networks constructed of compound 1 (Figure 1.3) were 

applied successfully for gas (CO2, O2, N2, CH4, and H2) separations37 and water 

nanofiltration (NF)38. Comparison of gas sorption and transport of freestanding, 

cross-linked LLC films with and without an ordered hexagonal nanostructure (Figure 

1.3b) proved higher CO2 solubility and separation selectivity in the ordered 

membranes. For the water permeation studies an LLC-coated microporous membrane 

was used. Measurements revealed that membranes of 1 have a pure water flux much 

smaller than the theoretical prediction for an LLC film with an ideal, uniform 

hexagonal ordered structure, which can be related to the small percentage of open 

and/or continuous cylindrical nanochannel domains through the film.38 The 

supported membranes, however, exhibited excellent molecular separation selectivity 

consistent with the estimated nanopore diameter (1.2 nm). Gin and coworkers have 

also employed hexagonal LLC polymers for catalysis33, 39-41 with the aim to develop a 

polymer with nanostructural features of molecular sieves and the chemical tunability 

of organic polymers. Compared to commercial catalyst they showed an increase in the 

initial rate of the overall reaction and afforded a higher yield of product only when the 

hexagonal nanostructure was present.40 

 

                                             
Figure 1.4 Schematic representations of two types of one-dimensional ion-conductive polymer films based on 2 

containing ion nanochannels that are both perpendicular and parallel to the film surface. Reprinted with 

permission from reference 42. Copyright 2006 American Chemical Society.  

 

Another example illustrating the possibilities of columnar LCP for functional 

materials is an ion conductive polymer film developed by the group of Kato (Figure 

1.4).42 In this system, a wedge-shaped imidazolium salt 2 with terminal acrylate groups 
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is used that forms thermotropic columnar LC phase in which the ionic groups occupy 

the central part of the column. After alignment and subsequent polymerization a film 

is obtained with anisotropic ion conductivity that is approximately three orders of 

magnitude higher in the columnar direction. 

1.2.2 Smectic or lamellar (2D) pathway 

   In smectic or lamellar phases the monomers are aligned in layers.  The first example 

of an anisotropic ion-conductive polymeric film that forms macroscopically oriented, 

layered nanostructures has been reported by Kato and coworkers. 43-44 For the 

construction of these materials, a LC ion-conductive polymerizable molecule was 

designed which consists of three parts: a polymerizable methacrylate group, an ion-

conducting tetra(oxyethylene) moiety part, and a mesogenic core. In-situ 

photopolymerization results in the fabrication of free-standing 2-D nanostructured 

films. Interestingly, the salt complexes align homeotropically both on glass and ITO 

(indium tin oxide) substrates and the alignment was preserved during 

photopolymerization.45 The nanostructured film exhibits an ionic conductivity parallel 

to the layer of 10-3 S cm-1 at room temperature. Recent work has demonstrated that 

the smectic phase behavior of this type of molecules leads to anisotropic ion 

conduction due to the homeotropic alignment.46  

1.2.3 Bicontinuous cubic (3D) pathway 

A disadvantage of the use of hexagonal phases for membrane applications is that the 

cylindrical water pores must be continuous through the membrane and uniformly 

aligned perpendicular to the film surface (i.e., homeotropic alignment) for optimum 

transport.47 Unfortunately, hexagonal phases are typically polydomain structures and 

sometimes difficult to align. To overcome this problem, uniform, 3D interconnected 

ion channels based bicontinuous cubic (Q) phase architectures can be applied which 

are continuous and alignment is not necessary (Figure 1.5). Gin and coworkers have 

prepared another notable set of photopolymerizable Q phase organized assemblies 

with water domains that traverse the entire material.47-53 A number of transport and 

conductivity properties have been tested with promising results.   
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Figure 1.5 Examples of cubic bicontinuous LCP: Chemical structure of phosphonium based crosslinkable 

LLC 3 and the formation of 3-BR garment materials (top). Reprinted with permission from reference 50. 

Copyright 2007 American Chemical Society; Li ion conducting solid liquid nanocomposites based on 

polymerizable amphiphile 4 (bottom). Reprinted with permission from reference 53. Copyright 2006 American 

Chemical Society. 

 

These 3 types of LC phases present different approaches to create nanoporous 

materials. Most of the examples above were based on channels formed due to 

different chemical affinity of the molecule fragments. Another strategy to create ion 

pathways or channels is incorporating hydrogen bonds into the LC structure (Figure 

1.6). There are many reports of nanostructured functional materials based on 

hydrogen bonded LC monomers. Upon mixing of hydrogen bonded LCs with other 

reactive mesogens, nematic, chiral nematic, and smectic or columnar liquid-crystalline 

phases can be formed that can be applied as actuators, sensors, responsive reflectors 

and nanoporous membranes.28 Since the topic of the thesis is hydrogen bonded 

nanoporous polymers more insight in the hydrogen bonded LCN will be given below. 

1.3 Hydrogen bonded liquid crystal networks  

Hydrogen bonds (H bonds) are ideal non-covalent interactions for the construction 

of supramolecular architectures since they are highly selective and directional.54-61 The 
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strength of the H bond depends on the solvent and temperature, which makes H 

bonding units attractive molecular triggers responsive to humidity and heat.62 The key 

ingredient for the realization of responsive polymer materials based on these non-

covalent interactions is the control of the association–dissociation equilibrium of the 

H bonds. For tuning alone, hydrogen bonding offers additional opportunities. The 

composition of the system can be systematically varied using different relative 

amounts of the components involved. In this way self-assembled structures can be 

realized that have different characteristic length scale(s) and/or different structures. 

This property is used to great avail in the area of nano- and microporous films that are 

obtained by removing one of the components by dissolution from the self-assembled 

films.63 In one particular class of microporous films this is accomplished only after 

one of the components has become charged due to exposure to an aqueous solvent of 

a suitable pH.7-10  

 
Figure 1.6 Schematic representation of hydrogen bonded LCN and the ion pathways (in yellow) created after 

disruption of the bonds due to base treatment.  

 

Already from the early work of Strzelecki and Liebert64-65 it is known that hydrogen-

bridged dimers based on benzoic acid form liquid crystalline phases. Later, Kato and 

co-workers described the formation of liquid crystal networks using multifunctional 

hydrogen-bonding molecules.62 When hydrogen bonds are present in a LCN their 

reversible breaking (due to base treatment) and re-establishing creates possibilities for 

forming ion pathways that can be opened and closed “on command” (Figure 1.6). 

Besides creation of ionic channels the presence and disruption of these non-covalent 

bonds can lead to decrease of the order in the network and therefore can be used for 
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actuation or sensing purposes. In the following paragraphs a few examples of 

applications for H bonded LCNs will be shown with emphasis on membranes which 

will also be the main topic of this thesis.  

1.3.1 Actuators based on hydrogen bonded liquid crystal networks 
 

 
                                     (a)                                                                    (b)                            (c) 

Figure 1.7 a) Chemical structures of LC monomers 5 and 6; b) Images of the actuator behavior of a twisted 

nematic film under different relative humidity conditions; c) Schematic representation of the molecular order in a 

twisted nematic film and its corresponding deformation upon decreasing the molecular order. Adapted with 

permission from reference 9. Copyright 2005 American Chemical Society. 

 

Systems based on acrylate-functionalized hydrogen-bonding molecules 5 and 

crosslinker 6 (Figure 1.7a) have been used by Harris to form well-organized nematic 

networks that can take up water under alkaline conditions, which is accompanied by a 

well-controlled dimensional change.7-10 In one of the cases the sensitivity of hydrogen 

bonds to solvent polarity is used to make pH- and humidity-responsive actuators 

based on a twisted nematic phase. After network activation the films exhibit a strongly 

anisotropic response upon exposure to homogeneously humid air (Figure 1.7) over 

the entire range of humidity, while after full immersion in water the films show strong 

curling about one of the two axes. The actuators also respond to pH changes and to 

changes in the solvent environment. A strongly polar solvent easily swells the network 

forcing binding in one direction while the less polar solvent extracts water to force 

bending in the opposite direction.  

1.3.2 Sensors based on hydrogen bonded liquid crystal networks 

Similarly to the system reported by Harris, chiral nematic acrylate networks that 

contain hydrogen bridges take up basic compounds by breaking the hydrogen bridges, 

thereby changing their reflection color.66-68 Shibaev and co-workers have constructed 

5

6



Chapter 1 
 

12 

H bonded cholesteric LCP (CLC polymers) based on a reactive crosslinker, a 

cyclohexanoic acid derivative, and chiral dopant methyladipic acid.68 The reflection 

band of the polymer films could be positioned in the visible region by adjusting the 

amount of chiral dopant in the mixture. When the films were treated with organic 

solvents, the non-covalently bonded molecules were removed, leading to destruction 

of the cholesteric structure of the material. Interestingly, when exposed to alkaline 

water solutions, the cholesteric structure remained and the reflection band shifted to 

longer wavelengths. The shift of the reflection band depends on the pH and it is 

proposed that the alkaline solutions disrupt the H bonding in the polymer film leading 

to leakage of the non-covalently crosslinked molecules. During leakage the 

dimensions of the polymer film change resulting in a change in pitch. To avoid 

leakage, polymers have also been made that contain reactive H bonded mesogens. 

These cholesteric films also act as pH sensors.67 Films that contain more H bonding 

units respond faster and a larger shift of the reflection band is observed. Most likely 

the alkaline solution breaks up the hydrogen bonds leading to aqueous swelling of the 

films. This swelling results in an increase of the pitch and subsequently in a change of 

the reflection color. Interestingly, these polymer films also respond to concentrated 

solutions of amino acids like arginine, lysine, and histidine.66 Possibly, the amino acids 

diffuse into the polymer matrix to bind to the carboxylic acid groups leading to an 

increased diffusion of water and swelling of the films. These findings open new 

possibilities for the construction of biosensors based on CLC polymer films. 

1.3.3 Membranes based on hydrogen bonded liquid crystal networks 

The application of hydrogen bonded LC materials as membranes has also attracted 

attention.69 In the beginning of the last decade Kim and coworkers reported an 

elegant way to prepare nanoporous organic materials with hexagonal channels. 70 The 

system consists of a benzotri(imidazole) 7  core and polymerizable trialkoxybenzoic 

acid acrylate 8 that form a 1:3 supramolecular complex through hydrogen-bonding 

(Figure 1.8).71 Irradiation of the hexagonal columnar LC phase with UV light induces 

polymerization of the acrylate moieties at the termini of the alkoxy chains to give a 

cross-linked polymer film (Figure 1.8b). Treatment of the polymer film with acidified 

methanol resulted in the removal of the benzotri(imidazole) core to produce the 
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nanoporous material. Preliminary gas permeability measurements showed the porous 

nature of the material.  
 

        
      

Figure 1.8 (a) Structure of 7, 8, 9; (b) Schematic representation of the synthesis of nanoporous polymer with 

hexagonal columnar channels from a supramolecular complex of 7 and 8. The preparation method involves 

formation of a hexagonal columnar LC phase, photopolymerization and removal of the core template 8. Partially 

reproduced with permission from references 72; (c) Schematic representation of desorption and adsorption of 9 in 

the nanoporous columnar liquid crystalline polymer film.  

 

In a similar approach Saigo, Ishida and coworkers have prepared a host-guest 

complex based on benzoic acid 7 that is hydrogen bonded to chiral aminoalcohol 9 

(Figure 1.8) that forms chiral columnar liquid crystal structures.63 The columnar phase 

could be photopolymerized and powder XRD analysis revealed that the rectangular 

columnar structure is maintained after polymerization.73 The amino alcohol was 

desorbed by treatment with an acidic aqueous solution and FT-IR spectroscopy 

measurements showed that the desorption process involves a simple ion exchange 

reaction. Furthermore the intensities of the X-ray diffractions that attribute to the 

rectangular columnar structure became undetectable indicating that columnar phase 

was lost after removal of the template. Interestingly, the reabsorption of the amino 
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alcohol was investigated by soaking the so-called apo-polymer in a methanol solution 

of the amino alcohol. FT-IR spectroscopy showed that the adsorption progressed by 

the formation of the ammonium-carboxylate salt. Furthermore X-ray diffraction 

signals of rectangular columnar structure became detectable again. 74  Recent detailed 

studies have shown that modification of the polymer porous material has large effects 

on properties such as structural order, guest recognition and release, and its repetitive 

switching.72  
 

Figure 1.9 Chemical structure and schematic representation of the supramolecular monomer 10, the pillar 

molecule 11 and both processes (without pillar and with pillar) to build nanoporous layered polymers. Adapted 

with permission from reference 75. Copyright 2008 American Chemical Society. 

 

The advantage of hexagonal columnar structures is that after removal of the 

template molecule, the pore size is maintained due to the rigidity of the honeycomb 

10 

11 
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structures. A similar procedure cannot be used for smectic LC materials, since the 

molecular organization will be disrupted after removal of the template because the 

polymerized regions exist in sheets that are not interconnected. Interestingly, the 

group of Kishikawa has developed a new method to circumvent disruption and has 

prepared nanoporous films based on hydrogen bonded smectic liquids crystalline 

materials.75 The method involves the use of so-called “nano-pillars” which prevents 

the smectic layers from collapsing after removal of the template molecules (Figure 

1.9). The nanoporous layered material consists of pillar molecules 11 having a rodlike 

shape with a polymerizable unit at each end and supramolecular building blocks 10 

containing a rodlike template molecule hydrogen bonded to two polymerizable 

molecules (Figure 1.9). Mixtures of 10 and 11 form a smectic LC phase, which can be 

photopolymerized to obtain a sandwiched structure with the template molecules 

between the two polymer layers. After removal of the template, nanoporous layered 

structures were obtained, which were held together by the pillar moieties and do not 

collapse (Figure 1.9). 

In a similar approach our group reported a fabrication process for nanoporous 

membranes systems based on the self-organization of reactive liquid crystals 

containing hydrogen bonded monomers.76 The principle is based on thermotropic 

hydrogen-bonded smectic liquid-crystalline acrylate 12 (Figure 1.10), which forms a 

large monolithic structure by self-organization. This well-ordered monolith is 

polymerized by short exposure to UV light. Nanopores are created by breaking the 

hydrogen bridges in the polymer network at elevated temperatures or by contact with 

an alkaline solution (Figure 1.10). Upon breaking of the hydrogen bridges at high pH, 

the integrity of the film is maintained by the presence of covalent crosslinkers 13 

holding the smectic layers together. These diacrylate crosslinkers are added to the 

monomer mixture prior to polymerization and do not affect the liquid crystalline 

properties when small quantities are used. The pores have a two-dimensional (sheet-

like) shape and cryo-TEM measurements of the nanopores demonstrated a periodicity 

within the layers of 3 nm and a pore size of around 1 nm. Interestingly porous 

membranes can take up molecules of specific charge, as demonstrated by the 
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incorporation of dye molecules, which makes them possibly interesting for drug 

delivery systems.  

The work described in this thesis is based on this system reported by Broer. When 

referring to a nanoporous network based on hydrogen bonds it has to be clear that 

the term “porous” differs from the examples so far where it could be defined as 

“having minute interstices through which liquid or air may pass” (Oxford dictionary). 

Here with ‘porous” or more specifically nanoporous we address networks possessing 

ionic planes capable of adsorbing or transporting water and other species but which 

may have but do not necessarily contain permanent air or water filled openings. 

 

 

Figure 1.10 Chemical structures of hydrogen bonded monomer 12 and crosslinker 13 and a schematic 

representation of construction the nanometer porous layered films. 

 

 

 

 

 



Introduction 
 

17 

1.4 Aim of the thesis  

The broader goal of the research described in this thesis is to demonstrate the 

application potentials of the hydrogen-bond based smectic network (Figure 1.10). 

There are a number of challenges related to the successful application of this system 

and they will be the focus of this work. 

The first one is related to the composition of the LC network and its influence on 

the material properties. More specifically, the already reported potential use of the 

system as a membrane material provokes us to explore the tunability of the pore size 

by varying the length of the covalent crosslinker.  

A functional nanoporous membrane should possess sufficient mechanical integrity 

to withstand the considerable pressures applied during nanofiltration, either as free-

standing film or as a composite membrane together with a microporous support or 

nanofiller. At the same time one would like to keep the thickness of the membranes as 

small as possible to avoid a low throughput and a large pressure drop over the 

membrane originating from a high ratio between channel length and channel 

diameter. Making the membrane films thin reduces their mechanical robustness. 

Therefore our second goal is to develop methods to integrate the well-organized 

porous system into hierarchical support structures. Bringing them into a rigid 

hierarchical organization opens the question whether this is compatible with 

dimensional changes of the smectic membrane upon breaking the hydrogen bonds. 

Thereto dimensional changes in all directions with respect to the alignment director 

must be known, also as a function of composition and alignment direction, to 

estimate the consequences for their integration in hierarchical composite structures.    

Exploring other applications than filtering we found it interesting to investigate the 

potentials of the 2D interlayer space (“nanogalleries”) formed after hydrogen bonds 

breaking. The last goal of this work is to utilize this confined space of nanometer 

dimensions for crystallization of inorganic ions, which can result in an organic-

inorganic materials with tailor-made properties. 



Chapter 1 
 

18 

1.5 Outline of the thesis  

This thesis describes both the materials aspects of the hydrogen bonded smectic 

networks and the explored features towards new applications.  

In the second Chapter of this thesis we discuss a full characterization of the LC 

network, the main system which applications and properties are investigated in this 

thesis. Most importantly, in relation to the membrane application of the system, the 

influence of different crosslinkers on the pore dimensions is studied.  

In Chapter 3, we explore the swelling coefficient of the membrane since membranes 

exhibiting good dimensional stability in the in-plane directions during operation cycles 

are desirable for good product reliability and performance. Upon opening of the 

channels by breaking the hydrogen bridges the membranes take up medium to large 

volumes of water which changes there dimensions in an anisotropic manner. In that 

sense they can be considered as anisotropic hydrogels. The anisotropic swelling is 

discussed in terms of chemical composition of the membranes and pH changes of the 

solution. 

Chapter 4 deals with integration of the nanoporous LCP in hierarchical support 

structures such as polymer constructs. This issue is crucial for the success of these 

materials as membranes. In this chapter a hierarchical approach is introduced where 

an improve in mechanical properties in terms of modulus and strength  is obtained 

from thicker and mechanically stable constructs with larger pore sizes, e.g. of the 

order of micrometers, while our smectic material provides the desired dimensional 

selectivity on nanometer scale.   

A different approach to improve the mechanical stability of the system is to create 

organic – inorganic nanocomposites based on silicon nanoblades and can be found in 

Chapter 5. Besides by potentially changing the mechanical integrity of the smectic 

membranes this method also give a better control over the for some applications 

desired planar alignment.  

While the main focus of this work here is on membranes other applications of the 

network are also explored. In Chapter 6 the smectic LCP will be utilized as a template 

for anisotropic growth of nanoparticles. More specifically we will discuss the synthesis 
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of silver metallic nanostructures within the sub-nanometer 2D pores of a free 

standing smectic LC film resulting in an organic-inorganic hybrid material.  

Finally, in Chapter 7, some preliminary research to the applications of the smectic 

membranes will be addressed. 
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2 
Crosslinker Influence in 

Nanoporous Liquid Crystal 

Networks 
 

2.1 Introduction 

The properties of smectic nanoporous networks are controlled by its material 

composition and structure. The molecular structure of the nanoporous system that is 

investigated in this thesis was briefly discussed in the previous chapter. It is a 

monolithic polymer network with smectic molecular order obtained by the in-situ 

polymerization of  hydrogen bonded low molecular weight liquid crystalline reactive 

(acrylate end functionalized) monomers and a diacrylate crosslinker.1 The benzoic acid 

based monomers dimerize by the formation of hydrogen bonds thus forming rod-like 

molecular entities that ensemble to a smectic phase in a specific temperature range.2-3 

The molecular organization of this smectic phase is preserved during a 

photopolymerization process leading to a self-supported smectic monolith offering 

sub-nanometer 2D galleries. These nanogalleries can only be accessed upon disruption 

of hydrogen bonds existing between benzoic acid groups by heating or alkali 

treatment. This principle is shown schematically in Figure 2.1. The periodic lateral 
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pores with a surface containing carboxylic ions can transport or take up species of the 

appropriate charge.   

 

 
Figure 2.1 Schematic representation of the formation of the nanoporous network. First, polymerization of smectic 

monomer is localized by lithographic exposure followed by solvent wash to remove unreacted materials. In a second 

step H-bridges are broken by temperature or alkaline treatment to form the periodic in-plane nanopores. Partially 

reprinted with permission from reference 1. Copyright John Wiley and Sons.  

 

The goal of the work described in this chapter is to fully characterize this smectic 

network and the influence of the chemical composition on the materials properties. 

Since separation in porous membranes is based primarily on size discrimination 

(molecules larger than the pores are prevented from being taken up within the layers 

or from passing through while smaller components may permeate) and when charges 

are present on charge discrimination, the control over pore size, chemical interior and 

pore distribution is a crucial factor. The pores in our system are decorated with 

negative charges and we would like to keep this parameter constant. However, we 

would like to investigate whether the pore dimensions can be varied, tuned and 

controlled. In these thermotropic liquid crystals the pore size is assumed to depend on 

the length of the crosslinker. If this is the case we can control pore size and pore size 

distribution by adjusting the composition and length of the linking molecule. We 
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chose to investigate the influence of three diacrylate cross-linkers with different length 

in their most stretched conformation. The crosslinkers have been selected such that in 

their pure state they have a smectic phase, thus anticipating that they will not affect 

the inherent property of the benzoic acid based dimers to form a smectic LC phase. 

Their alkyl side chains vary in length between three and eleven carbon atoms (C3, C6, 

C11; Figure 2.2: monomer 2, 3 and 4) giving a molecular length (determined as the 

distance between the outer carbons of the acrylate moieties) of 3.4 nm, 4 nm and 5.4 

nm respectively in their extended conformation. 

The outcome of this study will be presented and discussed in three separate parts. 

First the LC materials, sample preparation and methods will be discussed. Second the 

LC phase behavior and membrane formation are addressed. The results for three 

types of systems will be compared and the influence of the chemical composition on 

the properties of the material will be evaluated. Finally, the layer spacing of the 

different networks will be described as this is directly linked to the pore size.  

2.2 Materials and methods 

2.2.1 Materials 

The chemical structures of the compounds utilized in the research are shown in 

Figure 2.2. The LC materials are custom synthesized by Synthon Chemicals Germany 

(monomers 1 and 2) or provided by Philips Research Laboratories (monomer 3 and 4).  

Acrylic monomer 1 (4-(6-acryloyloxylhexyloxy) benzoic acid) was used as the base 

material for our research. It has been previously reported that this compound shows 

liquid crystalline properties in its dimerized form - it melts at 91 °C and demonstrates 

smectic-A (SmA) phase up to 109 °C, where it becomes isotropic.1 However, as will 

be discussed below careful observation revealed an additional second-order SmA-to-

Ncybotactic transition around 100 °C.  

Monomers 2, 3 and 4 are covalent (non-hydrogen bridged) crosslinkers.  Monomer 

2 is 4-((4-((6-(acryloyloxy)hexyl)oxy)phenoxy) carbonyl)phenyl 4-((6-(acryloyloxy) 

hexyl)oxy) benzoate which melts at 76 °C to become SmA. It exhibits a SmA to 

nematic (N) transition at 138 oC and it becomes isotropic at 150 oC.4 Monomer 3 is 4-

((12-(acryloyloxy)dodecyl)oxy)cyclohexyl 4-((4-((11-(acryloyloxy)undecyl)oxy) 
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benzoyl)oxy) benzoate with phase behavior Cr 32 SmB 88 SmA 104 N 108 I (°C), 

which differs slightly from previously reported data for that compound.5 Monomer 4 

is 4-((4-(3-(acryloyloxy)propoxy)phenoxy)carbonyl) phenyl 4-(3-(acryloyloxy)propoxy) 

benzoate with phase behavior Cr 73 SmA 113 N 169 I (°C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.2 Chemical structures of the compounds used in the research. 
 

2.2.2 Sample preparation  

The mixtures used for the experiments contain reactive mesogens as well as 1 wt. % 

photo initiator 1-hydroxy-cyclohexyl-phenyl-ketone (Irgacure 184, Ciba Specialty 

Chemicals). To prevent premature polymerization during processing of the monomer 

mixture 0.1 wt. % p-methoxy phenol (Fluka) was added as polymerization inhibitor. 

To make homogenous blends, the components were dissolved in dichloromethane to 

a concentration of 50 %. Subsequently, the solvent is evaporated by heating the 

mixture to 70 °C for approximately 1 hour.  
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To obtain LC networks glass cells were produced which provide after filling with LC 

mixtures a planar orientation. Thereto glass plates (30x30mm) were cleaned with 

ethanol, blow-dried with N2 and exposed to UV ozone treatment for 20 min. The 

substrates were spin coated (two step cycle: 1000 rpm for 5 sec and 5000 rpm for 40 

sec, Karl Suss RC6 spincoater) with  polyimide OPTMER AL 1051 (JSR Corporation, 

Tokyo, Japan), subsequently cured (2h, 180 °C) and rubbed with a polyester velvet 

cloth. Films with thicknesses between 5 and 20 μm were made by applying the melt 

between the two by spacers separated glass plates making use of capillary forces.  

Photopolymerization was performed by 10 minutes exposure with a mercury lamp 

(OmniCure S1000) that emitted at 365 nm at an intensity of approximately 5 

mW/cm2 at the sample surface. Post exposure heat treatment at 120 °C was employed 

to improve conversion of the acrylate groups.  

2.2.3 Characterization techniques 

X-ray Diffraction (XRD) 

 XRD of monomer mixtures was measured at samples sealed in a 1 mm glass 

capillary, inserted in 1 Tesla magnetic field inside a heating stage using 

monochromatic Cu-kα source (1.54 Å, Philips) and a Siemens Hi Star area detector. 

The temperature was controlled with a Linkam hotstage TMS94 controller and the 

patterns were collected during the second cooling run applied to the material. 

 X-Ray scattering measurements of planar polymer films 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 1x108 ph/s. 

Scattering patterns were collected using a Pilatus 300K silicon pixel detector with 487 

x 619 pixels of 172 μm2 in size placed at a sample-to detector distance of 1080 mm. 

Due to an instrument limitation the three basic solid plates of the detector can be 

placed only some millimeters apart creating a 17 pixels wide dark-band in the image.  

From the obtained diffraction patterns azimuthal integration was performed to 

calculate the intensity against the scattering vector q. To convert the scattering vector 

information into d-spacing, d=2π/q relationship is used, where q=(4π/λ)sinϑ (ϑ is the 

angle of incidence and λ is the wavelength). The beam center and the q range were 

calibrated using silver behenate as reference. 6 
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Polarization Optical Microscopy (POM) 

POM studies were conducted using a Leica CTR 6000 microscope equipped with 

two polarizers that were operated either crossed or parallel with the sample in 

between, a Linkam hot-stage THMS600 with a Linkam TMS94 controller and a Leica 

DFC420 C camera. 

Differential scanning calorimetry (DSC) 

   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. All the samples containing non-polymerized monomers 

were doped with 0.1 wt. % inhibitor (p-methoxy phenol) to prevent temperature 

induced polymerization. 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). 

Fourier Transform Infrared Spectroscopy (FTIR) 

 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 2 cm-1. Varian Resolution Pro software was used for the 

analysis of the spectra. 

Transmission Electron Microscopy (TEM) 

For TEM observations stained membranes were embedded in Spurr resin 

embedding media (DER736: Epoxy Resin, NSA: (A)Nonenyl Succcinic Anhydride 

Modified, ERL-4206: Vinyl Cyclohexene Dioxide & DMAE: 2-(Dimethylamino) 

ethanol), then cured at 70 °C for 6h. The embedded sample was microtomed at -100 

oC using a cryo-microtom (Reichert-Jung Ultracut E) with 90 nm thickness. The cross 

sections were transferred on a carbon film on a 200 square mesh copper grid. The 

imaging was performed on a Technai G2 Sphera by FEI operated in bright-field mode 

at 300 kV under slight defocus conditions. Fast Fourier transform (FFT) processing 

of the images was done on image J software. 7 
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2.3 Results and discussion 

2.3.1 Liquid crystal phase behavior 

The system investigated in this study is based on the hydrogen bonded dimers of 

monomer 1 (Figure 2.2). These molecules were blended with a small amount (10 wt. 

%) of conventional crosslinkers (monomer 2, 3 or 4) to ensure the formation of a 

mechanically stable network that incorporates both strong covalent bonds and weaker 

hydrogen bonds. The presence of these crosslinkers has an influence on the LC 

behavior and transition temperatures of the mixtures. Therefore 90/10 w/w blends of 

monomer 1 and three different crosslinking molecules – monomer 2, 3 and 4 were 

prepared and the phase behavior determined by DSC and POM.  

First, the mixture composed of 1 and 2 in a 90/10 w/w ratio was studied by POM. 

When placed between two glass slides under homeotropic boundary conditions the 

sample showed a transition to the isotropic phase around 110 °C as indicated by a 

drop in viscosity and a black field under crossed polarizers. Upon entering a 

mesophase when cooled from the isotropic liquid state, the LC director, defined as 

the average orientation of the long axes of the liquid crystal molecules, adopted an 

orientation perpendicular to the glass plates. The optic axis of the molecules was 

parallel to the direction of light propagation and there was no birefringence for any in-

plane rotational position of the sample between crossed polarizers. The texture thus 

simply appeared black, also called pseudo-isotropic. Slight mechanical deformation by 

pressing on the sample yielded a light flash which was caused by a fast, reversible 

reorientation of the director. When cooled below 100 °C, the mixture exhibited 

increase in viscosity.  

When the LC mixture is placed under homeotropic or planar anchoring conditions it 

is difficult to see specific mesophase texture. In order to give some pretilt angle to the 

molecules, different than 0 and 90 degrees, non-rubbed polyimide surfaces were used. 

In Figure 2.3 the results from the observations are depicted. Upon cooling from the 

isotropic melt birefringent Schlieren textures that exhibited characteristic sets of 

curved dark brushes were formed at around 110 oC. These textures show a presence 

of a nematic phase. Below 100 °C a fan-shaped texture appeared with topology 

consisting of focal domains and with further temperature decrease a broken fan-
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shaped was observed. This results indicate a smectic A phase, for which is 

characteristic that the molecules are aligned in layers with the director being at an 

around 90 degrees angle with respect to the layer normal. From the DSC traces we 

speculate on the presence of a higher ordered smectic phase, e.g. Sm C or B, when 

further cooling down, although we cannot distinguish the corresponding DSC peak 

from double crystallization. The POM analysis of  90/10 w/w ratio mixtures of 1+3 

and 1+4 gave very similar results, although the transitions occurred at slightly different 

temperatures.  
 

 

                                                  

 
Figure 2.3 POM micrographs of pure monomer 1 and the mixtures 1+2 (90/10 w/w), 1+3 (90/10 w/w) 

and 1+4 (90/10 w/w)  during cooling from the isotropic melt. Scale bar 100 µm. 

 

105 °C 95 °C room temperature

1 

1+2 

1+3 
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The DSC heating and cooling traces, that were recorded between 0 °C and 150 °C, 

are qualitatively similar for all three mixtures (Figure 2.4). The outcomes of the POM 

and DSC analysis for the blends are summarized in Table 2.1. The combined results 

indicate that the differences in transition temperatures for the three mixture are small 

and the phase behavior is comparable to that of the pure monomer 1. Smectic A and 

nematic phases are present in all the blends within short temperature range. Previous 

reports for monomer 1 did not note a nematic phase and for mixture 1+2 showed a 

nematic phase presence between 110 and 130 °C. This could be attributed to better 

instrument precision in the current study and/or contamination in the previous 

examinations. Therefore, throughout this chapter for conformation of the results, 

already reported experiments will be repeated. 

Figure 2.4 DSC traces in the second heating and cooling cycle of pure monomer 1 and the mixtures 1+2 

(90/10 w/w), 1+3 (90/10 w/w) and 1+4 (90/10 w/w) (endothermic up, rate 5 °C/min).  

 

These initial experiments were done with blends containing small amount of 

crosslinking molecule. However, depending on the specific necessity, a higher 

concentration of crosslinker can be added as well. To determine how this change in 

composition would influence the liquid crystalline behavior of the mixtures, phase 
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diagrams were built. The thermotropic behavior and LC structure were studied with 

the same set of techniques, and the results are presented in Figure 2.5. 

 

Table 2.1 Phase behavior of the LC mixtures. 

Compound                                                T, °C [a]

1   Cr 91 Sm A 100 N 109 I

1+2 [b] Cr1 69 Cr2 90 Sm A  100 N 110 I

1+3 [b]   Cr 90 Sm A 97 N 106 I

1+4 [b] Cr1 65 Cr2 89 Sm A 97 N 109 I

[a] Temperatures are reported based on the second DSC heating run (5 °C/min). The observed 

phases are identified by following abbreviations: Cr = crystalline, Sm A = smectic A, N = 

nematic, I = isotropic liquid. 

[b] The compounds are in 90/10 w/w ratio. 

 

The first investigated mixtures were blends of monomer 1 and 2. Mixtures 

containing up to 30 wt. % of 2 were found to exhibit smectic A and nematic phases in 

a temperature range close to the transitions found in pure monomer 1. The 

temperature region of SmA phase widens with increasing monomer 2 concentration,  

because of the depression of the crystalline melting temperature towards its eutectic 

point around 90% 2. With a higher amount than 40 wt. % of 2 the nematic to 

isotropic transition temperature becomes broader and forms a biphasic gap where 

both the nematic and the isotropic phase coexist. This biphasic gap narrows again at 

high concentrations of 2 close to 100%. This behavior follows the expected trend for 

LC mixtures. 
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Figure 2.5“Two component” phase diagrams of monomer (a) 1 and 2; (b) 1 and 3; (c) 1 and 4. Transitions 

occurred during the second DSC heating cycle with temperature scan rates of 5°C/min. 

 

  The phase diagram of 1/3 mixtures shows that all the blends containing 1 and 3 also 

exhibit smectic A and nematic phases. At very high concentrations of 3 a Sm B phase 

is observed which was reported for pure monomer 3 5. Blends of 1 and 4 show a 

similar trend to the previous mixtures. A broad nematic region is found for all 

mixtures. The liquid crystal to isotropic phase transition temperatures of the mixtures 

decreases with increasing monomer 1 content due to the lower isotropic transition 

temperature of 1 compared to 4. Above 50 wt. % content of 4, a not further 

characterized smectic X phase appears during cooling (not indicated in the figure 

which gives only transitions measured during the heating cycle). 

2.3.2 Network formation and activation 

The steps involved in the formation of a the nanoporous smectic network are 

generation of a polymer and subsequent breaking of the hydrogen bonds to form 

pores. The experiments related to this are presented in this subsection and a blend of 

monomer 1 and a crosslinker (2, 3 or 4) in a 90/10 w/w ratio are used. The monomer 

(c) 1 and 4 
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blend was uniaxially aligned in a glass cell provided with an anti-parallel rubbed 

polyimide orientation layer at both sides. A polymer network was formed via UV 

initiated photopolymerization of the monomers within their nematic or smectic phase, 

while the samples maintained their uniaxial orientation. POM micrographs before and 

after UV exposure show that the samples are well-aligned and there is a slight change 

in birefringence and texture upon polymerization (Figure 2.6).  

 

 
Figure 2.6 POM micrographs of planar aligned samples of 1+2 (90/10 w/w) (a) before polymerization in 

their smectic A and nematic phase; (b) after polymerization in the smectic A and nematic phase. Scale bar 50 

µm. The images are taken with the sample placed between crossed polarizers and the arrows indicate the position 

of the polarizers. 

 

The FTIR analysis of the mixture of 1+2 polymerized in the nematic phase revealed 

that the absorption peaks at 809, 965, and 985 cm-1 (which are characteristic of C=C 

after pol.  

at 105 °C 

 (b) 
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vibrations in the acrylate group)8 are strongly reduced following UV irradiation 

(Figure 2.7 inset). This indicates that the C=C double bonds almost disappear and 

strongly implies the formation of a polymer network. It can also be seen that the 

hydrogen bridges are preserved. This is concluded from the observation that the 

position and intensity of the carbonyl peak at 1675 cm-1 remains unaffected during 

polymerization (Figure 2.7). This peak is associated with the υ (C=O) mode of a 

hydrogen-bonded carboxylic acid. The FTIR measurement was also done for the 

samples polymerized in their smectic phase and for systems with crosslinker 3 and 4. 

The results were similar. 
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Figure 2.7 FTIR spectrum of membrane thin film composed of 1+2 (90/10 w/w) before and after 

polymerization. The characteristic peaks of the C=C double bond in the acrylate group located at 809, 965, and 

985 cm-1 are strongly reduced following UV irradiation. 

 

The polymer network that we formed contains covalent crosslinks and crosslinks 

based on the hydrogen bridges. In accordance with our objectives we need to break 

the hydrogen bridges to form a nano-porous network. Upon their formation the 

hydrogen bonds have a negative enthalpy by a substantial gain in interaction energy, 

but at the same time there is a considerable loss in entropy due to the directional 

specificity of the bonding. As a consequence, hydrogen bonds are thermo-reversible 

and display a high degree of cooperativity.9 This makes temperature one of the most 
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obvious external triggers to tune the material’s properties, but other stimuli can be 

applied as well, such as changes in pH.  
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Figure 2.8 Variable temperature IR spectra of a polymer film composed of 1+2 (90/10 w/w). Spectra were 

recorded starting at 100 °C and are shown for 120, 140, 150, 160, 170, 180, 190 and 200 °C. The arrow 

indicates the trend with increasing temperature. It can be noticed that the OH stretching band (peaks at 2563 

and 2673 cm-1) decreases in intensity upon increasing temperature and shifts to higher wavelengths. These facts 

indicate that the hydrogen bonds become weak and their number decreases with increasing temperature.  

 

The hydrogen bonds of the LC system described here, can be broken by heating the 

polymer to high temperatures as proven by FTIR and calorimetric measurements 

(Figure 2.8 and Figure 2.9). It has been previously reported that upon heating to 200 

°C most of the order is lost in the sample and when cooled down to room 

temperature the side groups of the polymer organize themselves and the hydrogen 

bonds are re-established.1 For pure monomer 1 samples, the macroscopic monolithic 

order is not regained again, smectic polydomains are formed and no net directionality 

of the molecular orientation is observed any longer. However, when a crosslinker is 

present in the system after cooling back down to room temperature the original 

monolithic layer structure is reestablished.1 The rupture of the hydrogen bonds of the 

crosslinked smectic polymers at higher temperatures apparently leads to a reduction of 

the order of the smectic layers as well as that of the benzoic acid units formed. But 
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the order is not completely lost as the crosslinked mesogenic units keep their average 

orientation.  

As is shown by DSC measurements (Figure 2.9) the rupture temperature of the 

hydrogen bonds increases with the crosslinker concentration. This might indicate a 

less dominant entropy effect when the crosslinker concentration becomes higher due 

a smaller reduction of the order. The transitions in Figure 2.9 were detected during 

heating to 210 °C with a heating rate of 5 °C/min. At increasing crosslinker content 

the transition peaks broaden and above 50 wt. % no clear peaks were visible. The 

same trend was observed for the other two crosslinkers (data not shown).  
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Figure 2.9 A calorimetric measurement of the H-bonds breaking of a 1+2 polymer with different crosslinker 

concentrations. (a) Second heating and cooling cycle, rate 5 °C/min. (b) Temperature of hydrogen bonds breaking 

as influence of crosslinker concentration. The lines indicate the trend. 
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Another trigger to reversibly break the hydrogen bonds is a change in pH. As a 

polymer, the network is aligned, hydrogen bonded, and rigid, but it is also 

hydrophobic and resists swelling in most solvents. Following polymerization, the films 

can be treated with buffer pH=10 for 24h for complete conversion of all the 

carboxylic acid groups into sodium carboxylate groups, forming an “activated” film 

with presumingly 2D open pores. The buffer treatment reduces the order of the 

network but does not eliminate it. This is confirmed by the presence of remaining 

birefringence as observed with POM (Figure 2.10).  

 

 
Figure 2.10 POM micrographs of planar aligned samples of 1+2 (90/10 w/w) after activation in alkaline 

solution (a) samples polymerized in their smectic A phase; (b) samples polymerized in their nematic phase. Scale 

bar 50 µm. The images are taken with the sample placed between crossed polarizers and the arrows indicate the 

position of the polarizers. 

 

At pH 10 in which the film was immersed, the optical retardation drops to around 

10% of the initial value that was measured for the untreated film.1 Comparing FTIR 

spectra in the region from 1800 to 1300 cm-1 before and after treatment in buffer 

shows the conversion of a hydrogen-bonded diacid into a sodium salt (Figure 2.11). 

Absorption peaks of interest are located at 1676 cm-1 (C=O stretching in cyclic 

carboxylic acid dimers), 1544 cm-1 (antisymmetric COO- stretching), and 1395 cm-1 

(symmetric COO- stretching).10 The peak at 1676 cm-1, which is indicative of 

(a) 
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hydrogen bonding, is slowly eliminated during buffer treatment, while the carboxylate 

ion peaks at 1544 and 1395cm-1 grow strongly. This is direct evidence that the buffer 

penetrates into the network, deprotonating the acid groups and breaking up the 

hydrogen bonds. The FTIR measurement was also done in the smectic phase of this 

mixture and for systems with crosslinker 3 and 4 and the results were similar (data not 

shown). 
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Figure 2.11 FTIR spectrum of the membrane composed of 1+2 (90/10 w/w) before and after activation. The 

peak at 1676 cm-1, which is indicative of hydrogen bonding, is slowly eliminated during buffer treatment, while the 

carboxylate ion peaks at 1544 and 1395cm-1 grow strongly. 

2.3.3 Crosslinker influence on the layer spacing 

  It is interesting to investigate how the length of the crosslinking molecule affects 

the layer spacing of the liquid crystal network. In this subsection the influence on the 

d-spacing of the three different crosslinkers - monomer 2 (with spacer length C6), 

monomer 3 (with spacer length C11) and monomer 4 (with spacer length C3) (Figure 

2.2) is studied. The calculated length of monomer 2 is 4 nm – close to the size of the 

dimer 1. In the case of the crosslinker with C11 and C3 carbon spacers the calculated 

molecular length was 5.4 nm and 3.4 nm respectively.  

To check the layer spacing and LC molecular arrangement within mixtures of 

monomer 1 and 10 wt. % of the different crosslinkers (either 2, 3 or 4), diffraction 

measurements in the SAXS and WAXS regions were used as an investigation 
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technique. The organization of the LC monomers was first determined prior to 

polymerization. The X-ray diffraction measurements were performed in an magnetic 

field that aligns the monomers in the X-ray capillaries. Figure 2.12 illustrates the 2D 

X-ray pattern of monomer mixtures when heated to the nematic and smectic A phase. 

From the images the degree of order of the well-aligned samples can be determined.11 

The intermolecular distance of the mesogens can be derived from the diffraction in 

the wide angle region. The width of this diffraction pattern is inversely proportional to 

the range of the lateral positional order within the layer. The periodicity of the smectic 

layers can be detected from additional reflections in the small angle region.  

 

1 1+2 1+3 1+4 

 

 
Figure 2.12 XRD micrographs of magnetically (1 Tesla) aligned LC monomers at 85 °C (smectic A phase) 

and at 105 °C (nematic phase).  

 

The determined d-spacing of the smectic layers for all three types of samples was 

around 4.0-4.3 nm (Table 2.2). The wide angle diffuse peaks show that the lateral 

packing of the molecules is liquid-like and gives intermolecular distance of around 

0.45 nm. The layer spacing is close to the molecular dimensions of the hydrogen-

bridged dimer, which demonstrates that there is no influence of the crosslinker length 

on the LC organization in the monomeric state. In systems containing longer 

monomer 3 apparently there is inter-digitation of the end groups of the crosslinking 

molecule. These out-of-layer fluctuations point to densely packed molecular 
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arrangement. In the mixtures with the short monomer 4 the layer spacing also 

corresponds to the dimer length suggesting that there is unfavorable free volume 

within the system. The small angle diffraction pattern confirms that indeed all the 

mixtures are in smectic A phase. 

 

 
Figure 2.13 Cybotactic nematic phase. 

 

When the mixtures are heated up to 105 °C within their nematic phase the intensity 

of the reflections at the small angle reduces to a large extent and the width of the 

peaks increases (Figure A.1 in Appendix A of this chapter). There is a slight shift of 

the Bragg peak to smaller angles and the diffuse scattering at high angles increases. 

From the observations regarding the position and the shape of the reflections it can 

be concluded that the nematic phase appears to contain localized, fluctuating regions 

of layer-like structure. This is illustrated in Figure 2.13 and is known in literature as a 

nematic cybotactic phase.12 The widths of the wide and the small angle peak are 

inversely proportional to the average thickness and width of the smectic-like clusters, 

respectively.11 The size of the smectic clusters is likely in the nanometer range11 

therefore it is difficult to be detected by POM. The presence of such cybotactic phase 

is further supported by the second-order N-SmA transition where usually such phase 

transition would be accompanied with a first-order peak. Moreover, such cybotactic 

phase usually appears close to the N-Sm transition and the presented measurement is 

done only 5 degrees above such transition due to the small temperature range of the 

nematic phase (~10 °C). We are the first to report on the existence of the cybotactic 
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nematic phase in this material. The information became available through progress in 

the accuracy of measuring techniques like XRD. It might explain the discrepancy with 

earlier observations on similar materials.1  

 

(a) 

Sm A 

 

Layer spacing 2.9 nm 

 

Layer spacing 3.1 nm Layer spacing 2.8 nm 

(b) 

N 

Layer spacing 3.1 nm 

 

Layer spacing 3.5 nm Layer spacing 3.1 nm 

 

1+3 1+41+2 

1+3 1+41+2

Figure 2.14 X-ray diffraction patterns of LC films after polymerization at (a) 95 °C and (b) 105 °C. The 

two ‘dark’ lines represent areas of connection between the three detector panels. Note that the direction of the initial 

alignment with respect to the image is unknown. 
 

Measurements of thin, planar aligned polymer films, prepared by 

photopolymerization in the smectic A and nematic phase, were also conducted. From 

the X-ray diffraction patterns that are shown in Figure 2.14, it can be concluded that 

the molecular organization undergoes a number of changes upon polymerization in 

smectic A phase. First, the average orientation of the molecules to the layers changes 

from perpendicular to tilted as in the smectic C phase. The various layer normals are 

tilted which gives a cylindrical symmetry around the director (chevron-like structure), 

as suggested by the presence of four first order pseudo-Bragg peaks tilted at ± ϑt to 

the meridian. Since the transition to the smectic C phase occurs from a smectic A 
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phase, it is possible to deduce approximately the tilt angle ϑt not only from the 2 D 

pattern but also by extrapolating the smectic A spacing d’ into the smectic C phase 

using the relation ϑt =cos-1(d/d’). Such estimates have been reported to agree 

extremely well with the directly-measured tilt angles.13 However, this would be an 

accurate approximation only if no interdigitation of the end acrylate groups occurs 

simulataneously to the smectic A to smectic C transition. The calculated average tilt 

angle (Table 2.2) varies between 44° and 46° for the three mixtures. Secondly, the d-

spacing of the layers decreases to 2.9 nm for 1+2 polymer, 3.1 nm for 1+3 and 2.8 nm 

for 1+4 system which cannot be explained by the tilting of the molecules alone. This 

can be partly ascribed to the decrease in volume as a result of the conversion of the 

intermolecular van der Waals distances between the acrylate moieties into covalent 

bond distances and by the adaption of the conformation of the acrylate end groups 

when they undergo polymerization forming polymer chains in the planes between the 

smectic layers at the initial location of the acrylate end groups. The packing of the 

molecules becomes tighter and steric factors frustrate the smectic A alignment thus 

inducing the tilt. Still this polymerization shrinkage cannot be considered as being 

fully responsible for the decrease in layer spacing. Therefore, it is assumed that the 

acrylate end groups, when brought under the constraint of the 2D polymer chains, for 

conformational reasons tend to adjust the local order by realignment and 

interdigitation. Consequently, the conformational molecular changes that are needed 

for the changes in molecular organization from smectic A to smectic C type will not 

be that large.  

Since the LC orientation in the nematic phase possesses also partially layer 

ordering, it is interesting to see the alignment of the network after the UV exposure. 

Thin films, polymerized at 105 °C (in the nematic cybotactic phase of the materials), 

showed a diffraction pattern with azimuthal splitting of the small angle signal into two 

pairs of diffuse spots, symmetrically placed about the equatorial line. The 2D image to 

some extend resembles cybotactic nematic phase14-16 but also can be interpreted as 

poorly aligned smectic C phase. The d-spacings are somewhat higher in comparison 

to films polymerized in smectic A phase (Figure 2.14 b, Table 2.2).  
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Polymers consisting only of hydrogen-bonded dimer 1 exhibit d-spacing of 2.3 nm 

upon polymerization in both smectic A and nematic temperature regions (Figure A.2 

in Appendix A of this Chapter) and showed a clear smectic C pattern with tilt angle of 

54 degrees. It is remarkable that only 10 wt. % of covalent monomer lowers the tilt 

angle with 8-10 degrees.  
 

Table 2.2 Layer spacing (nm) [a] of monomer mixtures and polymers and tilt angles (°) [b]  for the smectic C 

polymers. 

 Monomers  Polymerization in Sm A

temperature region 

Polymerization in N

temperature region 

 Sm A  N [c] Polymer Dry Salt Polymer Dry Salt 

1 3.9 nm 4.4 nm 2.3 nm/54° -  [d] 2.3 nm/54° - [d] 

1+2 4.2 nm 4.4 nm 2.9 nm/46° 3.3 nm 3.1 nm 3.3 nm 

1+3 4.3 nm 4.3 nm 3.1 nm/44° 3.3 nm 3.5 nm 3.6 nm 

1+4 4.0 nm 4.1 nm 2.8 nm/46° 3.1 nm 3.1 nm 3.3 nm 

[a] As determined from the diffraction measurements 

[b] As determined using the relation ϑt =cos-1(d/d’), where d’ = dSmA monomer 

[c] Note that this is the layer spacing found in the cybotactic regions 

[d] The polymer dissolves upon salt formation 
 

Diffraction measurements of the activated dry smectic C films (Figure 2.15 a) show 

that upon hydrogen-bonds breaking by treatment with the alkaline solution the 

molecular order in the layers decreases, but the layers themselves become more 

ordered. Instead of a clear intensity maximum, now the intermolecular distance is 

presented by a diffuse ring, which suggests the presence of a disordered packing of 

the benzoic acid salts. First and second order sharp reflections can be seen in the 

small angle area pointing out to well layered structure. This can only be explained by 

uniaxial orientation of the crosslinker perpendicular to the smectic layers. Therefore 

one would expect that the length of the linking molecule will determine the d-spacing 

in this case. However from the X-ray images a clear trend cannot be seen. With 
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increasing the crosslinker length, the d-spacing changes from 3.1 nm (crosslinker 

length 3.4 nm) to 3.3 nm (crosslinker length 4 nm and 5.4 nm). The differences are in 

the range of the experimental error which is around 0.1 nm. Surprisingly similar 2D 

diffraction patterns and d-values (Figure 2.15 b) were noted for polymer salts 

prepared via polymerization at 105 °C (nematic cybotactic phase) and subsequent 

hydrogen bond breaking. Here also the layering was present but with slightly higher d-

spacing.  

 

(a) 

Sm A 

 

Layer spacing 3.3 nm 

 

Layer spacing 3.3 nm Layer spacing 3.1 nm 

(b) 

N 

 

Layer spacing 3.3 nm 

 

Layer spacing 3.6 nm Layer spacing 3.3 nm 

 

1+41+2 1+3

1+31+2 1+4

Figure 2.15 X-ray diffraction of planar polymer smectic salt films (a) samples polymerized at 95 °C (smectic A 

phase); b) samples polymerized at 105 °C (nematic phase). Upon uptake of alkaline solution the molecular order 

in the layers decreases but the layers themselves become more ordered. The alignment changes from tilted to 

perpendicular with respect to the layers. 

 

The differences in layer spacing between activated samples composed of different 

crosslinkers are minor. Possible reason is that the X-ray measurements were 

performed in vacuum therefore the polymer salt films most likely did not contain 
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water. It is anticipated that when the ionic channels are filled with water, larger layer 

spacing will be realized. Another possibility is that the concentration of the diacrylate 

molecules might be not high enough to have an impact on the d-spacing. This factor 

also can be tuned, however increasing the amount of crosslinkers will limit the pore 

space of the material. 

An estimate of the pore size in the networks composed of 90 wt. % 1 and 10 wt. % 

monomer 2 leads to a value of close to 1.0 nm taking a close to random distribution 

of the benzoic acid groups into account. For 1+3 systems this number should be 

slightly higher. To check if the layers within the polymer and the interlayer “pore 

spacing” can be visualized, TEM experiments were performed. For the TEM 

measurement the polymer had to be stained in order to get contrast in the images. 

Thereto Ba(OH)2 or BaCl2 was added to an alkaline solution and allowed to diffuse 

into the planar aligned film polymerized at 105 °C. After taking the sample out of the 

solution, and cross-sectional specimen cutting by cryo ultra microtomy, Ba2+ 

remained bonded in the membrane pores providing sufficient contrast to enable 

imaging (Figure 2.16). The periodicity of samples with crosslinker 2 was measured to 

be 3.2 nm and with the longer crosslinker 3 it increased to 4.5 nm. The values were 

extracted from Fast Fourier Transform (FFT) processing7 of the TEM micrograph. 

 At first instance, the conclusions drawn from the XRD data may appear in 

contradiction with  the TEM observations. The cumulative length of an inorganic - 

organic layer measured via TEM was 4.5 nm for 1+3 network, which is longer than 

periodicity found for the same polymers from the XRD data (3.6 nm). Something that 

should be considered is the difference in the chemical nature of the smectic polymer 

salts. The diffraction patterns were measured on polymer films containing 

monovalent potassium ions in contrast with the TEM observation where bivalent 

barium ions were infiltrated. The ions have a small difference in their non-hydrated 

radius (K + 0.152 nm, Ba 2+ 0.149 nm) 17, but the difference in valence may play a role, 

since Ba ion can capture two benzoic acids, while K can neutralize only one moiety. 

To determine if the presence of Ba2+ is the reason for this difference a XRD 

measurement of the samples was performed (results not shown). The layer spacings 

found were 3.3 nm for 1+2 polymer and 3.4 nm for 1+3 showing that there was no 
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difference between the values found for samples with different counter ions. However 

the polymer salts containing barium exhibited a sharp ring in the wide angle region 

suggesting well defined intermolecular distance of 0.36 nm. A possible explanation for 

the difference in periodicity could be that the cross sectional cutting of the planar 

aligned film was done under a larger angle which will result in longer distances. 

 

 
(a)                                                                          (b) 

Figure 2.16 TEM images and FFTs of a cross-section of membrane film filled with Ba2+under alkaline 

conditions. The darker lines represent Ba2+ enriched layers. (a) 1+2; (b) 1+3. 

 

2.4 Conclusions  

The investigated mixtures based on the hydrogen bonded benzoic acid containing 

monoacrylates and small amount of different LC diacrylate crosslinkers show similar 

phase behavior and alignment prior and after polymerization. The LC phases present 

in all the mixtures are nematic cybotactic and smectic A. In the monomer smectic A 

state the layer spacing for all the blends is close to the molecular dimensions of the 

hydrogen bridged dimer, demonstrating that there is no influence of the crosslinker 

length on the LC organization. After polymerization the networks change their 

alignment from smectic A to smectic C type which is related to an increase in the 

packing density of the smectic layers and generation of molecular tilt due to steric 

frustrations. There is an insignificant difference in layer spacing between the mixtures 
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consistent with the observed interdigitation of the end groups of the longer 

crosslinking molecule 3 in the monomeric state.  

Upon breaking of the hydrogen bonds all the polymer films exhibit layer ordering 

without an order of benzoic acid moieties within the layers. And although we 

observed remaining order of the different crosslinkers, they do not have great impact 

on the persisting layer spacings. This can be attributed to insufficient concentration of 

diacrylate monomers or to measurement limitations. After opening of the hydrogen 

bonds investigation was performed on dry polymer salt films but in the activated 

swollen state of the network the influence of the length of the linking molecule might 

be accountable for a different trend of increasing d-spacing upon increasing size of 

the crosslinker. 
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Appendix A 
Diffraction measurements 
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Figure A.1 X-ray 1D profiles of LC monomer mixtures at 105 °C (red line) and 85 °C (black line).  

 

 

(a) 

 

(b)

 

 

Figure A.2 X-ray diffraction figures of LC films consisting of monomer 1 after polymerization at 95 °C (a) 
and 105 °C (b). 
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3 
Swelling of the Liquid Crystal 

Network* 
 

3.1 Introduction  

Given the facts that our nano-porous membranes must be handled and mounted, 

and that they need to withstand gas or liquid pressure during their use, measures for 

reinforcement are required. Integrated supports are mandatory to provide the 

membrane with the strength necessary to withstand the handling forces and operating 

pressure. The individual layers in a supported membrane structure must maintain their 

adhesion to the support and their integrity during system operation. Therefore a key 

parameter is the dimensional stability of the membrane in dry and wet conditions. 

Changes in the length scale due to swelling during membrane activation and operation 

is an important parameter to be considered. Johnson et al. show that the in-plane 

swelling of the membrane due to water absorption is the primary driving force causing 

large in-plane stresses for fuel cell membranes.1 Swelling was found to have a more 

pronounced effect on the stresses than either the clamping conditions or the 

                                            
* Partially reproduced from: Shishmanova, I. K.; Bastiaansen, C. W. M.; Schenning, A. P. 
H. J.; Broer, D. J., Chemical Communications 2012, 48 (38), 4555-4557. 
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membrane thickness and therefore could potentially lead to membrane delamination 

from the integrated support or microfluidic element. 

Fundamentally the process of membrane swelling results from the balance between 

repulsive and attractive phenomena.2 These phenomena may include: the 

thermodynamic mixing between the net polymer and the solvent; the interaction 

between fixed charged groups and free ions as happens in our LC membranes; the 

elastic force of the polymer and also inter-chain attractive forces. The expansion of 

the polymer takes place due to the entropic diffusion of its constituent chains and 

their counter ions as well as by osmosis when the ion concentration within the 

membrane becomes higher than in the surrounding water. On the other hand, 

swelling is countered by elastic forces within the polymer chain and inter-chain 

attractive forces.  

Polyelectrolytes (PEs) like our LC membrane have ionizable groups, and their 

interactions with solvents are determined in part by the degree of dissociation of these 

ionizable groups. Conformational changes by these groups may lead to changes in the 

degree of swelling of the membrane barrier, hence triggering changes in the 

membrane permeability and selectivity.3 Swollen-to-collapsed transitions in PE chains 

caused by changes in pH and ionic strength have been well documented, and even 

visualized with atomic force microscopy. The hydrophobic backbone is responsible 

for the compact conformation of the chains, due to the strong hydrophobic 

interactions in an aqueous environment. Ionization of the functional groups in the PE 

chains due to changes in pH or ionic strength causes increased osmotic pressure 

inside the system and electrostatic repulsion of the similarly charged groups, resulting 

in the transition of the chain from a collapsed to a swollen state. The strength of the 

electrostatic interactions depends on the dielectric constant of the solution, and thus 

can be tuned by addition of salts (changing the ionic strength). If the ionizable groups 

are weak bases or acids, then changes in pH affect the degree of ionization. In some 

cases, the degree of ionization can be tuned by light (isomerization of spiropyrane 

functional groups) or electrochemically (for functional groups changing their charge 

state in a redox reaction). 
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Contrary to our need for dimensional stable membranes as described above,  

polymeric hydrogels that reversibly expand and shrink due to changes in their 

environment (pH, temperature, ionic strength, light or electric field), are appealing for 

application as actuators in a variety of devices ranging from robotics to microfluidic 

biosensors.4-7 For most of these applications isotropic swelling of the hydrogel is 

sufficient. However some applications could benefit from special features such as 

controlled unidirectional or bidirectional swelling/actuation and the integration of the 

hydrogel elements in a controlled patterned way. For example molecular micro- or 

nanocarriers that upon release deliver their moisture sideways are of a great advantage 

in the area of tissue engineering where (artificial) skin is grown.8 Controlled directional 

deformation is necessary for cell-carriers to in-vivo administer cells and tissue at the 

desired body location.  

There are only a few reports in the literature where anisotropic swelling of 

membranes or hydrogels was observed. Interconnecting fibrous membranes9 based 

on of poly(acrylic acid) and poly(vinyl alcohol) at a 3.5 COOH/OH molar ratio were 

shown to behave like anionic hydrogels with dimensional expansion far greater in 

their thickness than in their planar areas. The anisotropic dimensional expansion was 

associated with the spatial arrangement of fibers, i.e., much smaller inter-fiber spaces 

along the thickness direction than in the planar directions. Crosslinking under 

constraint caused further fiber compaction in the thickness direction, leading to 

anisotropic and accordion-like dimensional expansion upon swelling. Randova et al 10 

reported the anisotropic swelling of Nafion membrane in methanol-water-inorganic 

salt examined by the optical method. The results show that even a small addition of 

inorganic salt into the methanol-water mixture affects kinetics as well as the swelling 

equilibrium. The effect of inorganic salts LiCl, NaCl, KCl, CsCl, CaCl2, CdCl2, 

K2CO3, KNO3, NH4Cl, and AgNO3 was studied.  It was concluded that the swelling 

of the membrane decreases with increasing ionic radius of the cation. Directionality of 

response (or anisotropic swelling) achieved through molecular alignment can also be 

found in LC based gels and elastomers.11-15  

Membrane swelling has been described in the literature from two different 

perspectives: “macroscopic swelling”, which is defined as a large scale expansion of 
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polymer membranes measured over an area of at least 1 mm2, and is used 

synonymously with the term “bulk swelling”, and “microscopic swelling”, where the 

change in dimension is extracted from small-angle X-ray scattering (SAXS) data. The 

microscopic swelling observation is then defined as the increase in the equivalent 

Bragg spacing as a result of solvation.16-17 The macroscopic swelling is usually 

measured gravimetrically, which in many situations is not very accurate, especially 

when volatile (methanol and toluene) or viscous (room temperature ionic liquids) 

solvents are used. The difficulties, when using gravimetric methods, arise from a 

deficient removing of excess solvent from the membrane surface. Another option to 

follow the swelling of a membrane is to record the dimensional changes by an optical 

method. 

The work described in this chapter is focused on the study of the LC membrane 

swelling when exposed to buffer with pH=10 (Chapter 2, 1+2 system). Since the 

buffer solution is water based we would refer to the swollen polymer membrane as a 

hydrogel. The swelling and de-swelling behavior of a nematic polymer is first studied 

in response to pH changes and as a function of the crosslink density and LC 

alignment. Next a smectic network is examined in order to compare the influence of 

the degree of order. The macroscopic swelling is investigated via optical microscopy 

observations of the dimensional changes of the film supported with interferometry 

thickness measurements.  

3.2 Sample preparation and methods  

In order to study the microscopic swelling of the LC gel samples, we prepared thin 

films that were cut in 1x1 mm pieces. The films were composed of monomer 1 and 2 

(90/10 w/w) (see Chapter 2). To make the mixtures accessible for 

photopolymerization, 1 wt. % 1-hydroxycyclohexylphenylketone (Irgacure 184, Ciba 

Specialty Chemicals) was added as photoinitiator and for stabilization 0.1 wt. % of p-

methoxy phenol was used.   

We employed two alignment configurations: a planar alignment with the average 

molecular director parallel to the substrate surface and a homeotropic alignment 

where the molecular orientation is perpendicular to the surface. Planar alignment was 

established using uniaxially rubbed, polyimide-coated glass (AL1021 polyimide, JSR 
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Corporation, Tokyo, Japan). For homeotropic alignment clean, non-coated but 

rigorously cleaned glass substrates were used. We prepared thin film samples in a cell 

construction with consistent thickness achieved by micrometer size glass fiber spacers. 

The well-aligned state was achieved by slowly cooling the cell from the isotropic state 

of the monomer mixture to the smectic state. Photopolymerization in the nematic 

cybotactic (at 105 °C) and smectic A (at 95 °C) phases was performed by 10 minutes 

exposure with a mercury lamp (OmniCure S1000) that emitted at 365 nm at an 

intensity of approximately 5 mW/cm2 at the sample surface. Post exposure heat 

treatment at 120 °C was employed to improve conversion of the acrylate groups. We 

confirmed the monolithic alignment by polarization optical microscopy studies 

conducted using a Leica CTR 6000 microscope equipped with crossed polarizers and 

a Leica DFC420 C camera. 

Infrared (IR) spectra were recorded at FTS 6000 Spectrometer from Bio-Rad 

equipped with Specac Golden gate diamond ATR and were signal-averaged over 50 

scans at a resolution of 2 cm-1. The spectra were normalized for the peak located at 

1727 cm-1. 

3.3 Results and discussion  

3.3.1 Hydrogen bonds reversibility 

The as polymerized films are hydrophobic and resist swelling in most organic 

solvents. It has been reported, however, that polymers containing hydrogen bridges 

(such as polyacrylic acid) reversibly swell/deswell in water based buffer solutions in 

response to pH changes. Hence, the switch between their neutral and ionized state, 

and vice versa can be performed. During membrane activation and operation similar 

behavior is observed for our benzoic acid based polymer network after treatment with 

basic buffer solutions. Bases neutralize the carboxylic acid groups to form salts, and 

two deformations occur simultaneously. Since the hydrogen bonds are reduced, the 

system order parameter decreases, and the network deforms. However, with the 

creation of a polymer salt network, the swelling behavior is also affected, and the films 

begin to rapidly absorb water. The difference of chemical potential, which induces 

osmotic pressure, is the driving force of swelling after immersion of the LC 
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membrane into the buffer. FTIR of a nematic cybotactic polymer film shows that 

upon immersing the sample in a pH 11 buffer solution the C=O stretching vibration 

of the hydrogen bridged carboxylic acid at 1676 cm-1 directly starts to diminish and 

the antisymmetric COO– stretching of the carboxylic anion at 1544 cm-1 comes up 

(Figure 3.1). Bringing the pH down again to pH 8 the 1676 cm-1 peak comes up again 

and the 1544 cm-1 peak goes down. Bringing the pH further down to pH 1.5 slowly 

reestablishes all hydrogen bonds and the FTIR spectrum is close to its initial state.  
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Figure 3.1 After breaking the H bonds at pH 11, the sample is subsequently immersed in lower pH solutions 

(5min per solution) until recovery of the bonds.  

3.3.2 Influence of liquid crystal alignment 

Upon breaking the hydrogen bridges at high pH pores are formed, largely consisting 

of carboxylic acid anions with sodium counter ions. This affects the swelling behavior 

and the free standing nematic cybotactic films begin to absorb water driven by 

osmosis when immersed in a pH 10 buffer solution (Figure 3.2). The first submission 

of the as prepared LC membrane in high pH solution is referred to as ”activation 

step”. The dimensional changes during the “activation step” along the two in-plane 

axes were recorded with microscopy and along the axis perpendicular to the film 

plane with interferometry. In the film with planar orientation the sample expands 

largely in both directions perpendicular to the nematic director and only marginally in 

the direction parallel to the director. Perpendicular to the director the expansion is 45 
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to 50% and parallel to the director close to 5%. In case of the film with homeotropic 

alignment an expansion of 45% was observed along the two (arbitrary) axes in the 

plane of the film and no change in the thickness was recorded. The swelling is bi-

directional with expansion in the two directions perpendicular to the director. In the 

direction of the director no changes in the dimensions could be observed due to the 

presence of crosslinker. This means that most likely despite the fact that the hydrogen 

bridges have their main direction along the director and that they become broken, the 

smectic layers are kept at the same distance as controlled by the covalent crosslinker.  

 

 

 

          
Figure 3.2 Optical micrograph of swelling and de-swelling of thin films of nematic cybotactic  network with (a) 

planar alignment (arrow indicates alignment direction) and (b) homeotropic alignment (scale bar corresponds to 

500μm), (c) schematic presentation of the network assuming that layered structure is present and its deformation 

upon swelling. 

 

The dimensional changes predominantly in the direction perpendicular to the 

director can only be explained by a decrease of order in the benzoic acid moieties. 

This is in agreement with earlier observations by X-ray diffraction on these films (see 

Chapter 2). The decreasing order of the benzoic acid moieties also creates the space 

(c) 

(a) 

(b) 
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for the absorbed water molecules and ions in between the layers. Swelling in the 

direction parallel to the director must be accompanied by stretching of the polymer 

main chains to allow the dimensional changes.    

3.3.3 Influence of pH changes 
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Figure 3.3 Swelling depends on the direction with respect to the molecular orientation and shows hysteresis upon 

cycling during activation step.  

 

The response to pH changes and the reversibility with respect to dimensions is 

studied by gradually increasing the pH of the buffer solution and subsequently 

decreasing it again. When a non-activated nematic cybotactic sample is brought in an 

initially neutral pH 7 solution of which we slowly increase the pH the sample does not 

swell until a pH 9 is reached (Figure 3.3). The sample is kept for 24h per solution. At 

pH 9 the H bonds start to break and after few hours the film swells abruptly. Upon 

decreasing the pH a small hysteresis is visible when the film starts its deswelling 

process at a pH 8. The de-swelling takes places within minutes of immersion in the 

solution. The film does not reach back the original dimension of the non-activated dry 

state even when brought to pH 1. Upon the second cycle of swelling and deswelling 

of the activated sample the dimensional changes occur fast (in the order of minutes) 

and the measured expansion was +/-20%. The number is calculated by taking into 

account that the initial size of the membrane during this cycle is different that the 
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initial size before activation step. After the first cycle the further cycles were found to 

be repeatable and reproducible (Figure 3.3).  

3.3.4 Influence of crosslinker content 

  On itself it is remarkable that the relatively low concentration of crosslinks is capable 

to maintain the dimension along their orientation axis, also taking the flexibility of the 

smectic layers into consideration. The effect of crosslinker content on the dimensional 

changes of the polymer films during activation step is shown in Figure 3.4. Below 20 

wt. % crosslinks the swelling is highly anisotropic. But a crosslink density of about 10 

wt. % is needed to keep the swelling along the director close to zero. Above a 

crosslinker concentration of 20 wt. % the swelling becomes marginal in all directions. 

This explains that at this crosslink density the interlayer polymer chains are hindered 

in their stretching. Also an increasing degree of crosslinking enhances polymer 

hydrophobicity due to the non-polar chemical structure of the molecule and 

consequently decreases the affinity to water. 
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Figure 3.4 Expansion as a function of the crosslinker concentration during the activation step. 

3.3.5 Swelling behavior of a smectic film 

   In order to investigated the influence of the degree of order on the swelling, 

samples polymerized within their smectic A phase were prepared. In comparison to 

the nematic cybotactic polymer, where only local smectic order is present, here the 
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layered structure is much better defined. Even though after activation the 2D SAXS 

pattern (see Chapter 2) of both types of samples appears the same, one can argue that 

the length of the layers or water filled channels might be greater in the samples 

polymerized within their smectic A phase. On the other hand a single layer structure 

in smectic phase is often not extended over large area due to presence of dislocations 

and defects. 

  In Figure 3.5 the optical micrographs showing the swelling and de-swelling of planar 

aligned smectic C film are shown. The measured dimensional changes are very close 

to the values obtained for the nematic cybotactic film. 

 

 
Figure 3.5 Optical micrograph of swelling and de-swelling of thin films of nematic cybotactic network with (a) 

planar alignment (scale bar corresponds to 500μm). 

 

3.4 Conclusions 

In conclusion, we have demonstrated that swelling of thin LC polymer films in high 

pH buffer solution is highly anisotropic. Expansion takes mainly place in direction 

perpendicular to the LC director which can be only explained by a strong reduction in 

the order parameter of the benzoic acid groups as soon as the hydrogen bonds are 

broken. Swelling in the direction parallel to the LC director is controlled by the 

presence of copolymerized covalent bridging groups and is limited to 5 percent. The 

anisotropic swelling of the nanoporous networks is a benefit in certain fields of 

interest such as controlled unidirectional or bidirectional swelling/actuation for 

example in the area of tissue engineering where (artificial) skin is grown but also can 

introduce processing issues in the manufacturing of membranes with a microporous 

support. 
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4 

Strategy to Integrate the Liquid 

Crystal Network into Support 

Structures 
 

4.1 Introduction 

   One of the potential applications for the smectic nanoporous networks described in 

this thesis is their use as a membrane, e.g. for liquid filtration based on size-exclusion 

and/or charge exclusion. For flow-through type of applications the nanometer 

dimensions of the two-dimensional pores require small thickness of the membrane 

film. Already a one micrometer thick film leads to an aspect ratio, defined as the film 

thickness divided by the smallest pore dimension, of around 1000. In order to 

maintain the pressure drop over the membrane acceptable for most applications, 

preferably (sub-) micrometer film thicknesses should be used. The use of such thin 

films for membranes over larger surface areas, where often pressure is used to 

transport the liquid through the membrane, may provide problems with mechanical 

strength. A general strategy to improve on the mechanical integrity of such thin films 

is to integrate them into or onto a hierarchical support structure with micrometer pore 

dimensions.1-2 

    Different approaches can be followed to create such hierarchical constructions. For 

instance, a thin smectic membrane layer can be added on top of a membrane with 
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larger pores sizes where the latter has the function to provide the mechanical support. 

The two membranes need to be connected firmly in a two layer construct. In literature 

this is often done, for other nanoporous systems than discussed in this thesis, by 

coating of the nanoporous film directly on top of the support membrane.3 To prevent 

in-diffusion of the still wet coating during fabrication, the micropores of the support 

membrane are temporarily blocked by a sacrificial material4 that is removed after the 

coating process. An important difference with our system is that we need to control 

the molecular alignment in the nanoporous film such that the nanopores are formed 

perpendicular to the film surface (Figure 4.1). This means that a planar molecular 

alignment is preferred whereas the smectic material has a strong tendency to align 

homeotropically (with the smectic layers parallel to the surface) as driven by surface 

tension. In order to overcome the alignment problem first the smectic membrane 

needs to be produced on a glass plate provided with a planar alignment layer. This 

should give sufficient control over the molecular alignment and subsequently the 

supporting layer can be created on top of this. After formation of the supporting layer 

the glass plate has to be removed releasing the nanoporous membrane.  

 

 
Figure 4.1 Left side: Schematic view of composite membrane construction composed of LC bottom layer (green) 

and SU8 membrane (grey) as a top layer, in the top right a cross-sectional view; Right side: Schematic view of 

dimers of monomer 1 (Figure 4.2) and the LC alignment within the composite (the arrows indicate the direction of 

the ionic channels after membrane activation).  

 

   The described strategy was our first choice, however a number of complications 

related to removing of the LC polymer film from the alignment layer after the 

fabrication of the composite construct were encountered. Furthermore a detachment 
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of the two layers was observed upon activation of the system. In attempt to overcome 

these issues a different approach was also investigated and is presented here. 

   The objective of the research presented in this chapter is to find a method to 

mechanically support the smectic membranes in a hierarchical assembly. The 

approach that will be followed is to fill the pores of a stable support membrane 

structure with the smectic monomers followed by in situ polymerization.5-9 The 

support layer is a microfabricated membrane manufactured via photolithography. It 

has a thickness in the range of 1–25 micrometers, a very high porosity and the pore 

size can be adjusted down to micrometers.10-11 The membranes are made from an 

epoxy-based lithographic material SU8 and possess excellent chemical and thermal 

properties12.  

The application of such composite can be for example in the area of ion-exchange 

membranes where selective absorption and desorption of charged species is 

performed. An important parameter for application is the orientation of the smectic 

molecules in the pores of the support membrane as it will determine the direction of 

the 2D pores with respect the membrane axes. In bulk smectic A structure the 

molecules lay in parallel arrays of layers and tend to be aligned along the layer normal. 

However, when the LCs are confined in porous materials they exhibit structural 

deformations, resulting from a complex balance between the effects of their elastic 

properties, the pore surface shape (roughness and curvature) and the LC/pore surface 

coupling (which includes anchoring and wetting characteristics).13 Depending on the 

nature of the molecular anchoring at the pore surface, different spatial distributions of 

the LC director fields are possible. Literature reports on smectic LC orientation in 

confined nanochannels show that planar circular, planar axial or escaped radial 

alignment can be preferred types of alignment.13-18 The alignment and structure 

formation of the smectics in the pores will therefore receive special attention in this 

Chapter. 

 The outcome of this study will be presented and discussed in three separate parts. 

First the materials, sample preparation and methods will be discussed. Second the 

creation of a pore-filled composite is shown and the alignment of the LC molecules is 
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investigated. Lastly some properties of the composite like swelling and absorption are 

addressed. 

4.2 Materials and methods 

4.2.1 Materials 

  The composition of the LC network investigated in this Chapter is presented in 

Figure 4.2 (1 and 2 90/10 w/w). The transition temperatures for the mixture are Cr1 

69 Cr2 90 SmA 100 N 110 I (oC) (Chapter 2). For dichroic measurements 1 wt. % of 

dichroic dye G205 (Mitsui Chemicals) was added to the LC mixture (Figure 4.2). 

 

monomer 1 

 
 

monomer 2 

  

dichroic dye 

G205                       

 

Rhodamine B 

      

1-pyrenesulfonic 

acid  

sodium salt 

             

Figure 4.2 Chemical structures of the compounds used. 

 

   For absorption studies solutions of Rhodamine B (Figure 4.2, Aldrich) and 1-

pyrenesulfonic acid sodium salt in water were prepared. For activation of the LC 

polymer buffer solution pH=10 (Na2B4O7/NaOH Fixanal, Sigma-Aldrich) was used 
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and for deactivation (reestablishing of the hydrogen bonds) pH=2 

(C6H8O7/HCl/NaCl Fixanal, Sigma-Aldrich).  

4.2.2 Support structure fabrication 

 

                

SU8 molecule Triarylsulfonium salts Cyclopentanone

Figure 4.3 Composition of the SU8-2010 mixture: SU8 molecule (monomer), a blend of triarylsulfonium salts 

(initiator) and cyclopentanone (solvent). 

 

Microporous membranes were manufactured via the following procedure (Figure 

4.4). First a thin layer of adhesion promoter (Omnicoat, MicroChem) was spin-coated 

(4000rpm, 20sec, Karl Suss RC6 spin coater) over a glass substrates and baked at 200 

°C for 2 minutes. The epoxy-based SU8-2010 mixture (MicroChem – USA; see Figure 

4.3) was spin-coated (3000 rpm for 30 sec, Karl Suss RC6 spin coater) on top of it and 

heated for 1 min at 65 °C followed by 2 min at 95 °C to evaporate the solvent and 

subsequently cooled down to room temperature to bring the SU8 in the glassy state. 

The film thickness of the SU8 layer was tuned by changing the solid concentration 

and/or spin speed. The SU8 layer was then exposed to UV light (365 nm) through a 

mask and during this exposure a Lewis acid is formed, which acts as a catalyst for the 

cationic polymerization.12 The exposure dose that we used was 140 mJ/cm2. 

Crosslinking occurred predominantly during the second heating step 10 (1 min 65 °C, 

2 min at 95 °C) that was followed by a slow cooling to minimize build-up of internal 

stresses. Non polymerized SU8 in the dark areas of the mask was removed by 
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immersing the sample in SU8 developer (1-methoxy-2-propanol acetate, mr-dev 600, 

MicroChem) followed by rinsing with isopropanol and drying with nitrogen.  

 

 

(a) (b)

 

(c) (d)

 

Figure 4.4 Schematic view of  the processing steps involved in creating an SU8 membrane: (a) SU8 layer on a 

modified glass substrate (yellow shows SU8 prior to polymerization); (b) mask lithography; (c) resulting structure 

with polymerized (grey) and non-polymerized SU8 regions (yellow); (d) SU8 membrane after development 

(relative dimensions not to scale). 

4.2.3 Investigation techniques 

Polarization optical microscopy (POM)  

POM studies were conducted using a Leica CTR 6000 microscope equipped with 

crossed polarizers and a Leica DFC420 C camera. For colorimetery measurements 

ProMetric G Imaging Colorimeter was attached to the microscope setup. 

To investigate the monomer mix prior to polymerization a hot stage (Linkam) was 

placed in the set up and the LC mixture was doped with a small amount of inhibitor 
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to prevent unwanted polymerization during the observations. The images were 

recorded during the second heating cycle. 

Scanning electron microscope (SEM) 

The surface and cross-section of a pure and composite polymer samples were 

examined using a SEM-Quanta 3D, FEI or SEM-JEOL 5600. Prior to the 

observation the samples were mounted on a metallic base using double-sided carbon 

tape and coated with a 20 nm gold layer. The imaging was performed with 5 kV 

achieving magnifications ranging from 100 to 100 000 times. Cross-sections of 

freestanding film specimens were prepared by fracturing the films in liquid nitrogen. 

Absorption measurements 

Absorption measurements of solutions were performed in 1 mm pathlength quartz 

cells using an UV-VIS-NIR spectrophotometer (Shimadzu UV-3102).  

X-ray Diffraction (XRD) 

 X-Ray scattering measurements 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 1x108 ph/s. Scattering patterns were collected 

using a Pilatus 300K silicon pixel detector with 487 x 619 pixels of 172 μm2 in size 

placed at a sample-to detector distance of 1080 mm. The three basic solid plates of 

the detector can be placed only some millimeters apart creating a 17 pixels wide dark-

band in the image.  

From the obtained diffraction patterns azimuthal integration was performed to 

calculate the intensity against the scattering vector q. To convert the scattering vector 

information into d-spacing, d=2π/q relationship is used, where q=(4π/λ)sinϑ (ϑ is the 

angle of incidence and λ is the wavelength). The beam center and the q range were 

calibrated using the diffraction peaks of silver behenate.19 

4.3 Results and discussion 

4.3.1 Composite fabrication  

In Figure 4.5, the steps involved in the fabrication of the pore-filled composite 

membranes are depicted. First, an SU8 support was created on a glass substrate via 
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photolithography. Using different masks, structures with a variety of pore sizes and 

shapes were made. Second, the pores were filled with LC monomer. The LC was 

placed on a second glass substrate and transferred to the SU8 support while heated to 

the isotropic phase of the material (115 °C). The glass was firmly pressed and the 

pores of the SU8 were infiltrated with LC monomer melt by capillary action, followed 

by cooling down to either the nematic (cybotactic – see Chapter 2) or the smectic 

phase and photopolymerization (10 minutes exposure with a mercury lamp OmniCure 

S1000). Finally, the upper substrate was removed and the composite released from the 

bottom substrate by placing it in water for 30 min. 

       

 

(a) (b) (c) 

Figure 4.5 Schematic view of the processing steps involved into fabricating pore-filled composite:  

(a) SU8 membrane on a glass substrate, (b) LC transfer to the SU8 membrane and subsequent 

photopolymerization, (c) pore-filled membrane composite (relative dimensions not to scale). 

 

  To characterize the composite, the following aspects were analyzed: (1) LC 

alignment before and after polymerization as a function of the pore size, (2) swelling 

during activation and (3) selective dye adsorption. 

4.3.2 Liquid crystal alignment  

The 2D ionic galleries of the nanoporous network, formed between the LC 

monomers after the hydrogen bonds are broken, should be easily accessible. For this 

composite design, the orientation of the LC moieties should preferably be parallel to 

the bottom surface in order for the 2D planes to be in the preferred vertical direction. 

The alignment is critical, and necessitates careful investigation and verification. 
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Smectic A phase (95 °C) 

 

Nematic cybotactic phase (105 °C) 

 

Isotropic phase (115 °C) 

 
Figure 4.6  POM images of SU8 pores (size 30µm squared) filled with LC monomer mix prior to 

polymerization. The images are taken under crossed polarizers conditions and the arrows indicate the position of 

the polarizers. Scale bar 50 µm. 

 

To check the LC molecular arrangement within our composite, we used POM as an 

investigation technique. For these experiments, the LCs were confined in 30 

micrometer square pores formed in an SU8 support. The alignment of the LC 

monomers was first determined prior to polymerization. Figure 4.6 depicts the 

microscope pictures of the composite when heated to smectic A (95 °C), nematic 

cybotactic (105 °C) and isotropic (115 °C) phases. The images were taken in  

transmission mode with the sample between crossed polarizers, with a bright field,. 

To interpret the depictions to a modeled director profile, it should be examined how 
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the different LC molecular arrangements rotate the polarization of the incident light, 

and how this transmitted light will appear after passing through the second polarizer. 

This will be briefly explained in the following paragraphs. 

 

 

Figure 4.7 Top and side view of model smectic director (green cylinder) structure in a square-shaped pore: (a) 

escaped radial with homeotropic anchoring at the SU8 pore wall and (b) azimuthal with parallel anchoring at the 

SU8 pore wall. Both configurations have homeotropic area with respect to the plane of the membrane in the 

middle. The transition from planar to homeotropic alignment is in reality more gradual.  

 

Considering the smectic A POM images in Figure 4.6, it is clear that the molecules 

have a complex director profile. There are areas where light is transmitted and areas 

where it is dark. In the dark segments there are 3 possible local LC configurations:  

the alignment of the molecules is either parallel or perpendicular to one of the 

polarizers, or the molecules are aligned homeotropically. To distinguish between these 

possibilities, the polarizers were rotated with respect to the sample. If these dark 

(a) 

(b) 
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segments remained black the alignment was confirmed to be homeotropic (optically 

isotropic organization), which was observed in the center of the pores. If after 45° 

rotation of the polarizers, the regions transmitted light then there were two possible 

configurations, either the director is parallel or perpendicular to one of the polarizers. 

The two possible arrangements of the molecules within the SU8 pores are depicted in 

Figure 4.7 as either azimuthal (with planar anchoring) or escaped radial (with 

homeotropic anchoring).  

 

Figure 4.8  POM images of SU8 pore (size 30µm) filled with LC monomer mix doped with 1 wt. % dichroic 

dye G205. The images are taken under single polarizer conditions and the white arrow indicates the direction of 

the polarization of the light.  

Smectic A phase (95 °C)

Isotropic phase (115 °C)Nematic cybotactic phase (105 °C)
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To differentiate between these two options we utilized a supplementary optical 

characterization technique being the observation of dichroism in the presence of a 

dichroic dye. This investigation method is described in the Appendix B of this 

Chapter. For the purpose of the study, 1 wt. % absorbing dye (G20520, Figure 4.2) 

was incorporated into the LC mixture.  

 
Figure 4.9  Imaging calorimeter micrographs. The images are taken at 95 °C under single polarizer conditions 

and the white arrow indicates the direction of the polarization of the light. 

 

The single polarizer images of LC mixtures doped with G205 and heated up to the 

smectic A phase are depicted in Figure 4.8. There are areas with intense orange color 

due to high absorption, as the molecular axis of the dye is parallel to the polarization 

of the light. By rotating the polarizer in increments of 45 degrees, the local dye 

arrangements may be revealed. By superimposing the director profile for all the 

images, the alignment for the whole pore area can be determined. As described 

previously, in the center of the SU8 pore the LC appeared to display homeotropic 

arrangement: this is confirmed by the dichroic measurements. The absorption in this 

central region is homogeneous but less than near the edges of the pore for all the 

polarization directions of light. This is expected since the transition dipole moment of 

the dye in the central region is perpendicular to the polarization vector of the light, 

corresponding to the minimum absorption state. The director profile that 

corresponds to the images in Figure 4.8 is escaped radial (ER) with homeotropic 

anchoring (compare Figure 4.7 and Figure 4.8). Since the molecular axis of the dye 

coincides with the LC director, it is assumed that the arrangement of the LCs is the 

same as the dichroic dye. More quantitative measurement of the positional dichroism 

was performed with imaging colorimeter. The instrument allows determination with 

very high spatial resolution of the amount of transmitted energy from the sample. In 
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Figure 4.9 it can be seen that ratio between transmitted light from certain area (circled 

in the image) in parallel and perpendicular direction is around 0.42. 

The formation of the ER alignment results from the balance of surface anchoring 

and elastic energies.21 As seen from the textures, the molecules prefer to be 

perpendicular to the walls. These boundary conditions can be satisfied only when the 

layers are bent, preferably with a minimum elastic energy cost. The latter is achieved 

by the construction of an ER alignment, which is possible because in smectic A phase 

the layers are flexible and can bend easily. For large deformations, such as those met 

here, the elastic free energy density of distortions is comprised of the splay, saddle-

splay, and compressibility terms (bend and twist of the director are prohibited)22-24: 

1
2

div	
1
2

 

where n (x,y,z) is the director,  is the splay elastic constant,  is the saddle-splay 

elastic constant, B is a compression modulus and  γ=(d–d0)/d0 is a relative layer 

thickness change from its equilibrium value d0 to d (the thickness of the deformed 

layer). The term  can be integrated to a surface term and should be considered 

whenever the topology of layers is altered; this is precisely the case of layers in ER 

alignment as compared to flat layers. Note that the ratio of splay and strain constants 

defines a length scale λ= /  that is close to the smectic layer thickness. When the 

typical radius of curvature of the distorted smectic A is much larger than λ, the 

deformations tend to be of pure curvature type (described by the first two terms of 

the equation above) in which the layers preserve their equidistance. This is precisely 

the case for the alignment within the SU8 pores, where the curvature radius is in the 

order of microns and is much larger compared to the 4 nm smectic layer thickness. 

Therefore, the only distortion of our macroscopic medium should be curvature.  

   In our case the orientation of the liquid crystals is stabilized by surface anchoring 

conditions rather than by the bulk elasticity. The surface anchoring at the SU8 walls is 

such that the LCs are oriented perpendicular (homeotropic) with respect to it. The 

water contact angle of a polymerized SU8 layer is reported to be around 84±3 

degrees25 pointing to a relatively hydrophobic surface. Low surface-energy substrates 

generaly induce homeotropic alignmnent if there is no preferential orientation or 
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surface roughness26 which is in agreement with our observations at the interface 

between  LC molecules and SU827. 

   After determining the LC structure within the pore-filled composite in smectic A 

phase, it is interesting to see how this changes when we the material in the pore is in 

its nematic cybotactic phase. The same procedures were followed, and the results are 

shown in Figure 4.6 and Figure 4.8. From the images it is clear that similar escaped 

radial structure is present. The director field is located perpendicular to the surface at 

the pore wall and when approaching the center of the pore gradually reorients until it 

points along the symmetry axis. The low bend and twist elastic nematic constants 

allow such gradual change of alignment. The homeotropic central area appears to be 

bigger in comparison to the smectic A phase where the change in orientation is more 

discrete.  

Smectic A phase 

 

Nematic cybotactic phase 

 
Figure 4.10 POM images of SU8 membrane filled with LC monomers and subsequently photopolymerized. 

The images are taken under crossed polarizers conditions and the arrows indicate the position of the polarizers. 

Scale bar 50 µm.  

 

 As a control experiment, the composite system was studied with the LCs in their 

isotropic phase (in this phase no order and no birefringence are present). As 

anticipated, the sample appeared black between crossed polarizers (Figure 4.6) with 
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homogeneous absorption of light by the dichroic dye under single polarizer 

conditions (Figure 4.8). 

The collective molecular orientation did not differ between entering the smectic A 

and nematic phases by cooling from the isotropic state and entering the same phases 

upon heating while melting the confined crystal.  

   The molecular orientation within the SU8 pores prior to polymerization is 

promising, because it gives easy access to the 2D planes of the network, with the 

exception that in the center of pores there is homeotropic alignment, which will 

hinder the transport or uptake through that region of the composite. To see if the 

alignment in Smectic A and nematic phases is retained in samples photopolymerized 

by UV exposure, we used again POM. Remarkably, the orientation was preserved for 

both the smectic A and nematic cybotactic LC arrangements (Figure 4.10). The 

samples polymerized in Smectic A phase showed the same pattern under polarization 

microscopy as they did prior to UV exposure but the regularity of the pattern over the 

sample was not as uniform. This could be partly ascribed to the tight packing of the 

molecules due to the conversion of the intermolecular van der Waals distances 

between the acrylate moieties into covalent bond distances and the increase in tilting 

angle with no control over the direction of tilting. When the pore-filled composite 

was polymerized at 105 °C (nematic cybotactic region) the alignment was also 

preserved. 

4.3.3 Influence of micropore size and shape 

    The influence of pore size and shape on the LC alignment in the nematic and 

smectic A phases was further examined (Figure 4.11). The images demonstrate that 

increasing the pore size increases the area of the center homeotropic region, while 

reducing the size diminishes the homeotropic fraction. This is logical based on elastic 

energy considerations combined with a strong homeotropic surface anchoring. The 

further the pore walls are from each other, the bigger the space left undefined, 

prompting the molecules to adopt homeotropic orientation which is preferred by the 

smectic A phase at the LC air or LC glass interface. Changing the pore shape from 

square to slit-shaped did not influence the alignment.  
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                          Smectic A phase                                           Nematic cybotactic phase 

 
 

Figure 4.11 POM micrographs of SU8 membranes with different pore sizes (the number on the left side of the 

image corresponds to the pore size) filled with LC monomers (1+2) and heated up to the nematic and smectic A 

regions. The images are taken under crossed polarizers conditions and the arrows indicate the position of the 

polarizers.  

4.3.4 Activation and Swelling   

During membrane operation having adhesion between the composite components is 

very important. Such integrity of the membrane system can be obtained via chemical 

binding between the composite layers. The epoxy groups of the not fully cured 

support layer can in theory react with the carboxylic and acrylate groups of the LC 

monomers. The possible reactions are based on two mechanisms depicted in the 

Appendix B of this Chapter (Figure B.1 and B.2).10, 28   
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    The discussed surface graftings of SU8 lead to the conclusion that with this 

approach it is possible to achieve firm adhesion of the selective LC network to the 

microporous support without any further modification of the pore surface. This was 

proven by the fact that the two layers of the composite (SU8 and LC) did not de-

attach upon activation of the smectic network during which swelling is anticipated to 

build up stresses at the interface between epoxy and the LC polymer network (Figure 

4.12). 

Smectic A phase 

 

Nematic cybotactic phase 

 

Figure 4.12 POM images of a pore-filled composite membrane (pore size 30 µm) after activation. The images 

are taken under crossed polarizers conditions and the arrows indicate the position of the polarizers. Scale bar 50 

µm. 

 

During LC transfer to the SU8 membrane and subsequent polymerization step an 

excess of LC material is present at one of the SU8 sides. The method of transferring 

gives little control over the thickness of this extra LC layer (Figure 4.13), which can 

range from 1 to 40 micrometers. For our purposes we selected only the samples with 

the excess layer as thin as possible. For practical use this requires further optimization. 

For example, we propose to remove the top layer by reactive ion etching which is 

known to etch the liquid crystal networks in a controlled way. However this was not 

further studied. Other attempts to overcome the problem related to the presence of 

an extra layer were also made. The liquid crystal material was inkjet printed only inside 
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the holes of the SU8 support. The printing was done from a DMF solution which 

affected the surface properties of the epoxy material and therefore the alignment of 

the liquid crystal molecules was no longer well-defined. In a different approach the 

upper glass substrate was removed and the excess of liquid crystal monomers was 

manually removed. This seemed to be effective only in part of the samples hence for 

our further research we continued with the original fabrication technique. 

 

 

(a) (b)

Figure 4.13 SEM image of a cross-section of pore-filled SU8 membrane when (a) 1 µm extra LC layer is 

present (b) 35 µm extra LC layer is present. 

 

The supported LC structures are activated by treatment with an alkaline solution. 

During this process swelling occurs as discussed in Chapter 3. When the extra LC 

layer is less than 1 micrometer thick, swelling occurs predominantly within the SU8 

pores. The swelling is found to be dominant parallel to the LC layers, which means 

out of the plane of the membrane in the periphery of the holes and in radial direction 

in the center. Assuming fixed boundaries in the pores by the high modulus of the 

epoxide grid and a firm covalent bonding between the epoxide and the LC polymer. 

In this case the only escape for the LC polymer to relief its swelling stresses is parallel 

to pore axes (perpendicular to the membrane surface) and predominantly in the center 

of the whole. As this center wants to swell in radial direction but is now forced to 

swell along the pore axis some orientational distortion might be expected in this part. 

Figure 4.12 shows the POM micrographs after activation. The presence of remaining 

low birefringence is in agreement with previous reports for activated freestanding LC 
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polymer films based on the same mixture where after breaking of the hydrogen bonds 

the benzoic acid moieties take a more random order (Chapter 2).29 

 

 (a)  (b) 

 
 

Figure 4.14 XRD micrographs of a pore-filled composite membrane (pore size 30 µm) after activation (a) 

smectic A sample, layer spacing 3.4 nm (b) nematic cybotactic sample, layer spacing 3.6 nm.  
 

The alignment after breaking of the hydrogen bonds was also investigated by XRD 

measurements. After the pores of a smectic composite are opened in basic solution a 

well-defined layered structure is present as suggested by the two sharp reflections 

centered at 1.84 nm-1 and 3.6 nm-1 (Figure 4.14 a). This corresponds to average layer 

spacing of the polymer salt of 3.4 nm. Furthermore, the broad peak around 15 nm-1 

shows that the distance between the mesogens within the layers is 0.42 nm. This is in 

agreement with results previously observed for planar freestanding films (Chapter 2). 

In comparison, the nematic cybotactic polymer salt exhibited d-spacing of 3.6 nm 

(Figure 4.14 b). The fact that all the reflections are complete rings is due to the larger 

size of the spot of the X-ray beam in relation to the dimension of the SU8 pores 

which average out all planar orientation effects. 

4.3.5 Absorption of dyes 

After activation, the nanopores in the LC system are negatively charged and due to 

ionic interactions the system can uptake positively charged species.29 Moreover, the 

absorbed material can be subsequently released to some extent by decreasing the pH 

of the environment. This has been shown for free standing LC films, but not for LC 

material confined in pores of a support layer. 
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(a) (b)

Figure 4.15 Absorption spectra of (a) Rhodamine B solution initially (—) and after submitting nematic 

composite film (····) and smectic composite film (- - -); (b) 1-pyrenesulfonic acid sodium salt solution initially (—) 

and after submitting smectic LC composite film (- - -). 

 

To investigate the accessibility of the ionic channels within this composite construct 

preliminary absorption studies were performed. Probe molecules for consideration in 

the size- and charge- selective aqueous sorption studies had to satisfy two constraints: 

(1) They must be water-soluble, and (2) they must contain a chromophore that can be 

quantified by UV-vis detection. Dye molecules with opposite charge but further close 

to similar chemical character and size are an ideal platform for our tests. Absorption 

studies were performed by immersing pieces of the composite membrane in solutions 

containing dye molecules, and monitoring the UV absorbance of the solution after 

stirring for 24 h. The activated smectic composite (2x2 mm) was first submersed in a 

3 ml zwitter ionic dye solution (0.05 mM Rhodamine B, Figure 4.2). In this particular 

case, the amine groups of the dye were specifically attracted by the carboxylic anions. 

The dye was taken up within minutes and the sample became colored. The 

concentration of dye solution was measured initially and after 24h (Figure 4.15 a). 

From the difference in absorption it was concluded that part of the carboxylate 

groups were neutralized with the Rhodamine B. To see if the dye can be subsequently 

released, the membrane was rinsed with distilled water and submitted in pH 2 buffer 

solution. The optical density of the solution was measured and it was seen that small 
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amount of the absorbed molecules diffused out of the polymer composite (data not 

shown). Similar absorption and desorption was measured with nematic composite 

(Figure 4.15 a). It is difficult to quantify the precise amount of neutralized carboxylic 

groups due to the unknown thickness of the upper extra LC layer therefore this 

experiment did not aim to compare the porosity of both types of composites. 

When the smectic or nematic activated composites were placed in anionic dye 

solution (1-pyrenesulfonic acid sodium salt, Figure 4.2) the network did not uptake 

the charged molecules as confirmed by UV-vis measurement of the dye solution 

(Figure 4.15 b). 

4.4 Conclusions  

A strategy to integrate the LC network into a support structure was investigated. 

The liquid crystal monomers were confined in the micrometer pores of an epoxide 

support where they exhibit an escaped radial structure. The alignment is attributed to 

the strong homeotropic anchoring at the pore surface. UV initiated polymerization led 

to preservation of the alignment of the LC monomers. Smaller pore sizes of the 

support structure are preferred because a relatively larger part of the LC molecules are 

in the desired planar state. After activation, the LC material confined in the pores of 

the support layer is negatively charged and due to ionic interactions can selectively 

uptake positively charged species. Moreover, the absorbed material can be 

subsequently released to some extend by decreasing the pH of the environment.  
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Appendix B 
Dichroism 

An optical characterization of the alignment of liquid crystal molecules is dichroism 

measurement.1 This investigation method requires comparison of the absorption of 

different linear polarization states of light. For the purpose of the study, an absorbing 

dye with anisotropic shape is incorporated into the LC mixture. The dye molecule 

demonstrates anisotropic absorption (dichroism) and because of its rod shape, will 

tend to align with the LCs in a predictable manner. The dichroic dye has an 

extraordinary axis, and light polarized along that axis is absorbed to a much higher 

degree than light polarized normal to that axis. The polarized absorption is 

determined by UV-vis absorption measurements at an angle of 0° and 90° with 

respect to the alignment direction.  

The long-range orientational order, which is a characteristic feature of liquid crystal 

materials, can be described by the order parameter, S.2 Under the assumption that the 

transition dipole moment for the G205 is located along the long axes of the dye 

molecule the average order parameter for dye molecules, Sdye, can be calculated 

experimentally from the dichroic ratio of the dye (DR). The dichroic ratio (DR = 

A||/A ) is determined from the absorption of polarized light by the dye molecules in 

the parallel (A||) and perpendicular (A ) liquid crystal alignment direction   

2

1

2||

||
dye 













DR

DR

AA

AA
S  

and if the dichroic dye molecule has a similar size and aligns with the liquid crystal 

director they possess equal order parameters (Sdye= SLC).  

  The above formula is based on the assumption that the discrete transition moment 

of the dye coincides with its long molecular axis. In reality, the direction of transition 

moment deviates from the molecular axis by an angle   (which is in order of few 

degrees) and that angle should be taken into account.3 Therefore the complete 

formula is  
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An angle   of 5 degrees already leads to around 10 % increase in the order parameter. 

Reaction mechanisms 

Possible reactions of epoxy groups on the surface of not fully cured support layer 

with carboxylic and acrylate groups of the LC monomers. 

 

 
Figure B.1 Reaction mechanism of the polymerization reaction at the surface of the SU8. (a) 

Photodecomposition of the photoacid generator, triarylsulfonium hexafluoroantimonate, produces free radicals. (b) 

Free radicals abstract hydrogen from the SU8 substrate, generating free radicals on the surface of the SU8 

substrate. (c) Photodecomposition of 1-hydroxy-cyclohexyl-phenyl-ketone and SU8 surface grafting with monomer 

1. 

(a) 

(b) 

(c) 
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Figure B.2 The proposed acid catalyzed ring opening of the epoxide by monomer 1.  
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5 
Hierarchical SiO2 /LC Hybrid 

Structures  
 

5.1 Introduction  

 As discussed in previous chapters our smectic liquid crystals monomers have the 

tendency to orient themselves homeotropically when applied on a single substrate. 

This a tendency known for many smectic materials and finds its origin in minimizing 

the surface energy when the alky tails of the smectic monomers are directed towards 

the air interface. In our specific case this is assumed to be further supported by 

tendency of the carboxylic acid moieties to orient themselves to the polar glass 

substrate. In practice it appeared to be very difficult to suppress this homeotropic 

preference. For many applications a planar alignment would be preferable as it 

provides an orientation of the pores perpendicular to film surface whereas the pores 

in the homeotropic case are aligned parallel and are not directly accessible from the 

free surface. In the previous chapter we have demonstrated that in the composite with 

an epoxy grid planar alignment is promoted near the grid walls. In this chapter we 

would like to explore this principle further by impregnating the smectic monomers in 

a structure composed of vertical grids. As we know from our experience of the 

alignment on glass, SiO2 seems to be a preferred class of materials to construct the 

grids from. It is known from literature that grid-like structures with controlled regular 
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distance can be grown on substrates by the so-called GLAD (glancing angle 

deposition) process.1-2 In this chapter we will explore the use of GLAD structures to 

promote planar alignment. 

The use of inorganic materials to support organic membranes is not new and is 

often applied to combine the features of inorganics as thermal and shape stability with 

those of the organics with respect their control over pore sizes and permeability.3-4 

Among these nanocomposite membranes, polyimide/silica materials have received 

the most attention for the gas permeation studies. A number of reports show that 

adding silica nanoparticles increases gas and vapor permeability and membrane 

selectivity.5-10 Nanocomposite membranes based on sulfonated fluoropolymer-

copolymer (Nafion) and silica have been shown to inhibit the conduction of methanol 

through the membrane11, to increase the thermostability and proton conductivity12-13 

and to decrease the dimensional changes during swelling in water14. For improving 

membrane performance beside nanoparticles other types of silica based inorganic 

nanofillers can be added such as silicon oxide nanorods.  

 
Figure 5.1 Glancing angle deposition (GLAD). Deposition at large deposition angle (α) onto substrates 

promotes growth based on adatom shadowing, leading to the fabrication of columnar films. In situ variation of 

deposition angle (α) and azimuthal angle (ϕ) allows for the creation of advanced film morphologies.15 
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The use of GLAD grown structures as composite material for membranes is new to 

our knowledge. GLAD is a specialized thin film fabrication technique that affords the 

ability to produce porous, nanostructured, columnar thin films with a high degree of 

control over porosity and columnar morphology.1-2, 16 In GLAD, a substrate located 

within a high-vacuum physical vapor deposition system is maneuvered to achieve 

several thin film morphologies. Manipulation of the film deposition angle (α) (Figure 

5.1) changes porosity17 and surface area18 while modulation of the azimuthal angle (ϕ) 

enables a variety of architectures including slanted posts, helices, vertical posts, 

chevrons, and anisotropic nanoblade structures. 

GLAD-grown thin films have been used in various applications including optical 

filters and sensors. The structure of a GLAD film host is suited for infiltration by 

various guest materials including isotropic fluids19, polymers and liquid crystals15, 20-22, 

as documented in the literature. Previously, confined geometry systems like GLAD 

structures have shown to be capable to align nematic liquid crystals. The optical 

properties and switching behavior of simple nematic LC consisting of a 

cyanobiphenyl mixture (E7) within various geometries of GLAD films such as chiral 

structures, slanted post, fin-like structures.15, 20, 22-23 Wakefield et al. have shown that 

E7 molecules align parallel to the GLAD columns based on SiO2 and nematic reactive 

mesogens perpendicular.21  

The investigation presented in this chapter explores the infiltration of the GLAD 

structures with our smectic monomers. In this specific investigation we selected SiO2 

serial bideposition (SBD) thin films for our purpose. The SBD film structures24 are 

type of GLAD grown structures that resemble nanoblades and are anisotropic in the 

substrate plane, resulting in well-define channel-like features. Here, three types of 

SBD structural archetypes with difference in the nanoblade density are studied and 

their interaction with our liquid crystals. The discussion will be focused on the 

alignment of the LC molecules within the SBD porous films.  
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5.2 Materials and methods  

5.2.1 SiO2 SBD film preparation 

SiO2 SBD films with a thickness of 4 µm, measured as the distance from the 

substrate to the surface to air, deposited under 3 different angles (α=84°, 85.5° and 

87°) were prepared at the University of Alberta in the Research group of Prof. 

Michael Brett. The porosity of the films increases with deposition angle.1-2, 17 For the 

fabrication, a tilted substrate is rotated stepwise during the evaporation of a silicon 

oxide from a single electron-beam source. The rotation around the normal axis was 

stepwise by half a turn consisting of four stages: 10 nm growth at ϕ=0°, 2 nm uniform 

growth as ϕ changes from 0° to 180°, another 10 nm growth at ϕ=180°, and finally 2 

nm uniform growth as ϕ changes from 180° to 0°.24-25 The coatings develop a 

columnar nanostructure that is perpendicular to the substrate and has greatest width 

or clustering perpendicular to the common deposition plane. The method produces 

biaxial films with large birefringence, principal axes aligned parallel and perpendicular 

to the substrate, and improved uniformity. For some of the experiments the 

amorphous SiO2 nanostructures were deposited on glass covered with polyvinyl 

alcohol (PVA) via spin-coating from 5 wt. % water solution and were subsequently 

coated with silane A174 (Sigma Aldrich) by vapor phase functionalization. The 

procedure for the modification is as follows. Substrates are reactively ion etched in an 

O2 plasma for 90 seconds in order to hydroxylate the nanoblade surface.26 Films are 

then placed in a desiccator for 24 hours, along with 1 ml of the precursor, 3-

methacryloxypropyltrimethoxysilane silane.   

5.2.2 Composite preparation 

In order to create a composite, the SBD SiO2 substrates were filled with LC 

monomer mixture of 1 and 2 (Figure 5.2) in 90/10 w/w ratio, previously described in 

Chapter 2 by capillary action at elevated temperature when the monomer mixture is in 

the isotropic state. The transition temperatures for the mixture are Cr1 69 Cr2 90 

SmA 100 N 110 I (oC) (Chapter 2). For dichroic measurements 2 wt. % of dichroic 

dye G205 (Figure 5.2; Mitsui Chemicals) was added to the LC mixture.  
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Subsequently the monomer mixture was cooled to its smectic or nematic state at 

around 95 °C and 105 °C and polymerized by exposure with UV radiation. The 

samples were illuminated for 20 min under nitrogen flow, followed by an additional 

heat treatment at 120 oC to ensure maximum conversion of the acrylate groups.  

 

 

 

 

 

 

 

 

Figure 5.2 Chemical structures of the compounds used. 

5.2.3 Preparation of the dichroic mixtures and thin films of the dichroic 

mixtures in cell constructions 

  Exact amounts of the liquid crystal host components were dissolved in 

dichloromethane. The corresponding volumes of previously prepared solutions of 

dichroic dye G20527 (Figure 5.2, 1 wt. %), inhibitor p-methoxy phenol (0.1 wt. %) and 

photoinitiator 1-hydroxy-cyclohexyl-phenyl-ketone (1 wt. %), in dichloromethane 

were added. To ensure homogeneous mixing of all the components and prevent 

crystallization of the mixture, the solvent was evaporated at a temperature above the 

melting point of the liquid crystalline acrylate mix (120 °C). 

  Commercial Linkam cells (Instec liquid crystal cell, LC2-50) with a 5 µm cell gap and 

with inner surfaces covered by a thin layer of polyimide which were uniaxially rubbed 

and mounted with antiparallel alignment28 were used for the preparation of the 

macroscopically orientated films of the dichroic mixture. Cells were filled by capillary 

action at elevated temperatures, preferably 10-20 °C above the clearing temperature of 

the liquid crystalline material. 

  Photopolymerization was carried out using a mercury lamp (OmniCure S1000) that 

emitted at 365 nm at an intensity of approximately 5 mW/cm2 at the sample surface.   

monomer 1 
 

 
 

monomer 2 
 

 
 

dichroic dye 

G205  

 



Chapter 5 
 

94 

5.2.4 Measurement of the Order Parameter 

   Measurements in a cell construction were performed in a UV-VIS-NIR 

spectrophotometer (Shimadzu UV-3102) modified to incorporate a Linkam hot-stage 

THMS600 with a Linkam TMS93 controller. The UV spectrometer was also modified 

by incorporating a rotating polarizer positioned in front of the sample. During the 

study of the monomers, the cell was heated above the clearing point, and then was 

cooled gradually at a rate of 5 °C/min. Polarized UV/vis absorption, parallel and 

perpendicular to the liquid crystal director, was recorded every 5°C. A cell filled with a 

mixture that contains the host liquid crystal and the inhibitor was used as reference. 

The reference cell compensated the losses due to absorption, scattering, and reflection 

from the cell walls and host molecules. The dichroic ratios given are the averaged 

values obtained from the DR calculated between 450 and 550 nm, where the 

maximum absorbance is located. 

    For UV-Vis spectroscopy of thin SiO2/LC films, an HR2000+ high-resolution 

spectrometer from Ocean Optics, mounted on a DM6000 M microscope from Leica 

microsystems modified to incorporate a Linkam hot-stage THMS600 with a Linkam 

TMS93 controller was used. The corresponding light source emits between 400 and 

800 nm and a single rotating polarizer was placed in front of the sample. The 

measurements were performed with an air background and a reference SiO2/LC 

sample that contains the host liquid crystal but no dye was recorded separately. 

5.2.5 Polarization optical microscopy (POM)  

POM studies were conducted using a Leica CTR 6000 microscope equipped with 

crossed polarizers and a Leica DFC420 C camera.  

5.2.6 Scanning electron microscope (SEM) 

The surface and cross-section of a pure and composite polymer samples were 

examined using a SEM-Quanta 3D, FEI or SEM-JEOL 5600. Prior to the 

observation the samples were mounted on a metallic base using double-sided carbon 

tape and coated with a 20 nm gold layer. The imaging was performed with 5 kV 

achieving magnifications ranging from 100 to 100 000 times. Cross-sections of 

freestanding film specimens were prepared by fracturing the films in liquid nitrogen. 
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5.3 Results and discussion 

5.3.1 SBD/LC composite  

Using the SBD technology upright silicon oxide nanostructures were created 

adhering to a glass substrate. SEM images of the surface of the films made by 

deposition at different angles between the normal of the substrate and the SiO2 source 

are shown in Figure 5.3. The nanoblade SBD structure is clearly visible for all 

deposition angles α. It has been previously reported that the average channel width 

(edge-to edge nanoblade spacing) increases with deposition angle α (from 670 nm for 

α=84°, 690 nm for α=85.5° to 840 nm for α=87°), reflecting the expected porosity 

dependence on deposition angle for GLAD films.19 At the same time the post’s 

preferential orientation decreases with increasing deposition angle.  

 

 
                    α 84°                                    α 85.5°                                          α 87° 

Figure 5.3 Scanning electron micrographs of SiO2 SBD films. Films deposited at higher deposition angle (α) are 

more porous.  

 

By capillary action the channel-like space between the nanoblades was filled with the 

mixture of LC monomers previously described in Chapter 2. The filling could be 

performed well-controlled without an excess of LC monomer. After filling it appeared 

that the SiO2 nanostructures tend to pair, meaning that they tend to stick together 

(Figure 5.4). This phenomenon has been described before for filling of similar SBD 

structures with isotropic liquids.19 The composite still looks fine, but differs from the 

initial spatial distribution of the SiO2 nanoblades. We observed that with increasing 

deposition angle LC material is able to diffuse in more easily which is ascribed to the 

decreased density of the SBD nanostructures.  
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α 84°                                      α 85.5°                                          α 87° 

Figure 5.4 Scanning electron micrographs (top and cross-section view) of the nanocomposite created after LC 

diffusion and polymerization. Upon comparing the distribution of the SiO2 nanostructures before and after 

infiltration of LC, the pairing is clearly visible. With increasing deposition angle (and related porosity) more LC 

material is infiltrated.  

5.3.2 Alignment quantification via dichroic measurements 

The as created composite would be suitable for membrane application if the ionic 

channels that form after breaking of the hydrogen bonds are in the transmembrane 

direction. Therefore the LC monomers within this hybrid system have to be aligned 

perpendicular to the planar orientation axis of the the silicon nanoblades surface or 

parallel to the glass surface (Figure 5.5). 

 
Figure 5.5 Schematic presentation of the nanocomposite: with green are depicted the LC molecules and with red 

the dichroic dye.  

LC 

before before before after afterafter 
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In order to optically characterize the alignment of liquid crystals in GLAD films 

(Figure 5.6 b), one often relies on measurements of a film’s birefringence and 

dichroism. Experimentally, dichroism is the simplest to measure, as it requires only 

comparing the transmission of different polarization states of light. Measurement of 

birefringence is more complicated because of the anisotropic optical properties of the 

GLAD films itself as a result of so-called form birefringence (Figure 5.6 a). Therefore, 

we concentrated on the results obtained by identifying a film’s dichroic properties. 

Description of the investigation method can be found in the Appendix B of Chapter 

4. For the purpose of the dichroic measurements absorbing dye (G205, Figure 5.2) 

with anisotropic shape was incorporated into the LC mixture.  

 

 
Figure 5.6 Polarization optical micrographs of (a) SiO2 SBD, deposition angle α 84° (b) the nanocomposite 

created after LC diffusion and polymerization. The arrows indicate the position of the polarizers.  

 

To obtain a reference value for the dichroism of the dye in the LC host material, 

measurements of the dye-doped mixture in a planar cell with 5 µm thickness were 

performed. The polarized absorption was determined prior and after polymerization. 

In the monomeric state polarized UV-vis absorption measurements at an angle of 0° 

and 90° with respect to the alignment direction were recorded at different 

temperatures. Figure 5.7 shows the polarized UV-vis spectra of the dye-doped LC 

mixture. At 125 °C the monomer mixture is above the nematic to isotropic transition 

and all molecules are randomly oriented. The polarized UV-vis absorption spectra 

parallel and perpendicular to the alignment direction of the liquid-crystal cell are 

(a) 

(b) 
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almost identical, as expected for isotropic media and therefore the dichroic ratio is 

equal to unity. The polarized UV/vis spectra recorded in the nematic cybotactic phase 

(Figure 5.7 b) shows the anisotropic order induced in the dye molecules by the liquid 

crystal matrix due to guest-host interactions. At 105 °C, the observed dichroic ratio is 

12 and corresponds to an order parameter Sdye = 0.79, which is slightly higher than the 

order parameter measured for nematic phases of similar reactive liquid crystals.27 

Upon further cooling, the system enters the smectic A phase. The difference between 

the UV/vis curves in the perpendicular and parallel direction to the director of the cell 

increased, which occurs parallel to the appearance of lamellar arrangement (Figure 5.7 

c). This was confirmed by an increase in the calculated dichroic ratio DR=15 and 

order parameter Sdye = 0.82. This value is in the typical range expected for smectic A 

phase.27, 29 

The effect of the photopolymerization on the order parameter of the dye molecules 

has been investigated by analyzing the dichroic ratio of the sample after in situ 

polymerization in the UV-vis set up. Upon photopolymerization of the orientated 

monomers in the smectic A and nematic phase the samples decreased their order, in 

similarity to what has been observed for LC mixtures in their smectic B phase29. In 

contrast, for nematic liquid-crystalline diacrylates it has been reported that the order 

remains constant or even may increase upon polymer formation, depending on the 

polymerization temperature30. 

A slight reduction in DR (from 12 to 9) after polymerization in nematic cybotactic 

phase was visible. The observed decrease in dichroic ratio corresponds to a decrease 

in the order parameter (Sdye) from 0.79 to 0.73. Upon polymerization in smectic A 

phase an even stronger reduction of the order parameter was observed; from 0.82 to 

0.55. After ruling out the possibility of the cis-trans isomerization of the dichroic azo 

dye being responsible for this29, it was pointed out that the reason would mainly lie in 

steric factors. The already reported transition to smectic C phase upon polymerization 

is characterized by a tilt of the LC with respect to the layer normal.31 Consequently, 

the dye molecules must accommodate with this high-ordered state as they have to tilt 

to adapt to the new orientation imposed by the network. 
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Figure 5.7 Polarized UV/vis spectra of the LC mixture doped with dichroic dye, parallel (—) and 

perpendicular (- - -) to the liquid crystal director (a) in the isotropic liquid, DR=1 and S=0; (b) in the nematic 

cybotactic phase at 105°C, DR=12 and S=0.79; (c) in the smectic A phase at 90 °C, DR=15 and S=0.82; 

(d) in the polymeric state with polymerization performed in a cell at 105°C, DR=9 and S=0.73; (e) in the 

polymeric state with polymerization performed in a cell at 80°C, DR=5 and S=0.55;  (f) order parameter as a 

function of temperature for the monomeric state and order parameter as a function of polymerization temperature 

for the polymers. 
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Subsequently, the alignment of SiO2/LC hybrid materials within the three different 

types of samples α=84°, 85.5° and 87° was investigated. In Figure 5.8 the absorption 

spectrums of the samples before polymerization at 105 °C and 90 °C are depicted as 

recorded. The data was used for an estimation of the order parameter by forcing the 

baseline to be zero at 700 nm which is located outside of the absorption range of the 

dye (Appendix C). The DRs found for the 3 types of hybrid systems in the nematic 

and smectic phase prior to polymerization are presented in Table 5.1. As expected 

these values are lower than the order parameter found for the same liquid crystal 

mixtures aligned in a cell construction. If we compare the influence of the deposition 

angle on the LC alignment it can be noted that within the inaccuracy of the 

measurement the structures deposited under 87 degrees have a slightly higher order 

parameter in comparison to the samples deposited at the other two angles. This is a 

bit unexpected considering the fact that the silicon oxide post’s preferential 

orientation decreases with increasing deposition angle.19  
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Figure 5.8 Polarized UV/vis absorption of the dichroic dye, parallel (—) and perpendicular (- - -) to the 

liquid crystal director before polymerization (black color – 90 °C smectic A phase, grey color – 105 °C nematic 

phase).  

 

The interpretation of the data is not a hundred percent accurate because of the 

manipulation of the baseline of the spectrums. The 10 % raise of the baseline can be 

explained with light scattering and reflection events. The spectrum of reference 

samples can be found in the Appendix C of this Chapter and clearly show that the 

absorbance values at 700 nm are dominated by reflection and scattering phenomena. 
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Our approach neglects wavelength dependency of scattering and depolarization 

effects. Nevertheless it can be used as a tool to get at least a qualitative impression of 

the degree of order of the LC molecules.   

 

Table 5.1 Dichroic ratios and order parameters. 

 α 84° α 85.5° α 87° 

 Sm A N Sm A N Sm A N

Glass 7.4/0.68 5.5/0.6 6.7/0.65 5.2/0.58 8.5/0.71 5.6/0.61 

PVA glass 7.9/0.7 6.2/0.63 8.3/0.71 5.7/0.61 8.8/0.72 6.3/0.64

PVA glass, A174 7.7/0.7 6.2/0.63 6.9/0.66 5.2/0.58 6.8/0.66 5.3/0.59

 

From the optical measurements we can conclude that the molecular orientation of 

the LC monomers is perpendicular to the longitudinal SBD structures, parallel to the 

substrate surface (Figure 5.5) even though the alignment is worse in comparison to 

the polyimide cell construction. This is in accordance with our aim, meaning that we 

are now forming continuous ionic channels from the top of the film to the substrate.   

After polymerization in the smectic A phase the films became somewhat hazy due 

to light scattering which is typical for Sm C configuration. This hindered 

quantification of the dichroic ratio of the polymerized sample therefore DR 

calculations were not performed. Measurements of the polarized UV-vis absorption 

of the polymerized SiO2/LC hybrid films can be found in the Appendix C of this 

Chapter. 

The experiments were repeated for the samples provided with the polyvinyl alcohol 

(PVA) sacrificial layer between the GLAD film and the glass substrate. In potential 

the polyvinyl alcohol film can be used as a sacrificial layer to enable the delamination 

of the SBD/LC composite from the glass substrate by dissolving it in water. As can 

be concluded from Table 5.1 the order in these samples prior to polymerization 

seemed to be slightly better than in the samples without polyvinyl alcohol. Also the 

scattering seemed to be somewhat less which might be explained by the somewhat 

lower homeotropic anchoring between the LC molecules and the PVA bottom 

substrate. After polymerization a net planar orientation of the LC molecules was 
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maintained as could be concluded from polarization microscopy and dichroic UV-vis 

measurements. However also in this case the scattering increased and the order 

parameter decreased because of the transition SmA to SmC and no attempts were 

made to quantify the order parameter further. 

 

 
Figure 5.9 Optical microscopy image of the swollen hybrid film. 

 

  It was observed that during opening of the hydrogen bridges the LC network 

polymer tends to delaminate from the SiO2 nanoblades and to form voids between 

the GLAD structures and the swollen polymer with dimensions much bigger that the 

nanopores of the smectic film itself (Figure 5.9). To improve on the adhesion between 

the nanoblades themselves and the nanoblades and the LC material the surface of the 

nanostructures was treated with a silane adhesion promoter 3-

methacryloxypropyltrimethoxysilane (silane A174) prior to infiltration of LC 

molecules. More details about the functionalization can be found in the experimental 

part and in the Appendix of this chapter. An important observation was that the 

orientation of the LC molecules was not affected by the surface modification of the 

SiO2 blades. The alignment of the LC molecules was predominantly planar with 

respect to the substrate and perpendicular with respect to the SiO2 blade surface 

(Table 5.1). Another important observation was that by silane treatment the 

composite could withstand the alkaline treatment to open the hydrogen bridges, i.e. 

no formation of voids took place. A disappointing observation was that the silane 

treatment also affected the water solubility of the polyvinyl alcohol film. The 

anticipated mechanism is a crosslinking reaction of the polyvinyl alcohol by reaction 

of the alcohol groups with the poly-functional methoxy groups of the silane 
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molecules. The ability to act as sacrificial layer was therefore lost and the formation of 

freestanding GLAD/LC polymer film was not possible anymore.   

5.4 Conclusions 

  A new hybrid material was created via infiltrating of LC molecules within GLAD 

grown SiO2 structures. An important observation was that the LC monomers 

exhibited planar alignment with respect to the plane of the composite structure which 

is the desired orientation in relation to prospective applications. The alignment was 

achieved within three SiO2 samples deposited under different angles and displaying 

differences in their porosity. When the composite was generated on a PVA substrate, 

a release of the film from the bottom substrate was achieved. To improve on the 

stability of the composites in alkaline solutions a treatment with a silane adhesion 

promoter of the GLAD film was necessary. This did not affect the alignment 

properties of the LC polymer network. However it changed the solubility of the 

polyvinyl alcohol in water and consequently which its function as sacrificial layer was 

lost.   
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Appendix C 
Polarized UV/vis absorption spectra of reference SiO2 samples 
containing LC material, without dye molecules  

 

 

 

 

 

 

 

 

 

 

                   

 

 

 

 

 

 

 

Figure C.1 Polarized UV/vis absorption of (a)-(c) the photopolymerized LC material taken as a reference, 
smectic phase (—) , nematic phase (- - -), light grey a 84°, grey a 85.5°, black a 87°.; (d)-(f) the NON-
photopolymerized LC material taken as a reference, smectic phase (—) , nematic phase (- - -), light grey a 84°, 
grey a 85.5°, black a 87°.  
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Dichroic measurements of polymerized SiO2/LC films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.2 Polarized UV/vis absorption of the dichroic dye, parallel (—) and perpendicular (- - -) to the 
liquid crystal director (black color – polymerized in smectic A phase, grey color – polymerized in nematic phase); 

(a) SiO2/LC polymer films where the SiO2 is deposited on a glass substrate  

(b) SiO2/LC polymer films where the SiO2 is deposited on a PVA modified glass substrate  

(c) SiO2/LC polymer films where the SiO2 is deposited on a PVA modified glass substrate, coated with A174 
via vapor deposition 
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Calculation of the order parameter 

  For calculation of the order parameter the baseline was set at zero at 700 nm which 

is outside of the absorption range of the dichroic dye. An example of the calculation 

can be found in the Figure below. 
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Figure C.3 Polarized UV/vis absorption of the dichroic dye, parallel (—) and perpendicular (- - -) to the 
liquid crystal director. The baseline used for the calculation is drawn in red.  

 

Schematic presentation of the surface modification of the SiO2 

nanorods 

 

 
Figure C.4 Schematic presentation of the surface modification of the SiO2 nanorods with 3-
methacryloxypropyltrimethoxysilane. 
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6 
Nanoporous Liquid Crystal 

Networks as a Template for Ag 

Nanoparticle Formation* 
 

6.1 Introduction  

Nanoporous architectures such as metal-organic frame-works, protein cages and 

nanotubes have recently attracted considerable attention as host materials for 

inorganic nanoparticles to make shape controlled structures.1-4  For the fabrication of 

these hybrid materials nanoporous liquid crystalline polymer networks present an 

attractive organic medium, having well-defined and uniform pores and long range 

orientational order. Furthermore in such systems the appealing properties of 

nanoparticles and nanoporous materials can be combined. Liquid crystalline polymers 

have been used to prepare hybrid materials,5-13 however, the use of nanoporous liquid 

crystalline materials has not been explored yet. 

Saliba et al. showed that the organization of a thermotropic liquid crystal can be 

used to control the growth of zinc oxide nano-objects.14 When the systems are in the 

nematic phase state, anisotropic worm or wire-like nanoparticles are formed, while in 
                                            
* Partially reproduced from: Dasgupta, D.; Shishmanova, I. K.; Ruiz-Carretero, A.; Lu, 
K.; Verhoeven, M. W. G. M.; van Kuringen, H. P. C.; Portale, G.; Leclere, P.; 
Bastiaansen, C. W. M.; Broer, D. J.; Schenning, A. P. H. J., Journal of the American Chemical 
Society 2013, (135), 10922−10925. 
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isotropic conditions, isotropic, spherical nanoparticles are obtained. In other words, 

the chemical nature of the liquid crystal and its phase behavior enables control of the 

size, shape and the aspect ratio of the nanoparticles. The novel LC/NP composites 

present, at the same time, LC properties and luminescent properties originating from 

the ZnO nanoparticles.  

In situ synthesis of cobalt nanoparticles in functionalized liquid crystalline polymers 

was recently presented by Zadoina et al.5 Magnetic hybrid liquid crystal composites 

were obtained by thermal decomposition of a cobalt coordination precursor in the 

presence of a LCP and functional molecules (acid or amine) interacting with the 

precursor. The final materials contain anisotropic and/or spherical nanoparticles 

depending on the reaction conditions. These materials were all mesomorphous and 

ferromagnetic at ambient temperature. The ferromagnetic behavior of the 

nanoobjects was shown to be enhanced by the presence of the liquid crystal phase: 

the nanoobjects easily align by application of a 3 T magnetic field.  

The goal of the research described in this chapter is to present a new approach to 

develop flexible polymeric nanocomposite with control over particle size on the sub-

10 nanometers length scale. The thermotropic liquid crystalline network described in 

Chapter 2 is used as a host material. The monolithic LC network, owning to the H-

bonded benzoic acid moieties, exhibits thermal and pH responsive properties. At high 

pH, the network swells up to provide accessible 2D interlayer space (“nanogalleries”). 

Here these nanogalleries are employed to mediate the confined synthesis of inorganic 

nanoparticles. Silver nanoparticles were chosen since they can be made (photo) 

chemically and have interesting catalytic15, surface enhanced Raman scattering and 

disinfectant properties with respect to environmental treatments16.  

In Chapter 2 we have shown that in this thermotropic LCP the layer spacing in the 

polymer salts changes to a very small extend when varying the length of the pillar 

crosslinker. Here we would like to investigate the effect of the length of two of the 

covalent crosslinkers described in that chapter on the particle diameter.  
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6.2 Materials and methods 

6.2.1 Preparation of the silver nanoparticle containing liquid crystalline 

polymer network 

    

 

 

 

 

 

Figure 6.1 Chemical structures of the compounds used. 

   

   In order to study the template effect on nanoparticle formation of samples of 

macroscopic dimensions, thin-films of 3x3 cm of monomer 1 and 10 wt. % 2 or 3 

(Figure 6.1) were prepared. To obtain planar LC networks, LC cells were produced. 

Glass plates (30x30 mm) were cleaned with ethanol, blow dried with N2 and exposed 

to UV ozone treatment for 20 min. The glass substrates were spin coated (two step 

cycle 1000 rpm for 5 sec and 5000 rpm for 40 sec, Karl Zuss RC6 spin coater) with 

polyimide OPTMER AL 1051 (JSR Corporation, Tokyo, Japan), subsequently cured 

(2h, 180 °C) and rubbed with a velvet cloth. Films with thicknesses between 5 and 20 

μm were made by capillary action of the melt between the two spacered glass plates. 

Without polyimide the LC mixture orient perpendicular (homeotropic) to the 

substrate surface.  Photopolymerization in the nematic cybotactic state of the 

monomers was performed at 105 °C by 10 minutes exposure with a mercury lamp 

(OmniCure S1000) that emitted at 365 nm at the intensity of approximately 5 

mW/cm2 at the sample surface. Post exposure heat treatments at 120 °C were also 

employed to improve conversion of the acrylate groups. After removal of the glass 

plates, the polymer films were placed in 25 mL Na2B4O7/NaOH buffer at pH = 10 

for 24 hours at room temperature. The films were rinsed with milli-Q water for 10 

min and subsequently soaked in 25 mL 0.1 M silver nitrate aqueous solution for 24 

hours. After that the polymer silver salt films was rinsed with milli-Q water and placed 

in a 10 mL 0.2 M NaBH4 solution for 15 min. This short time was needed to avoid 
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secondary growth of the silver nanostructures and undesired morphological changes 

that might happen under the strong basic condition of borohydride solution. 

6.2.2 Patterned sample preparation  

   Homeotropic samples of Ag+-Hybrid (where the LC matrix is chemically bonded to 

the substrate surface via pretreatment of the glass with 3-

methacryloxypropyltrimethoxysilane) were exposed to UV irradiation with a mercury 

lamp (OmniCure S1000) for 15 min at room temperature through a chromium 

micropatterned mask in the presence of excess of initiator (Irgacure 184). In the 

irradiated parts, the bound Ag+ ions were reduced to Ag0 nanostructures. When the 

photopatterned films were further treated with 25 ml 0.1 N sodium thiosulfate 

solution (Sigma-Aldrich) for 24h in the areas where Ag+ was present it was exchanged 

with Na+ ions. Subsequent placement in a 25 ml cationic Nile Blue A (Aldrich) dye 

solution let to replacement of the sodium ions with the dye molecules as proven by 

the color change of the film. 

6.2.3 Characterization techniques 

Grazing incidence X-ray Diffraction (GIXD) 

 GIXD measurements were performed by Dr. Giuseppe Portale at the DUBBLE 

beamline at the European synchrotron radiation facility (ESRF) in Grenoble, 

France17. The energy of the X-ray beam has been set to 12 keV and a sample to 

detector distance of 15 cm has been used. The position of the direct beam as well as 

the sample-to-detector distance has been calibrated using silver behenate and alpha 

alumina standard samples. The 2D images have been collected using a two 

dimensional Frelon CCD camera with pixel size of 46.9x46.9 microns in binning 2x2 

mode. The incident angle was set equal to 0.4°. Standard formulas for GIXD 

configuration have been used in order to calibrate the qy and qz scale. 2D images have 

been corrected for the dark current, incident beam intensity and background signal 

before performing the intensity cuts. The intensity cuts along the parallel qy and the 

perpendicular qz directions have been performed using a matlab code. 
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Polarization Optical Microscopy (POM) 

POM studies were conducted using a Leica CTR 6000 microscope equipped with 

crossed polarizers and a Leica DFC420 C camera. 

Fourier Transform Infrared Spectroscopy (FTIR) 

 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 2 cm-1. Varian Resolution Pro software was used for the 

analysis of the spectra. 

Transmission Electron Microscopy (TEM) 

For TEM observations stained membranes were embedded in Spurr resin 

embedding media (DER736: Epoxy Resin, NSA: Noneyl Succcinic Anhydride 

Modified, ERL-4206: Vinyl Cyclohexene Dioxide & DMAE: 2-(Dimethylamino) 

ethanol), then cured at 70 °C for 6h. The embedded sample was microtomed at -100 

oC using a cryo-microtom (Reichert-Jung Ultracut E) with 90 nm thickness. The cross 

sections were transferred on a carbon film on a 200 square mesh copper grid. The 

imaging was performed on a Technai G2 Sphera by FEI operated in bright-field mode 

at 300 kV under slight defocus conditions. Fast Fourier transform (FFT) processing 

of the images was done on J image software. 

Scanning Electron Microscopy (SEM) 

SEM measurements were done on samples coated with 20 nm gold layer on a Quanta 

3D electron microscope (FEI). 

Thermogravimetric analyses (TGA) 

TGA measurements were performed on a TA Instruments Q500 TGA in a nitrogen 

atmosphere. Samples were heated from 20 C to 600 C with a heating rate of 10 

C/min.  

X-ray photoelectron spectroscopy (XPS) 

The 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 
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aluminium anode (Al Kα  =  1486.6 eV) operating at 72W and a spot size of 400µm. 

Survey scans were measured at a constant pass energy of 200 eV and region scans at 

50 eV. The background pressure was 2 x 10-9 mbar and during measurement 4 x 10-7 

mbar argon because of the charge compensation dual beam source. Spectra are 

referenced to the C1s peak at 284.5 eV of the carbon tape. 

Atomic force microscopy (AFM) 

  The AFM data were recorded in ambient conditions using Dimension ICON atomic 

force microscope (Bruker Nano Inc., Santa Barbara, CA) by Dr. Philippe Leclère. The 

samples were cryo-microtomed in a similar way as described for the TEM sample 

preparation. The tips used were Silicon Nitride Lever (SNL) with a spring constant of 

0.12 N/m. For these experiments, the local mechanical properties, such as stiffness, 

adhesion, dissipation and deformation, were simultaneously mapped by using a new 

imaging mode based on real-time force–distance curve analysis (see Figure 6.2). This 

recent technique, referred to as Peak Force Quantitative Nanomechanical Property 

Mapping (PFQNM), returns local mechanical properties at the nanoscale within 

reasonable acquisition times (few minutes) compared to other existing and promising 

AFM techniques such Band Excitation and Contact Resonance techniques. From 

those force–distance curves, one can extract the following information: (i) the 

adhesion force (corresponding to the lowest value of the force when the tip is 

retracted from the sample; (ii) Young’s modulus (obtained from the slope of the curve 

while the tip is “indenting” the sample, according to the DMT model18 (iii) the 

dissipation (corresponding to the area between the approach and the retract curves); 

and (iv) the deformation (by measuring the distance on the force curve between the 

snap on point and the distance corresponding to the peak force which is used to 

record the data). These parameters are illustrated on Figure 6.2. Since the force–

distance curves are recorded at every point of the raster scan, the analysis provides in 

real time a map of those properties. Most importantly, PFT can deliver atomic 

resolution imaging while simultaneously providing real-time maps of properties 

derived from the individual force interactions. For our samples, it appears that this is 

the deformation channel that provides the most useful information.  
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Figure 6.2 Illustration of some parameters which can be extracted in real time for each tapping cycle by using the 

PFQNM technique. 

6.3 Results and discussion 

6.3.1 Ag-LC hybrid synthesis  

Figure 6.3 depicts schematically the process of hybrid formation. Nematic cybotactic 

type liquid crystalline network has been created by photopolymerizing pre-aligned 

reactive mesogenic monomers in the nematic cybotactic phase. The thermotropic 

mixture of 1 is doped with 10 wt. % of covalent crosslinker 2 which provides 

transverse linkage between successive layers.  

 

Figure 6.3 Schematic representation of the fabrication method of the silver nanoparticles containing nanoporous 

liquid crystalline polymer network. In step one the LC film is treated with base to open the pores. Subsequently, 

the pores are filled with silver ions that upon reduction with sodium borohydride form silver nanoparticles.  

 



Chapter 6 
 

116 

The LC film is allowed to stay for 24 hours in the aqueous sodium based buffer 

solution of pH=10 to convert all the dimeric benzoic acid groups into the 

corresponding Na-carboxylate salts (Chapter 2). This treatment is referred to as 

activation step. Figure 6.4 compares the FTIR spectra before and after activation step. 

In the pristine film, the carbonyl (>C=O) stretching peak appears at 1674 cm-1 

indicating the H-bridged carboxylic acid groups. After activation, the peak at 1674 cm-

1 has drastically reduced in intensity relative to the ester carbonyl peaks appearing at 

1728 cm-1. There also appear new stretching bands at 1544 cm-1 and 1395 cm-1 which 

are respectively attributed to the asymmetric and symmetric stretching vibrations of 

carboxylate salt. Moreover, the O—H bending peaks at 1425 cm-1 and 938 cm-1 which 

exist in the as-prepared film have completely disappeared after activation. Inset of 

Figure 6.34 highlights that the O—H stretching vibrations peaks appearing at 2660 

cm-1 and 2540 cm-1 in the pristine film have also disappeared after the activation step. 
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Figure 6.4 FTIR spectra of the planar LC polymer film of 1 and 2 before (—) and after (- - -) NaOH 

treatment. Inset shows the same at different wavenumber range. Absorption peaks of interest are located at 1676 

cm-1 (C=O stretching in cyclic carboxylic acid dimers), 1544 cm-1 (antisymmetric COO- stretching), and 1395 cm-

1 (symmetric COO- stretching). The peak at 1676 cm-1, which is indicative of hydrogen bonding, is slowly 

eliminated during buffer treatment, while the carboxylate ion peaks at 1544 and 1395cm-1 grow strongly. 

 

The activated monolithic film is consecutively treated with a AgNO3 solution to 

infiltrate the LC nanogalleries with Ag+ ions replacing Na+ ions. Figure 6.5 compares 
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the FTIR spectra of the film before and after Ag+-neutralization. Both the spectra 

look quite similar exhibiting the characteristic features of non-chelating metal 

carboxylates along with a poly(acrylate) backbone. The antisymmetric COO- 

stretching for Na+ salt at 1544 cm-1 has been replaced by antisymmetric COO- 

stretching for Ag+ salt at 1504 cm-1. The diffusion of Ag+ ions into the LC layers does 

not perturb the macroscopic anisotropy of the film as exhibited by the presence of 

birefringence of the Ag+-neutralized film (referred to as “Ag+ Hybrid” in what 

follows).  
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Figure 6.5 FTIR spectra of the planar LC polymer film of 1 and 2 after NaOH (—) and AgNO3 (- - -) 

treatment. The spectra shows the conversion of sodium salt into silver salt. Absorption peaks of interest are located 

at 1544 cm-1 (antisymmetric COO- stretching for Na+ salt) and 1504 cm-1 (antisymmetric COO- stretching for 

Ag+ salt).  

 

The thermal degradation behavior of the as-prepared LC film and the Ag+-hybrid 

film are compared in Figure 6.6. Although, the degradation temperature increases very 

slightly (e.g.; 3 °C) after Ag+ immobilization, the content of nonvolatile residue has 

increased by a factor of 5. The experimentally obtained relative residue content for the 

Ag+-hybrid film gives a value of 28 % which is close to that calculated theoretically 

(32 %) assuming complexation of one Ag+ ion per monomer 1 mesogenic unit. 
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Figure 6.6 TGA traces of as prepared planar LC film (line) and that of Ag+-Hybrid film. 

 

XPS measurements (Figure 6.7) have also been carried out with the Ag+ Hybrid 

film, which clearly shows 3d silver doublet (a) appearing at 368.08 eV and 374.05 eV 

and the binding energies remain unchanged in all the depth XPS scans. This suggests 

that all of the carboxylate functionalized sites in the buffer activated film have been 

completely titrated with Ag+-ions.  
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Figure 6.7 XPS depth spectra of Ag+-Hybrid film (overlay shows Ag 3d signals at each measurement (a) 

Variation of Ag+ binding energies as a function of sputtering time (depth from film surface) in Ag+-Hybrid (b). 

 

The final step of Ag-Liquid Crystal hybrid synthesis involves sodium borohydride 

reduction of Ag+ impregnated LC film into Ag(0) nanostructures. The reaction has 

been carried out in a heterogeneous medium. Figure 6.8 represents the binding energy 



Nanoporous Liquid Crystal Networks as a Template for Ag Nanoparticle Formation 
 

119 

spectrum of the Ag(0)-hybrid film obtained from the XPS measurement. The different 

Ag(0) binding energies have been assigned and are found to display the same values 

reported in literature.19 The presence of C-1S, O-1S and O-KLL Auger line signals is 

attributed to the mesogenic chemical structures. An XPS depth profile (Figure 6.8) 

experiment has been conducted to probe the formation of Ag(0) entity within the bulk 

of the LC network film. The measurement records the variation of Ag(0) 3d binding 

energy as a function of sputtering time (which is proportional to penetration depth 

from the film surface). It can be readily seen that the “3d” binding energy remains 

constant all-throughout from surface to bulk, emphasizing the high degree of 

chemical purity over the film thickness. The binding energies measured in Ag+-hybrid 

read higher values (0.2 eV higher) as compared to those measured for Ag(0)-hybrid 

(e.g. 367.88 eV and 373.85 eV). This decrease in 3d binding energy is consistent with 

reduction of Ag+ to Ag(0).   
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Figure 6.8 (a) XPS profile of Ag(0)-Hybrid film; (b) Variation of Ag(0) binding energies as a function of 

sputtering time (depth from film surface) in Ag(0)-Hybrid.  

 

This step of the hybrid formation has also been characterized via FTIR 

measurement presented in Figure 6.9. The spectra shows the conversion of silver salt 

back into sodium salt due to silver particle formation in the presence of sodium 

borohydrate. 
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Figure 6.9 FTIR spectra of the planar LC polymer film of 1 and 2 after AgNO3 (—) and NaBH4 (····) 

treatment. Absorption peaks of interest are located at 1544 cm-1 (antisymmetric COO- stretching for Na+ salt) 

and 1504 cm-1 (antisymmetric COO- stretching for Ag+ salt). 

 

Transmission electron microscopic characterization of a cryo ultramicrotomed 

cross–section of an Ag(0)-hybrid film  is depicted in Figure 6.10. In the micrograph, 

uniformly distributed dark objects can be visualized. The high contrast (dark) dots 

corresponds to Ag(0)- nanoparticle of diameter 1.30.2 nm. Moreover, the size 

distribution indicates highly monodispersed particle formation. The growth of the 

nanocrystal is probably arrested by the confined space offering by the nanogallaries as 

well as the neighboring carboxylate groups which act as capping agent.20 It is worth 

stressing here, that the width of the LC nanogallaries produced by using monomer 2 

as covalent crosslinker is around 1 nm. The nanostructures grown within this nearly 

2D space are having width of 1.3 nm. As the LC network consists of flexible 

polyacrylate backbones and side chain liquid crystalline mesophase, the free volume 

available inside the nanogallaries can be enhanced during crystallization of Ag(0) 

pertaining to the local chain flexibility. Presumably, spherical nanoparticles are formed 

instead of anisotropic sheets due to the relatively low concentration of silver ions as a 

result of the stoichiometric complexation of Ag+ with the gallery carboxylates in the 

pores.  
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(a) (b)

Figure 6.10 (a) TEM micrograph of an ultramicrotomed section of planar Ag(0)-Hybrid film with linker 2; (b) 

particle diameter distribution. 

6.3.2 Effect of crosslinker length on Ag particle size 

The effect of confined nanocrystallization has further been investigated by using a 

similar LC network host film of 1 with 10 wt. % longer covalent crosslinker 3 instead 

of 2.  In Chapter 2 it was shown that in this LC based membranes the pore size 

depends to a small extend on the length of the pillar crosslinker. This experiment aims 

to investigate how the size of the synthesized particles is related to the length of the 

crosslinker.  

 

 

 

 

(a) (b)  (c) 

Figure 6.11 (a), (b) TEM images with different magnification of a ultramicrotomed section of planar Ag(0)-

Hybrid film with 3 linker; (c) particle diameter distribution. 
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Figure 6.11 represents the TEM images of Ag(0)-hybrid synthesized using a LC film 

with crosslinker 3 following the same procedure as described for monomer 2. The 

average particle diameter synthesized with this template film gives the value 5.4 nm. 

The particle size distribution (5.40.8) nm seems to be quite narrow thus emphasizing 

the template effect.   

 

  
(a) (b)

Figure 6.12 (a) PFT AFM deformation image (500 nm x 500 nm) of a cryo-microtomed section of a planar 

silver nanoparticle LC 1, 3 polymer film.; (b) FFT refined image of deformation mapping showing the alternation 

of dark (less deformable) and bright (more deformable) layers of 7.5 nm.  

 

Similar to the hybrid film based on 2, here also the TEM image does not show 

layered structure but they can be seen by performing AFM on the cross section of a 

planar monomer 3 based hybrid film (Figure 6.12). The image presented here depicts 

the deformation mapping (more details about the technique can be found in the 

experimental section) on an ultra cryo-microtomed section of the hybrid film. The 

bright layer corresponds to more deformable layers which are likely to be the 

polymerized side chain LC layers. The alternative dark layers residing in between 

bright layers correspond to less deformable (high modulus) materials and therefore 

indicating the presence of Ag(0) nanoparticle assemblies. To extract the quantitative 

information about layer spacing, a FFT-transformed micrograph (Figure 6.12 b) is 

used which gives more precise values of LC layer thicknesses. The cumulative length 

measured of an inorganic and an organic layer is 7.5 nm. It can also be noticed that 
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the presence of as synthesized Ag nanoparticles do not cause a disruption of LC layers 

in the hybrid, rather some typical defects can be seen in few places which can result 

from mesogenic interpenetration during photo-polymerization. Still it has not been 

totally understood what limits the growth of particles to 5.4 nm in 2D nanopore of 

width 2 nm.  

The thin films structure of 1+3 was also monitored during the nanoparticle 

formation process by 2D Grazing incidence X-ray Diffraction (Figure 6.13). The 

initial liquid crystal polymeric thin film shows a nematic cybotactic like structure with 

lattice spacing of 2.7 nm (see Figure 6.13 a). The mesogens (LC dimer and the 

crosslinker) are oriented perpendicular to the glass substrate plane (homeotropic 

alignment) as evidenced by the orientation of the signal at 15 nm-1. After the pores are 

open in basic solution and Ag+ ions are introduced (Figure 6.13 b), the average layer 

spacing is 3.5 nm. No higher order peaks are visible in the GXD profile (see Figure 

6.13 d) and the mesogens are randomly oriented.  

 
Figure 6.13 (a-c) GIXD 2D images of the LC polymer thin film with cross-linker 3 with closed pores (a), 

open pores and Ag+ ions (b) and LC polymer film with embedded Ag0 nanoparticles (c) respectively. (d) 

Comparison of the intensity along the vertical qz direction for the LC polymer thin film containing Ag+ ions and 

Ag0 nanoparticles. 

 

Upon Ag+ reduction, the LC polymer matrix with Ag0 nanoparticles shows ordered 

layered structure as suggested by the two sharp reflections centered at 1.6 nm-1 and 

3.3 nm-1 as well as the arched reflections (Figure 6.13 c, d). Such a well-defined 
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layered structure is in good agreement with the AFM results (see Figure 6.12). The 

layer spacing is larger than in the Ag+ film and is close to 4 nm. The presence of Ag0 

nanoparticles in the LC films is confirmed by the (111) and (200) reflections visible 

above 20 nm-1 in Figure 6.13 c. Moreover, the increased diffracted intensity at low q 

values is due to the embedded nanoparticle scattering. The fact that TEM image of 

the silver nanoparticles polymer films does not exhibit such layered structure is 

probably due to the poor in depth resolution in which the silver particles dominate 

the contrast. 

6.3.3 Tailor made Ag patterns 

The current approach provides an efficient way to create nanometer-sized silver 

/LC superstructures by a two-step in-situ route. However, the Ag+-Hybrid can also be 

used as a precursor to create tailor made Ag patterns on and within cross-linked LC 

substrate. Figure 6.14 shows optical microscopic (a, b) and SEM (c) images of photo-

reduced Ag+-Hybrid samples created by exposure to high intensity UV lamp through 

chromium mask in the presence of trace amount of solvent21. The optical 

micrographs of the dot patterned hybrid film taken in transmission mode show that 

the sample pattern resembles the mask pattern used and the SEM image displays the 

electron-rich bright dots of same dimensions as seen by optical microscopy 

corresponding to the Ag0 areas. The non-exposed region essentially contains Ag+ ions 

bound to carboxylic moieties adhered to mesogenic structures whereas the UV 

exposed parts produces conductive bulk materials.  
 

(a) (b) (c) 

Figure 6.14 (a), (b) Optical micrographs and (c) SEM image of a photopatterned Ag(0)-Hybrid film comprising 

of monomer 2 as a crosslinker. 
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   When the photopatterned films were further treated with 0.1 N sodium thiosulfate 

solution for 24h in the areas where Ag+ was present it was exchanged with Na+ ions 

due to the difference in their binding constants. Subsequent submission in a cationic 

Nile Blue dye solution let to replacement of the sodium ions with the dye molecules 

as proven by the color change of the film. The optical micrograph (Figure 6.15) clearly 

exhibits the incorporation of the blue dye distributed homogeneously within the 

polymer film suggesting that the cationic dyes replace the sodium ions in the film. 

This result shows that silver nanoparticle in the porous network structures are still 

accessible through the nanopores. 

 

 

Figure 6.15 Optical micrograph of a photopatterned LC 1+2 polymer silver salt film treated with Nile Blue. 

 

This strategy can in principle be extended to fabricate micropatternable anisotropic 

plasmonic hybrid structures. The nanoporosity of the hybrid polymer films makes 

them interesting for a wide variety of applications, ranging from nano-reactors to 

antimicrobial patches. 

6.4 Conclusions 

The work presented in this chapter shows a novel approach towards a new class of 

organic-inorganic nanoporous materials involving the synthesis of silver nanoparticles 

within an anisotropic “soft template”. The results demonstrate the nanoporous 

channels of the smectic liquid crystalline polymer network control the diameter and 

the orientational order of the silver nanostructures.  
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7 

Technology Assessment 
 

7.1 Introduction  

In the previous chapters we have shown that our liquid crystal network technology 

based on smectic monomers containing hydrogen bonds provides a versatile tool to 

create polymer films with pores that are controlled in charge, shape and size. the 

smectic phase of the monomer mixture gives a layer-like molecular organization that 

is captured in the polymer network during polymerization. Breaking the hydrogen 

bridges, e.g. by treatment with an alkaline buffer solution, opens the pores that are 

templated by the smectic layers. Covalent crosslinkers that are added to the mixture of 

monomers bridge the smectic layers and are responsible for the mechanical integrity. 

The result is an unique polymer membrane that might open the way for many new 

applications. However the status of the technology is such that further improvements 

are needed to enable use of these prospects. This chapter will first discuss briefly a 

number of the potential applications and then will go into more detail what 

developments are further needed. 
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7.2 Application prospects of  smectic nanoporous polymer films 

Making use of the polymer’s controlled pore charge, the application as an absorbent 

is most obvious. We have already demonstrated in Chapter 4 that the nanopores can 

uptake dyes of specific charge. This is only the first example of a separation 

technology utilizing the very specific properties of the smectic networks. The 

diffusion process is driven by the charge of the carboxylate anions that form the 

interior of the pores. Positively charged molecules like quaternary ammonium cations 

are attracted while negatively charged species are repelled. It must be noted here that 

during our research the pore size, although well defined by the covalent crosslinker, 

might become slightly deformed when the crosslink density is low. At higher 

crosslinking density the ‘2D’ layers of the polymer network are so rigid that they do 

not allow any deformation. Rather than having an anionic interior of the pores one 

can also envisage by selecting other smectic monomers or by chemical modification of 

the pore surfaces a cationic, positively charged interior, which has an opposite charge 

separation as the system discussed so far. Preliminary experiments in our group have 

shown that this indeed is possible.1 

The selective uptake of species can be used to trap pre-defined molecules from a 

solution similar to the use of activated carbon, but now with the addition of the 

specific charge. When the smectic networks are made as particles (Figure 7.1) one can 

add them to a reaction solution to capture either the desired product or an unwanted 

by-product or contamination. For this application regeneration of the particles is 

often desired, either to regain the preferred product in pure form or to clean the 

particles for re-use. The uptake and release of species together with control over 

macroscopic design of the particles opens also possibilities for drug delivery systems 

that administer medicine to a patient in very controlled way. As such one can think of 

using them as constituent of a medical cream, as implantable element or as capsule to 

become swallowed, although our systems are not yet biodegradable. 
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Figure 7.1 Structures of  LC hydrogel microparticles obtained by: 

(a) inkjet printing on a clean glass. Topography of  microstructures with homeotropic orientation. 

(b) photolithography on a glass with an adhesion promoter. Topography of  microstructures with homeotropic 

orientation. 

(c) inkjet printing on a clean glass (scale bar - 200μm). Optical micrograph of  microstructures that have 

homeotropic orientation and swell in the plane of  the film. Because of  the horizontal LC layers, swelling proceeds 

outside in. The depicted dimensional changes are during activation step. 

(d) by photolithography on a rubbed polyimide surface (scale bar - 20μm). Polarization optical micrograph of  

microstructures that have a planar alignment and show anisotropic swelling in the plane of  the film and 

perpendicular to it. The depicted dimensional changes are during activation step. Reprinted from reference 2. 

 

Rather than being used as ad- or absorbing medium the application of smectic 

nanoporous systems as a flow-through membrane with similar properties: charge 

exclusion can be developed. In that case one would optimally benefit from the 

tortuosity being close to one where the two sides of the membrane are connected by 

one straight pore following the shortest path length. For this purpose the thickness of 

the active membrane must be made relatively small to control the ratio between pore 

length and pore diameter (in our case the smallest dimension in the direction 
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perpendicular to the smectic layers). This ratio must be small to avoid large pressure 

drops over and/or slow throughput through the membrane. When this problem is 

solved, many applications can be envisaged such as materials purification in the 

chemical industry, dialysis of artificial kidney, water purification in third world 

countries (where often heavy metals are polluting drinking water) and desalination of 

sea water.  

                 
 

Figure 7.2 Principle of  energy production by reverse electrodialysis. AEM = Anion Exchange Membrane; 

CEM = Cation Exchange Membrane. 

 

An interesting application for this system would be the use of the charge selective 

membrane in reverse electrodialysis. This process, also called blue energy, is an 

approach to produce clean, renewable electricity by the advanced mixing of salt and 

fresh water.3 In a reverse electrodialysis system, a number of cation and anion 

exchange membranes are stacked in an alternating pattern between a cathode and an 

anode (Figure 7.2). When a concentrated salt solution flows through the alternating 

cells and fresh water flows through the others, a voltage is generated across each ion 

exchange membrane and power is obtained at the electrodes. Since the nanoporous 

membrane presented in this thesis is ionic in its nature, application in reverse 
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electrodialysis is a promising new direction to explore. The LC material discussed in 

this thesis can be placed as a cation exchange membrane whereas a positively charged 

LC network1 based on similar principles and also developed in our group can be 

utilized as an anion exchange membrane. The presence of localized, high 

concentrations of ionic groups in the LC polymer structures may result in faster 

and/or more effective ion-exchange and ion-transport than in conventional dense or 

porous ionic polymer materials. 

For the application of smectic porous systems as flow-through membranes with 

optimized tortuosity control over the orientation of the pores with respect the film 

surface is essential. A first attempt to control this with the prospect of doing it on 

larger device sizes was made in the Chapters 4 and 5. In Chapter 4 the confinement in 

the pores of a supporting membrane gave orientation of the smectic molecules 

perpendicular the pore walls, i.e. planar film surface. The strong tendency of the 

smectic molecules to adapt to a perpendicular orientation further away from the walls 

results in the fact that the pore sizes of the supporting membrane should be smaller 

than  20 µm. This has implications for the effective surface area of the smectic 

membrane which is reduced by the presence of the supporting membrane. Another 

attempt to control the pore orientation was described in Chapter 5. Here we make us 

of nanoblades of glass that are oriented perpendicular or slightly tilted to a substrate 

and on themselves have a strong tendency to keep the smectic molecules being 

oriented parallel to the surface. Although both methods indeed controlled the 

alignment of the pores, the fabrication of a mechanically stable membrane film that 

could be used for flow-through experiments still has some challenges which will be 

discussed in the next subsection. 

In the chemical industry the use of zeolites is often utilized for catalytic purposes. 

Reagents and catalyst are brought together in a tailored confined volume, which 

enhances the conversion in rate and yield of chemical reactions. It is anticipated that 

our materials have at least some comparable properties to the zeolites. By 

functionalizing the covalent crosslinker with catalytic moieties the LC films can be 

utilized for performing localized chemical reactions. Preliminary experiments with 

catalyst films based on cobalt - N,N'-bis(salicylidene)ethylenediamine4 (commonly 
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referred to as salen), as a catalyst functional crosslinker, show that these thin polymer 

films were highly selective towards reaction products in reactions with substituted 

aromatic alkenes as reagents.5 Of course one should realize that the smectic 

membrane materials are less stable towards temperature and chemicals than the 

inorganic zeolites. An advantage of the smectic catalytic films is that they can be easily 

integrated in a microfluidic device or micro-factory by lithographic processing. To 

access this possibility we performed preliminary experiments by making structures 

with the use of photolithography by mask exposure of our monomer films in an 

aligned state and by inkjet printing (Figure 7.1).  

The applications we discussed so far were all based on nanoporous films where the 

pores were brought to their open state by alkaline treatment. However the possibility 

to switch between the open and the closed pores has the potential to support other 

applications. First of all one might envisage a peristaltic pumping mechanism by 

treating the films from one side with an alternating pH switching medium. In Chapter 

3 we have shown that the open pores close again by reestablishment of the hydrogen 

bridges under low pH conditions. In order to generate the pumping action the pores 

are filled with the medium that needs to be transported. Then from one side the film 

is brought in contact with low pH solute and the pores close gradually from the 

contact side to the other side thus releasing the medium at the opposite side. By 

replacing the low pH with again a high pH the pores open and fill again by the 

medium. By repeating this process a pumping action is obtained. An alternative 

pumping action is foreseen by making the covalent crosslinkers photo-responsive 

such that their shape changes by a photo-isomerization reaction. In that case the 

system works at constant pH and is activated by light. Pumping has the prospect to 

make membranes thicker without suffering from the high aspect ratio (see also 

Section 7.3). 

7.3 Further developments  

   Although the prospects of the membrane films are very promising one problem still 

remains unresolved. To utilize the membranes as flow-through membrane one needs 

to be able to process and to handle them as thin film. Already a one micrometer thick 

film leads to an aspect ratio, defined as the film thickness divided by the smallest pore 
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dimension, of around 1000. In order to maintain the pressure drop over the 

membrane acceptable for most applications, preferably (sub-) micrometer film 

thicknesses should be used. The use of such thin films for membranes over larger 

surface areas, where often pressure is used to transport the liquid through the 

membrane, may provide problems with mechanical strength. A general strategy to 

improve on the mechanical integrity of such thin films is to integrate them into or 

onto a hierarchical support structure with micrometer pore dimensions.  

   Another important aspect is that the LC polymer films have to be removed intact 

from the glass substrate after the fabrication of the composite construct. Such release 

of the material should be obtained by utilizing sacrificial alignment layers that can be 

dissolved (e.g. polyvinyl alcohol) or give low adhesion (e.g. fluorinated coatings). 

Rubbed polyvinylalcohol (PVA) layers are known to align nematic and smectic LC 

mixtures.6-7 They have the advantage over polyimide that they can be dissolved in 

water thus releasing the smectic polymer. However, in contrast to the more 

conventional liquid crystals, rubbed PVA did not give a homogeneous planar 

orientation when used for our LC material. It is anticipated that the interaction of the 

hydroxyl group of PVA with the carboxylic group of the benzoic acid moiety and the 

more surfactant-like perpendicular orientation overrules planar alignment in some 

areas of the sample. Also rubbed fluorinated polymers are known to align liquid 

crystals and inherent to their low surface energy and polarity will not adhere to more 

polar polymer films.8-10 The fluorine atom is effective for lowering the surface free 

energy chemically because fluorine has a small atomic radius, large electro-negativity 

and therefore a small polarizability reducing adhesive dispersion forces with other 

organic molecules.11 However, this alignment layer gave de-wetting and unless forced 

by a second, oppositely positioned, substrate we could not spread the LC material in a 

thin layer. In addition the orientation did not occur to a sufficient level of perfection. 

A possible solution to overcome the before mentioned problems might be the 

application of a double layer – PVA bottom layer with polyimide spin-coated on top 

of it or the use of rubbed fluorinated polyimide coatings. 



Chapter 7 
 

134 
 

7.4 References 

1. Mulder, D. J. Nanoporous Membranes with a Adjustable Interior based on Diimine Templated 
Smectic Liquid Crystals; report TUe: Eindhoven, 2013. 

2. Shishmanova, I. K.; Bastiaansen, C. W. M.; Schenning, A. P. H. J.; Broer, D. J., Chemical 
Communications 2012, 48 (38), 4555-4557. 

3. Baker, R. W., Ion Exchange Membrane Processes–Electrodialysis. In Membrane Technology 
and Applications, John Wiley & Sons, Ltd: Menlo Park, California, 2004; pp 393-423. 

4. Cozzi, P. G., Chemical Society Reviews 2004, 33 (7), 410-421. 
5. Kendhale, A.; Schenning, A. P. H. J., unpublished work, Liquid Crystalline Derived 

Nanoporous Catalyst Thin Film for Organic Chemical Transformations: 
Cyclopropanation vs Pyrazolines. 2012. 

6. Feller, M. B.; Chen, W.; Shen, Y. R., Physical Review A 1991, 43 (12), 6778-6792. 
7. Wei; Hong; Zhuang; Goto; Shen, Nonlinear optical studies of liquid crystal alignment on a rubbed 

polyvinyl alcohol surface. 2000; Vol. 62, p 5160-5172. 
8. Jeong, S. M.; Kim, J. K.; Shimbo, Y.; Araoka, F.; Dhara, S.; Ha, N. Y.; Ishikawa, K.; 

Takezoe, H., Advanced Materials 2010, 22 (1), 34-38. 
9. Kumar, T. A.; Takezoe, H.; Dhara, S., Jpn. J. Appl. Phys. 2010, 50 (4). 
10. Dhara, S.; Kim, J. K.; Jeong, S. M.; Kogo, R.; Araoka, F.; Ishikawa, K.; Takezoe, H., 

Physical Review E 2009, 79 (6), 060701. 
11. Nishino, T.; Meguro, M.; Nakamae, K.; Matsushita, M.; Ueda, Y., Langmuir 1999, 15 (13), 

4321-4323. 

 

 



 

135 
 

 

 

Curriculum Vitae 
    

 

   Ivelina Shishmanova was born on the 29th of May 1983 in Sliven, Bulgaria. After 

completing secondary school “Mathematical and Natural Sciences High School” in 

Sliven, she studied Chemistry with major Organic chemistry at Sofia University, 

Bulgaria. In 2007 she obtained her Bachelor of Science degree and continued with the 

master’s programme Medicinal Chemistry at the same university. She graduated in 

2009 on her thesis entitled “IR spectral and structural studies of acesulfame, sulfacetamide as 

well as their anions: Combined DFT B3LYP/experimental approach”. After obtaining her 

Master of Science degree she started her PhD project at the Chemical Engineering 

and Chemistry department of Eindhoven University of Technology under the 

supervision of prof. Dick Broer and dr. Cees Bastiaansen. The results of this project 

are presented in this thesis. 

 


	Shishmanova_PhDcover_Blue_BLEED
	Smectic nanoporous networks_Ivelina Shishmanova.pdf

