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«Las ruinas no nos dan miedo. Sabemos que no vamos a heredar más 
que ruinas, porque la burguesía tratará de arruinar el mundo en la 

última fase de su historia. Pero a nosotros no nos dan miedo las ruinas 
porque llevamos un mundo nuevo en nuestros corazones. Y ese mundo 

está creciendo en este instante.»  

 José Buenaventura Durruti Dumange 
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Abstract  

 

Liquid crystal materials have been used for decades in different applications, 

such as optoelectronics, sensors and biosensors, membranes, and energy 

storage applications among others. The main characteristic properties of these 

materials lie in their ability to exhibit some level of order like solids, while 

presenting certain mobility as liquids do. As a result, they rearrange in an 

intermediate state of matter between solid and liquid states, which are 

referred to as mesophase. The compounds that exhibit liquid crystal 

properties  are called mesogens. In terms of liquid crystal molecules, they can 

be classified according to how the mesophase is observed or the shape of the 

molecule. According to the first division there are lyotropic or thermotropic 

liquid crystals, while according to the shape of the molecules, we can find rod-

like or disc-like among other type of mesogens. Polymers can also form liquid 

crystal mesophases. From them, one can distinct two main groups depending 

on where the mesogen is located: main chain liquid crystalline polymers 

(MCLCPs) which present mesogenic moieties in the polymer main chain, and 

side chain liquid crystalline polymers (SCLCPs),  in which the mesogens are 

attached as side chains to a given polymer backbone. This last group of liquid 

crystalline polymers can form supramolecular architectures that self-assemble 

into ordered structures spontaneously thanks to the π-π stacking of the 

mesogen aromatic cores. The synthesis of SCLCPs allows the formation of 

nanostructured membranes for proton transport in fuel cells applications.   

Until now, our group has focused on the preparation of SCLCPs to be used as 

polymer electrolyte membrane (PEM) by chemically modifying commercially 
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available or other synthesized linear polymers with a tapered mesogen. These 

linear polymers are based on different polyamines and polyethers. Thanks to 

the tapered mesogen attachment to the polymer backbone, these SCLCPs can 

rearrange in a helical fashion allowing the formation of an inner channel. This 

inner channel is formed by basic heteroatoms (oxygen or nitrogen) and 

protected from the outer environment for the mesogen itself. Nevertheless, 

these membranes  presented some challenges that need to be addressed, such 

as poor mechanical properties and brittleness. In this work, we present the 

synthesis and characterization of a liquid crystalline homopolymer family 

based on a poly(2-oxazoline), as well as its 2-oxazoline monomer precursor. 

This new class of liquid crystalline poly(2-oxazoline)s are used to prepare 

different membranes, which characterization and transport properties will be 

discussed. To overcome  the mechanical issues presented by the previously 

synthetised SCLCPs in our group, new biobased supports based on 

delignified wood are presented. Subsequently, membranes based on 

dendronized poly(epichlorohydrin) (PECH), and the biobased support are 

prepared and characterized. Afterwards, a study of the transport properties is 

discussed.  

Chapter 2 presents the synthesis and characterization of a 2-oxazoline tapered 

monomer, 2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-2-oxazoline (TAPOx). 

For the synthesis of the tapered monomer different strategies were presented. 

Direct amidation of a tapered ester, or the amide formation from a tapered 

acid are some examples. Nevertheless, the synthesis of a tapered amide 

(TAPAm) intermediate from the reaction between a previously synthetised a 

tapered methyl ester and ethanol amine was the most successful synthetic 

pathway.  This precursor will, lately, undergo a dehydrative cyclization to 
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form the desired 2-oxazoline (TAPOx), which unlike the tapered amide it is 

not a liquid crystal as was demonstrated by X-ray diffraction, differential 

scanning calorimetry and polarised optical microscopy.  

Subsequently, in Chapter 3, the polymerization of TAPOx by living cationic 

ring-opening polymerization (CROP) is presented. The optimization of this 

synthesis was carried out by tunning several factors, such as type of initiator, 

solvent, and terminating agent. Additionally, temperature of the reaction, and 

concentration of the polymerization reaction were also investigated. The 

optimization of all these parameters allowed us to synthesize a 5-membered 

family of poly(2- (3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-2-oxazoline)s 

(PTOx) with controlled molecular weight as was evidenced by size exclusion 

chromatography (SEC). PTOx family members presented columnar 

mesophases in a broad range of temperatures (from around -15 to c.a. 80 °C).  

Chapter 4 explains the preparation of PTOx based membranes. As we could 

observe in preliminary studies, PTOx membranes are not self-supported. For 

this reason, we used a polyester fabric to improve the mechanical performance 

of the membranes. Membranes were characterized by static contact angle, 

water uptake and optical microscopy. Transport properties of the hybrid 

membranes were evaluated by means of electrochemical impedance 

spectroscopy (EIS), permeability tests and linear sweep voltammetry (LSV). 

PTOx membranes revealed remarkable proton transport as was elucidated by 

LSV, while exhibiting an outstanding proton selectivity in front of other 

monovalent cations. 

Finally, Chapter 5 and Chapter 6 present the preparation and use of 

functionalised delignified wood discs as supports for the infiltration of a 
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dendronized poly(epichlorohydrin) (PECH75) liquid crystalline polymer, and 

thus the preparation of hybrid membranes that could be used for ion transport 

applications. Furthermore, a comprehensive characterization of the 

membranes and the assessment of their ion transport was performed, 

respectively.         
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Chapter 1 
 

 

General Introduction and 
Objectives 
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These days, we, as a society, are facing one of the most complex and 

challenging problems of our time, climate change. After the industrial 

revolution at the end of the XVIII century and the XIX century, the world 

consumption of fossil fuels has increased dramatically, especially this last 

century and the beginning of XXI century [1]. As consequence of this 

revolution, we have experimented an incredible demographic growth. 

Moreover, the evolution of the society has aroused an increase of demands, 

such as lighting, cooking, space comfort, mobility, and communication, in 

order to satisfy its necessities. These necessities have also produced, an 

increase in the exploitation of resources worldwide, which has increased the 

effect of the climate change [2]. The excess of fossil fuel consumption has 

promoted the formation in a large extend of greenhouse gasses (GHG)s, 

which are responsible for the global warming [3]. However, these gasses are 

not the only responsible of the global warming; air pollution also plays an 

important role in this warming, as have been highlighted in recent studies [4].  

Despite the evidence of the climate change, there are still people around the 

globe who is sceptical about it [5]. A change on the policies [2,6], education [2]  

and research [6] needs to be made in order to face the climate change 

emergency. Furthermore, the shift of the society from a regionally conscious 

society to a globally conscious society is a key factor that helps the world’s 

population gain interest in climate change awareness [7]. Another important 

effect of the climate change are the extreme weather events that we are living 

nowadays such as extreme cooling or heating. As result, an increase of the 

mortality and migration have been noticed in several areas of the globe [8]. 

This extreme weather has also a big impact on agriculture, where farmers are 
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vulnerable to the changes of the climate with unpredictable rainfall 

distribution and frequency [9–11].  

With the aim to face the GHGs emissions and the climate change, the adoption 

of renewable energies to phase down fossil fuel energy consumption have 

aroused an important field to invest in, either to expand the already existing 

technologies or to research in new alternatives and clean energy [12]. Under 

this point of view, fuel cell technology has emerged as an alternative to fossil 

fuels, since it provides an efficient and clean energy production. One can 

distinct several types of fuel cells according to the used electrolyte (e.g. 

polymer electrolyte membrane fuel cells (PEMFC), molten carbonate fuel cells 

(MCFC), solid oxide fuel cells (SOFC), alkaline fuel cells (AFC), among many 

others) [13]. Due to their simple construction, fuel cells can be used for 

different applications, either stationary or portable devices. Polymer 

electrolyte membrane fuel cells are one of the most promising types of fuel 

cells. Perfluorosulfonic acid ionomer-based membranes are the most 

commonly used membranes for this type of fuel cells. Nafion® (a registered 

trademark of DuPont Co.) is the most used material for this application, since 

it presents several advantages, such as excellent chemical and mechanical 

stability, and high proton conductivity, among others. Nonetheless, it also 

presents some disadvantages, such as high production cost, poor chemical 

stability at high temperatures, methanol crossover (when operating on a 

direct methanol fuel cell (DMFC)), membrane swelling and a huge 

dependence of proton transport on presence of water. Water is required to 

form the conductive pathways to transport the proton across the membrane 

and also to transport the proton itself, since the transport mechanism is 
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explained by the “hopping” mechanism (also known as Grothus mechanism) 

and electroosmotic drag [14,15].  

For this reason, alternatives to Nafion® have been proposed the last decades. 

Some of these alternatives include the modification of the perfluorosulfonic 

acid chain, which includes partially fluorinated and non-fluorinated acid 

ionomer-based membranes, the use of polybenzimidazole membranes (doped 

with phosphoric acid) or alkaline ionomer-based membranes [16]. Liquid 

crystals  have been also emerged as alternatives to Nafion® due to their 

tuneability and broad range of applications [17–20]. A liquid crystal is a 

molecule, which, due to its chemical structure is able to form a state of matter, 

the liquid crystal state (also called mesophase), intermediate between a liquid 

and a crystalline solid. These kinds of molecules are called mesogens (or 

mesogenic molecules). In the liquid crystal state, these materials share some 

properties of a crystalline solid (ordering) and of a liquid (ability to flow), and 

they are characterised by a relatively rigid structure, an anisotropic shape and 

anisotropy of the molecular polarizability.  

There exist two distinct types of liquid crystal polymers: main chain liquid 

crystal polymers (MCLCP)s and side chain liquid crystal polymers (SCLCP)s, 

depending on where the mesogen is located (at the main chain or at the side 

chain, respectively). Liquid crystal polymers, due to their structure are able to 

adopt complex organizations by self-assembling. In the last decades, our 

group has focused on the development of liquid crystal polymers, with the 

aim of synthesizing tapered side chain liquid crystal polymers (SCLCP)s to be 

used as membranes for fuel cells applications. For the synthesis of SCLCPs, 

our group has focused on the use of the tapered (or dendron) unit  3,4,5-tris[4-

(n-dodecan-1-yloxy)benzyloxy]benzoate (TAPER) as mesogen, which has 
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been attached to polyethers, polyamines or polyoxazolines as side chain [21–

36]. The presence of this dendron induces the self-assembly of the polymer 

structure to adopt an inner helical organization of the main chain, thus 

forming columnar structures, as it was established by Percec and co-workers 

[37–39]. Thanks to this self-assembly an inner channel is formed, which 

endows the ion transport as result of the presence of basic heteroatoms ( 

oxygen or nitrogen in the main chain). The presence of the long aliphatic 

chains at the periphery of the structure, increase the hydrophobicity of the 

material and, at the same time, protects the inner channel against the 

environment. In this introduction we provide an explanation, classification, 

and up-to-date overlook of liquid crystals (LC) and liquid crystal polymers 

(LCPs), together with the recent advances in the field of membrane technology 

for different applications, focussing on membranes for fuel cell technology as 

alternatives to perfluorosulfonic acid-based ionomers.  

 

1.1.Liquid crystals: an overview 

 

Liquid crystals (LC) were first discovered by the Austrian botanist, Friedriche 

Reinitzer in 1888 when determining the melting point of cholesteryl benzoate. 

Since then, liquid crystals have been extensively studied obtaining a wide 

variety of molecules for different applications such as electro-optical displays 

[40,41], temperature sensors [42–45], solar cells [46] and biomedical 

applications [47–50], among many others. As everybody knows, there are 

three main states of matter: crystalline solid, liquid and gas. They can be 

distinguished according to the organization and mobility of their molecules. 
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In a crystalline solid state molecules are well ordered, and the substance 

presents a definite shape and limited volume. Liquid on the other hand, 

presents a more flexible shape, due to the higher mobility of its molecules. 

Finally, gas state, presents a chaotic mobility of the molecules and it has 

neither a limited volume nor definite shape. In the case of the crystalline 

solids, X-ray diffraction analysis reveals that their constituents (molecules, 

atoms, or ions) present a long-range periodic order, since they are arranged in 

a definite pattern, thus presenting a 3D network-crystal. As result of the 

described above, crystalline solids present anisotropy of their physical 

properties (meaning that these properties are different in different directions), 

meanwhile liquids and gasses are isotropic. Liquid crystals share the 

properties of both crystalline solids and liquids. In other words, LC present 

some positional and orientational ordering, meanwhile molecules diffuse 

through the sample. Therefore, they present anisotropic properties like a 

crystalline solid but with the fluidity of a liquid.  

 

LC can be classified depending on the formation of the mesophase, that is, 

depending on the concentration in a given solution (lyotropic) or varying the 

temperature (thermotropic). From the thermotropic liquid crystals, there is 

also a differentiation if the liquid crystal behaviour is observed in one 

direction, either cooling or heating (monotropic) or in both heating and 

cooling (enantiotropic). In addition, they can be also classified depending on 

the shape of the molecule (rod-like, disc-like, etc.), and the organization at the 

liquid crystalline phase (smectic, columnar, nematic, etc.).  Furthermore, 

polymers can form also liquid crystalline phases when a mesogenic moiety is 

attached to the main chain (namely, main chain liquid crystal polymers 
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(MCLCP)) or at the side chain (namely, side chain liquid crystal polymers 

(SCLCP)). Classification of the LCs and LCPs can be found in Figure 1.1. 

 

 

Figure 1.1. General classification of liquid crystals and liquid crystal 

polymers. 

 

1.1.1. Lyotropic liquid crystals  

 

Lyotropic liquid crystals are formed mainly by amphiphilic molecules which 

present a non-polar head and a polar tail. These molecules endow the liquid 

crystal behaviour under determinated solvents, at certain temperature and 

concentrations.  Lyotropic LC phases can be classified in these three main 

groups, lamellar, columnar or cubic phases, among others, depending on the 

positional order [51]. Lyotropic LC can be found in the soap as surfactants, 

and in nature at the lipidic bilayer cell membrane [51,52] or other 

biomolecules such as DNA, where small fragments can be dispersed in water 

to present lyotropic LC phases [53]. This class of LC are used in biomedical 

applications, for drug delivery systems [47,48,54] and vaccine platforms [48].  

In particular, non-lamellar lyotropic liquid crystals, namely, bicontinuous 

cubic and inverse hexagonal columnar mesophases, are the most common 
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systems for biomedical applications, since they can be applied either as bulk 

phases or as colloidal nanocarriers (cubosomes or hexosomes). Bicontinuous 

cubic phase is a very interesting complex structure which consists in a 3D 

network presenting a continuous, but not intersecting, hydrophilic 

sections/water channels. Inverse hexagonal columnar phase, it is a 2D phase 

with a hydrophilic inner channel surrounded by a lipidic bilayer. Ultimately, 

these columns are organised in a long-range two-dimensional hexagonal 

fashion.  

Lyotropic liquid crystals have been proven to provide an enhancing solubility 

and slowing the drug release [55]. Thus, Wu and co-workers prepared a 

lyotropic liquid crystal gel called rotigonite-gel (RTG-gel), obtaining an 

inverse hexagonal phase, for the treatment of Parkinson’s disease to provide 

a long-acting and slow-release benefits of rotigonite, which showed robust 

sustained release characteristics as was evidenced by in vitro and in vivo 

experiments, and good biocompatibility [56].  

One of the problems of drug administration is the low solubility of these 

compounds, which affects directly to the administration and release of the 

same drug. As we have seen, the encapsulation of these drugs in lyotropic 

liquid crystals can improve this drawback for oral, injection and/or 

transdermal drug delivery. In the field of transdermal drug delivery, it has a 

great importance the study of the drug administration across the human skin. 

Thus, human or animal skin is used to study the diffusion of the drugs, 

however it entails supply and ethical issues. Lamellar lyotropic LCs, due to 

their structure, present some similarities with biological skin membranes 

since they can mimic the stratum corneum lipidic bilayers. Cen and co-

workers developed a lamellar lyotropic liquid crystal as an artificial skin 
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membrane and studied the diffusion of four drugs with different polarities. 

Three artificial skin membranes were synthetised, one containing 

phytosterols and hydrogenated lecithin and two more, one containing 

sorbitan stearate and sucrose cocoate, and another containing cetearyl 

glucoside. Permeation tests using the synthetic artificial skins mimicked in 

vitro penetration test through human skin [57].  

Additionally, lyotropic liquid crystals can be used also as sensors due to their 

stimuli response ability. For instance, Uzun Azar and co-workers have 

developed a cholesteric lyotropic LC based toxic gas sensor for the detection 

of toxic gases such as toluene, phenol and 1,2-dichloropropane, obtaining 

good results [58]. On the other hand, due to their fluidity, lyotropic liquid 

crystals can be used also as lubricants. In this sense, graphene oxide (GO) has 

been studied as potential material for this purpose since the aqueous 

dispersion of GO can form a lyotropic liquid crystal phase for concentration 

above 5.00 mg/mL. This lubricant is stable for several months and can reduce 

the friction by 37.3 % as was reported by Guo and co-workers [59]. Moreover, 

graphene oxide has been investigated also as scaffold for the construction of 

artificial muscles by Gao and co-workers [60]. In their work, they exploited 

the use of GO sheets in their lyotropic liquid crystal phase to prepare GO 

fibres combined with the conductive polymer poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), followed by 

the reduction of GO to reduced graphene oxide (rGO). The addition of 

PEDOT:PSS reported an increasing of the elasticity for the rGO fibres, which 

resulted in outstanding mechanical properties, such as Young’s modulus, 

toughness, and elongation-at-break, and exceptional electrical actuation 

UNIVERSITAT ROVIRA I VIRGILI 
COLUMNAR LIQUID-CRYSTALLINE POLYMERS CONTAINING NITROGEN AT THE BACKBONE TO BE USED 
TO PREPARE ION-TRANSPORT MEMBRANES 
Jordi Guardià Blanch 
 



performance. Finally, they demonstrated the potential scalability of the fibre-

based artificial muscles and their integration with robotic systems.  

 

1.1.2. Thermotropic liquid crystals 

 

When a material presents a liquid crystal phase by varying the temperature it 

is called a thermotropic liquid crystal. These mesophases can be obtained by 

heating a crystalline solid or by cooling an isotropic liquid. The transition of a 

crystalline solid to a liquid crystal phase is called melting point, meanwhile, 

the transition of the liquid crystal phase to an isotropic liquid is called clearing 

point (the temperature at which this transition takes place is called clearing 

temperature). When a liquid crystal mesophase is obtained by both heating 

and cooling it is called enantiotropic. On the other hand, when the liquid 

crystal phase is obtained only from cooling an isotropic liquid or heating a 

crystalline solid it is called monotropic. However, not all molecules can lead 

to a thermotropic liquid crystal, they need to present some structural 

requirements, such as an (often) aromatic rigid core and a flexible peripheral 

moiety (generally long aliphatic chains). As mentioned previously, 

thermotropic liquid crystals can be classified in two main groups according to 

their shape: calamitic (rod-like) and discotic (disc-like) liquid crystals. General 

structures of these liquid crystals are shown in Figure 1.2.  
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Figure 1.2. General template for thermotropic liquid crystals based on their 

shape. 

 

1.1.2.1. Calamitic liquid crystals 

 

This group of liquid crystals is the most common inside the group of 

thermotropic LC. They are composed of two or more rigid rings in their core 

(A and B, Figure 1.2) linked by a linking small group (Y, Figure 1.2); at each 

end there are flexible moieties (R, Figure 1.2), often composed of linear and/or 

branched aliphatic chains, bearing polar/polarizable groups. Additionally, 

calamitic molecules can present small lateral substituents such as -Cl, -Br, -

NO2, -CH3, -OCH3, etc. to reduce symmetry in a controlled manner. Due to 

the elevated variety of different cores, aliphatic ends, small substituents at the 
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core, polar/polarizable groups, and linking groups, calamitic LC can form 

different mesophases, namely nematic phases and smectic phases. Nematic 

mesophases (N) are the least-ordered mesophases (closest to the isotropic 

liquid) and are characterized by presenting orientational order but not 

positional order. Nematic mesophases are extensively used in liquid crystal 

devices (LCD) [61,62]. Smectic mesophases (Sm) present orientational order, 

same as the nematic mesophase, but with long-range positional order in one 

direction. Molecules in the smectic phase are arranged in layers, which 

present weak inter-layer interaction that allows them to flow past each other. 

The presence of more than one mesophase (polymorphism) for a single 

compound it is also possible. As matter of example, da Silva and co-workers 

synthetised symmetrical 2-methyl[1,2,3]benzotriazole (BZT) derivatives with 

elongated peripheral units linked via acetylenic triple bonds. Some of these 

calamitic thermotropic liquid crystals present both nematic and smectic 

phases upon heating or cooling at different temperatures. Moreover, the band 

gaps determined electrochemically for HOMO and LUMO were moderate, 

showing the potential use of these compounds for electro-optical applications 

[63].  

From the nematic mesophases, there is a subclass called chiral nematic phase 

or cholesteric mesophase (N*). This LC mesophase is typically shown by 

chiral molecules. This mesophase presents a helical structure, since it can be 

visualized as a stack of very thin 2D nematic-like layers with the orientation 

of the molecules in each layer twisted slightly with respect to the layers above 

and below. It is also possible to induce a cholesteric mesophase for non-chiral 

molecules by adding chiral dopants. Hereby, the chiral dopants, which may 

not be LC, can induce a helical arrangement to the thermotropic liquid 
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crystals, whose mesophase is nematic. Smectic mesophases can also exist as a 

chiral phase, which is called chiral smectic C phase (SmC*). Pozhidaev and 

co-workers reported the synthesis of SmC* ferroelectric liquid crystals (FLCs) 

by mixing a nematic liquid crystal and chiral non-mesogenic dopants based 

on terphenyldicarboxylic acid [64]. The nematic LC was obtained by an 

eutectic mixture of biphenyl- and phenylpyrimidine derivatives. The FLC 

reported to exhibit a broad temperature range (10 °C to 63 °C). These new type 

of FLCs have potential for the design of different photonic devices of new 

generation [65].  

In the field of ferroelectric liquid crystals, it also possible to induce the SmC* 

phase by adding inorganic dopants. In this sense, Pote and co-workers haver 

reported the incorporation of spinel ferrite CoFe2O4/ZnO (ZCOF) core/shell 

nanocrystals (NCs) in FLC. Photoluminiscent analysis revealed improved 

optical emission properties as direct result of the addition of ZCOF [66]. 

Nevertheless, the incorporation of dopants it is not the only way to obtain 

ferroelectric liquid crystal with SmC* phases. For instance, Węgłowska and 

co-workers have synthetized and characterized nine different compounds of 

a chiral homologous series of 4′-[ω-(2,2,3,3,4,4,4-heptafluorobutoxy) 

alkoxy]biphenyl-4-yl-4-(octan-2-yloxy)benzoates, containing fluorine or 

chlorine atoms in the lateral position of the rigid core with a chiral terminal 

octyloxy-chain, which exhibit chiral SmC* phases. According to their study, 

transductors based on these materials can form new classes of optical sensors 

suitable for numerous applications [67].  

Moreover, thermotropic LC with cholesteric mesophases have potential uses 

as optical sensors for biomedical applications, since it is known that can be 

used to achieve the optical amplification of biological interactions [68]. Thus, 
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Wu and co-workers reported the preparation of a LC-based single-substrate 

biosensor by spin-coating of the same LC, obtaining a thin film, on a 

dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride 

(DMOAP)-decorated glass slide [69]. Thanks to the spin-coated methodology 

they were able to control the film thickness with precision. With this 

biosensor, they reported the improvement up to two orders of magnitude for 

the limit of detection (LOD) for bovine serum albumin (BSA) by lowering the 

LOD from 10-5 g/mL to 10-7 g/mL for a 4.2 µm thick film; however, when the 

film thickness was reduced to 3.4 µm, LOD decreased to 10-8 g/mL.  

 

1.1.2.2. Discotic liquid crystals 

 

Discotic liquid crystals are formed, as the name suggests, by disc-shaped 

molecules. This kind of LC, often spontaneously self-assemble into stacks 

thanks to the π-π interactions, which eventually will self-organize forming 2D 

structures (Figure 1.3). Discotic LC can form different mesophases: nematic, 

smectic, columnar and cubic. Smectic and cubic phases are very rare, 

meanwhile columnar mesophases, which can be easily homeotropically 

oriented, are the predominant structures, followed by the nematic 

mesophases. However, disc-like molecules are not the only ones which 

present columnar structures: as commented at the previous section, lyotropic 

liquid crystals can also form columnar structures. Moreover, dendrimers, star-

shaped molecules and even rod-like molecules can exhibit thermotropic 

columnar phases. For instance, Carrasco and co-workers prepared red near-

infrared (NIR)-emissive metal clusters compounds, with general formula 
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Na2Mo6X8 Cl6 (X = Cl or Br), complexed with LC containing crown ethers [70]. 

The complexation was possible thanks to the well-known interaction of the 

sodium cations (Na+) and the oxygens of the crown ethers. The prepared 

hybrid materials exhibit hexagonal columnar mesophases in broad range of 

temperatures. In another example, Labov and co-workers synthetised star-

shaped LC molecules as nano-reservoirs for small acceptors, based on a 1,3,5-

substituted benzene core and either oligo(phenylene vinylene) or 

oligothiophene arms [71]. The small acceptor was 2,4,7-trinitrofluorenone. X-

ray scattering and solid-state NMR analysis confirmed the host-guest 

complexation for up to three guest molecules per LC-host. In addition, as was 

confirmed by differential scanning calorimetry (DSC) analysis and X-ray 

scattering, these materials present hexagonal columnar mesophases at high 

temperatures.  

It is very common to confuse the terms discotic phase and disc-shaped 

molecules. Therefore, it is very important to remember that it is the molecule 

that is discotic and not the mesophase, which can be nematic, columnar, or 

lamellar, etc. From the mesophases shown by discotic mesogens, the discotic 

nematic mesophase (ND) is the less ordered phase and least viscous, same as 

for the calamitic molecules. It presents translational and rotational freedom 

around its short axis but, on average, disk-like molecules are oriented in a 

preferred direction (Figure 1.3.). Nematic columnar (Ncol) mesophase, on the 

other hand, is characterized by a columnar stacking of the discotic mesogens, 

which, at the same time, do not form 2D structures. Therefore, the columns 

lack positional order, but show orientational order. Same as happens with 

calamitic liquid crystals with nematic mesophases, LC materials presenting 

discotic nematic phases can be used for display applications. 
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Figure 1.3. a) Example of self-assembly and self-organization of discotic liquid 

crystal molecules in columnar mesophases. b) Example of different 

mesophases presented by discotic molecules.  

 

In this sense, Dhingra and co-workers developed a disc-like molecule based 

on a tri-alkynyl benzene core, which presented a nematic discotic mesophase 

at room temperature. The results found in this work suggest that this material 

proved to be advantageous as a pure deep-blue emissive component for 

organic light-emitting diodes (OLEDs) [72]. Moreover, disc-like molecules can 

be used also as solid-state solar thermal fuels (SSTF) as was demonstrated by 

Gupta [73]. Materials with discotic nematic mesophases were obtained 

through the integration of a tetra-ortho-fluoro/chloro azobenzene arm in 

triphenylene based LC moiety. The obtained compounds exhibited excellent 

photoswitching, photostability, and photocyclability for SSTF applications. 

The advantage of this system relies on the formation of the discotic nematic 
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mesophase even at sub-zero temperatures since the traditional solar panels 

are less efficient at sub-zero temperatures.  

As commented above, discotic LC can organize in a columnar mesophase, 

which eventually will self-organise in various 2D lattices. 2D columnar 

mesophases can be classified into several classes, among which the most 

important are columnar hexagonal mesophase (Colh), columnar rectangular 

mesophase (Colr) and columnar lamellar mesophase (ColL). Columnar 

hexagonal mesophases are characterized by a hexagonal organization of the 

formed columns. The planar space group for this kind of mesophase is P6/mm. 

When analysing a discotic liquid crystal compound by X-ray diffraction 

(XRD), at the small angle region one can easily distinct three sharp peaks 

whose spacings are in the ratio of 1: 1/√3: 1/2, which are related to the lattice 

planes indexed as (1 0 0), (1 1 0) and (2 0 0), respectively, along with a broad 

peak in the wide-angle region [32]. Columnar rectangular mesophases are 

characterized by a π-π stacking of the aromatic cores of the molecules tilted 

with respect to the column axis and packed in a rectangular fashion. It is 

possible, however, to observe a crossover between a columnar rectangular 

mesophase to a columnar hexagonal mesophase while increasing the aliphatic 

side chains lengths.  Finally, columnar lamellar mesophases are characterized 

by stacking of the discotic mesogens to form columns but, instead of 

presenting an organised 2D structure, the columns are arranged in layers 

where they can slide across the layer but do not possess translational order.   

Efficient capture, transfer, and storage of solar energy represent an interesting 

and challenging area of research in the present day. For this purpose, in the 

field of discotic columnar mesophases, Mu and co-workers synthetised 

polymeric supramolecular columns bioinspired by the purple photosynthetic 
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bacteria and its natural light-harvesting [74]. Thus, a discotic molecule based 

on a non-planar tricyanotristyrylbenzene (TCS) was introduced to a 

polyacrylate backbone as pendant groups. The obtained polymeric liquid 

crystal exhibited a hexagonal columnar mesophase in the range of 

temperatures from 0 °C to 130 °C. Moreover, the columnar assembly of the 

material allowed some additional control over the energy transfer process. 

Additionally, Sharma and co-workers prepared symmetrical calix[4]pyrrole-

based liquid crystals functionalized at the para position by urea substituents, 

exhibiting a hexagonal columnar mesophase at room temperature [75]. Films 

obtained with this material showed suitable optical energy band gap together 

with absorbance and extinction coefficient. The findings expressed in this 

work suggest the suitability of the films to implicate them as an ecofriendly 

optical window layer in thin films solar cells. Moreover, De and co-workers 

envisioned the synthesis, with a minimalistic design strategy, of a 

cyanovinylene-integrated pyrene-based discotic liquid crystal for solar cells 

applications. The obtained material exhibited a room-temperature columnar 

hexagonal mesophase and narrow bandgap for efficient semiconducting 

behaviour. Furthermore, it showed an elevated charge extraction ability from 

the contact electrodes at low voltage, achieving an electrical conductivity of 

3.22 · 10-4 S/m, which is the highest reported value for any pristine discotic LC 

film in a vertical charge transport device [76].  

In the field of ion- conductive materials, discotic liquid crystals have aroused 

a great interest in the formation of electrolytes for energy storage applications 

due to their controllable ion channels. Notable ionic conductivity was 

observed for LC materials involving non-covalent two-component self-

assembly interactions of salts and polar mesogenic molecules [77]. For 
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instance, Suwa and co-workers designed the preparation of supramolecular 

discotic LC with columnar mesophases driven by dipole-ion interactions [78]. 

In this study, they prepared self-assembled columnar structures by ion-dipole 

interactions between benzonitriles derivatives (N-(4-cyanophenyl)-3,4,5-

tri(dodecyloxy)benzamide and 4-cyanophenyl 3,4,5-tri(dodecyloxy)benzoate) 

and imidazolium bromide-based ionic liquids. As it was observed during the 

mesomorphic characterization, benzamide-based benzonitrile did not show a 

liquid crystal behaviour, however when this material was combined with the 

imidazolium bromide-based ionic liquids it exhibited columnar mesophases 

as evidenced by polarized optical microscopy (POM) and X-ray diffraction 

(XRD). The location of the ionic liquids at the centre of the self-organized 

columns endows the anisotropic 1D ion-conductive properties of these 

materials. Ionic conductivities evaluated by electrochemical impedance 

spectroscopy (EIS) revealed greater conductivities for those experiments 

performed parallel to the column axis than to the experiments perpendicular 

to the column axis, which is attributed to the hindering effect of the insulating 

alkyl chains.   

As we have seen, discotic liquid crystals can be used for a broad range of 

applications, from optoelectronic applications to ion-conductive materials for 

energy storage applications, among others. Behera and co-workers prepared 

a room temperature LC with columnar mesophases based on perylene-

bisimides (PBIs) as a novel corrosion resistant surface film for mild steel (MS) 

surface [79]. The potential use of these discotic liquid crystals can be attributed 

to their hydrophobic nature due to the presence of aliphatic side chains and 

good protective coat formation on the metal surface. The obtained materials 

exhibited a columnar rectangular mesophase until 360 °C, including room 
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temperature. The elevated isotropization temperature can be correlated with 

the strong core-core interactions between aromatic cores. Corrosion 

inhibition, of the films produced with this compound, was evaluated by 

means of potentiodynamic and EIS at room temperature on MS in 1 M HCl. It 

was found to be highly effective as corrosion inhibitor, with a maximum 

inhibitor efficiency of 76 %.   

Artificial muscles are an uprising research field in the realm of liquid crystals 

as we commented in the previous lyotropic liquid crystals section. Columnar 

materials based on discotic molecules have also aroused great interest recently 

in the field of artificial muscles. For example, hemiphasmidic side chain liquid 

crystal polymers based on a polycyclooctene as backbone and 

dicyanodistyrylstilbenzene (DCS) rod-like side chain mesogen linked in series 

to a bulky fan-like tail group, synthetized by Yang and co-workers, revealed 

excellent properties when evaluating its use as artificial arm [80]. These 

materials present a hexagonal columnar mesophase, which shows three 

stages, first the “frozen state”, located below the glass transition temperature 

(Tg = 45 °C) where columnar assemblies are rigid, second the “transition zone” 

from Tg to 80 °C, where occurs the relaxation of the chain segment and, third 

the “soft state” above 80 °C where chains movements are active, and the 

columnar assemblies are rather supersoft. This novel hemiphasmidic side 

chain liquid crystal polymer with unique “breathing” motion leads to a 

negative thermal expansion of the columnar lattice and imitates the 

elongation/contraction motion of skeleton muscles. Upon heating this 

material to 150 °C, an elongation ratio of 118 % is observed, which is 

comparable to real muscle fibres (< 120%). 
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1.2.Liquid crystalline polymers  

 

Liquid crystalline polymers (LCPs) gained a lot of interest after their 

discovery in 1923 by Vorländer [81]. Their broad range of applications, 

including separatory membranes, electrolytes, photoelectric conversion, and 

high-performance engineering plastics, among others, increases even more 

the already broad range of applications for non-polymeric liquid crystals. 

LCPs can be prepared from two different approaches; first, it is possible to 

attach a mesogenic moiety to a given polymer backbone as post-

polymerization reaction or, second, one can directly polymerize a mesogenic 

monomer. Despite the used methodology to prepare these polymers, liquid 

crystal polymers can be classified according to the position of the mesogen. 

Therefore, LCPs can be classified as main-chain liquid crystal polymers 

(MCLCPs), when the mesogen is located at the polymer main chain, side-

chain liquid crystal polymers (SCLCPs), when the mesogen is linked to the 

polymer backbone as a side-chain and, main-chain/side-chain liquid crystal 

polymers (MCSCLCPs), where the mesogens are connected as side-chain and 

part of the polymer main chain [82]. A schematic representation of the 

aforementioned types of LCP is depicted in Figure 1.4.  

For a given SCLCP, when the mesogenic unit is rod-like, it can be linked to 

the main chain in two different ways, longitudinally (end-on) (Figure 1.4. b1)) 

and laterally (side-on) (Figure 1.4. b2)). However, it is very important for the 

SCLCPs to have a spacer between the polymer backbone and the mesogenic 

moiety. The presence of this spacer allows the interaction between mesogens 

leading to self-assembling structures, thus enabling the formation of 
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mesophases. Thanks to the flexibility introduced by the spacer, SCLCPs can 

form different mesophases according to the type of attached mesogen. In this 

way, SCLCPs with rod-like mesogens can self-assemble into nematic, smectic 

A (SmA), smectic C (SmC*) and cholesteric mesophases, meanwhile, thanks 

to the π-π interactions between the disc-like moieties SCLCPs with discotic 

mesogens can form columnar nematic (Ncol), hexagonal columnar (Colh), 

rectangular columnar (Colr) and discotic nematic (ND) mesophases. 

MCSCLCPs are composed by a MCLCP with side-chain mesogens, whose 

side-chain mesogens can be attached directly to the mesogenic unit of the 

backbone or to the spacer between main-chain mesogens with or without 

spacers.   

 

Figure 1.4. Schematic illustration of a) MCLCPs, b) SCLCPs and, c) 

MCSCLCPs. For the side-chain LCPs, b1) SCLCPs with longitudinally 
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attached rod-like mesogen and b2) SCLCPs with laterally attached rod-like 

mesogen. The blue cylinder is a mesogenic representative unit. 

In addition to this classification, LCPs can also form LC thermosets or LC 

elastomers by crosslinking polymer backbones with mesogenic molecules 

(Figure 1.5). This group of LCPs can be obtained by a direct polymerization 

of a mesogenic monomer or by cross-linking a linear LCP via cross-linkers.  

 

Figure 1.5. Schematic representation of a liquid crystal network.  

 

Thus, for example, Vita and co-workers reported the evaluation of the liquid 

crystalline order during the curing of reactive thermotropic liquid crystal 

macromonomers based on phenylethynyl-terminated biphenol and 

naphtalenediol model units for the synthesis of LC thermosets. From their 

findings they suggest that curing mechanism may involve both chain 

extension and cross-linking, whose process do not start until 300 °C. Both 
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model compounds prior to the curing process exhibited nematic mesophases; 

however, after curing, this mesophase was no longer observed. Instead, an 

isotropic behaviour was observed according to polarized optical microscopy. 

This behaviour differs from the observed with higher molecular weight 

oligomeric macromonomers, where the nematic mesophase was retained 

upon curing. According to the authors, this fact is related to the relatively low 

molecular weight of the model macromonomers [83].  

LC elastomers are a class of moving polymers suitable for different 

applications, for example, for converting external stimuli to mechanical 

actuations. In this sense, Pei and co-workers prepared liquid crystalline 

elastomers with exchangeable covalent bonds, a type of bonds used for the 

preparation of vitrimers. In that work they used an epoxy terminated 

biphenyl mesogen, and decanedioic acid as cross-linker. As result, LC 

elastomers can be reshaped or reprocessed at temperatures above the 

topology-freezing transition temperature (Tv) (below this temperature 

exchange reactions become extremely slow, and the material behaves as a 

classical covalently bonded thermoset) [84].  

MCLCPs are used in several applications: for example, as fibres 

manufacturing, thanks to their good mechanical properties and anisotropy of 

the LC phases. Concerning the production of LC fibres, the most widely used 

MCLCP is a polyaryl amide fibre, which is also known as Kevlar (DuPont), 

thanks to its excellent mechanical properties. However, the LC properties of 

these materials are found only in solution, since they present elevated melting 

points, above the decomposition temperature, and a hindered mobility of the 

polymer chains. One strategy followed to reduce the melting temperature and 

improve the performance of the polymer as well as the LC properties was to 
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exchange the polyaryl amide core by an aromatic polyester architecture, 

which was further modified with the incorporation of flexible aliphatic groups 

at the backbone, introducing substituents to the aromatic core or changing the 

benzene central cores with other rigid structures (biphenylene and 

naphthalene groups). By doing this, a reduction of the melting point was 

accomplished, together with the obtention of polymers with low melt 

viscosity, high heat resistant temperature, high tensile strength, high 

modulus, and low thermal expansion [82].   

More recently, following this approach, Orodepo and co-workers developed 

the synthesis of a series of MCLCPs carrying a biphenyl mesogen and flexible 

alkylene spacers in the backbone. At the same time, these polymers had 

attached at the polymer backbone a non-mesogenic pendant segment, such as 

an alkyl, polyethylene glycol (PEG) or fluoroalkyl segment. These polymers 

were obtained by melt polycondensation and organized in a zig-zag fashion, 

giving the formation of a smectic mesophase [85]. In addition, Wang and co-

workers evaluated the influence of the E/Z configuration on the phase 

behaviour of similar biphenyl-based MCLCPs . In their work, they could 

conclude that Z configuration did not present a liquid crystalline mesophase, 

meanwhile the polymer obtained with an E configuration showed two 

mesophases (rectangular columnar and smectic mesophases) at different 

temperatures. In this particular case, MCLCPs were obtained by melt 

polycondensation of a biphenyl-based monomer and a tetraphenylethylene-

based monomer obtaining a copolymer [86]. 

From side chain liquid crystal polymers, two groups of LCPs can be 

distinguished depending on the shape of the attached mesogenic side chain, 

whether rod-like or disc-like.  Same as happened with low molecular weight 
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calamitic liquid crystal molecules, SCLCPs based on a rod-like side chain can 

adopt different mesophases, among which nematic and smectic (A or C) 

mesophases are the most common [87]. Similar to what happened with 

nematic phases on low molecular weight LC molecules, the addition of a 

chiral mesogen to a polymer main chain can induce chirality to the final LCP. 

As result, these LCPs can form cholesteric and smectic C mesophases [88].  

Recently, with the aim to explore the research for novel smart multifunctional 

materials, Alaudin and co-workers proposed the synthesis of a new set of 

block and statistical liquid crystal copolymers based on a light-responsive 

mesogenic group, polar sulfonic groups, and methyl(methacrylate) (MMA) 

groups by using reversible addition fragmentation chain transfer (RAFT) 

polymerization. They performed a structural and thermal characterization as 

well as a study of the conductivity, revealing ionic conductivities in the range 

of 10−6 S/cm, which presents a remarkable conductivity in anhydrous 

conditions. The light-responsiveness and conductivity observed for these 

polymers opens the possibility to prepare polymer electrolytes, based on these 

copolymers, for energy storage and energy conversion applications [89].  

Regarding the disc-like SCLCPs, self-assembling phenomena is observed 

same as the disc-like low molecular weight molecules commented before. A 

columnar organization is mostly observed for these types of polymers, thanks 

to the π-π interaction of the mesogenic units. The polymer main chain, the 

discotic mesogen, the flexible spacer and, the final aliphatic tail are key roles 

in the self-assembling process. Columnar organisation of SCLCPs makes them 

good materials to prepare membranes, where the path is only 1D governed, 

due to their high order and good chemical stability. Thus, for example, 

Bogdanowicz and co-workers, in a work carried out in our research group, 

UNIVERSITAT ROVIRA I VIRGILI 
COLUMNAR LIQUID-CRYSTALLINE POLYMERS CONTAINING NITROGEN AT THE BACKBONE TO BE USED 
TO PREPARE ION-TRANSPORT MEMBRANES 
Jordi Guardià Blanch 
 



reported the synthesis of dendronized liquid crystal polymers based on a 

poly[2-(aziridin-1-yl)ethanol] (PAZE) modified with the dendron 3,4,5-tris[4-

(n-dodecan-1-yloxy)benzyloxy]benzoate [23,29,90]. These SCLCPs were 

bioinspired by the tobacco mosaic virus (TMV) structure, in which its helical 

assembling allows the presence of an inner channel inside the tobacco mosaic 

virus columnar organization (Figure 1.6). The helix construction of the PAZE 

modified polymers allowed the assembling of membranes for proton 

transport applications, where the proton can be conducted through the 

membrane columnar organization thanks to the presence of basic heteroatoms 

(N) at the inner channel.  

 

Figure 1.6. General structure of the tobacco mosaic virus. 
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More recently, Yang and co-workers designed the synthesis of dendritic 

fluorescent LCPs, with polystyrene as a main chain and tetraphenylethylene 

as mesogenic unit linked with different flexible alkyl spacers of 2, 4, 6, 8 or 10 

methylene units. The produced LCPs exhibited columnar nematic 

mesophases for shorter spacers (2, 4, 6 and 8), meanwhile for longer spacers 

(10) showed hexagonal columnar mesophases [91]. Bi and co-workers used a 

similar approach when designing SCLCPs for optoelectronic applications. In 

this case the authors used a triphenylene mesogenic unit as monomer, in 

which a fluorine atom was introduced at the end of the alkoxy flexible long 

chain. After polymerization, the obtained LCPs exhibit hexagonal columnar 

mesophases [92]. This group of LC polymers and their derivatives can 

potentially be used as materials for optoelectronic and solar cells applications 

[93,94]. Thanks to its fluorescent properties, triphenylene derivatives can also 

be used as ink with “special” abilities. In this sense, Li and co-workers 

reported the preparation of a uniform colloidal dispersion based on LCP rods. 

In this case, the authors used triphenylene units as side chain mesogens for 

the preparation of different homopolymers and random copolymers with 

columnar structures, obtained by RAFT polymerization. The inclusion of two 

surfactants in this system allowed to obtain colloidal dispersions with high 

uniformity, regular shape, and good colloidal stability. The aforementioned 

“special abilities” of the ink prepared with these dispersions relies on the 

photo-induced fluorescent enhancement (PIFE) when irradiated with and UV 

lamp. As a result, a paper impregnated with this ink is not readable with the 

naked eye but can be read while exposed to UV light (365 nm). The finding in 

this work showed intriguing PIFE properties and an accompanying memory 
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effect, which makes these dispersions suitable for advanced colloidal inks for 

high-level encryption and secure delivery of paper documents [95].  

 

1.2.1. Liquid crystalline polymer-based membranes 

 

Since the beginning of times, biological membranes have been part of all living 

organisms for millennia, including the lipidic bilayer cellular membrane, the 

mitochondrial membrane in eukaryotic cells, liposomes and/or lysosomes, 

among many other examples [96]. However, the world of membranes does 

not end here: synthetic membranes have aroused a great interest after their 

large-scale industrialization since 1960s. Synthetic membranes have been 

extensively used in several applications such as waste-water treatment [97–

101], gas separation [97,98,101,102], CO2 capture [103], hydrogen production 

[104], biomedical [105–107]  or polyelectrolytes[102,103,108,109], among 

others.  

One of the challenges that have to face the research on membrane technology 

is the uniformity of the porous. Uniformity is a key factor for an effective 

separation, since the lack of uniformity endows a restriction of the molecular 

selectivity, thus affecting the membrane performance and its separation 

capability.  

In order to solve this issue, nanostructured polymer membranes based on self-

assembling materials are gaining a lot of interest in the recent decades; thus, 

liquid crystal membranes based on thermotropic liquid crystals and lyotropic 

liquid crystals are an emerging hot topic research field. Nevertheless, the use 
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of these LCPs is not unique in the formation of membranes based on liquid 

crystals. With this aim, it is also possible to prepare nanostructured 

membranes with polymerizable liquid crystals, which lately will be 

polymerized and cross-linked after presenting the desired organization or 

alignment. As a result, membranes with narrow pore sized distributions, high 

pore densities, control over functionality and pore sized can be prepared 

[110]. Thus, for instance, Suzuki and co-workers developed functional 

nanoporous membranes based on a photocleavable columnar LC. In this 

work, the authors used a taper-shaped molecule, which together with lithium 

triflate could adopt a column organization. Furthermore, the photocleavable 

moiety was composed of a o-nitrobenzyl ester, which was linked to the 

dendritic polymerizable hydrophobic part containing vinyl groups and a 

hydrophilic tris(oxyethylene) chain. After formation and correct alignment of 

the columns, the material was polymerized through acyclic diene metathesis 

(ADMET), thus forming a polymer membrane. Finally, the photocleavable 

linker was eliminated by UV irradiation resulting in the formation of ordered 

nanopores [111]. 

More recently, Lugger and co-workers prepared nanoporous films with 

photoswitchable absorption kinetics using a similar approach.  Thus, a 

wedge-shaped azo derivative (4-((2,3,4-tris(undec-10-en-1-yloxy)phenyl) 

diazenyl) benzoic acid) formed a 3:1 columnar supramolecular complex with 

a tris-benzimidazolyl benzene core (TB). Upon polymerization and removal 

of TB, the nanoporous films is obtained. Their trans-to-cis photoisomerization 

allowed the absorption of rhodamine 6G in the cis-enriched films. Hereby, a 

controlled absorption of rhodamine 6G could be modulated upon irradiation 

due to the isomerization of the azo moieties in the nanoporous structure [112].  
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1.2.1.1. Lyotropic liquid crystal polymer based-membranes 

 

As we have seen and commented previously, lyotropic LC based materials are 

useful materials for the preparation of membranes for biomedical applications 

and drug delivery [47,48,54–56,113,114]. A significant challenge in membrane 

technology applications is the membrane fouling, caused mainly by proteins 

and other biomolecules. Lyotropic liquid crystals, have been proved to be 

suitable materials to address the fouling issue. For instance, Saadat and co-

workers developed a thermoresponsive lyotropic liquid crystal block 

copolymer for potential applications such as protein purification and removal 

of viruses and bacteria, showing excellent anti-fouling properties [114]. 

Furthermore, Yue and co-workers studied the encapsulation of a dendritic 

antimicrobial peptide combined with gold nanoparticles into a lyotropic 

liquid crystal polymer for the treatment of surgical incision infections, 

revealing that this drug delivery system eradicated up to 99% of the bacteria 

in wounds while increasing significantly wound healing [113]. 

 

1.2.1.2.Thermotropic liquid crystal polymer based-

membranes 

 

Liquid crystal membranes based on thermotropic LCPs with controlled 

nanostructures can be formulated thanks to their self-assembling ability. 

Nevertheless, not all thermotropic LCPs are suitable materials to prepare LC 

membranes. Side chain liquid crystal polymers present unique self-
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assembling characteristics that make them excellent candidates for membrane 

assembling. In this field, liquid crystal polymers with smectic mesophases 

open the possibility to use 2D conducting channels for the transport of 

different ionic species, since the formation of this mesophase allows the 

presence of 2D conducting paths. On the other hand, SCLCPs based on 

discotic mesogens presenting columnar mesophases endow 1D conducting 

paths. Both type of materials are excellent candidates to be used in ionic 

transport applications. For instance, SCLCPs with smectic mesophases were 

prepared by Zhang and co-workers, which prepared LC ionomers bearing 

benzoxazole-based mesogenic side chain and their membranes; these 

polymers presented enantiotropic smectic C mesophases [115]. In this work, 

the authors synthetised the heterocyclic mesogenic compound, 6-[4-(5-chloro-

2-benzoxazolyl)phenoxy]-1-hexanethiol (CBPHT), as a side chain mesogen, 

which was grafted to commercial polyepicholorohydrin (PECH), as main 

chain. Membranes prepared with these materials exhibited high thermal 

stability, acceptable mechanical properties, and reasonably high ion 

conductivity. Results obtained in this work suggested the potential 

application of these membranes as polymer electrolyte membranes.  

In a work carried out in our research group, commercial PECH was used to 

build up membranes with columnar structures with the aim to use them in 

proton transport applications such as PEMFC. Thus, PECH was modified 

with the dendron 3,4,5-tris[4-(n-dodecan-1-yloxy)benzyloxy] benzoate 

(TAPER) (Figure 1.7a) [22]. The obtained random copolymer exhibited a 

columnar hexagonal mesophase in a broad range of temperatures up to 128 

°C. The main goal in this work lies in the ability of this LC polymer to self-

assemble in an inner helical fashion thanks to the π-π stacking of the 
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neighbouring aromatic cores, thus obtaining columnar structures with an 

inner channel. Mimicking nature, this bioinspired construction based on the 

tobacco mosaic virus (Figure 1.6) allows the construction of channels with 

selectivity towards proton in front of other cations. The inner part of the 

columns, containing basic oxygen atoms, should be able to transport protons 

across the membrane thanks to the electrondonor character of oxygen, 

resulting in the transport of protons without the need of water. Proton 

transport measurements exhibited remarkable proton permeability 

comparable to Nafion®N117, around 2 · 10-6 cm2/s. Using a similar approach, 

Zare and co-workers reported the synthesis of a side-chain liquid crystal 

copolymer based on poly(eplichlorohydrin-co-ethylene oxide) (PECH-co-EO), 

as a polymer backbone, and the dendron TAPER as a side chain, obtaining 

degrees of modification of the epichlorohydrin unit of 20 and 40 % (Figure 

1.7b) [24,28]. Cation transport capability of these membranes was evaluated 

by means of proton permeability and linear sweep voltammetry (LSV) for 

different monovalent cations such as H+, Na+, K+ and Li+. Proton permeability 

tests evaluates the transport of cationic species in both directions at the same 

time for a given two compartment cell (Figure 1.8a) in order to confirm the 

antiport transport mechanism. LSV evaluates the transport of a single cationic 

species in one direction, driven by a difference of potential (Figure 1.8b). 

Dendronized PECH-co-EO membranes evidenced the transport of H+, Na+ and 

Li+ in the permeability tests, meanwhile the transport of K+ was not noticed. 

The authors suggested that the size of the potassium cation was too large to 

permeate. LSV measurements exhibited remarkable proton transport while 

presenting slightly high selectivity of the proton in front of the other studied 

monovalent cations [28].  In order to elucidate how the polymer interacts with 
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the cation during ion transport using this system (dendronized PECH-co-EO), 

Bogdanowicz and co-workers used in-situ Raman spectroscopy to evaluate 

the transport phenomena. To carry out these experiments they used a low 

modified LC polyether (36 % modification degree) as model compound, using 

joined chronoamperometry and Raman spectroscopy. For the transport 

experiments the authors used proton and sodium cations as model cationic 

species. In case of proton transport, it was found that the polyether backbone 

was mainly involved in the cation conductivity, since a change in the intensity 

of the band at 2870 cm-1 was noticed. Nevertheless, an additional coordination 

site was also observed, coming from the lateral oxygen of the carbonyl linker 

group. This extra coordination site was evidenced thanks to a change of the 

intensity of the band centred at 1250 cm-1. Furthermore, the presence of water 

inside the system was proved not to influence the cation transport across the 

membrane [116].   

 

 

Figure 1.7. Chemical structure of SCLCPs modified with the dendron 3,4,5-

tris[4-(n-dodecan-1-yloxy)benzyloxy]benzoate. According to the backbone: a) 

PECH, b) PECH-co-EO and c) PAZE 
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Figure 1.8. Experimental set-up of a) permeability tests and b) linear sweep 

voltammetry. 

On the other hand, Ŝakalytė and co-workers prepared a family of polyamines, 

based on poly[2-(aziridin-1-yl)ethanol] (PAZE) (Figure 1.7c), modified with 

the same dendron, with the aim to improve the proton conductivity due to 

the higher basic character of nitrogen atoms on the main chain [21,30]. A 

family with different degrees of modification was prepared, from 16 to 100 % 

(all of them presenting columnar mesophases). Bogdanowicz and co-workers 

used these polyamines to try to prepare ion-conducting membranes [23,29]. 

Nevertheless, the assembling of self-standing membranes was nearly 

impossible, since they presented brittleness, resulting in poor mechanical 

properties. In order to solve this drawback, an anodized aluminium oxide 

(AAO) support was used to improve the mechanical resistance of the 

membrane. 

As aforementioned, an advantage of these materials is their ability to build up 

columnar structures, however this organization is not always well oriented. 

In other words, these columnar structures are often randomly oriented. One 

of the goals of this work was to homeotropically orient the polymer columns 

in order to obtain 1D parallel channels perpendicular to the membrane 

surface, thus obtaining effective conductive paths. The use of a natural 
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oriented support like AAO, that presents a natural honeycomb like structure, 

should help the orientation of the polymer columns and also the mechanical 

resistance, as mentioned. The hybrid membranes prepared with this support 

showed columnar mesophases, and some of them hexagonal columnar 

mesophases as was evidenced by X-ray diffraction [23]. Transport properties 

evaluated with LSV revealed remarkable proton transport when compared to 

Nafion®117, and outstanding selectivity of the proton in front of other 

monovalent cations (Na+, K+ and Li+). Permeability tests evidenced the same 

behaviour observed for the dendronized PECH-co-EO membranes: antiport 

transport mechanism was confirmed for H+, Na+ and Li+, meanwhile no 

conductivity was denoted for K+ [29].   

PAZE-based copolymers exhibit a strong tendency to crystallize, mostly due 

to the tendency to stablish hydrogen bonding. This trend is independent on 

the degree of modification: it was observed from a low degree of modification 

to 100% modified polymers. This makes the polymers difficult to be oriented 

and confers them brittleness. To overcome these drawbacks, Montané and co-

workers explored the preparation of PAZE modified copolymers with both 

benzoyl groups and TAPER, since this was expected to inhibit the 

crystallization tendency of the LCP [26]. It was found that the presence of the 

benzoyl group reduces the clearing temperature of the system, nonetheless, 

hexagonal columnar mesophases were observed. Homeotropically oriented 

membranes were prepared as was evidenced by X-ray diffraction. LSV data 

revealed worse selectivity capability of these membranes than the previously 

reported PAZE-based membranes. Nevertheless, those membranes were 

reported to be easier to prepare, cheaper, to posses’ high thermal stability and 

were not brittle [27].  
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As we have seen, all these TAPER-containing SCLCPs were obtained from a 

post-polymerization procedure involving the modification of commercial 

polyethers (PECH and PECH-co-EO) or synthetised polyamines (PAZE) with 

the dendronized mesogen TAPER. As a result, SCLCPs with different 

modification degree were obtained, achieving degrees of modification up to 

100 % for PAZE and 72 % for PECH modified polymers. With this 

methodology copolymers were always obtained, except for 100 % modified 

PAZE, where a homopolymer was obtained; however, this polymer revealed 

a strong tendency to crystallize (probably due to its high symmetry) and low 

ability to form films.  

With the aim to obtain dendronized side-chain LC homopolymers, Ŝakalytė 

and co-workers synthetized an aziridine dendronized monomer [30]. 

Polymerization of this tapered monomer, however, resulted unsuccessful 

since the cleavage of the benzyl ether linkage took place while an effective 

polymerisation did not occur.  
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1.3.Objectives 
 

1.3.1. Goals of the thesis 
 

The overall purpose of this doctoral thesis is the design and development of 

ion conductive membranes based on liquid crystalline poly(2-oxazoline)s, 

together with the development of hybrid membranes based on a dendronized 

polyether and bio-based supports for fuel cell applications. Specific objectives 

can be summarized as follows: 

- Synthesis and characterization of a dendritic 2-oxazoline monomer 

(2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-2-oxazoline, TAPOx) 

and its tapered amide precursor 

(N-(2-hydroxyethyl)-3,4,5-tris(4-dodecyloxybenzyloxy)benzamide, 

TAPAm).  

- Synthesis and characterization of a family of poly(2-oxazoline)s: 

poly(2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-2-oxazoline)s 

(PTOx). These syntheses will be carried out by cationic ring opening 

polymerization of the previously synthesized TAPOx monomer. 

- Preparation and characterization of novel ion conducting membranes 

derived from the previously synthetised poly(2-oxazoline)s and 

assessment of their transport properties.  

- Design and assembly of hybrid membranes based on dendronized 

poly(epichlorhydrin) using bio-based wood supports for ion 

transport applications.  
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- Characterization of the previously assembled membranes and 

evaluation of their transport properties.    

 

The main hypothesis which reinforces the objectives are: 

- The preparation of side-chain liquid crystalline poly(2-oxazoline)s 

with tapered side dendrons should induce the formation of columnar 

mesophases thanks to the supramolecular interactions between the 

aromatic cores.  

- The formation of columnar mesophases would favour the formation 

of inner channels as ion-conductive pathways. The presence of 

electron-donor atoms like nitrogen or oxygen should favours the 

interaction with proton or other cations.  

- The natural hierarchical organization of the wood pores in beech 

wood discs should influence the orientation of the polymer columns 

to achieve a homeotropical orientation of the dendronized polymer 

once it has been introduced into the wooden discs. 

- Hydroxyl groups of hemicellulose and cellulose that constitute wood 

should hinder the correct infiltration of the polymer into the wood 

support. The functionalization of wood to obtain highly hydrophobic 

wood supports should favour the diffusion of the polymer inside the 

support.  
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Chapter 2  
 

Synthesis and characterisation of 

dendritic compounds containing 

nitrogen: monomer precursors to 

build up biomimetic membranes 
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2.1.Introduction 

 

4,5-Dihydro-1,3-oxazoles, more commonly known as 2-oxazolines or Δ2-1,3-

oxazolines, are five-membered cyclic imino ethers which were synthesised for 

the first time in 1884 [1], although their structure was not clearly elucidated 

until 5 years later by Gabriel [2]. Since then, distinct synthetic routes have been 

described for the synthesis of these heterocyclic organic compounds, being 

direct synthesis from carboxylic acids or their derivatives (esters or acid 

halides) and the cyclisation of -hydroxyamides with different dehydrating 

agents the most typically reported pathways [3,4].  

Different applications have been reported for 2-oxazolines: they have been 

utilised as ligands in asymmetric catalysis [5,6], as synthetic intermediates[7], 

as structural components of natural products or as protecting groups for 

carboxylic acid functionalities [8]. Furthermore, these cyclic organic 

compounds are principally employed to build-up substituted poly(2-

oxazoline)s (PAOx) with a well-defined structure by living cationic ring-

opening polymerization (CROP) [3,9-11]. In these cases, the substituent of the 

2-oxazoline cycle determines the properties of the obtained poly(2-

oxazoline)s. Precisely, the similar chemical structure of the resulting poly(2-

oxazoline)s to natural polypeptides confers to these polymers an excellent 

biocompatibility, which together with their low viscosity and high stability 

make this kind of polymeric materials an ideal candidate in biomedical 

applications. As proof of these exceptional properties, Moreadith and co-

workers reported recently a drug loaded PAOx that has been tested as a 

therapeutic agent in the Phase 1 clinical trials of Parkinson’s disease [12].  
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Side-chain liquid-crystalline polymers (SCLCPs) have aroused a great interest 

due to its self-assembling ability, which gives them unique optical, electrical 

and mechanical properties [13]. Therefore, the well-ordered SCLCPs have 

been used in a vast range of applications in many fields such as optical data 

storage [14], non-linear optics [15], optical compensators [16], separation 

membranes [17,18], solid polymer electrolytes [19,20] or electronic devices 

[21,22]. 

According to that, the synthesis of the first liquid-crystalline poly(2-

oxazoline)s via CROP of 2-substituted 2-oxazolines, which contain a side-

chain mesogenic group, was presented by the research group of Virgil Percec 

in 1987 [23]. Since then, this group conducted a wide investigation on the self-

assembly of several minidendritic 2-oxazolines and the subsequent self-

organisation of the dendronized poly(ethyleneimine)s into LC phases via self-

assembly process [24-27]. 

Furthermore, Kim and co-workers reported the synthesis of a family of side-

chain liquid-crystalline poly(2-oxazoline)s with different contents of 

cyanobiphenyl-based mesogenic groups [28]. Moreover, they grafted distinct 

mesogens that differ in the methylene units of the spacer length (2, 4, 6 and 10 

methylene units, respectively) to a partially hydrolysed poly(2-methyl-2-

oxazoline) via Steglich esterification. They proved that at least a modification 

degree equal to 27% of cyanobiphenyl mesogenic group is required in the 

resulting poly(2-oxazoline)s to detect a liquid-crystalline mesophase by DSC 

(differential scanning calorimetry) or POM (polarized optical microscopy). 

Furthermore, the LC phase range of the poly(2-oxazoline)s, which exhibit 

smectic or nematic LC textures, is correlated with the length of the spacer 

moiety of the mesogen. 
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In the last decades, our research group has focused on the design and 

synthesis of dendronized liquid-crystalline polyethers and polyamines by 

grafting dendritic side groups into these polymers, which induce their self-

assembly into columnar structures, thus resulting in the formation of an inner 

channel, which contains polar ether or amine linkages, which allow it to work 

as an ion channel [29-31]. Membranes prepared using the previously 

synthesized low molecular weight side-chain liquid-crystalline polyamines 

exhibited a remarkable proton transport, despite their poor mechanical 

properties and brittleness [32,33]. To minimize these drawbacks, in this paper 

the synthesis of higher molecular weight side-chain liquid crystalline 

polyamines was tackled by the polymerization of dendritic monomers. It must 

be mentioned that the synthesis and characterization of a dendritic liquid-

crystalline aziridine was reported by us [34], which exhibited a monotropic 

columnar LC phase on cooling. Even so, attempts to polymerize it did not 

provide satisfactory results [34]. 

Thus, in this work, we describe the synthesis and characterization of a novel 

dendritic 2-oxazoline monomer 2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-

4,5-dihydro-1,3-oxazole) (TAPOx) and its amide precursor N-(2-

hydroxyethyl)-3,4,5-tris(4-dodecyloxybenzyloxy)benzamide (TAPAm). The 2-

oxazoline monomer can be subsequently polymerized in a controlled manner 

taking advantage of the “living” character of CROP of this type of monomers 

to obtain side-chain liquid-crystalline acyl-substituted poly(ethyleneimine)s, 

that can be a promising candidate in the preparation of membranes that allow 

the transport of cations thanks to the presence of nitrogen atoms in their inner 

channel. Moreover, the nature of the CROP would let us to obtain high 

molecular weight SCLCPs, which will enable the preparation of membranes 
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that should exhibit improved mechanical properties than the cation 

exchanges membranes tested in polymer electrolyte fuel cells with the 

previously synthesized side-chain liquid-crystalline polyethers and 

polyamines. 

 

2.2.Experimental  

 

2.2.1. Materials 

 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, > 97 %), 4-

dimethylaminopyridine (DMAP, ≥ 99 %), ethanolamine (≥ 99 %), sodium 

methoxide (NaOMe, solution 0.5 M in methanol), n-butyllithium (n-BuLi, 

solution 2.5 M in hexanes), thionyl chloride (SOCl2, ≥ 99 %), anhydrous 

lanthanum triflate (LaTf3, 99.999 %), anhydrous lanthanum chloride (LaCl3, 

99.9 %), methyl tosylate (MeOTs, 98%), anhydrous benzotrifluoride (≥ 99 %) 

and dodecylamine (98 %) were purchased from Sigma Aldrich. 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU, 99%) and 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ, 98%) were supplied by Alfa Aesar. N,N′-

Dicyclohexylcarbodiimide  (DCC, ≥ 99%) was purchased from Fluka and 

triphenylphosphine (PPh3, 99%) was supplied by Acros Organics. The other 

solvents were supplied by Scharlab. Furthermore, toluene, dichloromethane 

(DCM), dimethylformamide (DMF) and ethanolamine were dried before use 

according to literature [35].   
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2.2.2. Synthesis of the tapered mesogenic precursors 

 

The synthesis of methyl 3,4,5-tris[p-(n-dodecan-1-yloxy)benzyloxy]benzoate 

(TAPEs) was performed following a slight modification of a reported 

procedure that involved easier workup and higher yield [36]: 

p-(n-dodecan-1-yloxy)benzyl chloride (36.1 g, 0.12 mol), methyl 3,4,5-

trihydroxybenzoate (7.1 g, 0.04 mol), powdered potassium carbonate (48.1 g, 

0.35 mol) and dry DMF (400 mL) were added into a twin-neck round bottom 

flask. The mixture was stirred and heated at 60 °C during 4 h under argon 

atmosphere. The reaction was monitored by thin layer chromatography (TLC) 

using toluene as an eluent. After complete conversion of p-(n-dodecan-1-

yloxy)benzyl chloride, the reaction was poured to 1.5 L of ice water, filtered, 

and recrystalized twice in acetone. Finally, the product was dried under 

vacuum at room temperature to yield 30.1 g (77 %) of a white solid.  

The synthesis of 3,4,5-tris-[4-(n-dodecan-1-yloxy)benzyloxy]benzoic acid 

(TAPAc) was carried out as described elsewhere [31].  
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2.2.3. Synthesis of N-(2-hydroxyethyl)-3,4,5-tris(4-

dodecyloxybenzyloxy)benzamide (TAPAm) 

 

2.2.3.1. Direct amidation method using EDC as coupling 

agent 

 

In a round-bottomed flask, 0.50 g of TAPAc (0.50 mmol) were dissolved into 

10 mL of chloroform. The solution was stirred at 0 °C in an ice-water bath for 

15 min. Then, DMAP (49.2 mg, 0.40 mmol) was added, and the solution was 

kept under stirring at 0 °C during 15 min more. After that, EDC (97.3 mg, 0.50 

mmol) was added, leaving the magnetic stirring for additionally 15 min at the 

same temperature. At this moment, ethanolamine (0.09 mL, 1.49 mmol) was 

added dropwise. When the addition of ethanolamine was completed, the 

reaction mixture was warmed to room temperature and kept under stirring. 

The conversion of TAPAc was monitored by TLC using n-hexane/ethyl acetate 

as mixture of eluents (1:2). After complete conversion of TAPAc was observed 

by TLC (27 h), the crude mixture was first extracted twice with water and then 

once with brine. The organic layer was dried over anhydrous MgSO4 and 

vacuum evaporated. Finally, the obtained solid was purified by flash column 

chromatography (gradient of n-hexane/ethyl acetate as mixture of eluents; 

starting proportion = 2:1), obtaining pure TAPAm as a white powder (212.5 

mg, 42 %). 

1H NMR [CDCl3, δ, ppm]: 7.23 (d, 4H, -O-Ar-H-CH2-O-Ar-CONH- from 2 and 

6 positions of the lateral benzylic units), 7.16 (d, 2H, -O-Ar-H-CH2-O-Ar-

CONH- from 2 and 6 positions of the central benzylic unit), 6.98 (s, 2H, ArH-
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CONH-), 6.80 (d, 4H, -O-Ar-H-CH2-O-Ar-CONH- from 3 and 5 positions of 

the lateral benzylic units), 6.67 (d, 2H, -O-Ar-H-CH2-O-Ar-CONH- from 3 and 

5 positions of the central benzylic unit), 6.47 (t, 1H, -NH-), 4.93 (s, 4H, -CH2-

O-Ar-CONH- in lateral benzylic units), 4.90 (s, 2H, -CH2-O-Ar-CONH- in 

central benzylic units), 3.86 (m, 4H, -Ar-O-CH2-(CH2)10-CH3 in lateral benzylic 

units), 3.83 (t, 2H, Ar-O-CH2-(CH2)10-CH3 in central benzylic units), 3.73 (t, 2H, 

-NH-CH2-CH2-OH), 3.50 (dt, 2H, -NH-CH2-CH2-OH), 1.70 (m, 6H, -Ar-O-

CH2-CH2-(CH2)9-CH3), 1.37 (m, 6H, -Ar-O-CH2-CH2-CH2-(CH2)8-CH3), 1.20 

(m, 48H, -Ar-O-CH2-CH2-CH2-(CH2)8-CH3), 0.81 (t, 9H, -Ar-O-CH2-(CH2)10-

CH3). 

13C NMR [CDCl3, δ, ppm]: 168.4 (-CONH-), 159.2 (ArC-O-(CH2)11-CH3 in 

lateral and central benzylic units), 153.0 (ArC meta to -CONH-), 141.5 (ArC 

para to -CONH-), 130.4 (ArC meta to -O-(CH2)11-CH3 in central benzylic unit), 

129.5 (ArC-CONH-), 129.4 (ArC meta to -O-(CH2)11-CH3 in lateral benzylic 

units), 128.6 (ArC-CH2-O-Ar-CONH-), 114.6 (ArC ortho to -O-(CH2)11-CH3 in 

lateral benzylic units), 114.2 (ArC ortho to -O-(CH2)11-CH3 in central benzylic 

unit), 107.3 (ArC ortho to -CONH-), 74.9 (-CH2-O-Ar-CONH- in central 

benzylic unit), 71.4 (-CH2-O-Ar-CONH- in lateral benzylic units), 68.2 (-CH2-

(CH2)10-CH3 in central and lateral benzylic units), 62.5 (-NH-CH2-CH2-OH), 

43.1 (-NH-CH2-CH2-OH), 32.1 (-CH2-CH2-CH3), 29.8 -29.4 (-(CH2)6-CH2-CH3) 

and (-CH2-(CH2)9-CH3), 26.2 (-CH2-(CH2)8-CH3), 22.8 (-CH2-CH3), 14.2 (-CH3). 

IR (cm-1): 3295 (ν (O-H)); 2950 (ν (C-H) in -CH3 (asymmetric)); 2917 – 2850 (ν 

(C-H) in -CH3 (symmetric) and -CH2- (asymmetric and symmetric)); 1614 (ν 

(C = O)); 1514 (ν (C=C-C aromatic)); 1333 (δ (O-H) in plane bend); 1243 (ν (=C-

O-C) asymmetric); 1121 (ν (-C-O-H)); 817 (δ (C-H) p-disubstitution). 
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2.2.3.2. Direct amidation of TAPEs with ethanolamine 

 

In a pear-shaped flask, 1.00 g of TAPEs (0.99 mmol) was dissolved in 

ethanolamine (1.98 g, 33.07 mmol). The crude of the reaction, which was 

monitored by TLC (n-hexane/ethyl acetate (1:2) as mixture of eluents), was 

vigorously stirred under reflux at 140 °C. After total conversion of TAPEs (15 

h), the black solution was cooled to RT and 10 mL of CHCl3 were added. The 

organic solution was extracted three times with water and then once more 

with brine. After that, the organic layer was dried over anhydrous MgSO4 and 

vacuum evaporated. Finally, the product was recrystallized twice with 

ethanol, obtaining 456.6 mg of TAPAm (43 %). 

 

2.2.3.3. Synthesis of TAPAm using sodium methoxide. 

(NaHCO3) as catalyst 

 

In a round bottomed flask, a mixture of sodium methoxide (0.64 mL, 0.31 

mmol), methyl 3,4,5-tris[p-(n-dodecan-1-yloxy)benzyloxy]benzoate (3.17 g, 

3.14 mmol), ethanolamine (0.31 mL, 5.03 mmol) and dry toluene (6 mL) was 

heated at 50 °C for 22 h under argon atmosphere. The reaction was monitored 

by TLC using n-hexane/ethyl acetate (1:2) as mixture of eluents. When the 

reaction was completed, the resulting mixture was quenched with an aqueous 

saturated NH4Cl solution (40 mL). After the extraction with ethyl acetate (x 3), 

the organic layer was separated, dried over anhydrous MgSO4 and the solvent 

vacuum evaporated. Finally, the obtained solid was purified by 

recrystallization in ethanol to obtain 2.98 g of TAPAm (92 %). 

UNIVERSITAT ROVIRA I VIRGILI 
COLUMNAR LIQUID-CRYSTALLINE POLYMERS CONTAINING NITROGEN AT THE BACKBONE TO BE USED 
TO PREPARE ION-TRANSPORT MEMBRANES 
Jordi Guardià Blanch 
 



 CHAPTER 2 

 

67 
 

2.2.4. Synthesis of 2-(3,4,5-tris(4-dodecyloxybenzyloxy) 

phenyl)-2-oxazoline (TAPOx)  

 

2.2.4.1. Synthesis of TAPOx using a PPh3-DDQ system.  

 

In a previously dried Schlenk tube, 258.3 mg of PPh3 (0.98 mmol) and 223.6 

mg of DDQ (0.98 mmol) were dissolved in 5 mL of dry DCM under argon 

atmosphere. Then, the mixture was stirred for 3 min at room temperature. At 

this point, 680.2 mg of TAPAm (0.66 mmol) was then added. The reaction was 

monitored by TLC using n-hexane/ethyl acetate (1:2) as mixture of eluents. 

After 20 min, when a complete conversion of TAPAm was reached, the crude 

mixture was washed with an aqueous NaOH solution (5 %, 40 mL). After that, 

the separated water layer was back-extracted with DCM (15 mL x 4). The two 

organic layers were combined and washed together with brine solution, dried 

over anhydrous MgSO4 and the solvent was vacuum evaporated. Finally, the 

brown solid was purified by flash column chromatography using n-

hexane/ethyl acetate (2:1) as mixture of eluents, giving the corresponding 

product as white solid (570.6 mg, 85 %).  

1H NMR [CDCl3, δ, ppm]: 7.25 (d, 4H, , -O-Ar-H-CH2-O-Ar-C=N- from 2 and 

6 positions of the lateral benzylic units), 7.21 (s, 2H, Ar-H-C=N-), 7.17 (d, 2H, 

-O-Ar-H-CH2-O-Ar-C=N- from 2 and 6 positions of the central benzylic unit), 

6.83 (d, 4H, -O-Ar-H-CH2-O-Ar-C=N- from 3 and 5 positions of the lateral 

benzylic units), 6.67 (d, 2H, -O-Ar-H-CH2-O-Ar-C=N- from 3 and 5 positions 

of the central benzylic unit), 4.96 (s, 4H, -CH2-O-Ar-C=N- in lateral benzylic 

units), 4.91 (s, 2H, -CH2-O-Ar-C=N- in central benzylic unit), 4.34 (t, 2H, -C=N-
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CH2-CH2-O-), 3.97 (t, 2H, -C=N-CH2-CH2-O-), 3.89 (t, 4H, -Ar-O-CH2-(CH2)10-

CH3 in lateral benzylic units), 3.84 (t, 2H, Ar-O-CH2-(CH2)10-CH3 in central 

benzylic units), 1.70 (m, 6H, -Ar-O-CH2-CH2-(CH2)9-CH3), 1.38 (m, 6H, -Ar-O-

CH2-CH2-CH2-(CH2)8-CH3), 1.20 (m, 48H, -Ar-O-CH2-CH2-CH2-(CH2)8-CH3), 

0.81 (t, 9H, -Ar-O-CH2-(CH2)10-CH3). 

13C NMR [CDCl3, δ, ppm]: 164.7 (-C=N-), 159.1 (ArC-O-(CH2)11-CH3 in lateral 

and central benzylic units), 152.9 (ArC meta to -C=N-), 141.2 (ArC para to -

C=N-), 130.4 (ArC meta to -O-(CH2)11-CH3 in central benzylic unit), 129.7 

(ArC-CH2-O-Ar-C=N- in central benzylic unit), 129.4 (ArC meta to -O-(CH2)11-

CH3 in lateral benzylic units), 128.9 (ArC-CH2-O-Ar-C=N- in lateral benzylic 

units), 122.9 (ArC-C=N-), 114.6 (ArC ortho to -O-(CH2)11-CH3 in lateral 

benzylic units), 114.2 (ArC ortho to -O-(CH2)11-CH3 in central benzylic units), 

107.9 (ArC ortho to -C=N-), 74.8 (-CH2-O-Ar-C=N- in central benzylic unit) 

71.2 (-CH2-O-Ar-C=N- in lateral benzylic units), 68.2 (-CH2-(CH2)10-CH3 in 

central and lateral benzylic units), 67.9 (-C=N-CH2-CH2-O-), 55.0 (-C=N-CH2-

CH2-O-), 32.1 (-CH2-CH2-CH3), 29.8-29.5 (-(CH2)6-CH2-CH3) and (-CH2-(CH2)9-

CH3), 26.2 (-CH2-(CH2)8-CH3), 22.8 (-CH2-CH3), 14.3 (-CH3). 

IR (cm-1): 2950 (ν (C-H) in -CH3 (asymmetric)); 2917 – 2848 (ν (C-H) in -CH3 

(symmetric) and -CH2- (asymmetric and symmetric)); 1643 (ν (C = N)); 1588 

(ν (C=C-C aromatic)); 1514 (ν (C=C-C aromatic)); 1245 (ν (=C-O-C) 

asymmetric); 818 (δ (C-H) p-disubstitution). 
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2.2.5. Preliminary polymerization studies 

 

2.2.5.1. Bulk polymerization of TAPOx.  

 

In a previously flame-dried Schlenk tube, 505.0 mg of TAPOx monomer (0.49 

mmol) were added. Then, the tube was immersed into a preheated oil bath at 

130 °C, where TAPOx was stirred during 15 min under argon flow conditions. 

After that, 1 % mol of methyl tosylate (0.91 mg, 4.9 · 10-3 mmol) were added 

and the reaction mixture was kept under argon until a complete conversion 

of TAPOx was detected by 1H NMR. At this point, an excess of dodecylamine 

(0.50 mL, 2.17 mmol) was added as terminating agent, maintaining the same 

temperature for 24 h, when the crude mixture was cooled to room 

temperature. Finally, the resulting mixture was dissolved in THF and the 

polyoxazoline was isolated by precipitation twice into cold methanol, 

obtaining 312.0 mg of a beige solid (62 %). 

 

2.2.6. Characterization 

 

Thermogravimetric analysis (TGA). Thermal stability studies were carried 

out in ALU OXIDE crucibles of 70 µL (ME-24123) with a Mettler Toledo TGA2 

thermobalance. All samples, weighing around 6 – 8 mg, were heated between 

30 and 600 °C at a heating rate of 10 °C/min in N2 atmosphere with a flow rate 

of 50 cm3/min. The equipment was previously calibrated with indium (156.6 

°C) and aluminium (660.3 °C) pearls. 
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Differential scanning calorimetry (DSC). Calorimetric analyses were carried 

out on a Mettler DSC-821 instruments calibrated using indium (156.6 °C) and 

zinc (419.6 °C) pearls. Samples were placed in an aluminum standard crucible 

of 40 µL with pierced lids (between 4 – 6 mg of sample), which were analysed 

in N2 atmosphere (gas flow rate of 50 cm3/min). Heating and cooling rate of 10 

°C/min has been always employed. 

 

Polarized optical microscopy (POM). LC mesophases were investigated by 

polarised optical microscopy (POM). The textures of the samples were 

observed with an Anxiolab Zeiss optical microscope equipped with a Linkam 

TP92 hot stage.  

 

Nuclear magnetic resonance (NMR) spectroscopy. All synthesized 

compounds were characterized by 1H NMR and 13C NMR spectra, which were 

recorded in deuterated chloroform (CDCl3) with a Bruker Avance Neo 400 

MHz spectrometer (1H – 400 MHz; 13C – 100.4 MHz) at room temperature. The 

chemical shifts were given in parts per million (ppm) from TMS 

(Tetramethylsilane) in 1H NMR spectra, while the central peak of the solvent 

was taken as reference in the case of 13C NMR spectra. 

 

Fourier transform infrared (FT-IR) spectroscopy. FT-IR spectra were 

recorded on an FT/IR-6700 spectrophotometer from JASCO in the wavelength 

range of 4000 – 400 cm-1 with a resolution of 4 cm-1 in the absorbance mode. 

This device is equipped with an attenuated total reflection accessory (ATR) 
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with thermal control and a diamond crystal (Golden Gate heated single 

reflection diamond ATR from Specac-Teknokroma). The spectra were 

recorded at room temperature from the solid-state pure compounds.  

 

X-ray diffraction (XRD). X-ray diffraction measurements (XRD) were made 

using a Bruker-AXS D8-Advance diffractometer with vertical θ-θ goniometer, 

incident- and diffracted-beam Soller slits of 2.5 °, a fixed 0.5 ° receiving slit 

and an air-scattering knife on the sample surface. The angular 2θ range was 

between 2 and 40°. The data were collected with an angular step of 0.02 ° at a 

step/time of 0.5 s. Cukα radiation was obtained from a copper X-ray tube 

operated at 40 kV and 40 mA. Diffracted X-rays were detected with a PSD 

detector LynxEye-XE-T with an opening angle of 2.9 °. The sample was placed 

inside an MTC-LOWTEMP chamber for in-situ temperature analysis. 

 

2.3.Results and discussion 

 

The main goal of this work was the synthesis of a dendronized 2-oxazoline 

monomer bearing the tapered 3,4,5-tris[4-(n-dodecan-1-

yloxy)benzyloxy)benzoate group, which will allow us to prepare LC poly(2-

oxazoline)s by living CROP. Moreover, the thermal and mesomorphic 

characterization of the new mesogenic compounds was performed to 

determine their LC mesophases. 
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2.3.1. Synthesis of 2-(3,4,5-tris(4-dodecyloxybenzyloxy) 

phenyl)-2-oxazoline (TAPOx) 

 

Different synthetic routes have been explored in this work to synthesize 2-

(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-2-oxazoline (TAPOx), considering 

the number of involved stages. Besides, the following dendrons were used as 

starting materials: 

- Methyl 3,4,5-tris[p-(n-dodecan-1-yloxy)benzyloxy]benzoate (TAPEs). 

- 3,4,5-tris[p-(n-dodecan-1-yloxy)benzyloxy]benzoic acid (TAPAc). 

 

The synthetic pathway of both dendrons was described in previous studies 31 

and in the experimental section of this paper. Their chemical structure is 

depicted in Figure 2.1.  

 

 

Figure 2.1. Chemical structure of: Methyl 3,4,5-tris[p-(n-dodecan-1-yloxy) 

benzyloxy] benzoate (TAPEs) and 3,4,5-tris[p-(n-dodecan-1-yloxy) benzyloxy] 

benzoic acid (TAPAc). 
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In this way, the first synthetic method selected comprised of two steps starting 

from TAPAc: 

- The first step consisted of TAPAc amidation by means of DCC as coupling 

agent to obtain N-(2-hydroxyethyl)-3,4,5–tris(4-

dodecyloxybenzyloxy)benzamide (TAPAm). 

- The second step involve the cyclisation of TAPAm with thionyl chloride 

(SOCl2) to isolate the desired product (TAPOx).   

 

Regarding the first step, the esterification of carboxylic acids using a 

carbodiimide as a promoter along with dimethylaminopyridine (DMAP) to 

activate an acid and favour the ester formation is one of the most common 

esterification methods employed due to the high number of advantages that 

this reaction shows: high versatility, mild conditions are usually required for 

the reaction to proceed (room temperature), which also facilitates its use with 

different types of substrates [37]. Moreover, it allows the obtention of esters 

from tertiary alcohols because the steric impediments do not affect this type 

of esterification. It was mentioned before that our group reported the chemical 

modification of polyethers and polyamines with the dendron 3,4,5-tris[p-(n-

dodecan-1-yloxy)benzyloxy]benzoic acid (TAPAc) by means of Steglich 

esterification, obtaining side-chain liquid crystalline polyethers and 

polyamines [30-32]. The promoter that we used in all these studies was N,N’-

dicyclohexylcarbodiimide (DCC) [31].   

Despite the advantages of Steglich esterification, this reaction presents some 

drawbacks: stoichiometric amounts or more of the carbodiimide are required, 
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the yields are not always high and undesired N-acylureas are occasionally 

formed. These disadvantages may be minimized by the addition of strong 

acids like p-toluenesulfonic acid [38], N-hydroxy derivatives [39] or tertiary 

amines [40], which suppress the formation of N-acylurea and favour the 

formation of the corresponding ester. 

In this direction, the amidation of amines instead of alcohols to the 

corresponding amides took place with DCC as coupling agent following the 

same mechanism because amines present a more nucleophilic character. 

Therefore, the amidation of TAPAc with ethanolamine using the same 

conditions reported previously was carried out (Figure 2.S1) Although 

ethanolamine also contains a hydroxyl group, the amidation reaction will be 

favoured due to the chemoselectivity of the amine group present in 

ethanolamine versus the hydroxyl group. The dendronized amide was 

obtained in our case, even though a large amount of the N-acylurea side 

product was found mixed with TAPAm. Nonetheless, the complete removal 

of the dicyclohexylurea (DCU) was not possible by the purification methods 

employed in the work-up process of the crude mixture: filtration or flash 

column chromatography; obtaining always a highly impurified product.  

To avoid this problem, DCC was replaced by a water soluble carbodiimide, 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). Despite EDC is an 

expensive reagent, the formed N-acylurea can be easily removed by aqueous 

extraction [39,41,42]. Besides, it was observed that the formation of the amide 

took place faster when EDC was used as coupling agent compared with the 

reaction using DCC (27 h vs. 4 days, respectively). Nonetheless, it was still 

necessary to purify the crude mixture by flash column chromatography. 
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Although amides can be obtained from carboxylic acids, we can take 

advantage of the greater reactivity of the ester group present in TAPEs to 

synthesize TAPAm [43,44]. In this way, Percec and co-workers reported a 

simple method for the amidation of dendronized esters into the 

corresponding amides by using a large excess of ethanolamine with yields 

higher than 80 % [26, 45]. So, the direct amidation of TAPEs with 

ethanolamine was also explored following the conditions reported by Percec 

group to increase the yield in the synthesis of TAPAm. Nevertheless, lower 

yields were obtained in our case (43 %).  

On the other hand, the addition of a catalyst facilitates the formation of amides 

from the corresponding esters under mild conditions with excellent yields. 

Different types of catalyst have been reported in literature, which exhibited 

an improved efficiency in the formation of amides: inorganic catalysts such as 

Sb(OEt)3 46 or Zr(OtBu)4-HOAt) [47]; or organic catalysts, including N-

heterocyclic carbine [48], DBU [49] and triazabicyclo[4.4.0]dec-5-ene [50]. 

Furthermore, Yang and co-workers showed that the combination of different 

catalysts (1,2,4-triazole and DBU) accelerates the ester conversion to generate 

the corresponding amides at room temperature in high yields [51]. However, 

the preparation of many of these catalysts is quite complex, which implies that 

the catalytic activity of simpler and cheaper compounds is investigated. In 

this sense, sodium methoxide (NaOMe) is a well-known commercial 

compound that is widely used as catalyst in the production of biodiesel by 

transesterification of triglycerides with methanol [52]. When Ohshima et al. 

used catalytic amounts of sodium methoxide (≤ 10 %) in the direct amidation 

of esters, they observed that the addition of this non-toxic catalyst results in 

the obtention of the corresponding amides under mild conditions, although 
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this reaction requires the use of inert atmosphere to suppress the 

saponification of the starting esters [53].   

According to that, this procedure was followed in the amidation of TAPEs 

(Figure 2.2). In our case, the addition of 10 % mol of NaOMe not only 

simplified the work-up process of TAPAm, since flash column 

chromatography was replaced by a recrystallization in EtOH, but also caused 

an increase of more than double of the yield of the reaction with respect to the 

attempts reported before (92 %). 

 

 

Figure 2.2. Synthesis of N-(2-hydroxyethyl)-3,4,5–tris(4-dodecyloxy 

benzyloxy) benzamide (TAPAm). 

 

Table 2.1 shows the different precursors, the solvent and the reaction 

conditions used in the chemical reactions tested in the synthesis of TAPAm, 

together with the obtained results. 
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Table 2.1. Starting materials, solvent, reaction conditions and results of the distinct chemical reactions carried out to obtain 

TAPAm. 

Starting materials 

(mmols) 
Solvent Temperature (°C) Time (h) Yield (%) / Comments 

TAPAc (1.01) 

Ethanolamine (2.98) 

DCC (1.02) 

DMAP (0.83) 

CHCl3 RT a 96 

A mixture of TAPAm with N,N’-

dicyclohexylurea was always isolated 

(TAPAm cannot be isolated alone from the 

final mixture). 

TAPAc (0.50) 

Ethanolamine (1.49) 

EDC (0.50) 

DMAP (0.40) 

CHCl3 RT a 27 

42 / 

The use of EDC allows the separation of 

TAPAm from water soluble N,N’-

dicyclohexylureas. 

However, a flash column chromatography is 

required to obtain pure TAPAm. 

TAPEs (0.99) 

Ethanolamine (33.07) 
Ethanolamine 140 15 

43 / 

TAPAm was obtained after recrystallization 

with ethanol (x2). 

Easy to scale-up. 

TAPEs (3.14) 

Ethanolamine (5.03) 

NaOCH3 (0.31) 

Anhydrous 

Toluene 
50 22 

92 / 

TAPAm was obtained after recrystallization 

with ethanol (x2) with a high yield. 

Easy to scale-up. 
a RT, room temperature = 20 ± 3 °C.
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To confirm its chemical structure, dendronized TAPAm precursor was 

characterized by NMR and FT-IR spectroscopy.  

Figure 2.3 shows its 1H NMR spectrum, which was performed using CDCl3 as 

solvent. The aromatic region shows five signals at 7.23, 7.16, 6.98, 6.80 and 6.67 

ppm. In comparison with previously reported characterization of methyl 

3,4,5-tris[p-(n-dodecan-1-yloxy) benzyloxy] benzoate 54, the signals at 7.23 and 

7.16 ppm (6 H) can be assigned to the protons in ortho position to -CH2O- of 

lateral and central benzylic units, respectively. The signal at 6.98 ppm (2 H) 

corresponds to the protons of the benzoate group linked to the amide, whose 

multiplicity appears as a singlet. The other two signals at 6.80 and 6.67 ppm 

correspond to the protons in metha position to -CH2O- of the lateral and central 

benzylic units, respectively. Furthermore, a triplet at 6.47 ppm corresponds to 

the proton of the amide group (-NH-), which is coupled to the neighbouring 

methylene as observed in the recorded 2D NMR spectra (COSY and HSQC 

NMR spectra; Figures 2.S2 and 2.S3). The two signals centred at 4.93 and 4.90 

ppm are assigned to the benzylic methylenes of the dodecyloxybenzyloxy 

substituents. Moving upfield in the spectrum, two triplets centred at 3.86 and 

3.83 ppm are attributed to methylene attached to the oxygen in the long alkyl 

chains in lateral and central benzylic units, respectively. As we move to lower 

chemical shifts, the presence of two characteristic signals at 3.73 and 3.50 ppm 

confirm that the amidation reaction took place because they are assigned to 

the N-(hydroxyethyl) moiety. Particularly, the triplet at 3.73 is assigned to the 

methylenic protons next to the hydroxylic group, while the signal at 3.50 ppm 

corresponds to the methylene unit contiguous to the amide group, since these 

protons are coupled to neighbouring methylene group and -NH proton as 

confirmed by 2D NMR experiments (COSY and HSQC; Figures 2.S2 and 
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2.S3). Finally, the signals at 1.70, 1.37, 1.20 and 0.81 ppm of the high-field 

region can be assigned to the protons of the alkyl long chains of the dendron.  

 

 

Figure 2.3. 1H NMR spectrum in CDCl3 of TAPAm. 

 

Figure 2.4 shows the 13C NMR of TAPAm with the corresponding 

assignments, taking the central peak of the solvent (CDCl3) as reference. The 

carbonyl carbon appears at 168.4 ppm, while the aromatic carbons appear 

between 159.2 and 107.3 ppm. The carbons that belong to the long aliphatic 

chain of the dendron (indexed with letters a – e) appear upfield in the 

spectrum (region between 32.1 and 14.2 ppm). The carbon of the long alkyl 

chains indexed with the letter h appears at 68.2 ppm. Besides, the signals at 

62.5 and 43.1 ppm correspond to the N-(hydroxyethyl) moiety, the carbons of 

which were assigned as follows: the signal at 62.5 ppm is assigned to the 
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methylene contiguous to the hydroxylic group (-OH), while the shielded 

signal at 43.1 ppm is attributed to the methylene contiguous to the amide 

group. Both signals were confirmed by HSQC NMR spectra (Figure 2.S3) and 

agreed with the characterization of similar 2-oxazoline derived dendrons 

previously described by Percec et al. [26,45]. The chemical shift (δ) of the 

benzylic methylenes depends on their relative position in the aromatic ring: 

Those in positions 3 and 5 appear at 71.4 ppm and corresponds to the lateral 

units (assigned with the letter i’), while the signal for the central unit appears 

downfield at 74.9 ppm (assigned with the letter i).  

Furthermore, TAPAm structure was also characterized by means of FT-IR 

spectroscopy. Thus, the FT-IR spectrum of TAPAm shows a broad band at 

3295 cm-1, which is attributed to the O-H stretching. Furthermore, a strong and 

thin band at 1614 cm-1 is attributed to the stretching of the carbonyl group of 

the amide. There are two more bands in the fingerprint region of the FT-IR 

that are associated to the O-H bond: the band at 1333 cm-1, which corresponds 

to the in-plane bending of the O-H bond, while the band at 1121 cm-1 can be 

assigned to the –(C-O)– stretching of the amide. The presence of all these 

bands corroborates that the amidation of TAPAm was successfully 

accomplished. 
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Figure 2.4. 13C NMR spectrum in CDCl3 of TAPAm. 

 

Due to the versatility of the oxazoline functional group, considerable efforts 

have been made to develop a broad scope of synthetic routes starting from 

esters [55,56], nitriles [57], carboxylic acids [58,59] and N-

(hydroxyethyl)amides [3,60,61]. From all of them, one of the most simple and 

well-known process is to convert the hydroxyl group of the N-(2-

hydroxyethyl)amides into a good leaving group using thionyl chloride 

(SOCl2), followed by a basic treatment with NaHCO3 to isolate the 2-oxazoline 

derived ring [62]. Unfortunately, from what was observed when this reaction 

was carried out with TAPAm, the generated HCl in the reaction medium 

induced the cleavage of the ether benzylic moieties present in TAPAm. To 

suppress this side reaction, an excess of a non-nucleophilic base (DBU) was 

added before the addition of thionyl chloride to act as scavenger of the in-situ 

generated hydrochloric acid during the reaction as Šakalytė and co-workers 
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did [31]. Nonetheless, the formation of TAPOx was not detected in the crude 

mixture while TAPAm was being consumed.  

Thus, alternative reagents that favour the dehydrative cyclisation of amides 

should be considered. We selected the methodology reported by Xu and co-

workers, who described a facile and rapid procedure for the synthesis of 2-

oxazolines using PPh3-DDQ as oxidizing agent [63]. Among the advantages 

of this reaction, the authors highlighted its versatility (because it works well 

with distinct solvents such as DCM, 1,4-dioxane, THF, toluene), the mild 

reaction conditions (it takes place at room temperature) combined with the 

high yields of 2-oxazoline. Therefore, the synthesis of TAPOx was attempted 

using the PPh3-DDQ system (Figure 2.5) and DCM as solvent. As Xu and co-

workers previously demonstrated with various esters, we detected a complete 

conversion of the amide (TAPAm) by TLC after 20 min and TAPOx was 

isolated from the crude mixture by flash column chromatography with a high 

yield (85 %). 

 

 

Figure 2.5. Synthesis of 2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-2-

oxazoline (TAPOx). 
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To validate the chemical structure of TAPOx, the obtained product was 

characterized by NMR and FT-IR spectroscopy. Figures 2.6 and 2.7 show the 

1H NMR and 13C NMR spectra of TAPOx respectively, which were recorded 

using deuterated chloroform as solvent. 

 

 

Figure 2.6. 1H NMR spectrum in CDCl3 of TAPOx. 

 

Starting with the downfield region in 1H NMR spectrum, the peaks between 

7.25 – 6.67 ppm are assigned to the aromatic protons of the molecule. The two 

singlets that appear between 4.96 and 4.91 ppm are assigned to the benzylic 

methylenes of the dodecyloxybenzyloxy substituents. Furthermore, the two 

new triplets at 4.34 and 3.97 ppm are assigned to the methylenes of the formed 

oxazoline cycle: The triplet at 4.34 ppm is attributed to the methylene next to 

the oxygen, while the triplet centred at 3.97 ppm corresponds to the methylene 
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contiguous to the nitrogen atom of the oxazoline ring as confirmed by COSY, 

HSQC and HMBC NMR spectra (Figure 2.S4, 2.S5 and 2.S6, respectively). 

Moreover, these assignments are in agreement with the characterization of 2-

oxazoline monomers previously described by Percec and co-workers [26,45]. 

Furthermore, the two triplets centred at 3.89 and 3.84 ppm are attributed to 

methylene attached to the oxygen in long alkyl chains in lateral and central 

benzylic units, respectively. In the same manner than in the precursor 

TAPAm, signals between 1.70 – 0.81 ppm are attributed to the alkyl long 

chains of the dendron.  

 

 

Figure 2.7. 13C NMR spectrum in CDCl3 of TAPOx. 
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Related to 13C NMR, the carbon signal attributed to the -C=N- of the oxazoline 

ring appears at 164.7 ppm. The signals between 159.1 and 107.9 ppm are 

attributed to the aromatic carbons of the dendronized 2-oxazoline monomer. 

Is remarkable that the carbon of the aromatic ring linked to the oxazoline cycle 

appears slightly upfield in the spectrum compared to TAPAm precursor (122.9 

ppm in front of the 129.5 ppm value observed in TAPAm). Same as TAPAm, 

the signals of the carbons that constitute the long alkyl chains appear at the 

expected region between 32.1 and 14.3 ppm (carbons labelled as a – e). The 

signals at 67.9 and 55.0 ppm are assigned to both methylene units of the 2-

oxazoline ring, being the signal that appears at 67.9 ppm the one that 

corresponds to the methylene next to the oxygen, while the signal at 55.0 ppm 

is attributed to the methylene unit bonded to the nitrogen of the cycle. HSQC 

and HMBC NMR spectra allowed us to confirm the assignment of the 

characteristic signals of the 2-oxazoline ring (Figure 2.S5 and 2.S6). Besides, 

the assignment agrees with the elucidation described in previous studies by 

Percec and co-workers [26,45]. 

Moreover, the characteristic functional groups found in the chemical structure 

of TAPOx were characterized by FT-IR spectroscopy. In its FT-IR spectrum, 

no bands were observed above 3000 cm-1 and a new band attributed to the 

C=N stretching appears at 1643 cm-1, which is characteristic of the 2-oxazoline 

ring and confirms that the dehydrative cyclisation of N-(2-hydroxyethyl)-

3,4,5–tris(4-dodecyloxybenzyloxy)benzamide was achieved [64].  

Finally, the direct synthesis of TAPOx from methyl 3,4,5-tris[p-(n-dodecan-1-

yloxy)benzyloxy]benzoate (TAPEs) using lanthanide salts as catalyst was 

explored. The main advantage of this synthetic route is that only involves a 

single-step reaction as demonstrated by Zhou et al. [55]. In their work, the 
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authors developed a simple and efficient method for the amidation of 

different carboxylic esters taking advantage of distinct inorganic catalyst 

(LaCl3, LaTf3 and SmCl3) obtaining 2-oxazolines in good yield when the 

reaction was performed under reflux of toluene. According to that, we carried 

out the one-pot synthesis of TAPOx from the starting ester dendron (TAPEs) 

using the conditions reported by Zhou and co-workers. In our case, different 

catalytic amounts of LaCl3 (5, 10, 20 % mol respect to TAPEs) and LaTf3 (10 % 

mol respect to TAPEs) were tested as catalyst. Nevertheless, the formation of 

2-oxazoline compound was never detected in the reaction medium even 

though the formation of the amide (TAPAm) was observed when lanthanum 

triflate was employed. These observations agree with the results presented by 

Morimoto and co-workers, in which they reported the amidation of esters 

using 5 % mol of LaTf3 in mild conditions with good yields (≥ 80 %) [65]. 

However, we could not isolate the TAPAm fraction from the crude mixture 

even by flash column chromatography due to its complexity and the low 

amount of TAPAm that it presented.  

To summarize the reactions that were carried out in the synthesis of TAPOx, 

Table 2.2 presents the starting materials, the solvent and the reaction 

conditions employed in all the reactions performed. Furthermore, the 

obtained yield and general remarks have been also shown.  

At the end, Figure 2.8 outlined all the synthetic routes that we had explored 

to obtain TAPOx monomer. 
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Table 2.2. Starting materials, solvent, reaction conditions and results obtained in the chemical reactions performed in the 

synthesis of TAPOx. 

Starting materials (mmols) Solvent Temperature (°C) Time (h) Yield (%) / Comments 

TAPAm (0.38); 

SOCl2 (1.15); 

DBU (2.31) 

DCM RT a 2 
No TAPOx was detected in the crude mixture after 

the complete consumption of TAPAm. 

TAPAm (0.66); 

PPh3 (0.98); 

DDQ (0.98) 

Anhydrous 

DCM 
RT a 0.33 

85 / 

TAPOx was obtained with high yield. Nevertheless, a 

flash column chromatography is required to obtain 

pure TAPOx. 

TAPEs (0.99); 

Ethanolamine (2.48); 

n-BuLi (2.25); 

Anhydrous LaCl3 (0.05) 

Anhydrous 

Toluene 
100 27 

No TAPOx was detected in the crude mixture after 

complete consumption of TAPEs despite the 

formation of TAPAm was detected. 

TAPEs (0.99); Ethanolamine 

(2.48); 

n-BuLi (2.25); 

Anhydrous LaCl3 (0.10) 

Anhydrous 

Toluene 
100 24 

No TAPOx was detected in the crude mixture after 

complete consumption of TAPEs despite the 

formation of TAPAm was detected. 

TAPEs (1.00); Ethanolamine 

(2.50); 

n-BuLi (2.25); 

Anhydrous LaCl3 (0.20) 

Anhydrous 

Toluene 
100 22 

No TAPOx was detected in the crude mixture after 

complete consumption of TAPEs despite the 

formation of TAPAm was detected. 

TAPEs (0.99); Ethanolamine 

(2.48); 

n-BuLi (2.25); 

Anhydrous LaTf3 (0.10) 

Anhydrous 

Toluene 
100 22 

No TAPOx was detected in the crude mixture after 

complete consumption of TAPEs despite the 

formation of TAPAm was detected. 

a RT, room temperature = 20 ± 3 °C. 
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Figure 2.8. General scheme of the synthetic routes addressed in the synthesis 

of dendronized TAPOx monomer. 

 

2.3.2. Thermal and mesomorphic characterization of 

TAPAm and TAPOx 

 

Thermal and mesomorphic characterization of TAPAm and TAPOx was 

performed by DSC, TGA, POM and XRD experiments. DSC study of TAPAm 

is depicted in Figure 2.9. First and second heating scans are shown as well as 

the first cooling scan. The first heating scan shows a broad endotherm at 84 

°C, followed by a second sharper endotherm at 101 °C; finally, a small 

endotherm is shown at 118 °C. On cooling scan, we only observe an exotherm 
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centred at about 83 °C. At second heating scan, we are able only to see two 

endotherms, the first one centred at 101 °C and the second one at 118 °C. As 

we could observe, after the clearing of the substrate the first endotherm was 

no longer observed, showing only these two peaks which are compatible with 

the occurrence of a mesophase in the range of temperatures from 101°C to 

118°C. Table 2.3 shows the associated enthalpies for each phase transition and 

clearing temperature for TAPAm on first and second heating scans. 

 

 

Figure 2.9. Calorimetric analysis of TAPAm; (blue) first heating, (orange) 

second heating, and (grey) cooling. Scan rate: 10 °C/min. 
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Table 2.3. Enthalpies of phase transitions detected in the case of TAPAm. 

 1st Heating 2nd Heating 

 T (°C) ΔH (kJ/mol) T (°C) ΔH (kJ/mol) 

1st Endotherm 84 11.0 - - 

2nd Endotherm 101 19.0 101 21.8 

Tc 118 0.8 118 0.3 

 

Based on DSC and XRD experiments (Figure 2.10), we observed a metastable 

crystalline phase below first endotherm on first heating, since this phase was 

not observed at the second heating. On the other hand, we envisioned a highly 

ordered columnar phase between 84 °C and 101 °C at first heating. POM 

observation, in this range of temperatures, put into evidence a pseudo-focal 

conic fan-shaped texture (Figure 2.11). XRD pattern recorded at 90 °C (Figure 

2.10b) shows three main peaks centred at 2θ = 2.4° (d = 36 Å), 4.6° (d = 19 Å), 

6.2° (d = 14 Å) and an unsymmetrical broad halo at 2θ = 20° (d = 4 Å 

approximately) showing shoulders. The lower spacing observed in the XRD 

pattern should correspond to the planar distance between dendrons and the 

higher spacing might correspond to the lateral distance between columns. It 

is noteworthy that for the second heating only this phase was observed below 

the endotherm centred at 101 °C. 
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Figure 2.10. XRD patterns of TAPAm recorded on heating at: (a) 70 °C, (b) 90 

°C and (c) 110 °C on first heating; and (d) 80 °C and (e) 110 °C on second 

heating. 

 

UNIVERSITAT ROVIRA I VIRGILI 
COLUMNAR LIQUID-CRYSTALLINE POLYMERS CONTAINING NITROGEN AT THE BACKBONE TO BE USED 
TO PREPARE ION-TRANSPORT MEMBRANES 
Jordi Guardià Blanch 
 



 CHAPTER 2 

 

92 
 

 

Figure 2.11. Optical micrographs between crossed polars of TAPAm recorded 

during the first heating at 90 °C. 

 

For the range of temperature between 101 °C and 118 °C, we observed the 

presence of a mesophase. This was confirmed by XRD experiments, with a 

pattern recorded at 110 °C (Figure 2.10c and 2.10e); we saw four main peaks 

centred at 2θ = 2.6° (d = 34 Å), 3.9° (d = 22 Å), 4.3° (d = 20 Å), 4.9° (d = 18 Å) 

and a symmetrical broad halo at 2θ = 20° (d = 4 Å approximately). Same as 

before, the lower spacing can be attributed to the distance between dendrons 

and the higher one to the lateral distance between columns. In this case, the 

phase observed is quite disordered, as we could inferred by DSC, where the 

enthalpy of the endotherm was only 0.8 kJ/mol (Table 2.3). Furthermore, on 

second heating we observed the same behaviour as first heating in the range 

of temperatures from 101 °C to 118 °C. It is remarkable that on cooling from 
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the melt state we did not observe the formation of this phase by DSC nor 

POM. Therefore, it is suggested that TAPAm should present a monotropic 

columnar mesophase in the range of temperature from 101 °C to 118 °C.  

Calorimetric study by DSC of TAPOx is depicted in Figure 2.12, showing first 

and second heating and cooling scans. On heating we observe one endotherm 

centred at 89 °C for the first heating and 86 °C for the second heating, which 

can be attributed to the melting of TAPOx, meanwhile on cooling we observe 

a peak centred at 73 °C, which can be assigned to the crystallization of TAPOx. 

According to POM experiments, on heating we did not observe a mesophase 

below melting point and an isotropic liquid was observed above the 

endotherm. Moreover, on cooling we did not notice the presence of a 

mesophase from the melt state. This behaviour was also confirmed by XRD 

experiments, showing a crystalline phase below the melting point and an 

isotropic liquid above the endotherm (Figure 2.S7). Therefore, TAPOx shows 

no mesomorphic behaviour. Thus, it seems that the stiffness of the oxazoline 

ring strongly difficults the packing of tapered groups, avoiding the formation 

of columnar phases.  
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Figure 2.12. Calorimetric analysis of TAPOx; (blue) first heating, (orange) 

second heating, and (grey) cooling. Scan rate: 10 °C/min. 

 

Thermal stability of TAPAm and TAPOx was studied by TGA (Figure 2.13). 

Onset of thermal weight loss (determined as the temperature corresponding 

to 5 % mass loss) was 271 °C for TAPAm with 14 % of remaining char yield at 

600 °C. TAPOx is slightly more stable, with an onset of the thermal weight loss 

of 285 °C and a similar char yield at 600 °C (15 %) compared with its amide 

precursor. In the case of TAPEs, it presents the higher onset of thermal weight 

loss of the 3 dendronized compounds: 291 °C, but the smallest remaining char 

yield (12 %). Besides, the thermal degradation of these three dendronized 

compounds showed a two-step weight loss, as confirmed by DGTA curves 

(Figure S8). The presence of a hydroxyl group in TAPAm chemical structure 

can lead to an easy dehydration that could induce the thermal degradation of 

TAPAm at a lower temperature than TAPOx and TAPEs, which DTGA curve 

showed the same trend.  
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Figure 2.13. TGA thermogram of (a) TAPAm, (b) TAPOx and (c) TAPEs 

recorded at a heating rate of 10 °C/min in nitrogen atmosphere. 

 

2.3.3. Preliminary polymerization study 

 

As aforementioned, it is described that 2-substituted-2-oxazolines polymerize 

by living cationic ring opening polymerization (CROP). Many procedures to 

polymerize these compounds can be founded in literature, i.e. Percec and co-

workers described the polymerization of 2-[3,4-bis(n-alkan-1-yloxy)phenyl]-

2-oxazolines using o-dichlorobenzene as a solvent at 110 °C and bulk 

polymerization at 160 °C, with methyl triflate (MeOTf) as an initiator [26]. 

Apart from MeOTf, a wide variety of initiators have been used, such as 

sulfonate esters, Lewis acids and alkyl halides among others [10]. 
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Furthermore, several terminating agents have been employed in this type of 

polymerizations, such as primary, secondary and aromatic amines, hydroxide 

salts and alcohols, among others [3].  

Herein, we describe a preliminary study of polymerization of TAPOx. All the 

conditions tested in each polymerization of TAPOx are summarized in Table 

2.4. On our first attempt, we try to synthetize our polymer using methyl 

tosylate (MeOTs) as an initiator and toluene as a solvent under reflux 

conditions. We monitored the reaction by 1H NMR; nevertheless, after 12 days 

of reaction the product was not noticed, and only unreacted monomer was 

observed at the reaction medium. On a second attempt, we follow the 

procedure described by Pásztói et al. [66], where benzotrifluoride was used as 

an environmentally less harmful solvent to polymerize 2-ethyl-2-oxazoline at 

100 °C using MeOTs as an initiator. Unfortunately, following the same trend 

as the first attempt, the polymer was not detected after 10 days of reaction and 

only unreacted TAPOx was present at the reaction medium. 

Therefore, we decided to carry out a bulk polymerization of TAPOx at 130 °C 

using MeOTs as an initiator. In this case, we could confirm the total conversion 

of the monomer through 1H NMR analysis (Figure 2.14a) and 13C NMR 

(Figure 2.14b) experiments. Regarding 1H NMR analysis, the characteristic 

signals corresponding to both methylenes in the oxazoline ring at 4.34 and 

3.97 ppm (see Figure 2.6) disappear and a broad signal corresponding to the 

main chain of polyoxazoline appears centred at 3.67 ppm. Furthermore, 

according to 13C NMR experiments, full conversion of TAPOx was also 

confirmed, since the signal corresponding to the methylene contiguous to 

nitrogen inside the oxazoline ring, at 55.0 ppm (see Figure 2.7), also 

disappeared. Despite the full conversion of the monomer was confirmed by 

UNIVERSITAT ROVIRA I VIRGILI 
COLUMNAR LIQUID-CRYSTALLINE POLYMERS CONTAINING NITROGEN AT THE BACKBONE TO BE USED 
TO PREPARE ION-TRANSPORT MEMBRANES 
Jordi Guardià Blanch 
 



 CHAPTER 2 

 

97 
 

NMR, the yield of the polymerization after work-up was only 62 %. This fact 

indicates us that we must optimize the purification process. Besides, based on 

the relationship between the signals of the terminating agent added 

(dodecylamine) and the polymer in 1H NMR, we found that only oligomers 

were synthetized; in fact, pentamers were obtained. 

 

 

Figure 2.14. Zooms of the NMR spectra of the polyoxazoline derived from 

TAPOx: a) 1H NMR spectrum between 2.5 - 5.5 ppm (signals labelled in red); 

and b) 13C NMR spectrum between 50-80 ppm (signals labelled in blue). 
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Table 2.4. Polymerization reaction conditions of TAPOx monomer (initiator, terminating agent, solvent, and reaction 

conditions) and the obtained results. 

Entry 
Initiator (% mol) / 

Terminating Agent 
Solvent Reaction Conditions 

Comments / Yield 

(%) 

1 MeOTs (1) / - Anhydrous toluene 130 °C; 12 days 
Virgin monomer was 

recovered 

2 MeOTs (1) / - 
Anhydrous 

benzotrifluoride 
90 °C; 10 days 

Virgin monomer was 

recovered 

3 
MeOTs (1) / 

Dodecylamine 
- 130°C; 2 h 62 
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As a complementary analysis, we decided to observe the synthesized 

oligomers by polarized optical microscopy in order to see whether it presents 

a mesophase. We found that, on heating, a mesophase was noticed, actually, 

an homeotropic texture was observed. 

It is clear that, the polymerization of TAPOx deserves a deeper study, in order 

to find the conditions to get a columnar polyoxazolines of quite high 

molecular weight. This study is in progress and will be the subject of a 

forthcoming paper. 

 

2.4.Conclusions 

 

A novel mesogenic oxazoline, 2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-2-

oxazoline (TAPOx), was successfully synthetized in 2 steps. Firstly, the 

amidation in mild conditions of methyl 3,4,5-tris[p-(n-dodecan-1-

yloxy)benzyloxy]benzoate (TAPEs) using 10 % mol of sodium methoxide as 

catalyst, since a high yield of the resulting amide (TAPAm) is obtained due to 

its easy purification by recrystallization (92 %). The second step involves a 

dehydrative cyclisation of the amide using PPh3-DDQ system as oxidizing 

agent. Although the corresponding 2-oxazoline derived monomer was 

purified by flash column chromatography, TAPOx was also obtained with a 

good yield (85 %). 

Thermal and mesomorphic studies showed that a monotropic columnar 

mesophase was observed on heating for TAPAm in the range of temperatures 
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from 101 to 118°C, meanwhile any liquid crystalline texture was detected in 

the case of TAPOx.  

Furthermore, a preliminary research of the cationic ring opening 

polymerization of TAPOx was carried out, from which it was deduced that a 

profound investigation should be addressed to find the optimal conditions to 

get columnar polyoxazolines with high molecular weight.  
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2.6.Supporting Information  

 

Synthesis of N-(2-hydroxyethyl)-3,4,5-tris(4-dodecyloxybenzyloxy) 

benzamide (TAPAm) 

 

Direct amidation method using DCC as coupling agent. In a round-

bottomed flask, 1.01 g of TAPAc (1.01 mmol) was dissolved into 10 mL of 

chloroform. The solution was stirred at 0 °C in an ice-water bath for 15 min. 

Then, DMAP (102.2 mg, 0.83 mmol) was added, and the solution was kept 

under stirring at 0 °C during 15 min more. After that, DCC (210.9 mg, 1.02 

mmol) was added, leaving the magnetic stirring for additionally 15 min at the 

same temperature. At this point, ethanolamine (0.18 mL, 2.98 mmol) was 

added dropwise. When the addition of ethanolamine was completed, the 

reaction mixture was warmed to room temperature and kept under stirring 

for 4 days, during which it was monitored by TLC using n-hexane/ethyl 

acetate (1:2) as mixture of eluents (A complete conversion of TAPAc was 

detected after 4 days of reaction). At this time, the crude of the reaction was 

filtered to eliminate the undesirable N, N’-dicyclohexylurea and the solvent 

was eliminated under vacuum at the rotavapor. The resulting orange solid 

was purified by flash column chromatography using a gradient of n-

hexane/ethyl acetate (starting proportion = 2:1) as mixture of eluents. 

Nevertheless, a mixture of TAPAm and N,N’-dicyclohexylurea was always 

isolated.  
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Synthesis of 2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-2-oxazoline 

(TAPOx)  

 

Direct synthesis of TAPOx from TAPAm using thionyl chloride (SOCl2) and 

DBU. In a round bottomed flask, 400.5 mg of TAPAm (0.38 mmol) were 

dissolved in 5 mL of DCM at room temperature. After that, DBU (346.3 mg, 

2.31 mmol) was added, which was followed by the dropwise addition of 

thionyl chloride (147.4 mg, 1.15 mmol). The reaction was monitored by TLC 

using n-hexane/ethyl acetate (1:2) as mixture of eluents. After complete 

conversion of TAPAm (2 h), the formation of TAPOx was not detected by 1H 

NMR in the crude mixture. 

 

Direct synthesis of TAPOx from TAPEs using Lanthanum (III) salts as 

catalyst. Anhydrous Lanthanum (III) chloride (LaCl3) (5, 10, 20 % mol respect 

to TAPEs) or anhydrous Lanthanum (III) triflate (LaTf3) (10 % mol regarding 

TAPEs) and ethanolamine (0.15 mL, 2.48 mmol) were dissolved in 10 mL of 

dry toluene inside a two neck round bottom flask under argon flow 

conditions. Subsequently, n-BuLi (0.90 mL, 2.25 mmol) was added dropwise 

at 0 °C, keeping the mixture under stirring for 15 min. Then, the reaction 

mixture was warmed to reflux at 100 °C, when TAPEs (1.01 g, 0.99 mmol) was 

added carefully. The reaction was monitored by TLC using n-hexane/ethyl 

acetate (1:2) as mixture of eluents. When a total conversion of TAPEs was 

achieved (24 h), the crude mixture was cooled to RT and washed several times 

with water. Finally, the organic layer was dried over anhydrous MgSO4, and 

the solvent was vacuum evaporated. After that, the obtained solid was 
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purified by flash column chromatography using n-hexane/ethyl acetate (2:1) 

as mixture of eluents. Nonetheless, TAPOx was not isolated in any of the 

collected fractions. 

 

Preliminary polymerization studies 

 

Polymerization of TAPOx with toluene as solvent. In a previously flame-

dried Schlenk tube, 500.0 mg of TAPOx monomer (0.49 mmol) were dissolved 

in 5.0 mL of dry toluene. Then, 1 % of methyl tosylate were added at room 

temperature. After that, the tube was immersed into a preheated oil bath at 

130 °C and kept under stirring in an argon flow conditions for 12 days. The 

reaction was monitored by 1H NMR. However, only unreacted TAPOx 

monomer was detected.   

Polymerization of TAPOx with benzotrifluoride as solvent. In a previously 

flame-dried Schlenk tube, 503.0 mg of TAPOx monomer (0.49 mmol) were 

dissolved in 2.5 mL of anhydrous benzotrifluoride. Then, 1 % of methyl 

tosylate were added at room temperature. After that, the tube was immersed 

into a preheated oil bath at 90 °C and kept under stirring in an argon flow 

conditions for 10 days. The reaction was monitored by 1H NMR. Nevertheless, 

only unreacted TAPOx monomer was detected after 10 days of reaction. 
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Figure 2.S1. Amidation of TAPAc with ethanolamine. 

 

 

Figure 2.S2. COSY NMR spectra of TAPAm. 
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Figure 2.S3. HSQC spectra of TAPAm. In the spectra, the blue signals 

correspond to -CH- and -CH3 signals, while the red ones correspond to -

CH2- signals. 
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Figure 2.S4. COSY spectra of TAPOx. 
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Figure 2.S5. HSQC spectra of TAPOx. In the spectra, the blue signals 

correspond to -CH- and -CH3 signals, while the red ones correspond to -CH2- 

signals. 
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Figure 2.S6. HMBC spectra of TAPOx. 
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Figure 2.S7. XRD patterns of TAPOx recorded on heating at: (a) 70 °C and (b) 

100 °C on first heating; and (c) 70 °C on second heating. 
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Figure 2.S8. DTGA curves of (a) TAPAm, (b) TAPOx and (c) TAPEs recorded 

at a heating rate of 10 °C/min in nitrogen atmosphere. 
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3.1.Introduction 

 

Nowadays, most of polymer proton exchange membranes are based on 

perfluorosulfonic acid ionomer (PFSI). Among them, Nafion® (a registered 

trademark of DuPont Co.) based membranes are the most used due to their 

excellent electrochemical stabilities, as well as proton conductivities. 

However, Nafion® presents some drawbacks: (I) an elevated cost due to its 

complicated manufacturing process, (II) insufficient resistance to methanol 

crossover and (III) poor mechanical and chemical stability at high 

temperatures [1]. In order to overcome these drawbacks, other types of 

polymers have been investigated in recent years [2,3]. 

Side chain liquid crystalline polymers (SCLCPs) have raised a great interest 

due to their self-assembly ability, which provides them unique mechanical, 

optical and electrical properties. For this reason, SCLCPs have been used in a 

wide range of applications such as optical devices [4], membrane separation 

[5,6] and solid polymer electrolytes [7,8], among others. 

In the second half of 1960’s, four independent research groups reported the 

synthesis of different poly(2-oxazoline)s [9–12]. These groups proposed their 

synthesis by thermally induced cationic ring-opening polymerization 

(CROP). Poly(2-alkyl/aryl-2-oxazoline)s (PAOx) are a family of polymers that 

has raised a great interest, since their properties can be easily modified by 

end-group modification, initiator modification, as well as by modifying the 

pendant group of the 2-substituted-2-oxazoline monomer [13].  

In recent years, PAOx received on-going research interest in the biomedical 

field, due to their biocompatibility [14–17], low toxicity, protein adsorption 
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and stealth behaviour; all these features are similar to those of poly(ethylene 

glycol) (PEG) (also known as poly(ethylene oxide) (PEO)). Actually, PAOx are 

an emerging class of polymers who could substitute, even outperform PEG, 

regarding its increased antifouling behaviour [18–20]. Sedlacek and co-

workers developed a method for the synthesis of superhydrophilic PAOx, 

obtaining poly(2-methoxymethyl-2-oxazoline) which is the most hydrophilic 

PAOx reported to date [19]. Furthermore, Percec and co-workers reported the 

first liquid crystalline poly(2-oxazoline) synthesized by CROP, which 

contains a side chain mesogenic group, describing the synthesis of a SCLC 

poly(2-oxazoline) [21,22]. 

During the last two decades, our group has mainly focused on the synthesis 

of dendronized liquid crystalline polyethers [23,24] and polyamines [25–27] 

by grafting a tapered group on these polymers as a post polymerization 

procedure. This tapered group induces the self-assembly of the polymer into 

columnar structures, which contain an inner channel formed by the polyether 

or the polyamine main chain, respectively, that work as an ion transport 

channel. However, in the case of the polyamines synthetized by us, they 

exhibit a strong tendency to crystallize, which results in poor mechanical 

properties and brittleness. This can be due either to the low molecular weight 

of the polyamine and the presence of free hydroxyl groups contained in the 

pendant group of the polymer main chain. However, supported membranes 

based on these SCLC polyamines showed a remarkable proton transport 

[26,27]. 

Hence, in this article we describe the synthesis and characterization of novel 

liquid crystalline dendronized poly(2-oxazoline)s, poly(2-(3,4,5-tris(4-

dodecyloxybenzyloxy)phenyl)-2-oxazoline)s (PTOx). PTOx has been 
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successfully synthetized by living CROP, using methyl 

trifluoromethanesulfonate (MeOTf) as an initiator and morpholine as a 

terminating agent, after testing several initiators and terminating agents. 

Besides, the “living” character of this cationic ring-opening polymerization 

allowed us to precisely control the final molecular weight of the synthesized 

poly(2-oxazoline)s, obtaining a family of acyl-substituted 

poly(ethyleneimine)s in a range between 20 and 60 kDa. Due to the presence 

of nitrogen in the polymer backbone, PTOx can be a promising candidate 

material to prepare membranes able to transport different ions. This new type 

of polymer should present improved mechanical properties, in comparison 

with previously reported polyamines, due to the absence of free hydroxyl 

groups, and higher and controlled molecular weight.  

 

3.2.Experimental section 

 

3.2.1. Materials 

 

Methyl trifluoromethanesulfonate (MeOTf, ≥98 %), 1-dodecylamine (98 %), 

piperidine (99 %), anhydrous benzotrifluoride (BTF, ≥99 %), methyl p-

toluenesulfonate (MeOTs, 98 %), 2-(isopropylamino)ethanol (70 %) and 

chlorobenzene were supplied by Sigma Aldrich. 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ, 98 %) and morpholine (99 %) were purchased from Alfa 

Aesar. Triphenylphosphine (PPh3, 99 %) and benzyl bromide (98 %) were 

supplied by Across Organics, while dichloromethane (DCM), toluene and o-

dichlorobenzene (o-DCB) were purchased from Scharlab. Furthermore, 

UNIVERSITAT ROVIRA I VIRGILI 
COLUMNAR LIQUID-CRYSTALLINE POLYMERS CONTAINING NITROGEN AT THE BACKBONE TO BE USED 
TO PREPARE ION-TRANSPORT MEMBRANES 
Jordi Guardià Blanch 
 



 CHAPTER 3 

 

124 
 

toluene, chlorobenzene, o-DCB, morpholine and 2-(isopropylamino)ethanol 

were dried prior to use according to literature [28]. 

 

3.2.2. Synthesis of 2-(3,4,5-tris(4-dodecyloxybenzyloxy) 

phenyl)-4,5-dihydro-1,3-oxazole) (TAPOx) 

 

2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-4,5-dihydro-1,3-oxazole) 

(TAPOx) monomer was synthetized following a slight modification of a 

reported procedure that involved easier workup and higher yield [29]:  

In a previously dried Schlenk tube, 2.61 g of PPh3 (9.95 mmol) and 2.30 g of 

DDQ (10.14 mmol) were dissolved in 80 mL of dry DCM under argon 

atmosphere. Then, the mixture was stirred for 3 min at room temperature (RT 

= 25 ± 5 °C). At once, 7.04 g of N-(2-hydroxyethyl)-3,4,5-tris(4-

dodecyloxybenzyloxy)benzamide (TAPAm) (6.80 mmol) was then added. The 

reaction was monitored by TLC using n-hexane/ethyl acetate (1:2) as mixture 

of eluents. After 20 min, when a complete conversion of TAPAm was reached, 

the crude mixture was washed with an aqueous NaOH solution (5 wt. %, 80 

mL). After that, the separated water layer was back-extracted with DCM (50 

mL x 4). The two organic layers were combined and washed together with 

brine solution, dried over anhydrous MgSO4 and the solvent was vacuum 

evaporated. At this point, the brown solid was purified by recrystallization 

twice with ethanol. Finally, the product was dried under vacuum at 40 °C 

overnight to yield 6.16 g of a white solid (89 %).  
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1H NMR [CDCl3, δ, ppm]: 7.25 (d, 4H, -O-Ar-H-CH2-O-Ar-C=N- from 2 and 6 

positions of the lateral benzylic units), 7.21 (s, 2H, Ar-H-C=N-), 7.17 (d, 2H, -

O-Ar-H-CH2-O-Ar-C=N- from 2 and 6 positions of the central benzylic unit), 

6.83 (d, 4H, -O-Ar-H-CH2-O-Ar-C=N- from 3 and 5 positions of the lateral 

benzylic units), 6.67 (d, 2H, -O-Ar-H-CH2-O-Ar-C=N- from 3 and 5 positions 

of the central benzylic unit), 4.96 (s, 4H, -CH2-O-Ar-C=N- in lateral benzylic 

units), 4.91 (s, 2H, -CH2-O-Ar-C=N- in central benzylic unit), 4.34 (t, 2H, -C=N-

CH2-CH2-O-), 3.97 (t, 2H, -C=N-CH2-CH2-O-), 3.89 (t, 4H, -Ar-O-CH2-(CH2)10-

CH3 in lateral benzylic units), 3.84 (t, 2H, -Ar-O-CH2-(CH2)10-CH3 in central 

benzylic unit), 1.70 (m, 6H, -Ar-O-CH2-CH2-(CH2)9-CH3), 1.38 (m, 6H, -Ar-O-

CH2-CH2-CH2-(CH2)8-CH3), 1.20 (m, 48H, -Ar-O-CH2-CH2-CH2-(CH2)8-CH3), 

0.81 (t, 9H, -Ar-O-CH2-(CH2)10-CH3). 

13C NMR [CDCl3, δ, ppm]: 164.7 (-C=N-), 159.1 (ArC-O-(CH2)11-CH3 in lateral 

and central benzylic units), 152.9 (ArC meta to -C=N-), 141.2 (ArC para to -

C=N-), 130.4 (ArC meta to -O-(CH2)11-CH3 in central benzylic unit), 129.7 

(ArC-CH2-O-Ar-C=N- in central benzylic unit), 129.4 (ArC meta to -O-(CH2)11-

CH3 in lateral benzylic units), 128.9 (ArC-CH2-O-Ar-C=N- in lateral benzylic 

units), 122.9 (ArC-C=N-), 114.6 (ArC ortho to -O-(CH2)11-CH3 in lateral 

benzylic units), 114.2 (ArC ortho to -O-(CH2)11-CH3 in central benzylic unit), 

107.9 (ArC ortho to -C=N-), 74.8 (-CH2-O-Ar-C=N- in central benzylic unit) 

71.2 (-CH2-O-Ar-C=N- in lateral benzylic units), 68.2 (-CH2-(CH2)10-CH3 in 

central and lateral benzylic units), 67.9 (-C=N-CH2-CH2-O-), 55.0 (-C=N-CH2-

CH2-O-), 32.1 (-CH2-CH2-CH3), 29.8-29.5 (-(CH2)6-CH2-CH3 and -CH2-(CH2)9-

CH3), 26.2 (-CH2-(CH2)8-CH3), 22.8 (-CH2-CH3), 14.3 (-CH3). 

FT-IR (cm-1): 2950 (ν (C-H) in -CH3 (asymmetric)); 2917 – 2848 (ν (C-H) in -

CH3 (symmetric) and -CH2- (asymmetric and symmetric)); 1643 (ν (C=N)); 
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1588 (ν (C=C-C aromatic)); 1514 (ν (C=C-C aromatic)); 1245 (ν (=C-O-C) 

asymmetric); 818 (δ (C-H) p-disubstitution). 

 

3.2.3. Synthesis of poly(2-(3,4,5-tris(4-dodecyloxybenzyloxy) 

phenyl)2-oxazoline)s (PTOx) (Scheme 1) 

 

From all the attempts, the best conditions for the polymerization of TAPOx 

monomer to achieve “living” behaviour are summarized as follows:   

A previously flame dried Schlenk tube was filled with TAPOx (0.5 g, 0.5 

mmol) and kept under vacuum for 30 min. After that, the tube was immersed 

in a previously heated oil bath at 105 °C. When TAPOx was melted, the 

appropriate amount of dry chlorobenzene was added to reach 1.0 M 

concentration inside the Schlenk tube (considering the amount of 

chlorobenzene that is already added with the initiator). Then, the initiator 

(MeOTf) was added via syringe according to the desired degree of 

polymerization (DP) from a freshly prepared solution of the initiator in dry 

chlorobenzene ([MeOTf] = 0.135 M). The mixture was stirred until 1H NMR 

spectrum indicated almost complete conversion of the monomer (≥93 %). 

Then, a large excess of morpholine (200 µL) was added to the reaction mixture, 

acting as a terminating agent. After 30 min, the crude mixture was 

precipitated twice in a cold KOH solution (0.1 M). Finally, the product was 

dried under vacuum at 50 °C until constant weight to obtain a beige solid. 

Monomer conversion was estimated by 1H NMR, comparing the integration 

of the signal attributed to the methylene contiguous to the nitrogen atom of 

the monomer oxazoline ring (3.97 ppm) with the integration of the signal 
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attributed to the methyl groups of the long aliphatic chain of the tapered side 

dendron. The number of each member of the family indicates the expected 

quantity of repeating units it contains. NMR and FT-IR data of PTOx40 is 

shown below: 

1H NMR [Figure 3.1, CDCl3, δ, ppm]: 7.34 – 6.25 (Ar), 5.23 – 4.20 (i, i’), 4.03 – 

3.42 (f, g, s, y, 1), 2.35 (x) 1.62 (2), 1.19 (3-11), 0.81 (12). 

13C NMR [Figure 3.3, CDCl3, δ, ppm]: 171.8 (q), 158.9 (VIII), 152.9 (III), 138.9 

(IV), 129.9 (VI), 129.5 (I, VI’), 128.7 (V), 114.2 (VII), 106.7 (II), 74.9 (i), 70.8 (i’), 

68.2 (1, y), 53.0 (x), 46.1 (f, g), 32.1 (10), 29.8 (2, 4 – 9), 26.3 (3), 22.8 (11), 14.3 

(12). 

FT-IR [Figure 3.S1, cm-1]: 2951 (ν (C-H) in -CH3 (asymmetric)); 2920 – 2851 (ν 

(C-H) in -CH3 (symmetric) and -CH2- (asymmetric and symmetric)); 1613 (ν 

(C = O)); 1584 (ν (C=C-C aromatic)); 1512 (ν (C=C-C aromatic)); 1242 (ν (=C-O-

C) asymmetric); 822 (δ (C-H) p-disubstitution). 

 

3.2.4. Characterization  

 

Thermogravimetric analysis (TGA). Thermal stability studies were carried 

out in ALU OXIDE crucibles of 70 µL (ME-24123) with a Mettler Toledo TGA2 

thermobalance. All samples, weighing around 6 – 8 mg, were heated between 

30 and 600 °C at a heating rate of 10 °C/min in N2 atmosphere with a flow rate 

of 50 cm3/min. The equipment was previously calibrated with indium (156.6 

°C) and aluminum (660.3 °C) pearls. 
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Differential scanning calorimetry (DSC). Calorimetric analyses were carried 

out on a Mettler DSC-821 instruments calibrated using indium (156.6 °C) and 

zinc (419.6 °C) pearls. Samples were placed in an aluminum standard crucible 

of 40 µL with pierced lids (between 4 – 6 mg of sample), which were analysed 

in N2 atmosphere (gas flow rate of 50 cm3/min). Heating and cooling rate of 10 

°C/min was always employed. 

 

Polarized optical microscopy (POM). LC mesophases were investigated by 

polarized optical microscopy (POM). The textures of the samples were 

observed with an Axiolab Zeiss optical microscope equipped with a Linkam 

TP92 hot stage and a Moticam S6 digital camera.  

 

Nuclear magnetic resonance (NMR) spectroscopy. All synthesized 

compounds were characterized by 1H NMR and 13C NMR spectra, which were 

recorded in deuterated chloroform (CDCl3) with a Bruker Avance Neo 400 

MHz spectrometer (1H – 400 MHz; 13C – 100.4 MHz) at RT (25 ± 5 °C). The 

chemical shifts were given in parts per million (ppm) from TMS 

(Tetramethylsilane) in 1H NMR spectra, while the central peak of the solvent 

was taken as a reference in the case of 13C NMR spectra. 

 

Fourier transform infrared (FT-IR) spectroscopy. FT-IR spectra were 

recorded on an FT/IR-6700 spectrophotometer from JASCO in the wavelength 

range of 4000 – 400 cm-1 with a resolution of 4 cm-1 in the absorbance mode. 

This device is equipped with an attenuated total reflection accessory (ATR) 
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with thermal control and a diamond crystal (Golden Gate heated single 

reflection diamond ATR from Specac-Teknokroma). The spectra were 

recorded at RT (25 ± 5 °C) from the solid-state pure compounds.  

 

X-ray diffraction (XRD). X-ray diffraction measurements (XRD) were made 

using a Bruker-AXS D8-Advance diffractometer with vertical θ-θ goniometer, 

incident- and diffracted-beam Soller slits of 2.5 °, a fixed 0.5 ° receiving slit 

and an air-scattering knife on the sample surface. The angular 2θ range was 

between 2 and 40 °. The data were collected with an angular step of 0.02 ° at a 

step/time of 0.5 s. Cukα radiation was obtained from a copper X-ray tube 

operated at 40 kV and 40 mA. Diffracted X-rays were detected with a PSD 

detector LynxEye-XE-T with an opening angle of 2.9 °. The sample was placed 

inside an MTC-LOWTEMP chamber for in-situ temperature analysis. 

 

Size exclusion chromatography (SEC). Molecular weight analysis was 

performed via size exclusion chromatography (SEC) using an Agilent 1200 

series system equipped with three serial columns (PLgel 3 µm MIXED-E, 5 

µm PLgel MIXED-D and PLgel 20 µm MIXED-A from Polymer Laboratories) 

and an Agilent 1100 series refractive index detector working at 35 °C at a 

nominal flow rate of 1.0 mL/min with a sample concentration of 0.1 % w/w in 

tetrahydrofuran (THF) as solvent. The SEC system was calibrated using 

narrow polystyrene standards from Polymer Laboratories with molecular 

weights ranging from 500 to 400.000 Da. 
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3.3.Results and discussion 

 

As mentioned in the introduction, the primary aim of this work was to 

synthetize a family of poly(2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-2-

oxazoline)s (PTOx) with different molecular weights from its monomer 

precursor TAPOx, through living cationic ring-opening polymerization 

(CROP) (Scheme 3.1). With this purpose, several conditions, such as solvent, 

concentration, temperature, initiator and terminating agent were tested 

(Table 3.1). The progress of the reaction (reaction time) was monitored by 1H 

NMR. 

 

Scheme 3.1. Scheme of the living CROP of TAPOx.  
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In a typical polyoxazoline synthesis by CROP, we can differentiate three main 

steps: 1) initiation, which takes place by nucleophilic attack of the cyclic imino 

ether to the electrophilic initiator, forming the oxazolinium cation and 

triggering the polymerization; 2) propagation, in which the monomer is 

added to the on growing polyoxazoline backbone, and finally, 3) termination, 

which occurs via nucleophilic attack of an added terminating agent on the 

living cationic chain-end (Scheme 3.2) [30].  

 

 

Scheme 3.2. General simplified mechanism of the CROP of 2-oxazolines. 

 

Since the first reported synthesis of a polyoxazoline by CROP, a broad number 

of initiators has been employed, including methyl, benzyl and acetyl halides, 

alkyl sulfonates, such as trifluoromethanesulfonates (triflates), p-

toluenesulfonates (tosylates) and p-nitrobenzenesulfonates (nosylates), 

Lewis’s acids, and oxazolinium salts [30,31]. More recently, other initiators 

have been explored: for instance, Klikovits and co-workers have reported the 

use of a photoacid generator as an initiator for the cationic 

photopolymerization of different 2-oxazolines [32].  

In our case, we decided to first test benzyl bromide (BnBr) as an initiator 

(Entry 1). Unfortunately, the reaction did not take place and no polymer was 

observed by 1H NMR within 10 days of reaction, showing that this initiator is 
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not active enough to trigger the polymerization [33]. Therefore, we decided to 

change it to a more active initiator, an alkyl sulfonate-based initiator [34]. In 

this case, anhydrous benzotrifluoride (BTF) was chosen as a solvent (Entries 

2-3), which is reported as environmentally less harmful than various 

conventional solvents, such as halogenated solvents and aromatic solvents 

[35]. In these reactions, we used MeOTs as an initiator, while two different 

monomer concentrations were employed in each of them. It was observed that 

the polymerization of TAPOx did not take place in the less concentrated 

Schlenk tube (Entry 2), although the polymerization reaction was successfully 

performed within 7 days when the monomer concentration was increased up 

to 0.5 M (Entry 3). Afterwards, we decided to carry out a reaction in bulk 

(Entry 4), inspired by a previously reported work by Percec and co-workers 

[36]. Nevertheless, the cleavage of the benzylic positions of the dendritic side 

group after 2 h was detected by NMR.  

According to Hoogenboom and co-workers, the most appropriate 

temperature to polymerize 2-phenyl-2-oxazolines with MeOTs as an initiator 

was established at 130 °C [33,37]. In order to perform these experiments, we 

decided to change the solvent of the reaction to a higher boiling point one, 

since BTF has a boiling point of 102 °C. Therefore, we used o-dichlorobenzene 

(o-DCB), which has a boiling point of 180 °C. Hence, we decided to set up the 

reaction temperature at 130 °C with different monomer concentrations (0.5, 

1.0 and 3.0 M). Unfortunately, in these attempts (Entries 5-7), the cleavage of 

the benzylic methylene of the dodecyloxybenzyloxy substituents of the side 

dendron was observed again. For this reason, we considered not to vary the 

monomer concentration, keeping it at 1.0 M from now on.  
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Concerning the reaction temperature, we explored the polymerization of 

PTOx at temperatures lower than 130 °C to avoid the cleavage of the benzylic 

positions. At the same time, we also used a more active initiator, methyl triflate 

[34,38], in order to obtain shorter reaction times. These reactions (Entries 8-

10) were carried out at 110, 95 and 105 °C, respectively. Regarding the reaction 

that was carried out at 110 °C, the cleavage of the benzylic positions of the side 

dendron after 20 h of reaction was still detected. In contrast, the 

polymerization reaction at 95 °C proceeded successfully within 65 h; 

unfortunately, the terminating agent (dodecylamine) also provoked the 

cleavage of the benzylic methylene of the dodecyloxybenzyloxy substituents, 

when kept in the crude mixture for longer times (up to 16 h).  

Consequently, we decided to change the terminating agent, from a primary 

amine to a more hindered secondary amine. Furthermore, the reaction was 

accelerated by increasing the temperature up to 105 °C as can be seen in Entry 

10: in this way, it was successfully accomplished in 44 h, obtaining a pallid 

orange solution. In this case, morpholine was added as a terminating agent; 

and a polymer with a degree of polymerization equal to 17 (versus an 

expected one of 20) was obtained with a yield of 43 %. At this point, we 

decided to change the solvent, o-DCB, to a less polar one, i.e. chlorobenzene 

[39]. Using chlorobenzene, we noticed that reaction time was reduced from 44 

h to 30 h, which agreed with the results previously reported by Monnery and 

co-workers [38]. Finally, other amine-based terminating agents were 

explored, piperidine and 2-(isopropylamino)ethanol. Unfortunately, they did 

not react as expected and, in addition, an increase of the side reactions was 

detected by 1H NMR. Thus, the final degree of polymerization could not be 

estimated in these experiments.   
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Table 3.1 . Chemical reaction conditions and degrees of polymerization in the optimisation of the polymerization reaction of PTOx. 

Entry 
Initiator 

(mol %) 
Solvent 

T 

(°C) 

Monomer 

concentration 
Time Terminating agent 

Monomer 

conversion a 

(%) 

Yield b 

(%) 

EDP c (DP 

d) 

1 BnBr (1) Toluene 90 0.1 M 10 days - - - 100 (-) 

2 MeOTs (1) BTF e 95 0.2 M 10 days - - - 100 (-) 

3 MeOTs (5) BTF 95 0.5 M 7 days Dodecylamine 92 34 20 (7) 

4 MeOTs (1) Bulk 160 - 2 h - - - 100 (-) 

5 MeOTs (5) o-DCB f 130 3.0 M 3 h - - - 20 (-) 

6 MeOTs (5) o-DCB 130 1.0 M 5 h - - - 20 (-) 

7 MeOTs (5) o-DCB 130 0.5 M 16 h - - - 20 (-) 

8 MeOTf (5) o-DCB 110 1.0 M 20 h - - - 20 (-) 

9 MeOTf (5) o-DCB 95 1.0 M 65 h Dodecylamine 92 - 20 (-) 

10 MeOTf (5) o-DCB 105 1.0 M 44 h Morpholine 93 43 20 (17) 

11 MeOTf (5) Chlorobenzene 105 1.0 M 30 h Morpholine 96 64 20 (23) 

12 MeOTf (5) Chlorobenzene 105 1.0 M 29 h Piperidine 93 - 20 (-) 

13 MeOTf (5) Chlorobenzene 105 1.0 M 30 h 2-(Isopropylamino)ethanol 94 - 20 (-) 

a Estimated by 1H NMR. b % of polymer isolated after purification. c EDP: Expected degree of polymerization. d DP: Degree of polymerization 

estimated by 1H NMR. e BTF: Benzotrifluoride. f o-DCB: o–Dichlorobenzene. 
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In view of these results, we decided to choose the best reaction conditions as 

follows: 1.0 M concentration of TAPOx monomer, reaction temperature of 105 

°C, MeOTf as an initiator, chlorobenzene as a solvent and morpholine as a 

terminating agent. In such conditions (Entry 11), a conversion of 96 % was 

obtained and the expected DP roughly coincides with the one estimated by 

1H NMR, which is in agreement with the expected “living” character of this 

polymerization. The degree of polymerization can be estimated from 1H NMR 

spectra, by taking the signals of either initiator or terminating agent (or both) 

as a reference, and then compare their integrations with the integration of 

some signals assigned to the repeating units of the polymer. In our case, we 

decided to use only the terminating agent signals as a reference, since the 

signal of the initiator appeared overlapped with the polymer main chain 

signal in 1H NMR spectra (3.42 – 4.03 ppm, Figure 3.1). In fact, only the 

methylene adjacent to the nitrogen of the morpholine terminating agent, 

located at 2.35 ppm (Figure 3.1), was used, since the methylene contiguous to 

the oxygen appeared also overlapped with the polymer main chain signal. 

The integration of this signal was compared with the integration of the signal 

that appears between 4.20 – 5.23 ppm, which is assigned to the benzylic 

methylene of the dodecyloxybenzyloxy substituents, and additionally with 

the integration of the signal that appear centred at 0.80, which correspond to 

the terminal methyl groups of the long aliphatic chain of the tapered side 

group (Figure 3.1). The estimated DP from both comparisons was the same, 

in addition to agreeing with the expected DP as shown in Table 3.1. A more 

detailed explanation of NMR characterization of PTOx is reported in section 

3.3.1. 
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After optimising all the parameters of the polymerization reaction, we 

decided to modify the percentage of initiator used in order to increase in a 

controlled manner the molecular weight of the polymers. To do so, the 

amount of initiator has to be reduced since we kept the amount of TAPOx 

constant (Table 3.2). The first noteworthy fact is that the reaction time slowly 

increased on reducing the initiator until 2.0 % (Entries 11, 14-16). With 

amounts of initiator less than 2.0 %, the reaction time increased dramatically, 

as can be seen in Entry 17, in which 84 h were needed to reach a monomer 

conversion equal to 93 %. The variation of the viscosity of the reaction crude 

over time could delay the progress of the polymerization reaction.  

Table 3.2 shows the monomer conversion and the obtained yields of the 

performed reactions. As estimated by 1H NMR, monomer conversion was 

higher than 93 % in Entries 11 and 14-17, which makes the experimental DPs 

of the synthesized poly(2-oxazoline)s practically identical to the expected DPs 

(obtained from the monomer/initiator molar ratio). The narrow molecular 

weight distributions, estimated by SEC (Table 3.2), corroborated the expected 

“living” character exhibited by this polymerization, since dispersity values 

between 1.16 and 1.35 were obtained. When we tried to increase the expected 

DP beyond 80 units (Entries 18-19), the complete conversion of the monomer 

was not reached. In fact, we observed that there was about 25 – 28 % of TAPOx 

remaining unreacted, even after 5 – 6 days of reaction, which could not be 

separated from the formed poly(2-oxazoline)s during the purification process. 

Therefore, neither a real yield nor a degree of polymerization could be 

obtained in these cases. On the other hand, the yield of the polymerization 

reaction was generally between 63 and 75 %, indicating that some amount of 

polymer was lost during the work-up process. 
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Table 3.2. Chemical reaction conditions (% of initiator and reaction time), achieved conversion, expected and obtained 

degrees of polymerization and molecular parameters of the synthesized family of PTOx. 

Entry EDP a 
Initiator 

(mol %) 
Time (h) 

Monomer 

conversion b (%) 

Yield c 

(%) 
DP d 

Mn e 

(kDa) 

Mw f 

(kDa) 
Đ f 

11 20 5.0 30 96 64 23 23.4 9.6 1.25 

14 30 3.3 42 94 63 32 32.6 14.0 1.26 

15 40 2.5 47 93 75 39 39.7 6.6 1.16 

16 50 2.0 50 95 66 49 49.9 13.1 1.33 

17 60 1.7 84 93 75 59                                                                                                                                                                                                                                                                                  60.0 12.5 1.35 

18 80 1.3 120 75 - - - - - 

19 90 1.1 144 72 - - - - - 

a EDP: Expected degree of polymerization. b Estimated by 1H NMR. c % of polymer isolated after purification. d DP: Degree 

of polymerization estimated by 1H NMR. e Molecular weight estimated by 1H NMR. f Mw and dispersity estimated by SEC. 
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Moreover, the molecular weights of this family of polymers were also 

estimated by SEC, although no correlation between Mw or Mn was found 

(Figure 3.S2). In our case, we used polystyrene patterns in SEC as a reference 

to calculate the molecular weight of these poly(2-oxazoline)s. Nevertheless, 

the hydrodynamic volume of this family of polymers is rather different from 

polystyrene, which is responsible of the lack of correlation between molecular 

weights estimated by 1H NMR and SEC. 

 

3.3.1. Chemical characterization  

 

The chemical structure of PTOx was characterized by NMR and FT-IR 

spectroscopy.  

As regards 1H NMR, Figure 3.1 shows the spectrum of PTOx40, which was 

performed using CDCl3 as solvent. The first noticeable thing is that all 1H 

NMR spectra are characterized by broad signals in three regions. We observe 

two broad peaks in the aromatic region between 6.25 and 7.34 ppm, which are 

the signals of the aromatic protons of the side chain dendron. When we move 

to lower frequencies, the first broad signal between 4.20 – 5.23 ppm is 

attributed to the benzylic methylenes of the dodecyloxybenzyloxy 

substituents. In the upfield region of the spectra, the peaks between 0.80 and 

1.87 ppm are assigned to the aliphatic long chains of the dendron. These peaks 

are in agreement with the characterization of TAPOx monomer previously 

described by us [29]. The most interesting region is situated between 2.35 ppm 

and 4.03 ppm, since the peaks attributed to the protons of the polymer main 

UNIVERSITAT ROVIRA I VIRGILI 
COLUMNAR LIQUID-CRYSTALLINE POLYMERS CONTAINING NITROGEN AT THE BACKBONE TO BE USED 
TO PREPARE ION-TRANSPORT MEMBRANES 
Jordi Guardià Blanch 
 



 CHAPTER 3 

 

139 
 

chain, the morpholine terminating agent and the initiator appear in this area. 

In fact, the broad peak centred at 3.75 ppm is assigned to both methylenes of 

the poly(2-oxazoline) main chain (indexed as f and g in Figure 3.1), the 

methylene contiguous to the oxygen of the long aliphatic side chains (1), the 

methylene of the initiator (s) and both methylenes contiguous to the oxygen 

of the morpholine terminating agent (y). In addition, the new broad peak 

centred at 2.35 ppm is attributed to both methylenes contiguous to the 

nitrogen of the terminating agent (x) in the final structure of the poly(2-

oxazoline). This was confirmed by 2D NMR spectrum (COSY; Figure 3.2). 

Moreover, the lack of both characteristic signals of the oxazoline ring, which 

are expected to appear at 4.34 and 3.97 ppm respectively, confirms a complete 

monomer conversion [29]. 
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Figure 3.1. 1H NMR spectrum of PTOx40 in CDCl3. 
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Figure 3.2. COSY NMR spectrum of PTOx40.  

 

Figure 3.3 shows the 13C NMR spectrum of PTOx40 with the corresponding 

assignments. First of all, the signal at 171.8 ppm is attributed to the carbonyl 

carbon of the amide of each side dendron (indexed with the letter q in Figure 

3.3), whereas the signals between 106.7 and 158.9 ppm belong to the aromatic 

carbons of the dendronized side chain of the poly(2-oxazoline). In the 
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aliphatic region, two signals observed at 74.9 and 70.8 ppm are assigned to the 

carbons of the benzylic methylenes of the central and lateral 

dodecyloxybenzyloxy substituents of each dendron, respectively. Moving 

upfield in the spectrum, the peak at 68.2 ppm is attributed to the methylenic 

carbons contiguous to the oxygen of the long aliphatic side chains together 

with the methylenic carbons contiguous to the oxygen of the morpholine 

terminating agent. In addition, the small peak observed at 53.6 ppm belongs 

to both methylenic carbons contiguous to nitrogen of morpholine, thus 

confirming that the terminating agent was successfully incorporated in the 

final polymer structure.  Besides, the small broad peak at 46.1 ppm is 

attributed to the carbons of the main chain of the acyl-substituted 

poly(ethyleneimine) (f and g). This peak, as well as the absence of the peaks 

assigned to the methylenic carbons of the oxazoline ring expected at 67.9 and 

55.0 ppm respectively, corroborate that TAPOx monomer was completely 

consumed during the CROP [29]. Finally, all the peaks between 32.1 and 14.3 

ppm are assigned to the carbons of the aliphatic side chain of the dendrons (2-

12). This information agrees with the previously reported characterization of 

the TAPOx monomer [29]. 
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Figure 3.3. 13C NMR spectrum of PTOx40 in CDCl3. 

 

Moreover, PTOx40 structure was also characterized by means of FT-IR 

spectroscopy (Figure 3.S1). Thus, the FT-IR spectrum of this poly(2-oxazoline) 

shows an intense band at 1613 cm-1, which is attributed to the C=O stretching 

vibration of the amide carbonyl group. This band was also detected when we 

recorded the FT-IR of N-(2-hydroxyethyl)-3,4,5-tris(4-dodecyloxybenzyloxy) 

benzamide (TAPAm), the dendritic amide precursor synthesized in the 
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reported pathway to obtain TAPOx [29]. Furthermore, total monomer 

conversion was also certified by the complete disappearance of the stretching 

vibration band typical of 2-oxazolines (1643 cm-1 in FT-IR spectrum of TAPOx 

monomer, Figure 3.S1) [40]. 

 

3.3.2. Thermal and mesomorphic characterization 

 

Thermal and mesomorphic characterization of the members of the PTOx 

family was performed by DSC, TGA, POM and XRD experiments. Table 3.3 

shows calorimetric data of the whole PTOx family. 

 

Table 3.3. Calorimetric features of the PTOx family. 

Sample  Tg (°C) a Tc (°C) a T5% (°C) ΔH (kJ/mol) b 

PTOx20 -13 81 282 1.1 

PTOx30 -15 - 288 - 

PTOx40 -12 80 c 287 1.2 c 

PTOx50 -14 - 290 - 

PTOx60 -16 - 287 - 

a Determined by DSC first heating scan. b Expressed per mol of tapered 

repeating unit. c Determined by DSC second heating scan. 

 

As represented in Figure 3.4, DSC thermograms reveal the presence of a glass 

transition temperature between -16 and -12 °C for all side chain liquid 
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crystalline poly(2-oxazoline)s synthesized. Furthermore, a small endotherm 

centred at 81 and 80 °C was observed in the case of PTOx20 and PTOx40, 

respectively. Moreover, POM experiments put into evidence that this 

endotherm corresponds to the clearing temperatures (Tc) of the dendronized 

polymers, since an isotropic viscous liquid was observed above it. This 

endotherm could be only detected by DSC in the first heating for PTOx20 and 

PTOx40, while no exotherm was observed on cooling from the molten state of 

these polymers except for PTOx40 (Tc was also not detected by DSC second 

heating scan except for PTOx40). Nevertheless, it was possible to see by POM 

how different LC textures grew on cooling to RT after 24 h of annealing at 74 

°C (Figures 3.5a and c). Besides, a small shoulder just after the endotherm at 

80 °C could be seen for some SCLC poly(2-oxazoline)s, which corresponds to 

an endothermic peak. As the XRD studies demonstrated, this endotherm was 

not attributed to a thermal transition between different LC mesophases Figure 

3.S3); suggesting that a hysteresis phenomenon occurs in this temperature 

range. Unlike the other members of the family, PTOx40 showed an exotherm 

at 64 °C on cooling, which was attributed to the anisotropization temperature 

(Figure 3.S4). Besides, a shoulder that appears overlapped with the 

endotherm associated to the Tc in the DSC first heating scan is not detected in 

the second heating scan, allowing to determine both the Tc and the associated 

enthalpy in a more accurate way. In this case, the LC mesophase was also 

observed by POM during both heating and cooling, confirming the thermal 

transitions previously detected by DSC. As observed in Figure 3.5b, a pseudo-

focal conic fan-shaped texture typical of these mesogens was exhibited by 

PTOx40. 
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Figure 3.4. Calorimetric analysis of all synthesized PTOx; DSC first heating 

scan of: PTOx20, PTOx30, PTOx40, PTOx50 and PTOx60 (Scan rate: 10 

°C/min). 

 

 

Figure 3.5. Optical micrographs between crossed polars of: (a) PTOx20, (b) 

PTOx40 and (c) PTOx60 recorded at RT (25 ± 5 °C) on cooling from 

isotropization. In the case of PTOx20 and PTOx60, pictures were taken after 

annealing at 74 °C during 24 h and then cooling the poly(2-oxazoline)s to RT. 
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The associated enthalpies to the clearing transitions of PTOx20 and PTOx40 

(Table 3.3) roughly coincide with the already reported enthalpies for systems 

that self-assemble into hexagonal columnar (Colh) lattices [26,41,42].  

For the purpose to confirm calorimetric features and to assign the LC 

mesophases of the synthesized poly(2-oxazoline)s, X-ray diffraction analysis 

was carried out at different temperatures (Figure 3.6 and 3.7). As reported in 

Table 3.4, the investigated PTOx presented columnar mesophases (Col), as 

expected. Actually, Percec and co-workers established that the columnar self-

assembly of this type of hemiphasmidic polymers is driven mainly by 

supramolecular interactions (π-π interactions) of the aromatic moieties 

present in tapered side chain dendrons. Thanks to these interactions, these 

dendritic side-groups can induce a helical arrangement of the polymer chain 

into columns [43,44]. 

Below the Tc, the X-ray diffractograms of PTOx show a sharp peak located in 

the ranges of 2θ angles 2.2 – 2.3° (corresponding to d-spacings between 38.6 

and 39.3 Å), and a broad halo centred around 2θ = 19.2 – 19.5° (which 

corresponds to d-spacings between 4.5 and 4.6 Å). The higher spacing seen in 

the XRD pattern should correspond to the lateral distance between columns, 

while the lower spacing might be attributed to the planar distance between 

dendrons, as we have previously reported for SCLCPs that contain this 

dendritic side group and self-assemble into columnar structures 

[23,24,26,45,46]. 
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Figure 3.6. X-ray diffractograms of PTOx20, PTOx30, PTOx50 and PTOx60 

recorded at 50 °C. 

 

Regarding PTOx40, its XRD diffractogram presents three sharp reflections 

centred at 2θ = 2.3° (d = 38.6 Å), 3.9° (d = 22.3 Å) and 4.6° (d = 19.3 Å). The 

relationship between these d-spacings, which is equal to 1:1/√3:1/2, together 

with the presence of the diffuse halo centered at 2θ = 19.3° (d = 4.6 Å) confirms 

the existence of a hexagonal columnar mesophase (Colh). Thus, the sharp 

reflections are assigned to the lattice planes indexed as (100), (110) and (200), 

respectively, while the broad halo corresponds to the plane (001). In all cases, 

the columnar organization of these dendronized poly(2-oxazoline)s suggests 

that their main chains could arrange forming biomimetic ion channels. 
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Table 3.4. XRD diffraction data of PTOx family. 

Sample d100 (Å) d110 (Å) d200 (Å) d001 (Å) a (Å) Mesophase b 

PTOx20 a 39.3 - - 4.6 - Col 

PTOx30 a 38.9 - - 4.6 - Col 

PTOx40 a 38.6 22.3 19.3 4.6 44.6 Colh 

PTOx50 a 38.6 - - 4.5 - Col 

PTOx60 a 38.9 - - 4.5 - Col 

a X-ray diffractograms of PTOx20, PTOx30, PTOx50 and PTOx60 were 

recorded at 50 °C, while X-ray diffractogram of PTOx40 was recorded at 60 

°C. b Col: columnar. Colh: hexagonal columnar. 

 

 

Figure 3.7. X-ray diffractogram of PTOx40 recorded at 60 °C. 
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Thermal stability of all the members of the PTOx family was studied by TGA. 

As can be seen in Figure 3.8, this family of dendronized poly(2-oxazoline)s 

presents the same thermal stability pattern. All these liquid crystalline 

polymers present an onset of thermal weight loss (determined as the 

temperature corresponding to 5 % mass loss) in the range between 282 and 

290 °C (Table 3.3) and a remaining char yield between 15 and 17 % at 600 °C. 

Moreover, the DGTA curves of these dendronized poly(2-oxazoline)s 

evidenced that their thermal degradation occurs via two-step weight loss 

(Figure 3.S5). This data agrees with the information reported in literature 

during the last years for 2-phenyl-oxazoline based polymers, which exhibited 

complex decomposition mechanisms [47,48]. 

 

 

Figure 3.8. TGA thermogram of PTOx family recorded at a heating rate of 10 

°C/min in nitrogen atmosphere. 
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3.4.Conclusions 

 

A new family of poly(N-acylethyleneimine)s has been successfully 

synthetized by living CROP of dendronized TAPOx, obtaining poly(2-

oxazoline)s within a range of molecular weights between 20 and 60 kDa. Early 

investigations suggest that several factors affect the polymerization reaction 

of TAPOx: temperature, type of initiator, monomer concentration, 

terminating agent and solvent. Concerning the reaction temperature, our 

studies showed that a compromise between time and temperature was 

necessary to avoid the cleavage of the benzylic positions of the side dendron. 

When the reactions were carried out above 105 °C, this cleavage occurred; on 

the other hand, working at lower temperatures determined too long reaction 

times. Therefore, the optimal temperature to perform this CROP is 105 °C. 

With respect to the initiator, methyl based initiators such as MeOTs and 

MeOTf allowed the obtention of dendronized poly(2-oxazoline)s, even 

though the polymerizations carried out with MeOTf showed shorter reaction 

times as expected. Therefore, these studies allowed tuning the optimal 

polymerization conditions, which resulted the following: reaction 

temperature equal to 105 °C, use of MeOTf as an initiator, chlorobenzene as a 

solvent, morpholine as a terminating agent, while the monomer concentration 

was fixed at 1.0 M.  

The liquid crystalline character of these poly(N-acylethyleneimine)s was 

investigated. Calorimetric studies showed that the entire family of PTOx 

exhibited liquid crystalline behaviour. In fact, the liquid crystalline 

mesophases of these poly(2-oxazoline)s, which could be evidenced by DSC, 
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present a wide range of temperature (ca 90 °C),  exhibiting the liquid 

crystalline mesophase already at RT (25 ± 5 °C). Nevertheless, this mesophase 

could be only observed by DSC on the first heating scan for all PTOx except 

for PTOx40, which showed a clear enantiotropic liquid crystalline mesophase. 

On the other hand, POM experiments proved that LC mesophases of PTOx20-

30 and PTOx50-60 could be grown on cooling after annealing at 74 °C during 

24 h. XRD analysis showed that the entire family of poly(2-oxazoline)s self-

assembles into columnar mesophases, being able to detect a hexagonal 

columnar mesophase in the case of PTOx40. All these results evidenced that 

these novel family of SCLC acyl-substituted poly(ethyleneimine)s could be 

promising materials with the ability to transport diverse cations in the 

development of new biomimetic membranes.  
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3.6.Supporting Information 

 

 

Figure 3.S1. FT-IR spectra of: TAPOx monomer and PTOx40 poly(2-

oxazoline). 
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Figure 3.S2. SEC curves of PTOx family. 
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Figure 3.S3. X-ray diffractograms of PTOx20 recorded at: a) 50, b) 85 and c) 

110 °C. 
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Figure 3.S4. Calorimetric analysis of PTOx40: a) first heating, b) first cooling 

and c) second heating (Scan rate: 10 °C/min). 
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Figure 3.S5. DTGA curves of PTOx family recorded at a heating rate of 10 

°C/min in nitrogen atmosphere. 
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4.1.Introduction 

 

Nowadays, climate change is a reality. An increasing amount of greenhouse 

gases (GHG) over the years has been released into the atmosphere for the last 

century, leading to an increase in the global temperature [1].  With this 

background, the scientific community has been focused on the development 

of alternatives to fossil fuels. One of these alternatives is the proton exchange 

fuel cells (PEMFC). These types of cells are assembled similarly to a sandwich. 

In the middle of the sandwich, there is the polymer electrolyte membrane 

(PEM), which is surrounded by two electrodes, one on each side [2]. In the last 

decades, PEMFC have aroused a great interest in power-generating devices 

for portable devices and automotive due to their low cost, lightweight, low 

emissions, and high-power density [3].  

Nowadays, PEMFC membranes are based on perfluorosulfonic acid ionomer 

(PFSI). However, these types of membranes present some drawbacks such as 

poor chemical stability at high temperatures, methanol crossover (when 

operating on direct methanol fuel cells (DMFC)), and a huge dependency on 

water, limiting their range of operating temperature from 0 to 100 °C [4].  

Despite PFSI-based membranes present advantages like excellent proton 

conductivity and electrochemical stability, other alternatives have been 

investigated in recent years. For instance, Wang and co-workers have proven 

the use of amino acid-modified chitosan nanofibers to build up 

nanocomposites for proton exchange membranes, obtaining good 

conductivity at 80 °C (0.192 S/cm) and lower methanol crossover than the 

typical PFSI-based membranes [5].  
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Looking for other alternatives, our group has focused over the last decades on 

providing an alternative to PFSI-based membranes. To do so, tapered side 

chain liquid crystal polymers (SCLCP)s have been investigated. Lately, liquid 

crystals and liquid crystal polymers have been investigated deeply due to 

their broad range of applications, from different optoelectronic devices [6], to 

sensors [7] or membranes [8–10]. 

For instance, Bogdanowicz and co-workers designed a family of modified 

SCLCPs for the anodized aluminium oxide hybrid membrane, based on a 

poly(aziridine) modified with the dendron 3,4,5-tris[4-(n-dodecan-1-

yloxy)bezyloxy]benzoate (TAPER) that showed methanol crossover at the 

level of 10−8 cm2 s−1, two orders of magnitude lower than Nafion®117, high 

permselectivity towards proton in comparison to other monovalent cations 

[11]. In other work, Montané et al. and Zare et al. prepared a SCLC linear 

polyethers modified with the same dendron, for which columnar structure in 

self-supported membrane was obtained, with proton conductivity similar to 

low-hydrated Nafion®117 [12,13]. An advantage of the above-mentioned 

polymers is their ability to self-assemble into column-like structures due to π-

π stacking of the side chain mesogen aromatic moieties in lateral position and 

not in the main chain [14]. In our previous studies [12,13,15] a full chemical 

modification polymer was not able to be prepared, instead a partially 

modified SCLCP was obtained. Despite the rather low modification degree in 

some cases, the presence of the mesogenic tapered unit confers the liquid 

crystal behaviour, obtaining columnar structures. The presence of columnar 

structures, using this dendron, was confirmed in previous studies by Percec 

and co-workers [16,17].  
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As aforementioned, SCLCPs were modified followed by the strategy of 

grafting the dendronized tapered mesogen 3,4,5-tris[4-(n-dodecan-1-

yloxy)bezyloxy]benzoate to a polymeric chain (i.e., polyepichloridine-co-

ethylene oxide, polyglycidol and polyaziridine)[12,13,18]. Another explored 

strategy includes the synthesis of a SCLCP by directly polymerizing a 

mesogenic tapered monomer containing the same dendron as the one used 

for the chemical modifications in the first strategy, leading in both cases to 

columnar structure [19–21].  

The formation of these columnar structures allows the design of ion-

transporting channels. The aromatic moieties support this conformation 

thanks to the rigidity of the aromatic rings. Additionally, long aliphatic chains 

at the outer part of the dendron build an additional layer toward the surface 

of the columns. This flexible layer further stabilizes the formed columns. In 

this group of polymers, the presence of heteroatoms (oxygen or nitrogen) in 

the polymer backbone facilitates the transport of the cations across the 

columns, forming the permeation path. Dodecyl aliphatic chains additionally 

ensure a sufficient level of columns’ mobility allowing thermally induced 

rearrangement and ideally homeotropical columns’ orientation. The highly 

hydrophobic nature reduces the influence of the external environment 

reducing water cross-over [16].  

Mechanical properties of the polymers described in the literature exhibit some 

differences according to the used backbones. On the one hand, 

polyepichloridine-co-ethylene oxide-based SCLCP present good mechanical 

properties despite their lack of sufficient proton permselectivity in 

comparison to other monovalent cations, such as Li+, K+ and Na+ [22].  On the 

other hand, polyamines-based SCLCPs show good proton conductivity and 
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relatively good permselectivity towards proton despite their poor mechanical 

properties. In these cases, polyamines modified membranes were fragile and 

brittle and therefore needed a support material [11].  

In this work, we present the preparation and characterization of tapered 

liquid crystal poly(2-oxazoline) membranes, based on poly(2-(3,4,5-tris(4-

dodecyloxybenzyloxy)phenyl)-2-oxazoline) (PTOx). The idea of using this 

monomer to prepare a SCLCP resides in the 2-oxazoline moiety. It is well 

known that 2-oxazoline monomers polymerize in a living polymerization 

fashion. This allows us to synthesize mesogenic homopolymers with a well-

defined degree of polymerization (DP) and, by extension, molecular weight. 

In addition, living polymerizations are characterized by a narrow molecular 

weight distribution.   

A recently published work presenting in detail the synthesis and 

characterization of a family of PTOx, with DP from 20 to 60 is a starting point 

for this work [20]. For the following work, the PTOx with a degree of 

polymerization of 40 (PTOx40) was selected, since it is the only one that 

exhibited a clear hexagonal columnar mesophase with well-defined clearing 

and anisotropy temperatures observed after first heating. Ŝakalytė and co-

workers, for instance, synthesized a family of modified polyaziridines 

(poly[2-(aziridin-1-yl)ethanol] (PAZE)) with the dendron 3,4,5-tris[4-

(ndodecan-1-yloxy)benzyloxy]benzoate (TAPER) obtaining different degrees 

of modifications from 16 to 100%. In this work, the presence of crystalline 

domains was noticed for the modified PAZE with modification degrees 

between 16 and 48%, and 100%, which resulted in polymers with a brittle 

behaviour [23]. PTOx liquid crystal homopolymers family did not exhibit the 

presence of crystalline domains, as was seen according to differential scanning 
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calorimetry and X-ray diffraction, which should be an advantage in terms of 

the homopolymer performance [20]. The preparation of the membranes was 

made according to the literature [15,24,25]: initially, an attempt to prepare a 

self-supported PTOx membrane was made, however, after several iterations, 

a rupture of the membrane was observed. For this reason, a polyester fabric 

was chosen as support to prepare poly(2-oxazoline) hybrid membranes and 

studied in detail.  

4.2.Experimental Section 

 

4.2.1. Materials  

 

Inorganic and organic compounds were purchased from Sigma Aldrich and 

Fischer Scientific and used as received. The used polyester fabric was Hollytex 

22 g/cm2. For membrane assembling and all experiments in which water was 

required, Milli-Q ultra-pure water was used.  

 

4.2.2. Polymer synthesis  

 

Poly(2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-2-oxazoline) (PTOx) with a 

degree of polymerization of 40 was synthetized as described elsewhere [14]: a 

previously flame dried Schlenk tube was filled with 2-(3,4,5-tris(4-

dodecyloxybenzyloxy)phenyl)-4,5-dihydro-1,3-oxazole) (TAPOx) (0.5 g, 0.5 

mmol) and kept under vacuum for 30 min. After that, the tube was immersed 
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in a previously heated oil bath at 105 °C. When TAPOx was melted, the 

appropriate amount of dry chlorobenzene was added to reach 1.0 M 

concentration inside the Schlenk tube (considering the amount of 

chlorobenzene that was already added with the initiator). Then, the initiator 

(MeOTf) was added via syringe according to the desired DP (DP = 40) from a 

freshly prepared solution of the initiator in dry chlorobenzene ([MeOTf] = 

0.135 M). The mixture was stirred until 1H NMR spectrum indicated almost 

complete conversion of the monomer (≥93 %). Then, a large excess of 

morpholine (200 μL) was added to the reaction mixture, acting as a 

terminating agent. After 30 min, the crude mixture was precipitated twice in 

a cold KOH solution (0.1 M). Finally, the product was dried under vacuum at 

50 °C until constant weight to obtain a beige solid.  

4.2.3. Membrane Preparation  

 

4.2.3.1. Surface type for membrane preparation 

 

Fluorinated Ethylene Propylene Resin (FEPR) paper sheet base, with a 

thickness of 0.1 mm, was purchased from Saint-Gobain. The FEPR sheet was 

washed with acetone and air-dried before used. 

Hydrophobic glass: the glass plates were immersed in a 10% (v/v) solution of 

clorotrimethylsilane overnight. After that, hydrophobic glass plates were 

washed several times with acetone and air-dried overnight.  
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4.2.3.2. Membrane preparation 

 

A general overview of the hybrid membrane preparation, involving the 

immersion precipitation and the thermal treatment, is depicted in Figure 4.1. 

 

 

Figure 4.1. General overview of the hybrid membrane assembling. 

 

The immersion precipitation process included: a 30% solution (w/w) of PTOx 

in THF was prepared and cast over the polyester fabric. The polyester fabric 

was placed over a hydrophobic base (treated glass or FEPR sheet) or over a 

hydrophilic glass plate. Later, the impregnated support was immersed in a 

bath of Milli-Q water for 15 minutes. Finally, the membrane was air-dried 

overnight. 

The thermal treatment (baking process) consisted of the previously prepared 

hybrid membrane was placed on a Linkam TP92 hot stage, heated above the 

polymer clearing temperature and kept for 30 min. Next, it was slowly cooled 

(0.5 °C/min) to the selected annealing temperature (Table 4.2). Hybrid 
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membranes were annealed for 24 h. Finally, the hybrid membranes were 

cooled down to room temperature at 0.1 °C/min. 

 

4.2.4. Characterization  

 

Differential Scanning Calorimetry (DSC). Calorimetric analyses were 

carried out on a Mettler DSC-821 instruments calibrated using indium (156.6 

°C) and zinc (419.6 °C) pearls. Samples were placed in an aluminium standard 

crucible of 40 μL with pierced lids (between 4 and 6 mg of the sample), which 

were analysed in N2 atmosphere (gas flow rate of 50 cm3/min).  

 

Contact angle (CA). The static contact angles with water on a membrane 

surface were measured with an optical goniometer (Ossila LTd, Sheffield, UK) 

supported by dedicated software. For the tests, water drops of (7 μL) were 

deposited in the sample surface. The contact angle was calculated, 

immediately after placing the water drop, using the tangent to the surface at 

the point of contact of three phases, i.e., solid, liquid and gas. For each test 

reported, at least three drops of water were used.  

 

X-Ray diffraction (XRD). The XRD measurements were made using a Bruker-

AXS D8-Discover diffractometer equipped with a parallel incident beam 

(Göbel mirror), vertical θ-θ goniometer, XYZ motorized stage and a GADDS 

(General Area Diffraction System). Samples were placed directly on the 
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Si(510) sample holder for reflection analysis. An X-ray collimator system 

close-to-the-sample allows to analyse areas of 500 μm. An X-ray 

diffractometer was operated at 40 kV and 40 mA to generate CuKα radiation. 

The GADDS detector was a VÅNTEC-500 (silicon strip technology) placed at 

30 cm from the sample. We collected one frame (2D XRD pattern) that covered 

at such distance a range from 0.9 up to 11° 2θ and from 9.0° to 30.5° 2θ. The 

exposition time was 600s per frame. 

 

Electrochemical Impedance Spectroscopy (EIS). Electrochemical Impedance 

Spectroscopy analysis was performed using PGStat Autolab M204 (Metrohm, 

Barendrecht, Netherland), coupled to a frequency response analyser (FRA) 

and two-point cell composed of two copper plates. We carried out the analysis 

in dried stat and after adding water drops. EIS analysis was performed 

through-plane and in-plane configuration. The measurements were 

performed at room temperature (24 ± 1 °C). 

 

Permeability tests. Permeability tests were performed using a methacrylate 

test cell that consisted of two compartments, separated by the tested 

membrane, containing the feed and the stripping solutions, respectively. The 

feed and the stripping were 200 mL, and the effective area was 0.28 cm2. For 

the proton transportation experiments, the initial feed solution was 0.1 M HCl 

aqueous solution and the stripping solution 0.1 M aqueous of: NaCl, LiCl or 

KCl. The pH of the stripping solution was measured every 10 s by a pH-

Conductivity meter CPC-505 connected to a computer, which registered all 

results. All experiments were repeated three times. 
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Linear Sweep voltammetry (LSV): Linear sweep voltammetry was 

performed using Metrohm / Eco Chemie Autolab PGSTAT12 (Metrohm, 

Barendrecht, Netherland), in potentiostatic mode with current ranging 

(automatic) from 100 mA to 100 nA, potential range from 0 V to 5 V, step 0.01 

V, and scan rate 0.01 V/s. The experimental setup is presented in Figure 4.8. 

The distance between the reference electrodes (Ag/AgCl) and the membrane 

was 1 cm. The solution volume in each compartment was 200 mL. The 

measurements were performed at RT (24 ± 1 °C). Samples for these 

experiments were placed in a Teflon sheet with a hole in the middle, giving a 

total membrane area equal to 0.28 cm2. The hybrid membrane was placed 

between two Teflon sheets and sealed.  

0.1 M hydrochloric acid was used to study the proton transport. Additionally, 

a series of measurements with chlorides (LiCl, KCl and NaCl) in 0.1 M 

solutions were performed to study the selectivity performance.  

 

Solution uptake test. Weighted membranes were immersed in Milli-Q water 

at room temperature, and the measurements were taken every hour for the 

first 5 hours and then at 24h, to ensure complete water saturation of the 

membranes. The water on the surface was quickly removed with filter paper, 

and the mass was measured afterwards. The water uptake can be calculated 

as follows. 

𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒 (%) =  
(𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦)

𝑊𝑑𝑟𝑦
∗ 100   (1) 
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Where Wwet and Wdry are the mass of wet and dry membrane samples, 

respectively.  

The same procedure was used when calculating the methanol uptake. In these 

cases, solutions of 2M, 6M and 12M of methanol in water were used. 

Measurements were taken every hour for the first 5 hours, and then at 24 h, to 

ensure complete methanol saturation of the membranes.  

Optical Microscopy Analysis. It was performed with a Keyence digital 

microscope VHX – 7000 series, with 4K high-resolution camera.  

 

4.3.Results and discussion 

 

4.3.1. Membrane preparation and characterization 

 

As previously described, we have synthetized a family of columnar liquid 

crystal poly2-oxazolines based on the tapered monomer 2-(3,4,5-tris(4-

dodecyloxybenzyloxy)phenyl)-4,5-dihydro-1,3-oxazole) [19]. This family 

contains 5 family members depending on the degree of polymerization (DP) 

from 20 to 60 [20]. The specific design of dendronized polymer structure 

allows the formation of columnar structures where the polymer backbone 

forms an inner channel. The channel is stabilized and protected by the tapered 

dendron. According to literature, this stabilization is possible due to the π-π 

stacking of the aryl moieties of the dendron [14,26].  The inner part of the 

columns contains nitrogen atoms, which thanks to their electron donor 
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character are expected to be responsible for the proton transport across the 

columns, without the need for water molecules [11,22,24].  

Therefore, for this study, we choose a poly2-oxazoline (structure can be seen 

in Figure 4.2) with a DP of 40 (PTOx40), since it is the only one that presents 

a clear hexagonal columnar mesophase, as we could observe by XRD in 

previous studies (Table 4.1) [20]. During the membrane assembling, 

preliminary studies demonstrated the impossibility of preparing self-

supported PTOx40 membranes, due to their brittleness. In order to solve this 

drawback, a support was used. A polyester fabric (Hollytex 22 g/cm2) was 

used as the support for the preparation of hybrid PTOx membranes. 

Membrane preparation process involved two main steps: the first one was the 

preparation of a solution of PTOx40 in tetrahydrofuran (THF) 30% (w/w) 

followed by the impregnation of the polymeric solution over the polyester 

support, and the second step, was the precipitation of the polymer using a 

Milli-Q water bath, followed by overnight air drying at room temperature.  

 

 

Figure 4.2. Poly(2-oxazoline) (PTOx40) chemical structure. 

 

During the preparation of the hybrid membranes different surfaces were 

employed: normal glass (hydrophilic), silanized glass (hydrophobic) and a 
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Fluorinated Ethylene Propylene Resin (FEPR) sheet (hydrophobic). We used 

both hydrophobic and hydrophilic substrates to evaluate the influence of the 

hydrophobicity of the surface on the orientation and transport capability of 

the prepared membranes. The homeotropical orientation of the PTOx40 

columns was induced according to the thermal treatment. The treatment can 

be summarized as follows: first, heating above the clearing temperature (Tc), 

followed by a slow cooling until the annealing temperature (see Table 4.2). At 

this moment, the membranes were kept at a constant temperature for 24 

hours. Subsequently, hybrid membranes were cooled to room temperature, at 

the cooling rate of 0.1 °C/min. Additionally, for comparison’s sake, a non-

oriented hybrid membrane was prepared. Therefore, three membrane sets 

were prepared depending on the type of substrates; hydrophilic glass 

(PTOxM13), hydrophobic glass (PTOxM15), hydrophobic FEPR (PTOxM14), 

the non-oriented membrane supported on a hydrophilic glass (PTOxM12). 

 

Table  4.1. Calorimetric features of PTOx40 obtained by DSC, and type of 

mesophase obtained from XRD results. 

Polymer Tc (°C) a Mesophase 

PTOx40 74 Colh 

a Clearing temperature obtained from second heating scan (scan rate: 

10°C/min) (Figure 4.S1).  

 

The hybrid membranes, prepared by the impregnation with a polymeric 

solution and the phase inversion precipitation, were analysed by XRD to 

establish polymer organization. From XRD analysis we observed a relatively 

sharp (full width at half maximum (FWHM) = 0.2) peak centred at 2θ = 2.3° (d 
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= 38.6 Å) which indicates the presence of columnar structures (Figure 4.3). 

This peak was assigned to the lattice plane indexed (1 0 0). These results are 

in agreement with the dendronized polymers modified with TAPER 

described in the literature [12,13,15,18,20,25]. From the azimuthal scan we 

could confirm the proper orientation of the columns for the membranes 

PTOxM13, PTOxM14 and PTOxM15. In this analysis, we observed the 

presence of a relatively narrow (FWHM = 7.8 – 8.1) peak centred at 

approximately 270°, which indicates homeotropic orientation (Figure 4.4). 

XRD data is summarized in Table 4.2.  As a comparison, the non-oriented 

membrane (PTOxM12) does not present a narrow peak at the azimuthal scan, 

which indicates no homeotropic orientation of the columns in the membrane. 

Meanwhile, a very flat and broad peak is presented, which could indicate the 

presence of a random orientation. The result of the lack of desired orientation 

could be explained by the use of the elevated annealing temperature, above 

the clearing temperature used during the preparation of the membrane. Since 

the temperature used to orient the polymer columns was close to the clearing 

temperature, the excess of the energy provided to the system may have 

exceeded the energy level required for the homeotropical orientation of the 

polymeric columns, and thus, the equilibrium at the annealing stage was not 

reached. Therefore, in the following step, the cooling process occurred in a 

disbalanced environment, reducing the possibility for homeotropic 

orientation of the columns. Evaluating the influence of the bottom surface 

from the azimuthal scan we can observe that when a hydrophobic substrate 

was used (PTOxM14 and PTOxM15), the obtained orientation was better than 

for the hybrid membrane PTOxM13, in which a hydrophilic substrate was 

used.   
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The morphology and the topographic analysis of the membrane surfaces were 

evaluated through optical microscopy. All membranes presented a pallid light 

brown colour with a low transparency (Figure 4.4). It was observed that the 

membrane PTOxM12 presented a slightly greater transparency than the 

oriented membranes, PTOxM13, PTOxM14 and PTOxM15. One could expect 

that the homeotropically oriented membranes should present an increased 

transparency in comparison to the non-oriented membrane, due to the 

transmission of light across the membrane. Nevertheless, it seems that this is 

not the case, and the transparency of these samples is not related to the 

orientation of the hybrid membranes. The images shown in Figure 4.4 were 

recorded for the membranes attached to the substrates (glass, silanized glass 

and FEPR). In all oriented membranes air bubbles were observed. PTOxM14 

was the membrane with bigger number of bubbles and bigger size. This can 

be explained due to the used substrate (FEPR)- the most flexible substrate for 

the series. After the immerse precipitation, during the overnight drying, the 

substrate adopted an undulated shape, hence the contraction of the polymeric 

material could promote the appearance of the increased number of bubbles, 

as well as their bigger size.     
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Table  4.2. XRD diffraction data of PTOx membranes and resulting full width at half maximum (FWHM) and angle of 

orientation. 

Membrane 
Annealing 

Temperature (°C) 
Oriented 

2θ 

(°) 

d 100 

(Å) 
Mesophase 

FWHM 

(°) 

Angle of Orientation 

(°) 

PTOxM12 73 No 2.3 38.6 Col - - 

PTOxM13 69 Yes 2.3 38.6 Col 7.8 90 

PTOxM14 69 Yes 2.3 38.6 Col 8.1 90 

PTOxM15 69 Yes 2.3 38.6 Col 7.8 90 
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Figure 4.3. XRD diffractograms of the membranes a) PTOxM12, c) PTOxM13, 

e) PTOxM14 and g) PTOxM15, and the azimuthal scan of the hybrid 

membranes b) PTOxM12, d) PTOxM13, f) PTOxM14 and h) PTOxM15. 
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Bubbles can be segregated into three groups, in terms of diameter: small (80 – 

300 μm), medium (300 – 800 μm) and large (800 – 1600 μm). Bubbles observed 

in the PTOxM13 and PTOxM15 were mainly small and medium (Figure 4.4b 

and 4.4d) with few exceptions of single large bubbles (PTOxM13) (Figure 

4.4b). On the other hand, the PTOxM14 presented a variety of bubbles (Figure 

4.4c). An extended number of small bubbles could be seen across the whole 

membrane. Medium bubbles were located mainly close to the border of the 

membrane. The largest bubbles were found in this membrane. It was 

noteworthy that these bubbles were not observed during the preparation of 

the membranes, but after the immersion precipitation, probably as a 

consequence of the exchange of the solvent (THF) and the antisolvent (Milli-

Q water). The PTOxM12 membrane, on the other hand, did not present any 

kind of bubbles of any size. This fact can be explained by several heating 

attempts performed on the same membrane in non-ideal conditions. The 

PTOxM12 was heated several times to achieve homeotropical orientation, 

however, this orientation was never obtained. Therefore, this membrane was 

used as a non-oriented membrane that underwent unsuccessful thermal 

treatment.  
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Figure 4.4. Optical microscopy images of a) PTOxM12, b) PTOxM13, c) 

PTOxM14 and d) PTOxM15 were recorded at RT (24 ± 1 °C). 

 

To study the morphology of the membrane surface, a topographic analysis 

was carried out with the same optical microscope. This analysis allowed the 

characterization of both oriented and unoriented membranes with the 

purpose of identifying visible structural defects along with any discontinuity 

of the surface or cracks (Figure 4.5). Nevertheless, PTOxM12 seemed to 

present a more irregular surface. This membrane, as it was already 

commented, presented a bigger level of transparency than the other studied 

membranes, which did not allow the observation of any defects on the surface. 

Therefore, in this membrane, we were not observing any important 
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morphology characteristics of the surface, only the morphology beneath the 

upper surface.  The areas with bubbles seemed to have a sunken surface, as 

can be seen in Figure 4.S2. According to the depth, bubbles could be located 

close to the surface of the air side, or dept at the bottom part close to the 

support. Regardless of the depth, they could present a thin film at the upper 

part of the entrapped bubble, thus increasing the transparency of this part 

(Figure 4.S2b, 4.S2d and 4.S2f). As a consequence, in the topographic 

analysis, we could observe mainly the bottom part of the bubble and not the 

upper part. Another possibility is the presence of these bubbles at the bottom 

part of the membrane, and because of the transparency of the hybrid 

membrane, they seem to be close to the upper surface or in the middle of the 

membrane.  

 

Figure 4.5. 3D images from hybrid membranes a) PTOxM12, b) PTOxM13, c) 

PTOxM14 and recorded with an optical microscope at RT (24 ± 1 °C).  
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Finally, we analysed utilizing the optical microscope the bottom surface of the 

membrane after detaching them from the substrates. We could observe how 

membranes PTOxM12, PTOxM13 and PTOxM15 demonstrate a more regular 

surface than the air side of the membranes. When detaching the hybrid 

membrane PTOxM14 from the substrate surface, we observed a small 

cracking of the excess of the polymer used, located in between the membrane 

and the surface. In this case, the membrane conserved its structure, and no 

rupture was observed. From the topographic analysis of the bottom side of 

the membranes, we could confirm that the observed bubbles were located 

mainly at the bottom side of the membrane and not at the upper and middle 

part. In Figure 4.S3 we can observe the presence of the bubbles in this polymer 

in excess and not inside the membrane. From the topographic analysis, we 

can observe how the membrane surfaces are highly homogenous. The only 

phenomenon that disrupts this homogeneity are the bubbles, which denote a 

sunken zone. In these cases, we did not observe a thin film at the top of the 

bubble, which was always presented in the topographic analysis of the air 

side.  

Polyester fabric fibres were also analysed through optical microscopy in order 

to compare the fibre thickness before and after the polymer impregnation. As 

can be seen in Figure 4.S4, there is no difference between the fibres before and 

after the preparation of the hybrid membranes. The thickness of the polyester 

fabric fibres was between 25 to 35 μm (Figure 4.S4c), meanwhile, the hybrid 

membrane fibres presented similar thickness (Figure 4.S4a-b). This could 

indicate that the polymer (PTOx40) was not swallowed by the fibres during 

the impregnation, instead it surrounded the fibres. For this study, we 

prepared a set of membranes based on PTOx40 and polyester support. The 
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preparation process of the membrane is shown in Figure 4.1. To induce the 

homeotropical orientation of the polymeric columns in the membrane, the 

samples underwent a thermal process. The list of samples is presented in 

Table 4.2. 

 

4.3.2. Transport properties 

 

One of the aims of this study was to determine the ion transport properties of 

the membrane, therefore in the first step, wettability tests were performed. 

The membrane wettability was studied employing water static contact angle 

(CA) measurements using an optical goniometer supported by dedicated 

software. In our previous studies, the CA values were analysed for different 

polyether and polyamine membranes bearing a tapered group as the side 

chain, with the ability to form polymeric columns [12,22,24]. The results of 

this analysis evidenced an increased hydrophobicity value for the 

homeotropically oriented membranes in comparison to the non-oriented 

membranes. Therefore, this increased hydrophobicity was explained as the 

result of exposure to the highly hydrophobic tapered group, due to the 

homeotropic orientation of polymeric columns. For instance, Zare and co-

workers observed an increased hydrophobicity from 87 ± 2 ° to 104.5 ± 0.9 ° 

on the air side (top side of the membranes) [22]. Nevertheless, for the PTOx 

membranes such distinguished change in the CA values: for the unoriented 

membranes were equal 108 ± 1.1 ° for PTOxM12, whereas for the oriented 

membranes were equal 112.4 ± 1.2 °. All the results of the contact angle 

measurements are summarized in Table 4.3. 
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Oriented and non-oriented PTOx membranes exhibited similar contact angles 

with the difference of c.a. 4 ° for the air side (Figure 4.S5). The difference in 

the obtained results in comparison to the literature findings can be explained 

by two main factors: first, our membranes are supported by a polyester fabric 

with a hydrophobic character, as we can see in Table 4.3, this fabric is 

impregnated by the polymer, where the polymeric column rearranges to 

increase the interaction between outer hydrophilic sites. Second, the structure 

of the lateral chains differs. In our case, the tapered group was linked directly 

to the nitrogen placed in the polymer main chain, whereas in previous cases 

the TAPER was linked via an ethyl spacer. The formation of hybrid 

membranes using this fabric could favour the increased contact angle value of 

the non-oriented membrane; when the polymer was cast on the polyester 

support the interaction between the hydrophobic groups presented on the 

surface of the threads of the support predefines the orientation of the 

polymeric columns increasing the overall hydrophobicity – higher CA values, 

however, due to not well-defined structure of the support, columns are unable 

to full form the ideal homeotropic orientation.  

 

UNIVERSITAT ROVIRA I VIRGILI 
COLUMNAR LIQUID-CRYSTALLINE POLYMERS CONTAINING NITROGEN AT THE BACKBONE TO BE USED 
TO PREPARE ION-TRANSPORT MEMBRANES 
Jordi Guardià Blanch 
 



 CHAPTER 4 

 

190 
 

Table  4.3. Water and methanol uptake, and water contact angles of oriented (PTOxM13, PTOxM14 and PTOxM15) and 

non-oriented (PTOxM12) PTOx membranes, as well as for the polyester fabric support. 

Membrane 
Water Contact  

Angle a, b 

Water Uptake 

(%) c 

2 M Methanol 

(%) c 

6 M Methanol 

(%) c 

12 M Methanol 

(%) c 

PTOxM12 108.7 ± 1 a /111.3 ± 2 b 10 ± 1 4 ± 2 4 ± 2 5 ± 2 

PTOxM13 113.0 ± 1 a /110.7 ± 2 b 11 ± 2 6 ± 1 5 ± 1 4 ± 1 

PTOxM14 111.2 ± 2 a /116.8 ± 4 b 10 ± 1 8 ± 1 7 ± 2 4 ± 1 

PTOxM15 112.4 ± 1 a /111.5 ± 2 b 10 ± 1 6 ± 1 4 ± 1 4 ± 1 

PTOxVM d 104.7 ± 1 - - - - 

Polyester Support 114.2 ± 1 23 ± 2 25 ± 1 26 ± 1 24 ± 1 

a Air side. b Substrate side. c Water and methanol uptake after 24 h. d PTOx virgin membrane (no support was used). No 

thermal treatment was employed. 
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As mentioned before, oriented membranes were assembled over different 

substrates, hydrophilic (PTOxM13) and hydrophobic (PTOxM14 and 

PTOxM15). As we can also observe in Table 4.3 there was no difference 

between each hydrophilic/hydrophobic surface, indicating that the substrate’s 

nature does not affect the wettability of both sides of the membrane. In 

addition, when analysing the bottom part of the membranes we did not 

observe any difference of the contact angles regarding the zones with bubbles 

in comparison with the zones without. Therefore, the observed variations 

were only driven by the PTOx40 between the fabric and the surfaces.   

To assess the possible influence of the aqueous environment and the methanol 

an uptake test with water and methanol aqueous solutions was performed. 

The results for all membranes revealed almost identical behaviour, regardless 

the orientation, for both water and methanol solutions. Evaluation of the mass 

over time indicated full solution uptake within the first hour of the experiment 

for all solutions and concentrations. As can be seen in Table 4.3, water uptake 

values were roughly around 10 % for all tested membranes. The methanol 

uptake presented approximately 6 % of weight increase for the 2M solution, 

showing a decreasing tendency of uptake values upon increasing 

concentrations (6M and 12M) solutions.  

For the ionic conductivity experiments, such as EIS, permeability test and 

linear sweep voltammetry, the membranes with a diameter of 0.8 cm were 

used. Each of these small membranes has been chosen to perform each of the 

different conductivity experiments.  The ionic conductivity of both oriented 

and non-oriented hybrid membranes was studied firstly by electrochemical 

impedance spectroscopy (EIS). The experiment was carried out for dry 

membrane and after adding few water drops, to rule out the influence of 
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moisture on the conductivity behaviour. As we could observe from the contact 

angle experiments, all studied membranes are hydrophobic. Hence, the 

addition of water should not imply any changes in the conductivity results 

obtained from impedance spectroscopy. To describe the polymer conductivity 

behaviour of the hybrid membranes, we performed a simulation of the 

impedance data fitted to model electrical circuits.  Depending on the 

impedance data the system can be simulated by different simple or complex 

equivalent circuits. Electrical circuits were labelled by using the “circuit 

description code” (CDC) [27] where, a circuit composed for example by a 

resistor (R) (Figure 4.S6a) and a capacitor (C) (Figure 4.S6b) can form 

different combinations. If a capacitor and a resistor are connected in series the 

circuit is denoted as RC (Figure 4.S6c), but if it is connected in parallel it is 

expressed enclosed in parentheses (RC) (Figure 4.S6d). As mentioned, other 

more complex circuits can be formed, i.e.  a circuit in which a resistor and a 

capacitor are connected in parallel and connected to another resistor is 

denoted as R(RC) (Figure 4.S6e), among many other examples.   

For a better understanding, we decided to perform EIS in-plane and through-

plane measurements. Water drops were only added during the in-plane 

experiments. The results of these experiments are shown in Figure 4.6 and 

Figure 4.S7, for dry membranes and after the addition of 10 drops of water, 

respectively.  

As we can observe, in both graphics membranes do not display a significant 

difference between the dry membranes and the membranes after 10 drops of 

water. The hydrophobic behaviour of the membranes prevented the water 

from spreading across the hybrid membranes. Additionally, the added water 
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formed a uniform drop which did not spread over the membrane surface, as 

expected (Figure 4.S8).  

 

 

Figure 4.6. Nyquist plots of dried PTOx hybrid membranes. a) PTOxM12, b) 

PTOxM13, c) PTOxM14 and d) PTOxM15. 

 

As mentioned above, we also performed the EIS impedance analysis through-

plane without the addition of water. During the analysis we could not observe 

any significant differences between both in-plane and through-plane 

experiments (Figure 4.6 and Figure 4.7, respectively).  
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Figure 4.7. Through-plane impedance Nyquist plots of the hybrid 

membranes. a) PTOxM12, b) PTOxM13, c) PTOxM14 and d) PTOxM15. 

 

Fitting results obtained from both horizontal and vertical impedance can be 

expressed by two different circuits (RC and R(RC)) (see Figure 4.S6c and 

4.S6e). Table 4.S1 and Table 4.S2 summarize the results obtained from the 

fitting, where Table 4.S1 reveals the data obtained from in-plane EIS analysis 

of the dried membranes, and after 10 drops of water. Table 4.S2 shows the 

data of the through-plane EIS analysis of the hybrid membranes.  

Graphical representation of obtained EIS data suggests that the behaviour of 

hybrid membranes can be correlated with a both resistance-capacitance 

response. The value of the capacitance was observed with the order of 

magnitude 10-07 and 10-08, or in other words almost negligible. Regarding the 
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resistance value, we obtained a resistance with the order of magnitude 10+11 

and, in many cases, with an error bigger than 100 % or, in some cases, lower 

than 0 %, when compared to the simulated equivalent circuit. The power of 

the CPE (n) value used to be between 0 (when perfect resistor) and 1 (when 

perfect capacitor). PTOx40 hybrid membrane “n” values, in almost all cases, 

are bigger than 1, preventing the exact determination of their behaviour as a 

capacitor or a resistor. Therefore, the data obtained from the fitting models 

suggests that membranes are mostly insulating materials from an electronic 

point of view.  

The behaviour distinguished for the hybrid membranes can be explained by 

the non-ionic nature of the poly(2-oxazoline) main chain. The presence of 

ionic elements inside the channels of membranes like Nafion®, for instance, 

sulfonic groups, are responsible for the ionic conductivity observed under AC, 

due to their easy polarizability [28–31]. The channels of studied hybrid 

membranes do not contain ionic groups. In a pristine state they present 

weakly polarized bonds and are not filled with ions. For this reason, the 

observed impedance values show significantly high resistance values. Thus, 

the actual conducting behaviour for ions cannot be directly established from 

the resistance values taken from EIS experiments, since the channels are not 

filled with ions. The low water uptake values obtained, together with the use 

of highly hydrophobic mesogenic groups do not allow the filling of the 

membrane’s inner channel during the preconditioning phase. Therefore, EIS 

cannot be used for the determination of the conductivity of our hybrid 

membranes. For this reason, we have explored the use of other techniques to 

determine the ionic conductivity of hybrid membranes, such as permeability 

tests and linear sweep voltammetry. The construction of polymeric pathways 

UNIVERSITAT ROVIRA I VIRGILI 
COLUMNAR LIQUID-CRYSTALLINE POLYMERS CONTAINING NITROGEN AT THE BACKBONE TO BE USED 
TO PREPARE ION-TRANSPORT MEMBRANES 
Jordi Guardià Blanch 
 



 CHAPTER 4 

 

196 
 

was designed to create a specific environment allowing “solvation” of cations 

by the main chain of the polymer and movement of cations along the 

conductive pathways thanks to external stimuli, such as concentration 

gradient or difference of potentials.  

Cation antiport transport mechanism for liquid crystal membranes based on 

dendronized columnar copolymers was confirmed in the literature [22,32]. 

Confirmation of the cation transport for dendronized columnar copolymer 

was observed based on the increase of proton concentration in the stripping 

solution and, the simultaneous increase of the sodium concentration at the 

feed solution (when HCl 0.1M and NaCl 0.1M were used for feed and 

stripping solutions, respectively).  As it was demonstrated, channel size 

affects the antiport transport mechanism, because the cation transport occurs 

simultaneously in both directions to maintain the charge balance in both 

compartments. In this study, the antiport transport mechanism was evaluated 

using different salts such as NaCl, LiCl and KCl. The best results were 

obtained when NaCl stripping solution was used, and worse results were 

observed for LiCl and KCl. From the three evaluated cations, it is known that 

the potassium cation is the one with the biggest ionic radius, therefore its size 

exclusion transport mechanism across the inner channel of the membrane was 

an important factor. On the other hand, the lithium cation, despite its small 

ionic radius, showed lower than sodium cation performance, which might be 

related to the fact of having the biggest hydrated radius from all tested 

cations. As a result, its transport across the membrane is also affected by its 

size.  

Following the literature findings in the evaluation of the conductivity 

employing antiport transport first tests were performed using a NaCl solution 
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as the stripping compartment. In these experiments, we did not observe a 

decrease in the pH value after 4 days for all membranes. The same trend was 

observed when a solution of KCl and LiCl was employed. The results 

observed for the presented hybrid membranes were different from the 

previously reported for polyether copolymers with dendronized side chains. 

Nevertheless, even though in both cases the same type of dendron was 

presented and the membrane possessed a columnar structure, the structure of 

the conducting channel seems completely different. Polyether’s structure 

described in the literature is based on a copolymer with lateral chains only 

partially dendronized, meanwhile, poly(2-oxazoline) is a homopolymer, 

which means that the dendron is present in 100 % of monomers. The lack of 

antiport transport may result from the low adaptability of polymeric columns 

of poly(2-oxazoline) to the moving along cation, which does not allow 

transport in both directions to balance the charge difference caused by moving 

transport. It is very likely, that the high degree of the backbone stiffness in the 

case of modified poly(2-oxazoline) in comparison to polyethers partially 

modified with the dendritic group prevents simultaneous transport of cations 

in both directions. 

To characterize the ion transport, current-voltage measurements were 

performed using the setup described in Figure 4.8. From the current-voltage 

measurements obtained in the case of ion transport using LSV one can distinct 

three main regions; (i) at low currents exists a linear relationship between the 

observed current and the applied potential, showing an ohmic or quasi-ohmic 

behaviour, (ii) after, a limiting current can be observed, presenting a plateau 

or semi-plateau region – the maximum of the possible observable transfer 

across the membrane, indicating cation’s permselectivity, which implies that 
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only the cation contributes to the charge transfer across the membrane, and 

(iii) an overlimiting region where an increment of the current is observed, 

which can be explained due to an electroconvection phenomenon or the 

dissociation of water. [33–35] The current–voltage (C–V) curves obtained with 

the studied membranes in 0.1M HCl evidence the three main characteristic 

regions: ohmic, limiting current and overlimiting, as presented in Figure 4.9. 

 

 

Figure 4.8. Experimental setup for linear sweep voltammetry measurements.  

 

In addition to the proton conductivity, we also studied the conductivity of 

other monovalent cations. Alkaline cations, such as Na+, K+ and Li+, were 

selected for this study. The results of these experiments can be found, along 

with the results obtained from proton conductivity, in Table 4.4. The value of 

the ohmic resistance (Rohm) density of the hybrid membrane PTOxM13 was 

0.082 x 107 Ω · cm-2 and the limiting current (Ilim) density value is 8.64 x 10-5 A 

· cm-2. For the membranes PTOxM14 and PTOxM15, the ohmic resistance 

density was 0.083 x 107 Ω · cm-2 and 0.084 x 107 Ω · cm-2, respectively, 

meanwhile the limiting current density is 1.82 x 10-5 A · cm-2 and 1.33 x 10-5 A 
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· cm-2, respectively. On the other hand, PTOxM12 presented Rohm values up to 

two orders of magnitude higher than the other membranes (1.11 x 107 Ω · cm-

2), with distinguishable limiting current regions, similarly to the general 

behaviour of hybrid membranes (limiting current density, 2.27 x 10-6 A · cm-2). 

 

 

Figure 4.9. C–V curves of hybrid membranes. a) PTOxM12, b) PTOxM13, c) 

PTOxM14 and d) PTOxM15. 

 

The difference between ohmic resistance densities between the membranes 

PTOxM13, PTOxM14 and PTOx15, and the membrane PTOxM12 can be 

explained by the orientation of the membranes. PTOxM12 was not oriented, 

therefore the membrane showed the highest resistance density value since the 

conducting paths were not properly aligned. In addition, the PTOxM12 
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hybrid membrane did not present the transport of potassium cations, 

therefore, it was impossible to establish an ohmic resistance density for this 

ion (Table 4.4). The lack of orientation in this membrane may prevented the 

transport of potassium cation through the membrane columns. If we compare 

the oriented membranes, PTOxM14 and PTOxM15 hybrid membranes were 

assembled over hydrophobic substrates, which led to a better column 

orientation (Figure 4.3). This fact has promoted a reduction of the ohmic 

resistance density observed for the membranes PTOxM14 and PTOxM15 

compared to the membrane PTOxM13, which was assembled over a 

hydrophilic substrate.  

 

Table  4.4. Ohmic resistance obtained from C – V curves for the different 

cations of the studied PTOx hybrid membranes. 

Sample 
Rohm x 107 [Ω · cm-2] 

HCl LiCl NaCl KCl 

Nafion®117 0.003* 0.006* 0.019* 0.012* 

PTOxM12 1.110 106.640 339.060 - 

POTxM13 0.082 17.630 125.860 311.310 

PTOxM14 0.083 7.290 55.710 41.220 

PTOxM15 0.084 7.141 147.820 279.540 

* Ohmic resistance expressed in Rohm x 103 Ω · cm-2. Data obtained from [11]. 

 

To express the membrane preferential selectivity of the proton over the 

studied monovalent cations, a ratio of conductance (reverse resistance) of 

alkali ion over proton (Gion/GH+) was calculated for each membrane (Table 

4.5). As we can observe, all membranes seem to be highly selective, according 
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to the Gion/GH+ ratio. PTOxM12 does not present selectivity values for the 

transport of potassium cations. As mentioned previously, PTOxM12 does not 

exhibit potassium cation transport. As we could observe in previous studies, 

lithium cation presents a lower selectivity if we compare it with the other two 

studied cations [11,22]. Similar trends are observed for sodium and potassium 

cations for PTOxM13 and PTOxM15 oriented membranes. As expected, lower 

selectivity values are observed for sodium, meanwhile potassium presents a 

higher selectivity.   

 

Table  4.5. Selectivity (Gion/ GH+ ratio) values for alkaline monovalent cations. 

Sample 
Gion/GH+ x 100 [%] 

Li+ Na+ K+ 

Nafion®117 47.3* 14.2* 22.8* 

PTOxM12 1.00 0.30 - 

PTOxM13 0.50 0.07 0.03 

PTOxM14 1.10 0.15 0.20 

PTOxM15 1.20 0.06 0.03 

* Selectivity data obtained from [11]. 

 

The values of Gion/GH+ expressed in Table 4.5 put in evidence the importance 

of the distribution of the columns across the membrane together with their 

orientation, were the key factors for cation passage to occur. Our results 

present membranes with a high proton selectivity over monovalent cations, 

such as lithium, potassium, and sodium cations. Zare and co-workers studied 

the proton transport using linear sweep voltammetry of membranes based on 

polyether copolymers [22]. In their work, Zare and co-workers show 
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selectivity values in the order of 20 to 55 %, which are values far higher than 

those presented in this study. This can be explained by the fact that the 

polyether copolymers do not present a regular distribution of the tapered 

group across the main chain. Their membranes are based on a polymer where 

the tapered group was introduced as a post-polymerization procedure. 

Because of that, the distribution of the tapered group across the main chain of 

the polymer is random. The difference between both selectivity results put in 

evidence the importance of the homogeneous distribution of the tapered 

group. The large number of tapered groups in the PTOx likely elongates the 

polymer backbone, reducing its possibility to rearrange without changing the 

position of the linked aromatic ring, hence displaying lower resistance during 

the transport of small proton compared to the other monovalent cations. 

Similar behaviour was observed for modified poly(epichlorohydrin-co-ethyl 

oxide) using Raman spectroscopy coupled with chronoamperometry. It was 

evident that during the transport process, a smaller proton was able to move 

along the polymeric column using the main chain ether linkage together with 

the lateral ester groups, evidenced by Raman spectroscopy and bands at 

approx. 2870 cm-1 and 1250 cm-1, respectively. For the same experiment only 

with a sodium cation, only one signal at approx. 2870 cm-1 was altered from 

the neat spectrum, confirming such a tendency [36].  

4.4.Conclusions 

 

Ion transport for novel hybrid membranes based on the homopolymer poly(2-

oxazoline, obtained from the living polymerization of 2-(3,4,5-tris(4-

dodecyloxybenzyloxy)phenyl)-4,5-dihydro-1,3-oxazole), supported on a 
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polyester fabric were studied. The effect of the substrate hydrophobicity was 

studied in terms of column orientation. According to X-ray diffraction no 

difference was observed during this analysis. Membrane wettability was 

studied by means of water, and methanol aqueous solution, uptake. Water 

uptake did not reveal any difference between oriented and non-oriented 

hybrid membranes. Methanol aqueous solution uptake revealed a decreasing 

methanol uptake upon increasing the methanol concentration in the solution. 

These results suggest that the hybrid membranes can be a suitable candidate 

for systems with methanol as a hydrogen supply. Bibliographic data of 

Nafion®117 membranes shows a water uptake of 21 % and reports a 

deformation of the membrane by swelling [37]. Static contact angle 

measurements were performed to study the hydrophobicity of the hybrid 

membranes. This analysis evidenced a hydrophobic behaviour of both 

oriented and non-oriented hybrid membranes, with a difference of c. a. 4 ° 

between them. However, when comparing the CA of the non-oriented 

PTOxVM (membrane without support) with the other hybrid membranes, a 

bigger difference can be observed. This difference can be attributed to the lack 

of the polyester fabric as support for the PTOxVM membrane, which is 

slightly hydrophobic.  

Proton transport was studied by three different techniques, EIS, permeability 

test and LSV. Electrochemical impedance spectroscopy failed in the 

determination of the proton conductivity for the studied PTOx hybrid 

membranes. Due to the non-ionic nature of the membranes, it was impossible 

to observe the ionic conductivity under AC. As consequence, PTOx hybrid 

membranes behaves as insulating materials from an electronic point of view. 

Permeability tests and LSV were proposed as alternative to EIS for the 
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determination of the ionic conductivity. In order to study the effect of the 

concentration gradient, permeability tests were performed studying different 

monovalent cations, such as Na+, K+ and Li+. Nevertheless, no cation transport 

was observed with these experiments, even after 4 days of experiment. The 

small space inside the column channel, promoted by the polymer chain 

homogeneity could prevent the transport of this cations due to its size. 

Whereby, current-voltage experiments were used for ion transport 

characterization. Homeotropical oriented membranes (PTOxM13, PTOxM14 

and PTOxM15) showed lower resistance density values than the non-oriented 

membrane (PTOxM12) up to two orders of magnitude, denoting that the 

column orientation is a key factor for the proton transport. On the one hand, 

results obtained showed low proton conductivity when compared with 

Nafion® 117. On the other hand, PTOx hybrid membranes showed an excellent 

selectivity to proton in front of other monovalent cations. All these results 

indicate the potential use of this kind of hybrid membranes to be used in 

applications where a high proton selectivity is required, like artificial 

photosynthesis.  
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4.6.Supporting Information 

 

 

Figure 4.S1. Calorimetric analysis of PTOx40. DSC second heating scan. (Scan 

rate 10 °C/min). 
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Figure 4.S2. 2D and 3D images of zones with bubbles from hybrid membranes 

(a – b) PTOxM13, (c – d) PTOxM14, (e – f) PTOxM15, respectively, recorded 

with an optical microscope at RT (25 ± 5 °C).    
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Figure 4.S3. 2D and 3D images of zones with bubbles from the bottom part of 

the hybrid membranes (a – b) PTOxM13, (c – d) PTOxM14, (e – f) PTOxM15, 

respectively, recorded with an optical microscope at RT (25 ± 5 °C).    
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Figure 4.S4. Augmented optical microscopy images of the hybrid membranes 

a) PTOxM12 and b) PTOxM13, and c) polyester fabric recorded at RT (25 ± 5 

°C). 

 

 

Figure 4.S5. Water contact angle images from oriented and non-oriented 

PTOx hybrid membranes a) PTOxM12, b) PTOxM13, c) PTOxM14 and d) 

PTOxM15, and e) polyester fabric. 
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Figure 4.S6. Nyquist plots of exemplary model circuits. R0 = R1 = 1 kΩ. 
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Figure 4.S7. Nyquist plots after 10 drops of water of PTOx hybrid membranes. 

a) PTOxM12, b) PTOxM13, c) PTOxM14 and d) PTOxM15. 

 

 

Figure 4.S8. Pictures of the hybrid membranes after the addition of 10 drops 

of water. a) PTOxM12, b) PTOxM13, c) PTOxM14 and d) PTOxM15. 
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Table 4.S1. Fitting data from in-plane EIS of PTOx dried hybrid membranes 

and after 10 drops of water. 

M12Dry M1210Drop  

Element Parameter Value 
Error 

(%) * 
Element Parameter Value 

Error 

(%) * 

Rs R -1287.2 -567.7 R1 R -1396.1 -486.7 

Rp R 6.49E+11 371.6 Q1 Y0 1.40E-08 116.3 

CPE Y0 1.35E-08 124.4  N 1.1 7.2 

  N 1.1 7.7  χ² 87.145  

  χ² 91.857       

M13Dry M1310Drop 

Element Parameter Value 
Error 

(%) * 
Element Parameter Value 

Error 

(%) * 

Rs R -4705.2 -119.4 Rs R -5431.7 -103.8 

Rp R 1.88E+11 37.6 Rp R 2.02E+11 42.9 

CPE Y0 5.79E-08 61.3 CPE Y0 7.90E-09 60.6 

  N 10.199 4.7   N 0.99975 4.8 

  χ² 87.264     χ² 86.702   

M14Dry M1410Drop 

Element Parameter Value 
Error 

(%) * 
Element Parameter Value 

Error 

(%) * 

R1 R -1513.5 -477.9 Rs R -1119.7 -646.2 

Q1 Y0 1.39E-08 127.9 Rp R 5.68E+11 294.4 

  N 1.1 7.9 CPE Y0 1.29E-08 117.1 

  χ² 93.536     N 1.1 7.2 

        χ² 90.924   

M15Dry M1510Drop 

Element Parameter Value 
Error 

(%) * 
Element Parameter Value 

Error 

(%) * 

Rs R -1280 -576.4 Rs R -1092.6 -569.9 

Rp R 5.97E+11 362.4 Rp R 5.54E+11 255.2 

CPE Y0 1.35E-08 126.3 CPE Y0 1.41E-08 100.9 

  N 1.1 7.8   N 1.1 6.3 

  χ² 92.147     χ² 75.552   

*Estimated Error. 
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Table 4.S2. Fitting data from through-plane EIS of PTOx dried hybrid 

membranes. 

M12  M13  

Element Parameter Value 
Error 

(%) * 
Element Parameter Value 

Error 

(%) * 

R1 R -93.35 -539.5 R1 R -163.79 -199.0 

Q1 Y0 
1.12E-

07 
13.8 Q1 Y0 

1.91E-

07 
10.9 

  N 10.434 1.0   N 10.235 0.8 

  χ² 0,33581     χ² 0.20774   

M14  M15  

Element Parameter Value 
Error 

(%) * 
Element Parameter Value 

Error 

(%) * 

R1 R -136.26 -155.1 R1 R -87.829 -373.5 

Q1 Y0 
3.17E-

07 
9.4 Q1 Y0 

1.77E-

07 
11.0 

  N 1.009 0.7   N 10.281 0.8 

  χ² 0.14674     χ² 0.20832   

*Estimated Error. 
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5.1.Introduction 

 

Wood has been used for generations in human civilization since ancient times. 

Its use as fuel, as construction material, as raw material for furniture and 

weaponry are only a few examples of its broad applications. The modification 

of wood structure has broadened the applications of this material. 

Nevertheless, this modification is not new. Examples of this process are, the 

production of paper, which is a well-known process for humankind during 

centuries [1] or the protection of exterior wood from weathering [2]. Due to 

the environmental emergency, the seek of new biobased, renewable and/or 

biodegradable products has gain a lot of interest to the scientific community, 

and the society itself. For this reason, the last decades the modification of 

wood through delignification has broadened even more the use of wood as 

natural scaffold for different applications [3,4]. For instance, Kumar and co-

workers, reported in a review the last advances in wood delignification 

methodologies as well as the most predominant applications for delignified 

wood (DW) [4]. In this way, it has been reported the preparation of 

transparent wood [5–11], the formation of composites to be used in 

applications of industrial waste-water purification [12], the preparation of 

super thermally insulating nanowood [13], or the synthesis of functional 

cellulose-based beads for drug delivery [14]. However, the removal of lignin 

is not the only methodology to revalorize wood. The extraction of lignin from 

wood, or biomass, and its modification has allowed to prepare lignin 

composites for a broad range of applications [15,16].   
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To the best of our knowledge, however, the use of delignified wood as support 

for proton transport applications has not been explored yet. Wood presents a 

hierarchical well-defined structure and, therefore, exhibits a natural cellulose 

channel orientation. In this work, we present the use of delignified wood discs 

as supports for side chain liquid crystal polymers (SCLCP)s for proton 

transport applications. A side chain liquid crystal polymer is a type of 

compound with a mesogenic moiety grafted as side chain, which is the 

responsible of the liquid crystal behaviour. Our group has an extend 

experience in the synthesis of liquid crystal polymers. By polymer 

modification, we have prepared different liquid crystal polymers with main 

chains such as polyepichlorohydrin [17,18], polyepichlorohydrin-co-ethylene 

oxide [19,20], polyglycidol [21] and polyamines [22–24]. These main chains 

were grafted with the mesogenic group 3,4,5-tris[4-(n-dodecan-1-

yloxy)benzyloxy]benzoate (TAPER). The use of this mesogenic group lies in 

its ability to build up columnar structures.  

When the columns are formed, the main chain adopts a helical conformation, 

thus an inner channel is created. This inner channel, containing basic oxygen 

or nitrogen atoms, is the responsible of the proton transport. The membranes 

prepared with these polymers presents, when properly oriented, great proton 

conductivities; however, they present some drawbacks, like poor mechanical 

properties. In order to solve this drawback and to help with the column 

orientation, Bogdanowicz and co-workers developed hybrid membranes 

using an anodized aluminium oxide (AAO) discs as supports for the 

infiltration of poly [2-(aziridin-1-yl)ethanol] (PAZE) grafted with the dendron 

3,4,5-tris[4-(n-dodecan-1-yloxy)benzyloxy] benzoate [22,25]. Therefore, 

employing delignified wood as supports for the preparation of hybrid 
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membranes for proton transport applications can be a helpful tool. We 

assumed that, since cellulose fibres present a natural orientation, they can help 

with the orientation of the SCLCPs columns, as AAO discs did before.  

We present the preparation of SCLCP hybrid membranes, based on 

polyepichlorohydrin (PECH) modified with the dendron 3,4,5-tris[4-(n-

dodecan-1-yloxy)benzyloxy] benzoate (TAPER) as side chain, using a highly 

hydrophobic delignified wood support. We assumed that, upon lignin 

removal during the delignification step, the environment inside the cellulose 

fibres is polar due to the presence of hydroxyl groups from cellulose and 

hemicellulose. The mesogenic group of this polymer confers a high 

hydrophobicity to the outer part of the columns, due to the presence of long 

aliphatic chains. Therefore, the polarity of the delignified wood pores would 

hinder the infiltration of the modified PECH inside the wood support, 

resulting in a bad distribution of the polymer inside the cellulose pores. To 

solve this problem, we functionalized the delignified wood support with 

lauroyl chloride, with the aim to introduce long aliphatic chains inside the 

cellulose fibres, thus reducing the polarity. 

 

5.2.Experimental section 

 

5.2.1. Materials 

 

Commercial polyepichlorohydrin (PECH, average Mw: ~ 700.000, determined 

by gel permeation chromatography), glacial acetic acid (≥ 99.9%), sodium 
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chlorite (NaClO2) (80%), pyridine (≥ 99.9%) and lauroyl chloride (98%) were 

purchased from Sigma Aldrich. Tetrabutylammonium bromide (TBAB) (≥ 

98%) was purchased from Fluka. N,N-dimethylformamide (DMF), ethanol 

(96%) and tetrahydrofuran (THF) were purchased from VWR. Delignified 

solutions were prepared using 18.2 MΩ·cm-1 double deionized water (Milli-Q 

water systems, Merck Millipore). All chemical compounds were used as 

received without any further purification except for THF and DMF which 

were dried prior to use according to literature [26]. Beech wood bars with a 

diameter of 15 mm were purchased from Leroy Merlin (Lezennes, France). 

Discs with a thickness of 1.5 mm were obtained by cutting the beech wood 

bars using a scroll saw purchased in Lidl Stiftung & Co. KG (Neckarsulm, 

Germany). 

 

5.2.2. Synthesis of the copolymers 

 

SCLC polyether was synthetized by chemical modification of commercial 

PECH with potassium 3,4,5-tris[4-(n-dodecan-1-yloxy)benzyloxy] benzoate 

(TAPER) following a reported procedure (Scheme 5.S1) [27]: 

In a 125-mL Schlenk flask under argon, 1.01 g of PECH (10.92 mmol) were 

dissolved in 100 mL of anhydrous THF by stirring overnight at room 

temperature (RT = 25 ± 5 °C). Over the resulting viscous solution, 13.52 g of 

TAPER (13.10 mmol) and 4.22 g of TBAB (13.10 mmol) were added, in this 

other, with inert atmospheric techniques. The mixture was heated at 60 °C, 

and magnetically stirred for 8 days. Then, the reaction mixture was diluted 
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with THF to reach a total volume of 200 mL and precipitated into 1 L of warm 

water. The precipitated product was dissolved in hot THF and reprecipitated 

again in hot ethanol 96 % twice. Finally, the obtained white copolymer was 

collected and dried at 55 °C under vacuum for 48 h (7.52 g, 85 %). The 

modification degree was determined from the 1H NMR spectrum of the 

copolymer. The obtained polyether, which presents a modification degree of 

75 %, was named PECH75 from now on. 

 

5.2.3. Wood delignification process 

 

Wood delignification was carried out following a modification of a reported 

procedure [28]. Non-treated beech wood (NTW) was dried for 24 h at 103 °C 

before chemical extraction. In a round bottom flask a solution of NaClO2 (2 wt 

%), glacial acetic acid (0.1 wt %) was prepared in ultrapure Milli-Q water. 

Then, the dried beech wood discs were added to the delignification solution. 

The solution was slowly stirred (40 rpm) and  heated at the corresponding 

temperature for different times (3, 6 and 9 h) under reflux to prevent water 

evaporation. After that, delignified wood discs (DWD) were washed twice 

with deionized water under low stirring (40 rpm), for 2 hours. During the 

washing procedure, water was changed every hour. Finally, DWD were 

vacuum dried at 50 °C for 24 h.  
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5.2.4. Wood functionalization 

 

A procedure reported by Kim and co-workers was adapted to carry out the 

functionalization of delignified beech wood discs (Scheme 5.1) [29]. 

Delignified wood discs were dried for 24h at 103 °C before chemical 

functionalization. In a round bottom flask, pyridine (1.58 g, 20.0 mmol) was 

dissolved in dry DMF (25 mL) under argon atmosphere. Subsequently, DWD 

were added, and the solution was heated at the corresponding temperature 

(50 or 90 °C). After that, lauroyl chloride (2.01 g, 9.2 mmol) was added. After 

30 min, the functionalized beech wood discs (FDWD) were washed with 

methanol for 1h and then, they were kept in diethyl ether for 1h to remove 

residual chemicals. In both cases, methanol and diethyl ether, were changed 

by fresh solvent every 30 min. Finally, FDWD were vacuum dried at 50 °C for 

24h. 
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Scheme 5.1. General scheme of the functionalization reaction that takes place 

between delignified beech wood discs and lauroyl chloride. 

 

5.2.5. Preparation of the membranes 

 

The hybrid membranes derived from dendronized polymers were prepared 

by immersion precipitation process. This process consisted of the following 

steps: a homogeneous solution of dendronized PECH75 in tetrahydrofuran 

(THF, 15 wt%) was cast over the distinct beech wood discs: delignified and 

functionalized discs (Figure 5.1). Vacuum was applied to help the polymer 

solution to penetrate and spread through the interior of the wooden support. 

Subsequently, the hybrid membranes were submerged in a bath of Milli-Q 

water for 15 min, to induce polymer precipitation and dried in air overnight 

at room temperature (RT = 25 ± 5 °C).  
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Figure 5.1. Setup used in the casting procedure of PECH75 solution onto the 

beech wood discs.  

 

Homogeneous hybrid membranes were obtained by using a thermal 

treatment (baking process). The baking process consisted of the following 

steps: first of all, a previously prepared hybrid membrane was placed on a 

Linkam TP92 hot stage (Linkam Scientific Instruments, Tadworth, UK) and it 

was heated above the clearing temperature of PECH75 (170 °C) and kept for 

30 min. Afterwards, it was slowly cooled down (0.1 °C/min) to 30 °C, 

obtaining a uniform hybrid membrane on both sides. Thermally treated 

membranes are labelled with the suffix: _T.  

 

5.2.6. Characterization 

 

Fourier transform infrared spectroscopy (FT-IR). FT-IR spectra were 

recorded on an FT/IR-6700 spectrophotometer from JASCO in the wavelength 
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range of 4000–400 cm−1 with a resolution of 4 cm−1 in the absorbance mode. 

This device was equipped with an attenuated total reflection accessory (ATR) 

with thermal control and a diamond crystal (Golden Gate heated single 

reflection diamond ATR from Specac-Teknokroma). The spectra were 

recorded at room temperature (RT = 25 ± 5 °C) from the solid-state pure 

compounds. Beech wood samples (NTW, DWD and FDWD) were dried at RT 

under vacuum before the analysis.  

 

Environmental scanning electron microscopy (ESEM). A morphological 

analysis of both delignified wood discs (DWD) and functionalized delignified 

wood discs (FDWD) cross-section was carried out using a FEI ESEM Quanta 

600 instrument (Hillsboro, OR, USA) in high vacuum mode, using electron 

detector and an accelerating voltage of 20 kV. Cross-sections were prepared 

by fracturing the membranes by hand. Dry samples were fixed to metal stubs 

with two-sided adhesive carbon tape. 

 

Polarized optical microscopy (POM). LC mesophases were investigated by 

polarized optical microscopy (POM). The textures of the samples were 

observed with an Axiolab Zeiss optical microscope equipped with a Linkam 

TP92 hot stage and a Moticam S6 digital camera. 

 

Differential scanning calorimetry (DSC). Calorimetric analyses were carried 

out on a Mettler DSC-821 instruments calibrated using indium (156.6 °C) and 

zinc (419.6 °C) pearls. Samples were placed in an aluminium standard crucible 
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of 40 μL with pierced lids (between 4 – 6 mg of sample), which were analysed 

in N2 atmosphere (gas flow rate of 50 cm3/min). Heating and cooling rate of 10 

°C/min was always employed. 

 

Thermogravimetric analysis (TGA). Thermal stability studies were carried 

out in ALUOXIDE crucibles of 70 μL (ME-24123) with a Mettler Toledo TGA2 

thermobalance. All samples, weighing around 6–8 mg, were heated between 

30 and 600 °C at a heating rate of 10 °C/min in N2 atmosphere with a flow rate 

of 50 cm3/min. The equipment was previously calibrated with indium (156.6 

°C) and aluminium (660.3 °C) pearls. Beech wood samples (NTW, DWD and 

FDWD) were dried for 24h at 50 °C under vacuum before the analysis. 

 

Contact angle (CA). The static contact angles with water on a membrane 

surface were measured with an optical goniometer (Ossila LTd, Sheffield, UK) 

supported by dedicated software. For the tests, water drops (7 μL) were 

deposited on the sample’s surface. The contact angle was calculated, 

immediately after placing the water drop, using the tangent to the surface at 

the point of contact of three phases, i.e., solid, liquid and gas. The 

measurements were repeated using different areas of the membrane or 

support. For each test reported, at least three drops of water were used. 
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5.3.Results and discussion 

 

5.3.1. Wood delignification 

 

The main objective of this research work was the preparation of homogeneous 

hybrid membranes based on columnar SCLCP inside a biobased support [30]. 

As described in a previous paper, our group reported the chemical 

modification of PECH with a dendritic group with a tapered shape (TAPER) 

[30]. Moreover, we used one of these SCLCPs to prepare membranes for 

proton transport applications [31]. However, they were brittle and, therefore 

not suitable for preparing self-supported membranes. [22–24] To overcome 

this drawback, we designed the preparation of homogeneous hybrid 

membranes based on a columnar SCLCP supported on beech wood as natural 

support. To achieve this objective, the removal of lignin from wood was 

carried out to obtain highly porous materials that allow the infiltration of the 

polymer inside the support [32]. Besides, it is known that delignification 

processes do not affect the hierarchical structure of the fibre cell walls, which 

means that the mechanical properties of the wood will be practically 

unaffected [33,34].   

Prior to cut the beech wood bars, it is very important to consider the 

orientation of the lignocellulosic fibres in wood to obtain discs suitable for the 

desired applications. As observed in Figure 5.2, two different types of cutting 

can be done: radial (R) or longitudinal (L) cutting. In a radial cut, the 

lignocellulosic fibres are expected to be perpendicular to the surface of the 

thin discs (Figure 5.2b). Therefore, the resulting pores are short. On the other 
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hand, the same orientation of the lignocellulosic fibres is expected when a 

longitudinal cut is applied (Figure 5.2c). Nevertheless, the fibres are longer 

compared to the ones obtained by the application of a “R” cut and the 

available surface with pores is smaller. However, the rotation of this disc 90° 

to use the bigger surface cannot be done in this case because the 

lignocellulosic fibres are mainly oriented parallel to the surface of the disc 

(Figure 5.2d). Thus, beech wood bars were cut applying a radial cutting to get 

the highest number of regular pores in the wood support to be filled with the 

side chain liquid crystalline polymer.  

For the delignification process applied to beech wood discs, different 

temperatures and reaction times were tested to optimize this process. To 

choose the best temperature, we took as reference previous research works 

that selected 80 °C as the temperature at which good delignification degrees 

of balsa wood were obtained (up to 1%) [28,35,36].  At this temperature, the 

delignification of wood was investigated at 3 different reaction times (3, 6 and 

9 h). Furthermore, the same reaction was carried out at 70 and 90 °C. The wood 

delignification degree was determined by FT-IR spectroscopy by comparing 

the relative intensity of the band at 1506 cm-1 with the same band in the FT-IR 

spectrum of NTW. This band, together with the band at 1593 cm-1, are 

attributed to aromatic skeleton vibrations from lignin, which are 

characteristics of aromatic compounds (phenolic hydroxy groups). Figure 5.3 

shows the FT-IR spectra of NTW and delignified wood samples obtained 

when delignification was performed during 3 h. From the experiments 

performed, the highest delignification degrees were obtained at 90 °C (Figure 

5.S2). It is noteworthy that the characteristic bands of cellulose and 
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hemicellulose that appear at 3320 cm-1 (ν(O-H), 1375 cm-1 (δ(C-H)) and 1032 

cm-1 (ν(C-O-C)) were not affected by delignification [37].  

 

 

Figure 5.2. a) Schematic illustration of two types of wood discs that can be 

obtained depending on the cutting direction from a tree log. Radial cut is 

named “R”, while longitudinal cut is named “L”; b) “R” cut wood disc, in 

which it is expected that the lignocellulosic fibres are oriented perpendicular 

to the surface of the disc; c) “L” wood cut wood disc, in which the 

lignocellulosic fibres are expected to be oriented perpendicular to the surface 

of the disc. d) Representation of the “L” cut wood disc rotated 90°.   
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Figure 5.3. FT-IR spectra of non-treated beech wood (NTW) and delignified 

beech wood discs obtained when delignification was performed during 3h. 

 

When the process was performed at 70 or 80 °C, long reaction times were 

required to achieve a delignification degree higher than 90 % (Table 5.1). In 

addition, the rupture of the discs was observed when the delignification was 
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carried out at 90 °C during 6 and 9 h. However, the fracture of the discs was 

not observed when the reaction was carried out at this temperature for 3h 

(Figure 5.S2). Considering these results, we chose 90 °C and 3 h as the best 

conditions to carry out the delignification of beech wood discs. 

 

Table  5.1. Chemical reaction conditions and degrees of delignification 

obtained in the optimization of the delignification process of beech wood 

discs. 

Sample 
Reaction time 

(h) 

Reaction temperature 

(°C) 

Delignification 

degree (%) a 

DWD_3_70 3 70 57 

DWD_6_70 6 70 70 

DWD_9_70 9 70 92 

DWD_3_80 3 80 58 

DWD_6_80 6 80 84 

DWD_9_80 9 80 92 

DWD_3_90 3 90 90 

DWD_6_90 6 90 91 

DWD_9_90 9 90 91 

a Calculated from the intensity of the band at 1506 cm-1 in FT-IR spectra. 

 

To further characterize the structural changes that could occur during the 

delignification reaction, delignified wood samples cross-sections were 

analysed by means of environmental scanning electron microscopy (ESEM). 
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Images of these analyses are shown in Figure 5.4. We could observe how, 

despite the different reaction times and temperatures, cellulose fibres were 

practically unaffected by the delignification process. Moreover, changes in the 

temperature reaction and/or reaction times did not affect the size of these 

fibres as can be seen in the measurements taken from the different samples 

(Figure 5.4b). Thereby, the width of the fibres was measured, observing that 

they had a diameter between 39.34 and 48.34 μm in NTW, which are very 

similar to the diameters of the fibres of the delignified samples (between 38.86 

and 51.28 μm (Figure 5.4ii-iv). From ESEM analysis, it can also be observed 

that not all the cellulose fibres are aligned perpendicular to the surface of the 

wood discs (there are areas in which they are oriented parallel to the surface 

as shown in the circles highlighted in red from Figures 5.4a – i, iii and iv) 

parallel to each other.  
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Figure 5.4. a) Cross-section ESEM images of: i) NTW (magnification x240), ii) 

sample DWD_3_70 (magnification x250), iii) sample DWD_3_90 

(magnification x50) and iv) sample DWD_6_90 (magnification x50). b) Zoom 

of the cross-section ESEM images of: i) NTW (magnification x780) ii) sample 

DWD_3_70 (magnification x750), iii) sample DWD_3_90 (magnification x140) 

and iv) sample DWD_6_90 (magnification x170). The selected areas 

correspond to the coloured regions of the images shown in Figure 5.4a. 
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5.3.2. Functionalization of delignified wood 

 

At this point, an easy functionalization of delignified wood with lauroyl 

chloride was performed to reduce the amount of pendant hydroxyl groups of 

cellulose and hemicellulose (band centred at 3320 cm-1, ν(O-H), Figure 5.3) 

since we believed that the hydrophilic character of the wood fibres would not 

allow an adequate distribution of the SCLC polyether in the pores of the 

support. Furthermore, the long aliphatic chains introduced could interact via 

non-covalent interactions with the side chain dendrons once the SCLCP was  

introduced into the pores of the wood support, helping its self-assembly 

process. 

Thus, different reaction conditions were investigated to achieve the highest 

yield in this nucleophilic acyl substitution. As we had previously done with 

the delignification process, the functionalization of wood was monitored by 

FT-IR comparing the relative intensity of the band centred between 3400 – 

3300 cm-1 (ν(O-H)) with the same band in the spectra of DWD_3_90 (Figure 

5.5). Following a procedure reported by Takahito and co-workers, several 

trials were carried out at 90 °C using different reaction times [38]. As observed 

in Table 5.2, a wood functionalization estimation higher than 82 % was 

reached after 30 min. When the reaction time increased, the functionalization 

of wood also increased achieving a complete functionalization when the 

reaction was kept during 24 h. Besides, the observation of a band attributed to 

the formed carbonyl group of the ester (ν(C=O) at 1746 cm-1) confirmed that 

the functionalization of wood discs had taken place (Figure 5.5). It can also be 

observed that this band presents a greater intensity when a higher 
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functionalization yield is achieved. The dodecanoyl chains grafted to cellulose 

and hemicellulose also produce an increase of the two bands attributed to the 

ν(C–H) in –CH3 (asymmetric) that appear at 2918 cm-1 and –CH3 (symmetric) 

and –CH2– (asymmetric and symmetric), which appear between 2918 and 

2852 cm-1, respectively.   

 

Table  5.2. Chemical reaction conditions and yields of nucleophilic acyl 

substitution obtained in the optimization of the functionalization of 

delignified beech wood discs.  

Sample 
Reaction 

time (h) 

Reaction 

temperature (°C) 

Functionalization 

degree (%) a 

FDWD_0.5_90 0.5 90 82 

FDWD_0.75_90 0.75 90 90 

FDWD_1_90 1 90 90 

FDWD_3_90 3 90 90 

FDWD_5_90 5 90 90 

FDWD_24_90 24 90 100 

FDWD_0.5_50 0.5 50 71 

a Calculated from the intensity of the band centred between 3400 – 3300 cm-1 

in FT-IR spectra. 
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Figure 5.5. FT-IR spectra of DWD_3_90 and the following functionalized 

samples: FDWD_0.5_50, FDWD_0.5_90 and FDWD_24_90.  

 

Unfortunately, in these experiments we always isolated broken discs (Figure 

5.S4). To avoid this fact, we performed the functionalization of wood supports 

at a lower temperature (50 °C) during 30 min. In this experiment, a 
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functionalization yield of 71 % was obtained. Moreover, we did not observe 

the rupture of the discs in this case. In view of these results, these last 

conditions were used to carry out the functionalization of delignified beech 

wood discs. 

The morphology of the sample FDWD_0.5_50 was characterized by means of 

ESEM. The cross-section of the functionalized discs is shown in Figure 5.6, in 

which channels with the same diameter that the ones observed in the DWD 

samples were detected (Figure 5.6b). As we had previously seen with the 

NTW, some fibres parallel to the surface of the discs were also observed 

(regions highlighted in red of Figure 5.6). 

 

Figure 5.6. Cross-section ESEM images of: a) sample FDWD_0.5_50 

(magnification x75), and b) zoom of the region highlighted in blue 

(magnification x250). The measurements of the diameter of the cellulose fibres 

are also shown. 
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5.3.3. Thermal and mesomorphic characterization 

 

Thermal characterization of PECH75 was performed by DSC, TGA and POM 

experiments (Table 5.3). As observed in the DSC thermogram, PECH75 has a 

glass transition temperature of -13 °C. Besides, the endotherm centred at 127 

°C corresponds to the clearing temperature (Tc) of the SCLCP (Figure 5.S5). 

POM observation of PECH75 evidenced the growth of a broken fan-shaped 

liquid crystalline texture on heating around 120 °C after 24h (Figure 5.7). 

Furthermore, thermal stability of dendronized PECH, NTW, DWD and 

FDWD was evaluated by TGA (Table 5.3, Figure 5.S6).  In the case of PECH75, 

it presented an onset of thermal weight loss (determined as the temperature 

corresponding to the 5 % mass loss) equal to 290 °C and a remaining char yield 

of 15 % at 600 °C. These values are almost identical to those reported for the 

chemically modified PECH with a degree of modification with TAPER equal 

to 80% [27]. Furthermore, the great similarity between these calorimetric data 

with the results published in literature for other polymers containing TAPER 

side groups, evidenced the strong influence of the dendron in the thermal 

properties of these polymers [39,40].  
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Figure 5.7. Optical micrograph between crossed polars of PECH75 recorded 

during the first heating at 120 °C. 

 

Concerning the wood samples, DGTA curves (Figure 5.S7) evidenced that the 

thermal degradation of the NTW and DWD samples showed mainly a three-

step weight loss. The first mass loss is associated to the evaporation of 

moisture, intrinsic water loss and elimination of low molecular weight 

components (2 %) and occurs between 30 and 110 °C. The second mass loss 

step corresponds to the degradation of hemicellulose (200-300 °C), meanwhile 

the third one is associated to the degradation of cellulose (above 300 °C). 

[41,42] On the other hand, FDWD samples presented only a two-step weight 

loss. As observed in NTW and DWD samples, the first one corresponds to the 

loss of water, moisture and volatile compounds. The second one is attributed 

to the degradation of cellulose and hemicellulose, maybe due to the 
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incorporation of lauroyl chloride into the wood structure by chemical 

modification. The incorporation of these moieties into the support structure is 

responsible for the highest hydrophobic character of FDWD discs and may 

explain that these discs contain a smaller amount of water molecules in its 

structure compared to NTW and DWD samples.  

 

Table  5.3. Calorimetric features of PECH75 and wood samples (NTW, 

DWD_3_90 and FDWD_0.5_50). 

Sample Tg (°C) a Tc (°C) a T5% (°C) Char yield (%) b 

PECH_75 -13 127 290 15 

NTW - - 270 20 

DWD_3_90 - - 238 26 

FDWD_0.5_50 - - 265 12 

a Determined by DSC second heating scan. b Char yield obtained at 600 °C. 

 

5.3.4. Preparation and characterization of hybrid 

membranes 

 

As previously described, self-supported membranes using SCLCPs derived 

from PECH with modification degrees between 39 and 58 % were prepared 

by our research group. [18,31] Previous investigations revealed that the 

resulting membranes exhibited poor mechanical properties, limiting their 

possible future applications. Thus, the samples DWD_3_90 and 
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FDWD_0.5_50 were used as a support with the purpose of improving the 

performance of the new hybrid membranes prepared by the immersion 

precipitation method. In the first trials, the high viscosity of the dendronized 

polymer in THF made the complete impregnation of the wood discs with the 

dendronized polymer solution very difficult. To solve this, the concentration 

of the polymer solution was decreased to 15 wt%. Additionally, a vacuum 

pump was used to help the solution to penetrate the pores of the wood 

support (Figure 5.1). ESEM analyses were carried out to confirm the 

infiltration of PECH75 in both DWD_3_90 and FDWD_0.5_50 wood discs. The 

obtained results (samples DWD_PECH75 and FDWD_PECH75) are shown in 

Figure 5.8. 

The micrographs of the cross-section and upper surface of the sample 

DWD_PECH75 evidenced that this sample does not present a homogeneous 

distribution of PECH75 inside the cellulose fibres of the support since many 

holes can be observed on the surface of the membrane (Figure 5.8b). This 

could be ascribed to the distinct hydrophilic character of the delignified wood 

discs and PECH_75. In the case of delignified wood discs, the presence of a 

large number of polar hydroxyl groups in the chemical structure of cellulose 

and hemicellulose could repel the hydrophobic dendronized polymer, 

interfering with its penetration into the delignified wood support as well as 

its subsequent distribution within it. In the case of sample FDWD_PECH75 

(Figures 5.8c and 5.8d), it revealed the presence of a thin layer of PECH75 on 

both sides of the wood discs. Besides, it could be seen that not all the cellulose 

fibres were filled with the dendronized polyether, which may be attributed to 

the breaking process necessary to observe the cross-sections of the hybrid 

material. The other possibility is that the incorporated PECH75 could remain 
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on the other side of the cross-section.  Figure 5.8d confirmed that PECH75 was 

homogeneously distributed on the surface of the sample FDWD_0.5_50. Thus, 

the functionalization of delignified wood helps the polymer penetrate the 

support. 

 

 

Figure 5.8. ESEM images of the samples DWD_PECH75 and FDWD_PECH75 

showing their cross-sections (a) and c), respectively. magnification x50) and 

their upper surfaces (b) and d), respectively. magnification x200). 

 

Despite this, a thermal treatment was used to achieve a homogeneous 

distribution of PECH75 inside the pores of the wood support. To evaluate the 
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effect of the thermal treatment in the morphology of the hybrid membranes 

as well as the distribution of PECH75 inside the wood supports, thermally 

treated membranes (DWD_PECH75_T and FDWD_PECH75_T) and 

membranes not subjected to thermal treatment (DWD_PECH75 and 

FDWD_PECH75) were evaluated by means of static water contact angle. 

Moreover, samples DWD_3_90 and FDWD_0.5_90 were also investigated to 

determine their hydrophilic/hydrophobic character.  The values of water 

contact angles on both sides of the wood membranes are reported in Table 

5.4. 

 

Table 5.4. Water contact angles of samples DWD_3_90, FDWD_0.5_90 and 

hybrid membranes DWD_PECH75 and FDWD_PECH75, before and after 

applying the thermal treatment.  

Sample 

Water contact angle (°) 

Membrane air side 
Membrane bottom 

side 

DWD_3_90 120 ± 2 125 ± 1 

FDWD_0.5_90 134 ± 1 131 ± 2 

DWD_PECH_75 130 ± 1 114 ± 3 

DWD_PECH_75_T 135 ± 1 138 ± 1 

FDWD_PECH_75 129 ± 2 126 ± 1 

FDWD_PECH_75_T 134 ± 1 135 ± 2 

 

All the tested membranes exhibited a hydrophobic character in both sides (air 

and bottom sides). As expected, the functionalization of wood produces an 
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increase in its hydrophobic character. Furthermore, no significant differences 

between contact angle values of both sides of the same membrane were found 

except for DWD_PECH75. For this sample, the bottom side is clearly less 

hydrophobic due to the smaller contact angle value compared to the air side. 

This can be attributed to the nonuniform distribution of tapered groups 

(hydrophobic part of the dendronized polymer) grafted to PECH75 in each 

side of the hybrid membrane. This effect was also reported by Montané and 

co-workers. [21] Related to this, the less hydrophobic character of delignified 

wood hinders the diffusion of the side chain liquid crystalline polyether 

through the pores of the support. When delignified wood discs were 

functionalized, the hydrophobicity of the new support was more similar to 

PECH75, facilitating its dissemination within the wood support.   After the 

application of the thermal treatment, we could observe that the contact angles 

of both sides of DWD_PECH75 were very similar which evidenced that a 

homogeneous distribution of PECH75 inside DWD was achieved.  

Another tendency is that the contact angle values increased slightly for both 

samples when they were subjected to thermal treatment. As observed in Table 

5.4, contact angle values between 134 and 138° were obtained for both 

thermally treated membranes (DWD_PECH75 and FDWD_PECH75, 

respectively), which also proved that good homogenization of PECH75 was 

achieved within the delignified and the functionalized wood discs.  

These polymer columns could be homeotropically oriented, which would 

present enormous potential in applications related to sustainable energy 

applications (fuel cells, artificial photosynthesis, etc.). 
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5.4.Conclusions  

 

The preparation of new hybrid membranes based on dendronized 

polyepichlorohydrin inside the wood pores of biobased supports was 

achieved through the delignification and subsequent chemical modification 

of wood, thus preparing two type of hybrid membranes, using a delignified 

wood (DWD) or a functionalized delignified wood (FDWD) supports. Wood 

delignification was achieved successfully, obtaining discs with more than 90 

% of delignification degree, without compromising the structure of the 

wooden discs, as we could see from the ESEM analysis.  

Subsequent chemical functionalization of the delignified wood discs was 

performed successfully using lauroyl chloride. The aim of this modification 

was to promote the affinity of the SCLC polyepichlorohidryn inside the pores 

of the wood support. Functionalization degrees higher than 70 % were 

obtained, although the process had to be carried out at 50 °C to avoid breaking 

of the wooden discs. Same as we observed before, the chemical 

functionalization of wood did not affect the channel width and their structure, 

as it was observed by means of ESEM analysis. FT-IR revealed an increasing 

band at 1746 cm-1, related to the recently formed carbonyl, and a decrease in 

the band centred at 3300 cm-1, related to the hydroxyl groups of the cellulose 

and hemicellulose moieties. 

During the membrane assembly with the two prepared supports, substantial 

differences between both systems were found. On the one hand, membrane 

prepared with delignified wood discs resulted to be unsuccessfully filled, as 

it was evidenced during the ESEM analysis. On the contrary,  functionalized 
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delignified wood discs presented a homogeneous distribution of the polymer, 

thus showing a successful pore filling as was denoted by ESEM analysis. 

Contact angle measurements, resulted in different CA values in both sides of 

DWD based hybrid membranes, revealing that the SCLC polyepichlorohidryn 

was not distributed correctly across the support. FDWD based hybrid 

membranes, on the other hand, did not show such observation, thus revealing 

similar CA on both sides of the membrane. Nevertheless, thermal treatment 

proved to be helpful to distribute the SCLCP more homogeneously inside the 

wood support.  

These polymer columns could be homeotropically oriented, which would 

present enormous potential in applications related to sustainable energy 

applications (fuel cells, artificial photosynthesis, etc.). Furthermore, the 

evaluation of the polymer orientation inside the wood support, studies on 

ionic transport across hybrid membranes and membrane wettability will be 

the subject of extensive studies presented in the following chapter. 
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5.6.Supporting Information 

 

 

Scheme 5.S1. Synthetic procedure for the obtention of PECH75. 

 

 

Figure 5.S1. FT-IR of non-treated beech wood (NTW) and all delignified beech 

wood discs performed at different temperatures and time. 
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Figure 5.S2. Pictures of the beech wood discs obtained after delignification 

process using different reaction conditions. 

 

 

Figure 5.S3. FT-IR of DWD_3_90 and all functionalized delignified beech 

wood discs performed at different temperatures and time. 
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Figure 5.S4. Photographs of the functionalized delignified wood discs 

(FDWD) obtained using different reaction conditions. 

 

 

Figure 5.S5. DSC thermogram of: a) second heating scan of PECH_75; and b) 

second cooling scan of PECH_75. (Scan rate: 10 °C/min). 
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Figure 5.S6. a) TGA thermograms of: PECH75, NTW, DWD_3_90 and 

FDWD_0.5_50. b) DTGA curves of: PECH75, NTW, DWD_3_90 and 

FDWD_0.5_50. Thermogravimetric analyses were carried out using a heating 

rate 10 °C/min in nitrogen atmosphere. 
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Chapter 6 
 

Development of wood-based 

membranes for ion transport 

applications. Part 2: Membrane 

characterization and evaluation 

of ionic transport

UNIVERSITAT ROVIRA I VIRGILI 
COLUMNAR LIQUID-CRYSTALLINE POLYMERS CONTAINING NITROGEN AT THE BACKBONE TO BE USED 
TO PREPARE ION-TRANSPORT MEMBRANES 
Jordi Guardià Blanch 
 



 

  

UNIVERSITAT ROVIRA I VIRGILI 
COLUMNAR LIQUID-CRYSTALLINE POLYMERS CONTAINING NITROGEN AT THE BACKBONE TO BE USED 
TO PREPARE ION-TRANSPORT MEMBRANES 
Jordi Guardià Blanch 
 



 CHAPTER 6 

 

263 
 

6.1.Introduction 

 

Since life was formed in Earth’s oceans, membranes have been part of all 

living beings for millennia. Nowadays, the presence of a membrane in the cell 

wall is undoubtedly affirmed and confirmed. However, this was not the case 

some centuries ago. The cell wall theory was first formulated in the 19th 

century, nonetheless it was not until 1970s when the fluid mosaic model 

prevails [1]. In the cell wall, the presence of proteins allows the transport of 

different compounds from the outside of the cell to inside the cell and vice 

versa [1]. This transport occurs with high selectivity and efficiency. However, 

biological membranes are not the only interesting membranes. In fact, 

synthetic membranes have been used successfully in large-scale industrial 

applications since 1960s [2].  

During the last decades, membrane technology has been proved to be very 

useful for several applications, such as water purification [3–7], gas separation 

[3,7,8], CO2 capture [9], polyelectrolytes [8,10,11], hydrogen production [12] 

or sensors [13–15], among other applications. The environmental emergency, 

promoted by the intensive use of fossil fuels and the greenhouse gas 

emissions, has driven the use of alternative technologies to produce clean 

energy. One of these technologies are the proton-exchange membrane fuel 

cells (PEMFC), which use polymer membranes as solid polyelectrolytes to 

transport protons across the membrane. The most used membranes for this 

application are perfluorosulfonic acid (PFSA) ionomer-based membranes . 

Nafion® (a registered trademark of DuPont) is the benchmark membrane for 

this purpose thanks to its high proton conductivity, good mechanical 
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strength, and chemical stability [16]. Despite this, Nafion® is difficult to 

recycle at the end-of-life, and its performance presents a huge water 

dependency, since the transport mechanism is based on the Grotthus 

mechanism and electroosmotic drag [17]. Therefore, it presents a decrease on 

the transport properties at high temperatures caused by water evaporation 

[18], together with a loss of mechanical properties. Moreover, it shows low 

selectivity against proton. Consequently, the design of new membranes has 

aroused a great interest during the last decades.  

Trying to mimic the transport phenomenon through biological membranes, 

different families based on side-chain liquid crystal polymers (SCLCP)s have 

been explored as an alternative to Nafion® and thus try to solve its drawbacks 

[19–26]. SCLCPs consist of two distinct parts: first the main chain that is 

formed by carbon scaffold plus the presence of basic heteroatoms (nitrogen or 

oxygen); and second a dendron with a tapered shape that is grafted as side 

chain The supramolecular interactions between the mesogenic groups, which 

in our research works is the dendron 3,4,5-tris[4-(n-dodecan-1-

yloxy)benzyloxy]benzoate (TAPER), grafted to the polymer main chain 

favours a self-assembly process of the side-chain dendrons leading to the 

polymer main chain to adopt a helical conformation; and resulting in a 

columnar structure which presents an inner channel [27,28]. In this way, these 

polymers can be used to prepare membranes for proton transport applications 

since the inner channel is expected to be the responsible of the ionic transport 

across the polymer columns. Our research group has synthetized different 

families of SCLCPs such as polyethers [22,24,25,29–31] and polyamines 

[19,23,26] using TAPER as a mesogen. Proton transport membranes based on 

these polymers exhibit remarkable proton transport properties and 
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selectivity. Nevertheless, some of them also present poor mechanical 

properties and brittleness.  

In order to solve these drawbacks, the use of an external support has been 

explored. As reported in the first part of this article, we have used beech wood 

discs as supports for the infiltration of a dendronized polyepichlorohydrin 

(PECH) with TAPER groups (PECH75, Figure 6.1) [32]. In that work, two 

types of discs were prepared: delignified wood discs (DWD) and 

functionalized delignified wood discs (FDWD). After delignification and 

subsequent functionalization of wood the discs, hybrid membranes were 

assembled by infiltration of a polymer solution on both wood discs. 

Environmental scanning electron microscopy (ESEM) revealed that cellulose 

fibres in DWD supports were not fully filled with the dendronized PECH. On 

the contrary, FDWD supports presented an adequate channel filling. 

 

 

Figure 6.1. Chemical structure of PECH75. 

 

The aim of this work is to characterize the hybrid membranes synthesized in 

Part 1 of this article in terms of column orientation, membrane wettability, and 
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surface morphology . In addition, the evaluation of ion transport properties 

through biomimetic channels will be also investigated by means of 

electrochemical impedance spectroscopy (EIS), permeability tests and linear 

sweep voltammetry (LSV). The results obtained using LSV revealed that these 

hybrid membranes exhibited remarkable proton selectivity compared to other 

biomimetic membranes presented by our group.  

 

6.2.Experimental Part 

 

6.2.1. Materials 

 

Commercial polyepichlorohydrin (PECH, average Mw: ~ 700.000, determined 

by gel permeation chromatography), glacial acetic acid (≥99.9 %), sodium 

chlorite (NaClO2, 80 %), pyridine (≥99.9 %) and lauroyl chloride (98 %) were 

purchased from Sigma Aldrich. N,N-dimethylformamide (DMF) and 

tetrahydrofuran (THF) were purchased from VWR. Delignified solutions 

were prepared using 18.2 MΩ·cm-1 double deionized water (Milli-Q water 

systems, Merck Millipore). All chemical compounds were used as received 

without any further purification except DMF which was dried prior to use 

according to literature [33] Beech wood bars with a diameter of 15 mm were 

purchased from Leroy Merlin (Lezennes, France). Discs with a thickness of 1.5 

mm were obtained by cutting the beech wood bars using a scroll saw 

purchased in Lidl Stiftung & Co. KG (Neckarsulm, Germany). 
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6.2.2. Synthesis of copolymers  

 

The copolymers were obtained by grafting the dendron potassium 3,4,5-tris[4-

(n-dodecan-1-yloxy)benzyloxy]benzoate (TAPER) to commercial PECH 

according to the procedure described in Chapter 5 [32]. 

 

6.2.3. Preparation of the membranes 

 

Hybrid membranes were prepared using both delignified wood disks (DWD) 

and functionalized delignified wood disks (FDWD) as reported in Chapter 5 

[32]. 

Oriented membranes were obtained by using a thermal treatment (baking 

process). The baking process consists of the following steps: first, the hybrid 

membrane was placed on a Linkam TP92 hot stage (Linkam Scientific 

Instruments, Tadworth, UK), it was heated above the clearing temperature of 

PECH (170 °C) and kept for 30 min at this temperature. Afterwards, it was 

slowly cooled down (0.1 °C/min) to 30 °C, obtaining a uniform hybrid 

membrane. Oriented membranes were labelled with the prefix: O-, while non-

oriented membranes were labelled with the prefix: NO-. In the case of virgin 

wood discs (discs that do not contain PECH75), they were labelled by adding 

the prefix: V-. 
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6.2.4. Characterization 

 

Environmental scanning electron microscopy (ESEM). A morphological 

analysis of both DWD and FDWD cross-sections was carried out using a FEI 

ESEM Quanta 600 instrument (Hillsboro, OR, USA) in high vacuum mode, 

using electron detector and an accelerating voltage of 20 kV. Cross-sections 

were prepared by fracturing the membranes by hand. Dry samples were fixed 

to metal stubs with two-sided adhesive carbon taper. 

 

Contact angle (CA). The static contact angles with water on a membrane 

surface were measured with an optical goniometer (Ossila LTd, Sheffield, UK) 

supported by dedicated software. For the tests, water drops of (7 µL) were 

deposited on the sample’s surface. The contact angle was calculated, 

immediately after placing the water drop, using the tangent to the surface at 

the point of contact of three phases, i.e., solid, liquid and gas. The 

measurements were repeated using different areas of the membrane surfaces. 

For each test reported, at least three drops of water were used. 

 

X-Ray diffraction (XRD). XRD measurements were performed using a 

Bruker-AXS D8-Discover diffractometer equipped with parallel incident 

beam (Göbel mirror), vertical θ-θ goniometer, XYZ motorized stage and with 

a GADDS (General Area Diffraction System). Samples were placed directly on 

the Si(510) sample holder for reflection analysis. An X-ray collimator system 

close-to-the-sample allows to analyse areas of 500 µm. An X-ray 
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diffractometer was operated at 40 kV and 40 mA to generate CuKα radiation. 

The GADDS detector was a VÅNTEC-500 (silicon strip technology) placed at 

30 cm from the sample. The collected frame (2D XRD pattern) covers a 2θ  

range from 0.9 up to 11° and from 9.0 to 30.5°. The exposition time was 600 s 

per frame. The resulting frames were both gamma integrated to obtain a 2θ 

diffractogram and 2θ integrated to obtain an azimuthal intensity plot. XRD 

experiments were performed on both sides of the membranes and no 

differences could be detected. 

 

Electrochemical Impedance Spectroscopy (EIS). Electrochemical Impedance 

Spectroscopy analysis was performed using PGStat Autolab M204 (Metrohm 

Nederland, Barendrecht, The Netherlands), coupled to a frequency response 

analyser (FRA) and two-point cell composed of two copper plates. The 

analyses were carried out in the dry state on both sides of the hybrid 

membranes. EIS analysis was performed through-plane and in-plane 

configuration. The measurements were performed at room temperature (RT = 

24 ± 1 °C). 

 

Permeability tests. Transport experiments were performed using a 

methacrylate test cell that consisted of two compartments, separated by the 

tested membrane, containing the feed and the stripping solutions, 

respectively. The volumes of the feed and the stripping solutions were 200 

mL, and the effective membrane area was 0.28 cm2. For the proton transport 

experiments, the initial feed solution was 0.1 M HCl aqueous solution, and the 

stripping solution was 0.1 M aqueous solution of: NaCl, LiCl or KCl. The pH 
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of the stripping solution was measured every 10 s by a pH-Conductivity meter 

CPC-505 connected to a computer, which registered all results. All 

experiments were repeated three times. 

 

Linear Sweep voltammetry. Linear sweep voltammetry was performed using 

Autolab PGSTAT204 (Metrohm Nederland, Barendrecht, The Netherlands), in 

potentiostatic mode with current ranging from 100 mA to 100 nA, potential 

range from 0 V to 5 V, step 0.01 V, and scan rate 0.01 V/s. The experimental 

set-up is presented in Figure 2. The distance between the reference electrodes 

(Ag/AgCl) and membrane was 1 cm. The solution volume in each 

compartment was 200 mL. The measurements were performed at RT (24 ± 1 

°C). Samples for these experiments were placed in a Teflon sheet with a hole 

in the middle, giving a total membrane area equal to 0.5 cm2. The membranes 

were placed between to Teflon sheets and sealed.  

0.1 M HCl aqueous solution was used to study the proton transport. 

Additionally, a series of measurements with chlorides salts (LiCl, KCl and 

NaCl) using 0.1 M aqueous solutions were performed in order to study the 

selectivity of the membranes.  

 

UNIVERSITAT ROVIRA I VIRGILI 
COLUMNAR LIQUID-CRYSTALLINE POLYMERS CONTAINING NITROGEN AT THE BACKBONE TO BE USED 
TO PREPARE ION-TRANSPORT MEMBRANES 
Jordi Guardià Blanch 
 



 CHAPTER 6 

 

271 
 

 

Figure 6.1. Experimental set-up for lineal sweep voltammetry measurements. 

 

Solution Uptake Test. Weighted membranes were immersed in Milli-Q water 

at RT (24 ± 1 °C). Wet membranes were weighted every hour during the first 

5 hours, and after 24 and 48 h to ensure complete water saturation of the 

membranes. The water on the surface of the wet membranes was quickly 

removed with filter paper, and the mass was measured later. All experiments 

were made by triplicate. The mass of the dry membranes was obtained by 

weighting the membranes after drying them at 50 C during 24 h. The water 

uptake can be calculated as follows: 

𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒 (%) =  
(𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦)

𝑊𝑑𝑟𝑦
· 100       (1) 

Where Wwet and Wdry are the mass of wet and dry membrane samples, 

respectively.  
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Optical Microscopy. The surface morphology of the membranes was studied 

by means of Keyence digital microscope VHX – 7000 series, with a 4K high-

resolution digital camera.  

 

6.3.Results and discussion 

 

This work has been divided into two parts. The first part entails the 

preparation of the hybrid membranes using delignified and functionalized 

delignified wood discs as supports. The application of the reported 

methodology allowed the obtention of highly hydrophobic wood supports. 

Finally, DWD and FDWD membranes were assembled by the infiltration of 

PECH75 inside the pores of wood support in order to obtain hybrid 

membranes that could be promising candidates for ion transport applications. 

In this part of the research work, the characterization of these hybrid 

membranes in terms of orientation, wettability, and morphology was carried 

out. Furthermore, an exhaustive study of the ion transport properties of these 

wood-based membranes was also performed.  

 

6.3.1. Structural and morphological characterization 

 

The morphology of the non-thermally treated membranes (NO-DWD and 

NO-FDWD), the thermally treated ones (O-DWD and O-FDWD) and the 

wood discs that did not contain the polymer inside its pores (V-DWD and V-

FDWD) have been analysed by optical microscopy. Images of the top side 
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view of the membranes are shown in Figure 6.3. Optical microscopy analysis 

revealed a change in the colour of thermally treated membranes in 

comparison with the non-thermally treated ones. Thermally treated 

membranes showed a brownish surface meanwhile the non-thermally treated 

membranes presented a lighter brown surface. The presence of some lines 

across the support surfaces was observed during this analysis. Besides, ESEM 

analysis revealed that these lines correspond to small cellulose fibres stacked 

perpendicular to the direction of the vast majority of cellulose fibres 

(highlighted areas in red from Figure 6.S1. The presence of large fibres stacks 

(> 100 µm), medium channel stacks (50 – 100 µm), and small channel stacks 

(<50 µm) has been observed.  

 

 

Figure 6.2. Microscopy images from the hybrid membranes; a) O-DWDM, b) 

NO-DWDM, d) O-FDWDM and e) NO-FDWDM, and the virgin supports, c) 

V-DWD and f) V-FDWD.   
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The surface morphology of the supports was analysed by optical microscopy 

obtaining 3D topographic pictures (Figure 6.4). In NO-DWD and O-DWD 

samples, we could observe the presence of unfilled channels on the membrane 

surface. Comparing the surface of DWD (Figures 6.4a and b) with the surface 

of FDWD (Figures 6.4c and d), we can observe some differences regarding 

their morphology. On the one hand, FDWD membranes present a more 

regular surface than DWD membranes, either thermally treated or not. This 

phenomenon was also observed in the bottom surface of both DWD and 

FDWD membranes.  

The most irregular surface of DWD membranes could be explained by the 

lower affinity of PECH75 (hydrophobic polymer) with the internal 

composition of DWD membranes (hydrophilic character), meaning that fewer 

pores of the membrane had been filled [32]. In the case of FDWD membranes, 

many of these hydroxyl groups have been functionalized with lauroyl 

chloride, thus replacing them by long aliphatic chains. In this way, long 

aliphatic chains are able to interact by supramolecular forces with the side 

chains of the dendronized PECH75. Therefore, the polarity of the inner 

channels has been changed from hydrophilic to hydrophobic character. 
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Figure 6.4. Topographic 3D images obtained by optical microscopy of: a) O-

DWDM, b) NO-DWDM, c) O-FDWDM and d) NO-FDWDM.  

 

After the application of the thermal treatment membranes were analysed by 

means of XRD in order to stablish the orientation of the polymer columns 

inside the pores of the support. Data obtained from XRD analysis and 

azimuthal analysis are shown in Table 6.1.  
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Table  6.1. XRD diffraction data of hybrid membranes (O-DWD, NO-DWD, O-FDWD and NO-FDWD) and data obtained 

from azimuthal scan at RT (24 ± 1 °C). 

Membrane Mesophase 2θ (°) d 100 (Å) Angle of orientation (°) Full Width at Half Maximum (FWHM) (°) 

O-DWD Col 42.5 2.1 93 49 

NO-DWD Col 42.5 2.1 - - 

O-FDWD Col 42.4 2.1 90 59 

NO-FDWD Col 42.4 2.1 - - 
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From XRD analysis we observed a peak centred at 2θ = 2.1° (d = 42.4 – 42.5 Å) 

which indicates that the side chain liquid crystalline polyether chains were 

organized in columnar mesophases (Figure 6.5). This peak has been related to 

the lattice plane indexed as (1 0 0). These results are in agreement with the 

mesophases exhibited by the liquid crystalline polymers previously 

synthetized by our research group [19,21,23–26,29–31,34–36]  

 

 

Figure 6.5. a) XRD diffractogram of the thermally treated: O-DWD and b) the 

azimuthal scan of O-DWD; c) XRD diffractogram of the thermally treated O-

FDWD and d) the azimuthal scan of O-FDWD. 
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From azimuthal scan we could observe the trend of the polymer columns to 

achieve a homeotropical orientation Figure 6.5. Nevertheless, the observed 

peak was a broad peak. This shape can be attributable to two reasons: first the 

polymer columns tend to orient homeotropically although not all of them 

achieved this orientation. Secondly, the non-flat surface of these hybrid 

membranes observed in the topographic analysis affects the determination of 

the column orientation by XRD. These irregularities make that the exact 

determination of the column orientation by XRD were not completely 

possible.  

Membrane wettability was studied by means of static contact angle (Table 

6.2). In previous works, we could find a direct relationship between the CA 

values and the column orientation in the membranes [20,36]. Homeotropically 

orientation of polymer columns was evidenced by an increase in the 

hydrophobic character of the oriented membranes due to the presence of the 

hydrophobic moieties of the polymer stacked in the external part of the 

columns. For instance, Zare and co-workers observed an increased 

hydrophobicity on the air side of the membranes (top side) from 87 ± 2° before 

the application of the thermal treatment to 104.5 ± 0.9° after having applied 

the thermal treatment [20].  
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Table  6.2. Contact Angle data from the hybrid membranes DWDM and FDWDM samples, with and without thermal 

treatment. 

Samples 
Contact Angle (°) 

Water Uptake (%) a 
Air Side Bottom Side 

DWD 

V-DWD 120 ±2 125 ± 1 120 ± 1 

O-DWD 135 ± 1 138 ± 1 96 ± 1 

NO-DWD 130 ± 1 114 ± 3 117 ± 1 

FDWD 

V-FDWD 134 ± 1 131 ± 2 68 ± 3 

O-FDWD 134 ± 1 135 ± 2 29 ± 1 

NO-DWD 129 ± 2 126 ± 1 39 ± 1 

a Water uptake after 48h. 
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This behaviour was also observed in these hybrid membranes. Non-oriented 

membranes (NO-DWD and NO-FDWD) show lower CA values than oriented 

membranes (O-DWDM and O-FDWD), denoting an increasing of the CA 

values after the application of the thermal treatment. These data support the 

actual orientation of the polymer columns suggested by XRD.   

Water uptake values are presented in Table 6.2. For all the membranes, the 

saturation point was reached after 24 h of immersion time. Water uptake tests 

evidenced the higher hydrophobic character of V-FDWD supports. Upon 

lignin removal, V-DWD supports exhibited a higher hydrophilicity due to the 

presence of a large number of hydroxyl groups from cellulose and 

hemicellulose in its scaffold, which resulted in the obtention of a water uptake 

of 120 %. On the other hand, V-FDWD supports showed lower water uptake 

(68 %) since the functionalization of the hydroxyl groups of cellulose and 

hemicellulose with lauroyl chloride produces an increase of the hydrophobic 

character of the support. Furthermore, a more significant reduction of the 

water uptake values was observed for NO-FDWD and O-FDWD filled with 

PECH75 compared to NO-DWD and O-DWD respect to the virgin discs. This 

trend revealed that the infiltration of the dendronized polyether inside the 

wood pores was more effective when wood discs were also functionalized.   

 

6.3.2. Transport properties 

 

The ionic conductivity of all hybrid membranes was studied by 

electrochemical impedance spectroscopy (EIS). As we could observe during 
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the CA experiments, all membrane surfaces present a hydrophobic character. 

Hence, EIS analysis in dry state were performed because the addition of water 

should not imply any changes in the conductivity values obtained from 

electrochemical impedance. To describe the polymer conductivity behaviour, 

we performed a simulation of the impedance data fitted to model electrical 

circuits (Figure 6.S2). Depending on the results obtained from the impedance 

data, a system can be simulated by different complex or simple equivalent 

circuits, which are labelled by using the “circuit description code” (CDC). [37] 

Using these equivalences, a circuit composed by a resistor (R) (Figure 6.S2a) 

and a capacitor (C) (Figure 6.S2b) can be combined to form different simple 

or complex circuits. For instance, if a capacitor and resistor are connected in 

series, it is expressed as RC (Figure 6.S2c), but if they are connected in parallel 

it is written enclosed in parentheses (RC) (Figure 6.S2d). Moreover, more 

complex circuits can be formed from all these combinations, for example, we 

can obtain a circuit where a resistor and a capacitor are connected in parallel, 

and connected to another resistor, this complex circuit is denoted as R(RC) 

(Figure 6.S2e).  

EIS measurements were performed in-plane, thus locating the electrodes at 

the same surface of the membrane, and through-plane, where the electrodes 

were located on both sides of the membrane. In-plane experiments were 

carried out on both sides of the membrane. The results obtained from the 

experiments of the air side of the membranes are shown in Figure 6.6, 

meanwhile the results obtained from the bottom side of the membranes are 

shown in Figure 6.S3. As we could observe there is no significative difference 

when comparing both sides of the hybrid membranes. Figure 6.7 shows the 

results obtained from the through-plane experiments. Data obtained from 
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these measurements did not denote any difference when comparing both in-

plane and through-plane experiments.  

 

 

Figure 6.6. In-plane air side Nyquist plots of hybrid membranes. a) O-DWD, 

b) NO-DWD, c) O-FDWD and d) NO-FDWD. 

 

According to the results obtained from the fitting data, impedance of hybrid 

membranes can be adjusted to two different circuits (RC and R(RC)) (see 

Figure 6.S2c and S2e).  Table 6.S1 shows the data obtained from in-plane EIS 
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experiments and Table 6.S2 displays the results obtained from through-plane 

EIS measurements. 

 

 

Figure 6.7. Through-plane impedance Nyquist plots of hybrid membranes: a) 

O-DWD, b) NO-DWD, c) O-FDWD and d) NO-FDWD. 

 

Graphical representation of the obtained EIS, for both in-plane and through-

plane experiments, suggests that these membranes can be correlated with 

both resistance-capacitance response. From the values presented in the tables, 

the capacitance detected in these experiments resulted to be almost negligible 
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(order of magnitude between 10-07 and 10-09), meanwhile they presented high 

resistance values (order of magnitude equal to 10+11).  

On the other hand, the power of the Constant Phase Element (CPE, expressed 

as “n” in both tables) used to be between 0 (when the system acts as a perfect 

resistor) and 1 (when it works as a perfect capacitor). For these hybrid 

membranes, CPE presented “n” values higher than 1 in almost all cases, which 

prevented us from accurately determining the real behaviour of these 

membranes, whether capacitor or resistor. Therefore, the data obtained from 

the fitting models suggest that these hybrid membranes behave as insulating 

materials from an electronic point of view. 

The insulating behaviour of these hybrid membranes can be reasonably 

explained by the internal structure they have. As aforementioned, the 

polymer columns formed inside these membranes contain an inner channel 

formed by basic heteroatoms (oxygen), which should be the responsible of the 

transport across them. The non-ionic nature of the polyepichlorohydrin main 

chain results in a significantly high resistance values observed in the 

impedance analysis. In membranes that present another structure, such as 

Nafion®, the presence of ionic sulfonic groups in their internal structure are 

responsible for the ionic conductivity observed in Alternate Current (AC), due 

to their easy polarizability [38–41] As a consequence, the conductivity 

properties cannot be directly established from the resistance values obtained 

from EIS. Therefore, it could be stated that EIS was not the best technique to 

determine the ionic conductivity of this group of membranes.  

For this reason, we have explored the use of other techniques as alternatives 

to EIS such as linear sweep voltammetry (LSV) and permeability tests. Using 
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these last two techniques, cations can be transported across the polymeric 

channels thanks to an external stimulus such as concentration gradient or by 

difference of potentials.   

Linear sweep voltammetry was used to study the cation transport across the 

membrane by current-voltage measurements. The set-up used to carry out 

these experiments is described in Figure 6.2. In a typical current-voltage (C–

V) curve, one can distinguish three main regions : region I or also called ohmic 

region, where the observed current after applying a potential is governed by 

the Ohm’s law and exhibits a linear trend. As the current density increases, a 

plateau or semi-plateau region is observed in the C–V curves (region II). This 

second region corresponds to the limiting current density region, which is 

related with the cation permselectivity of the membrane. The limiting current 

density (Ilim) is the necessary current to transfer all the available cations across 

the membrane. Finally, an overlimiting region where an increase of the 

current is observed can be explained by the electroconvection theory or 

water’s dissociation [42–44] 

In this study, we evaluated the conductivity of the oriented and non-oriented 

hybrid membranes. Figure 6.8 shows the current-voltage curves of O-FDWD 

and NO-FDWD using HCl 0.1 M. In the current-voltage curve of the 

membrane O-FDWD, the three characteristic regions: ohmic, limiting current 

and overlimiting can be observed (Figure 6.8a). On the other hand, NO-

FDWD only presents the ohmic and the overlimiting regions (Figure 6.8b).  
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Figure 6.8. C–V curves of the hybrid membranes. a) O-FDWDM and b) NO-

FDWDM 

 

Apart from evaluating the proton conductivity, we also studied the 

conductivity of other monovalent cations, such as alkaline cations Na+, K+ and 

Li+. The proton conductivities as well as the conductivities associated to the 

other tested alkaline cations are shown in Table 6.3. As commented before, 

the current-voltage curve of NO-FDWD did not show the limiting current 

region and therefore it was only possible to determine the ohmic resistance 

density (Rohm), which was 0.25 x 107 Ω · cm-2. On the other hand, the current-

voltage curve of O-FDWD showed the three main regions and in this case the 

limiting current density (Ilim = 4.35 x 10-6 A · cm-2) and the ohmic resistance 

density (Rohm = 0.11 Ω · cm-2) could be calculated. It can be noted that ohmic 

resistance density values of the non-oriented membranes are approximately 

double that of oriented hybrid membranes. The difference between both types 

of membranes can be associated to the orientation of dendronized PECH75 

columns. Comparing the non-oriented membranes with each other, NO-
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FDWD showed higher ohmic resistance density since the conductive paths in 

this membrane do not exhibit a homeotropic alignment. 

Table  6.3. Ohmic resistance densities obtained from C – V curves of the 

FDWD membranes. 

Sample 
Rohm x 107 (Ω · cm-2) 

HCl LiCl NaCl KCl 

Nafion®117 0.003* 0.006* 0.019* 0.012* 

O-FDWDM 0.110 5.430 2.520 16.430 

NO-FDWDM 0.250 2.100 7.010 6.270 

a Ohmic resistance of Nafion®117 expressed in Rohm x 103 Ω · cm-2. These data 

were reported by Bogdanowic et al. [45]. 

 

To express the membrane selectivity of proton over other monovalent cations, 

a conductance ratio (reverse resistance) is expressed as the Gion/GH+ ratio for 

each hybrid membrane. Selectivity results are shown in Table 6.4. As can be 

observed in the table, oriented membranes present a higher proton selectivity 

for lithium and potassium cations, meanwhile sodium’s selectivity seems to 

be similar in both membranes, whether oriented or not.  Although the small 

difference between ohmic resistance densities (Rohm) of both hybrid 

membranes, oriented membranes present a higher selectivity. Furthermore, 

the potassium selectivity rates of these membranes are up to two orders of 

magnitude lower than those rates observed for Nafion®, meanwhile the other 

cation selectivity rates are up to one order of magnitude higher, as can be seen 

in Table 6.4. 
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Table  6.4. Selectivity (Gion/GH+ ratio) values for alkaline monovalent cations. 

Sample 
Gion/GH+ x 100 (%) 

Li+ Na+ K+ 

Nafion®117 47.3* 14.2* 22.8* 

O-FDWDM 2.1 4.5 0.7 

NO-FDWDM 11.6 3.5 3.9 

a Cation selectivity data of Nafion®117 was reported by Bogdanowic et al. [45]. 

 

The improvements of these selectivity ratios are similar to the ones observed 

in previous studies reported by Bogdanowicz and co-workers, in which they 

investigated the proton conductivity of a liquid crystalline poly[2-(aziridine-

1-yl)ethanol] (PAZE) modified with the same dendron [45] However, another 

side chain liquid crystalline polyether copolymer (poly(epichlorohydrin-co-

ethylene oxide) synthesized by Zare and co-workers showed a lower 

selectivity with respect to those obtained with our systems [20] Conductivity 

measurements with DWD were unsuccessful since when filling the 

compartments of the LSV set-up with the solution under study we could 

observe that this membrane was leaking. These group of membranes, 

presented unfilled or partially filled cellulose (and hemicellulose) pores as we 

could see during ESEM analysis, which can explain the free cationic transport 

across DWD-based membranes detected during the performance of LSV 

experiments.  

We also studied the effect of membrane conditioning. With this purpose, we 

immersed the hybrid membranes in the solution under study for 30 min prior 

to LSV analysis. Afterwards, we evaluated the membrane conductivity as we 
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did before. In these experiments, there was no evidence of the three regions 

on a typical C–V curve and a straight line was observed. Ohmic resistance 

density values of these experiments are shown in Table 6.5.  

 

Table  6.5. Ohmic resistance densities obtained from C – V curves of the 

FDWD membranes after conditioning them.   

Sample 
Rohm x 107 Ω · cm-2 

HCl LiCl NaCl KCl 

Nafion®117 0.003* 0.006* 0.019* 0.012* 

O-FDWDMA 0.014 0.032 0.42 0.25 

NO-FDWDMA 0.53 0.48 1.32 0.030 

a Ohmic resistance of Nafion®177 expressed in Rohm x 103 Ω · cm-2. These data 

were reported by Bogdanowic et al. [45]. 

 

After membrane conditioning, it can be noted that the resistance densities 

obtained are lower than the resistance density obtained without conditioning 

for all tested cations. Regarding the oriented membranes, we could observe 

an increase of the ohmic resistance densities when increasing the ionic radius 

of the cations except potassium. On the other hand, non-oriented membranes 

do not seem to follow the same tendency observed in the case of oriented 

membranes. The first notable difference is that the transport of K+ seems to be 

favoured over the rest of the evaluated cations. A possible explanation of this 

behaviour could be the relatively elevated water uptake value (39 %) of NO-

FDWD membranes. The polymeric chains inside the wood pores could be 

rearranged during membrane conditioning in such a way that the conducting 
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paths of NO-FDWD membranes presented a straightforward path for large 

cations like potassium, and a winding path for smaller cations (H+, Li+ and 

Na+). As a result, higher resistance density values were detected when smaller 

cations were tested. 

Permeability tests were carried out with O-FDWD and NO-FDWD 

membranes using aqueous solutions of different monovalent salts (NaCl, LiCl 

and KCl) as stripping solution. In all the cases, we did not observe any change 

in the pH of the stripping solution even after 4 days. These results differ from 

the ones reported by Zare and co-workers, who studied the antiport transport 

mechanism of membranes based on dendronized poly(epichlorohydrin-co-

ethylene oxide) (PECH-co-EO) [20,25]. Despite the similarities between the 

main chain  of PECH75 and dendronized PECH-co-EO, it seems that the high 

modification degree with the side chain dendron of PECH75 could restrict the 

simultaneously passage of the different cations in both directions. [20,25] 

 

6.4.Conclusions 

 

Ion conductive novel hybrid membranes based on liquid crystalline modified 

poly(epicholorhydrin) supported on chemically modified wood discs have 

been successfully characterized in terms of surface morphology and 

wettability.  

Optical microscopy supported the ESEM findings reported in Part 1, where 

unfilled pores were observed for DWD membranes. The irregularities 

presented at the surface in both DWD and FDWD membranes avoid the exact 
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determination of the columnar orientation. However, the increase of the CA 

values after thermal treatment supports the orientation denoted during the 

XRD analysis. In this sense NO-DWD membranes reported a contact angle 

value of 114 ± 3°, while O-DWD membranes exhibited a contact angle value 

of 138 ± 1° for the same side of the membrane. Membrane wettability revealed 

a greater water uptake (from 96 to 120 %) for DWD membranes and supports, 

meanwhile FDWD membranes evidenced lower uptake values between 30 

and 40 %. These results agreed with our hypothesis formulated for the 

preparation of these hybrid membranes. 

Further transport studies were carried out through electrochemical 

impedance spectroscopy, permeability tests and linear sweep voltammetry. 

According to electrochemical impedance spectroscopy, hybrid membranes 

behave as electrical insulators. A reasonable explanation to these observations 

lies in the non-ionic nature of the membranes which makes impossible the 

obtention of conductivity values under AC. Permeability tests were carried 

out as alternative to EIS for the determination of the transport properties. 

Nevertheless, we did not observe a change in the pH in the stripping solution 

even after 4 days of experimentation.  

Current-voltage curves of the FDWD membranes revealed two behaviours 

depending on the orientation of the membrane when evaluating the proton 

transport. The limiting current region was observed for the O-FDWD 

membrane, meanwhile it was not denoted for the NO-FDWD membrane. 

Thus, indicating proton permselectivity. FDWD hybrid membranes showed 

an excellent selectivity of the proton in front of the other monovalent cations. 

This selectivity values (expressed as the percentage ratio of reverse 

conductance) are up to two orders of magnitude better than those expressed 
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by Nafion®117. These results indicate the potential use of this modified wood 

support as suitable support for the preparation of ion conductive membranes. 
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6.6.Supporting Information 

 

 

Figure 6.S1. ESEM cross-section images of: a) Non-treated beech wood 

(NTW), b) DWD and c) FDWD. 
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Figure 6.S2. Nyquist plots of exemplary model circuits. R0 = R1 = 1kΩ 
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Figure 6.S3. In-plane bottom side Nyquist plots of: hybrid membranes. a) O-

DWD, b) NO-DWD, c) O-FDWD and d) NO-FDWD. 
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Table  6.S1. Fitting data from, both air side and bottom side, in-plane EIS of 

hybrid PECH75 membranes. 

O-DWDM Air side O-DWDM Bottom side 

Element Parameter Value 
Error 

(%) * 
Element Parameter Value 

Error 

(%) * 

Rs R -1358.7 -557.2 R1 R -1509.6 -499.6 

Rp R 6.75E+11 385.5 Q1 Y0 1.39E-08 136.3 

CPE Y0 1.34E-09 128.0      

  N 1.1 7.9   N 1.1 8.4 

  χ² 94.433     χ² 97.591   

NO-DWDM Air side  NO-DWDM Bottom side 

Element Parameter Value 
Error 

(%) * 
Element Parameter Value 

Error 

(%) * 

Rs R -1265.2 -641.7 Rs R -528.22 -573.1 

Rp R 6.47E+11 397.1 Rp R 6.17E+11 461.2 

CPE Y0 1.26E-08 137.2 CPE Y0 8.73E-09 139.7 

  N 1.1 8.4   N 1.1 8.6 

  χ² 10.258     χ² 15.503   

O-FDWDM Air side O-FDWDM Bottom side 

Element Parameter Value 
Error 

(%) * 
Element Parameter Value 

Error 

(%) * 

R1 R -1763.3 -473.8 R1 R -1612.9 -493.6 

Q1 Y0 1.37E-08 158.9 Q1 Y0 1.37E-08 146.8 

  N 1.1 9.7   N 1.1 9.0 

  χ² 10.818     χ² 10.216   

NO-FDWDM Air side NO-FDWDM Air side 

Element Parameter Value 
Error 

(%) * 
Element Parameter Value 

Error 

(%) * 

R1 R -1613.9 -488.6 R1 R -1472.9 -563.4 

Q1 Y0 1.38E-08 143.9 Q1 Y0 1.27E-08 145.6 

  N 1.1 8.8   N 1.1 8.9 

  χ² 10.194     χ² 10.724   

*Estimated Error. 
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Table  6.S2. Fitting data from through-plane EIS of hybrid PECH75 

membranes. 

O-DWDM NO-DWDM 

Element Parameter Value 
Error 

(%) * 
Element Parameter Value 

Error 

(%) * 

Rs R -321.21 -282.9 R1 R -819.82 -101.9 

Rp R 1.15E+11 28.4 Q1 Y0 1.90E-07 19.8 

CPE Y0 7.76E-08 20.1     
 N 10.486 1.5  N 0.99664 1.5 
 χ² 0.6219   χ² 0.6715  

O-FDWDM NO-FDWDM 

Element Parameter Value 
Error 

(%) * 
Element Parameter Value 

Error 

(%) * 

R1 R -215.49 -230.9 Rs R -244.11 -187.2 

Q1 Y0 1.42E-07 13.9 Rp R 1.46E+11 40.8 

    CPE Y0 1.69E-07 13.9 

 N 10.289 1.0  N 1.021 1.1 

 χ² 0.33295   χ² 0.28425  

*Estimated Error. 
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Chapter 7 
 

General Conclusions 
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Conclusions 

 

The main conclusions of this work are extracted from the different sections 

according to the specific objectives reported in Chapter 1.  

1) The synthesis of the monomer TAPOx was successfully performed in 

two steps: the obtention of the intermediate TAPAm, followed by its 

dehydrative cyclisation, achieving high yields (92 and 85 %, 

respectively). An enantiotropic behaviour was observed for TAPAm 

according to DSC and X-ray analysis. Meanwhile, TAPOx did not 

present a liquid crystal behaviour. 

 

2) Polymerization of TAPOx was successfully carried out by living 

cationic ring opening polymerization (CROP),thus preparing a family 

of poly(2-oxazoline)s with molecular weights up to 60 KDa. The 

poly(2-oxazolines)s prepared presented columnar mesophases in a 

broad range of temperatures. In particular, PTOx40, denoted the 

formation of a hexagonal columnar mesophase. 

 
3) The formation of self-sustained membranes based on PTOx40 was not 

possible due to membrane brittleness. A polyester fabric was used as 

a support to improve the mechanical properties. The presence of 

bubbles with different size was observed for some membranes due to 

possible interactions between the wet membrane and the antisolvent. 

Nonetheless, they were present in the space between the polyester 

fabric and the substrate.  
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4) As expected, EIS analysis reported an insulating behaviour of the 

membranes, since they present weakly polarizable groups. LSV 

results of the homeotropically oriented hybrid membranes showed an 

outstanding proton selectivity, probably due to the low adaptability 

of the homopolymer chain to bigger cations, while presenting low 

conductivities. 

 

5) The obtention of biobased wood supports was achieved by a two-step 

process using beech wood bars. Both delignification and 

functionalization processes did not alter the wood pore structure as 

was evidenced by ESEM analysis. During the preparation of the 

hybrid membranes, it was observed that a thermal treatment helps 

with the distribution of PECH75, thus making the contact angle on 

both sides of the membrane similar to each other. 

 
6) ESEM analysis reported the presence of holes on both sides of the 

DWD hybrid membrane, thus suggesting our initial hypothesis. 

Homeotropical orientation of the polymer columns was poorly 

observed by XRD, due to membrane’s irregular surface, but later 

corroborated by the increased contact angle after thermal process.  

 
7) As expected, the presence of holes on DWD hybrid membranes 

caused membrane leaking, avoiding its transport study. Due to 

orientation, FDWD oriented membranes reported membrane 

permselectivity since the limiting current region was observed, 

according to LSV. Both oriented and non-oriented membranes 
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presented excellent proton selectivity compared to commercial 

Nafion®N117. 
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