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Statement of Objectives 

The main objective of this thesis was to explore the effect of nanoparticle anchoring on liquid 

crystal polymers. While several literature examples report nanoparticles effectively dispersed 

within a liquid crystalline matrix, examples of polymer grafted nanoparticles exhibiting liquid 

crystalline behaviour has not been reported prior to the present work. In general, the objective 

of each chapter was to explore the design and synthesis of a different semi-flexible polymer 

ligand as well as its anchoring onto spherical zirconia nanoparticles. Each polymer was chosen for 

its ability to self-assemble into different liquid crystal phases and the goal upon successful 

synthesis of these nanoparticles was the preparation and characterization of its resulting liquid 

crystalline phases. The self-assembly of poly hexyl isocyanate grafted nanoparticles into lyotropic 

nematic phases were explored in chapter 2. In chapter 3, poly(γ-benzyl-L-glutamate), a “model” 

semi-flexible rod was similarly functionalized onto zirconia nanoparticles to explore its lyotropic 

cholesteric properties. Chapter 4 explores the thermotropic and lyotropic properties of poly(γ-

stearyl-L-glutamate) grafted zirconia nanoparticles to self-assemble into lyotropic/thermotropic 

cholesteric liquid crystals.  
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Abstract 

Liquid Crystalline Behaviour of Semi-Flexible Polymer-Coated Nanoparticles 
In summary, this thesis explores the liquid crystalline phases enabled by semi-flexible 

polymers grafted onto spherical zirconia nanoparticles, which is a culmination of advances in 

several separate fields. Previous examples have been reported of liquid crystal (LC) ligands being 

synthesized and subsequently attached to a nanoparticle core, however this strategy of LC 

functionalization proves to be costly, difficult and time-consuming. However, colloidal 

stabilization of the nanoparticles is crucial in designing LC nanocomposites. For this reason, 

polymer ligands were examined as potential candidates towards imparting colloidal stability, 

however several reports of polymer stabilized nanoparticles do not explore LC behaviour. 

Towards self-assembly of polymer grafted nanoparticles, flexible and rigid polymer grafted 

nanoparticles have been successfully synthesized, however these particles tend to organize into 

cubic phases (ie. face-centered and body-centered), while semi-flexible polymers as nanoparticle 

coatings have been largely unexplored, despite the multiple established theories surrounding the 

ability of semi-flexible polymers to self-assemble into liquid crystalline phases. Few literature 

examples of semi-flexible polymer-grafted nanoparticles exist, however, of these examples, none 

have reported liquid crystalline behaviour. For this reason, the objective of this thesis was to 

explore phase behaviour of semi-flexible polymer grafted nanoparticles, with each chapter 

dedicated to a different semi-flexible polymer with unique self-assembly behaviour.  

 

Chapter 2 outlines preparation of poly (hexyl isocyanate) (PHIC) grafted nanoparticles as 

well as the lyotropic nematic phases enabled by these particles. The major findings were that 

compared to the PHIC in solution, PHIC coated nanoparticles exhibited lower critical 

concentrations required for liquid crystal assembly as well as anisotropic ordering of these 

particles into linear assemblies. Given that the zirconia nanoparticles were spherical, and 

consequently isotropic, the ability of these isotropic particles to self-assemble into anisotropic 

structures was a surprising result. We propose that concentration-dependent splaying of the 

polymer corona into a rod-like structure enables nematic ordering. Following this major finding, 
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the same general nanoparticle preparation method was extended to two other semi-flexible 

polymers with unique liquid crystal properties. In chapter 3, poly(γ-benzyl-L-glutamate) (PBLG), 

was chosen for its ability to self-assemble into lyotropic cholesteric phases, which was 

subsequently also seen in the corresponding functionalized nanoparticles. Functionalized 

nanoparticles were prepared across a wide molecular weight range, as to explore the effect of 

molecular weight on LC formation, LC structure and PBLG aggregation. It was found that MW 

appeared to have a role in the onset of LC formation, as low MW PBLG-grafted NPs exhibited a 

drastic reduction in the critical concentration, while high MW PBLG-grafted NPs had no 

noticeable effect. Similarly, Chapter 4 explores LC formation of nanoparticles coated with another 

synthetic polypeptide, Poly(γ-stearyl-L-glutamate) (PSLG), which is unique due to thermotropic 

and lyotropic cholesteric behaviour. In comparison to untethered PSLG, the LC phases formed 

from the corresponding nanoparticles were similarly observed to exhibit reduced lyotropic 

critical concentrations in addition to organizing into LC structures with similar dimensions, 

despite the small core size/high curvature of the nanoparticles. This suggests that self-assembly 

of the PSLG coated nanoparticles persists despite the presence of the zirconia cores, which 

potentially act as a hindrance in the kinetics/structure of LC formation, as seen in the increased 

LC structure sizes. In summary, the LC phases formed from semi-flexible polymer-grafted 

nanoparticles reveal that nanoparticle functionalization could prove to be an effective strategy 

towards altering LC size/structure in addition to enabling LC formation at reduced lyotropic 

concentrations.  
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Abrégé 

En résumé, cette thèse explore les phases cristallines liquides permises par des polymères 

semi-flexibles greffés sur des nanoparticules sphériques de zircone, ce qui est un point culminant 

des progrès réalisés dans plusieurs domaines distincts. Des exemples antérieurs ont été 

rapportés de ligands de cristaux liquides (CL) synthétisés puis attachés à un noyau de 

nanoparticules, mais cette stratégie de fonctionnalisation des CL s'est avérée coûteuse, difficile 

et chronophage. Cependant, la stabilisation colloïdale des nanoparticules est cruciale dans la 

conception de nanocomposites à base de cristaux liquides. C'est pourquoi les ligands polymères 

ont été examinés en tant que candidats potentiels pour conférer une stabilité colloïdale, mais 

plusieurs rapports sur les nanoparticules stabilisées par des polymères n'explorent pas le 

comportement de la CL. En ce qui concerne l'auto-assemblage des nanoparticules greffées de 

polymères, des nanoparticules greffées de polymères flexibles et rigides ont été synthétisées 

avec succès, mais ces particules ont tendance à s'organiser en phases cubiques (c'est-à-dire 

centrées sur la face et centrées sur le corps), tandis que les polymères semi-flexibles en tant que 

revêtements de nanoparticules ont été largement inexplorés, malgré les multiples théories 

établies entourant la capacité des polymères semi-flexibles à s'auto-assembler dans des phases 

cristallines liquides. Il existe peu d'exemples bibliographiques de nanoparticules greffées de 

polymères semi-flexibles, mais aucun de ces exemples n'a fait état d'un comportement cristallin 

liquide. C'est pourquoi l'objectif de cette thèse était d'explorer le comportement de phase des 

nanoparticules greffées de polymères semi-flexibles, chaque chapitre étant consacré à un 

polymère semi-flexible différent ayant un comportement d'auto-assemblage unique.  

Le chapitre 2 décrit la préparation des nanoparticules greffées de poly (hexyl isocyanate) 

(PHIC) ainsi que les phases nématiques lyotropes permises par ces particules. Les principales 

conclusions sont que, par rapport au PHIC en solution, les nanoparticules enrobées de PHIC 

présentent des concentrations critiques plus faibles requises pour l'assemblage des cristaux 

liquides, ainsi qu'un ordonnancement anisotrope de ces particules en assemblages linéaires. 

Étant donné que les nanoparticules de zircone étaient sphériques et donc isotropes, la capacité 

de ces particules isotropes à s'auto-assembler en structures anisotropes était un résultat 
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surprenant. Nous proposons que l'évasement dépendant de la concentration de la couronne de 

polymère en une structure en forme de tige permette une mise en ordre nématique. Suite à cette 

découverte majeure, la même méthode générale de préparation de nanoparticules a été étendue 

à deux autres polymères semi-flexibles aux propriétés cristallines uniques. Dans le chapitre 3, le 

poly(γ-benzyl-L-glutamate) (PBLG) a été choisi pour sa capacité à s'auto-assembler en phases 

cholestériques lyotropes, ce qui a ensuite été également observé dans les nanoparticules 

fonctionnalisées correspondantes. Des nanoparticules fonctionnalisées ont été préparées dans 

une large gamme de poids moléculaires, afin d'explorer l'effet du poids moléculaire sur la 

formation de CL, la structure de CL et l'agrégation de PBLG. Il a été constaté que le poids 

moléculaire semblait jouer un rôle dans le début de la formation des CL, car les NP greffées de 

PBLG de faible poids moléculaire présentaient une réduction drastique de la concentration 

critique, tandis que les NP greffées de PBLG de poids moléculaire élevé n'avaient pas d'effet 

perceptible. De même, le chapitre 4 étudie la formation de CL de nanoparticules recouvertes d'un 

autre polypeptide synthétique, le Poly(γ-stearyl-L-glutamate) (PSLG), qui est unique en raison de 

son comportement cholestérique thermotrope et lyotrope. Par rapport au PSLG non lié, les 

phases CL formées à partir des nanoparticules correspondantes présentent des concentrations 

critiques lyotropes réduites et s'organisent en structures CL de dimensions similaires, malgré la 

petite taille du noyau et la forte courbure des nanoparticules. Cela suggère que l'auto-

assemblage des nanoparticules recouvertes de PSLG persiste malgré la présence des noyaux de 

zircone, qui agissent potentiellement comme un obstacle dans la cinétique/structure de la 

formation de CL, comme le montre l'augmentation de la taille des structures CL. En résumé, les 

phases de CL formées à partir de nanoparticules semi-flexibles greffées de polymère révèlent que 

la fonctionnalisation des nanoparticules pourrait s'avérer être une stratégie efficace pour 

modifier la taille/structure de la CL en plus de permettre la formation de la CL à des 

concentrations lyotropes réduites.  
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Chapter 1 : Introduction 

1.1 Polymer Nanocomposites  

1.1.1 Background 

The field of materials science seeks to investigate the structure, properties and 

applications of materials and the relationship between them. Progress in materials science is 

essential in advancing virtually every field of science, as understanding the properties of existing 

synthetic materials or biomaterials could advance our ability to design and engineer complex 

materials, which in turn, could lead to new and helpful products in everyday life or potentially as 

solutions toward sustainability and energy challenges.  

 

Polymers are one class of materials that has seen widespread use in modern society due 

to its high durability, cheap production, and ease of processability. Since the explosion of 

industrial polymer development in the 1930s, the high processability of polymers/plastics as well 

as the cheap costs of production led to the widespread use of polymers throughout society.1, 2 

However, due to the lack of natural degradation pathways, the long term impact of the 

synthesized polymer compounds, produced since the 1940s, is still not fully understood.3, 4 For 

example, polyethylene, polystyrene and polyvinylchloride, are currently three of the commonly 

produced plastics produced in 2021,5 and in one study, and only low density polyethylene 

revealed possible biodegradation pathways while the others showed little to no degradation over 

the course of 32 years.6 While research into polymer degradation strategies exist,7-9 humanity as 

a whole is producing far more plastic (currently 390 million tons per year)5 than can be 

sustainably degraded. For this reason, research into sustainable polymer products could prove 

to be a potential solution to plastic pollution, greenhouse gas emissions, and resource depletion 

while also simultaneously allowing the current population to maintain their high quality of life.10-

13  

Alternatively, polymer composite/blend materials are polymers reinforced with one or 

more components thereby enhancing the mechanical, thermal, dielectrical, or optical properties 
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of the original polymer. In terms of sustainable materials design, either the polymer or the 

filler/reinforcer can be green/biodegradable while simultaneously enhancing the physical 

properties of the material. In general, the advantage of using polymer composites is that complex 

and quality materials may be produced, by simply introducing a composite material, while also 

circumventing the need for more polymer production.14-16 In other words, the amount of polymer 

required to match the enhanced properties of the polymer composite material is often 

substantially greater. In some high-performance materials, the properties of the composite vastly 

out-perform those of the unmodified polymers. 17-20 For this reason, polymer composites could 

potentially be used towards the next generation of sustainable and high-performance materials. 

 

1.1.2 Polymer Matrix Composites (PMCs) 

Composite materials can be further distinguished into composite materials in which the 

reinforcing material is on a macroscopic length scale, while nanocomposites are instead 

reinforced by fillers on the nanoscale. In general, the unique properties of composite materials 

are highly tailored towards the intended application and the choice to use macroscopic fillers 

compared to nanoscale fillers depend on the desired outcome. Typically polymer matrix 

composites (PMCs) are reinforced with fibers, primarily carbon, glass, and Kevlar, however 

particulates have also been dispersed in matrices.21 In the context of this thesis, only dispersed 

nano-sized particulates are relevant to the research presented.  

 

The diversity of particulate fillers dispersed in PMCs is vast; metal oxides such as iron 

oxide,23,24 titanium dioxide,25 silica,26 gold,27 silver,27 and fullerenes28 have been dispersed in 

various polymer matrices, among many others. In addition to the type of filler used, the size, 

orientation, and volume fraction of the particles also determines the bulk properties of the 

material, as shown in Figure 1-1.21 In general, the particle volume fraction required for enhanced 

properties is highly tailored to each PMC system; filler addition that is above and below optimal 

will result in negative enhancements of the material.29 This phenomena is immediately obvious 

in Figure 1-2; within a polypropylene matrix, CaCO3 fillers diminished the tensile strength of the 

polypropylene matrix, however, for the 0.01 μm sized particles, the reverse occurred. Particulate 
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loadings above a volume fraction of ~0.8 instead enhanced the tensile strength of the composite 

material. Additionally, the authors state that “[stress analysis] must be further refined… and the 

effect of interfacial interactions must also be considered”.30 In other words, the specific 

composite composition as well as their interactions with each other must be considered as to 

better predict composite properties and behaviour. This sentiment echoes throughout the field 

of materials science since the unique interplay between the micro/nanostructures and the 

atomic/molecular interactions simultaneously influence each other as to produce the specific 

composite behaviour.  

 

 

Figure 1-1: In a PMC, the particulate filler (black), is dispersed within a polymer matrix (white), 

with an interphase region (grey) forming between the two components. The properties of a PMC 

are dependent on the majority phase. In the case where the polymer matrix is the majority phase 

(a), the bulk material properties closely resemble the polymer matrix. However, when the volume 

fraction increases either due to a larger interphase region (b) or due to a larger particulate loading 

(c). Re-printed with permission.22 
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Figure 1-2: The effect of CaCO3 nanoparticle size and volume fraction on the tensile strength of a 

polypropylene matrix. 0.01 μm (), 0.08 μm (), 1.3 μm (), 58.0 μm () sized particles were 

used. Upon increasing particle loading, the tensile strength of the composite generally decreased, 

however, specifically for 0.01 μm sized particles, the tensile strength increased beyond that of 

the bulk polypropylene material. Printed with permission.30  

 

1.1.3 Surface Modification of Particulates/Nanoparticles 

The compatibility of the particulate filler with the polymer matrix is instrumental in 

achieving high performance materials. Upon mixing two materials together, interfaces are 

created where the materials make contact, and in the case where the two materials are poorly 

compatible, the particles agglomerate and the PMC properties remain unchanged31 or even 

degrades.32 For this reason it becomes essential for the nanoparticles to remain discrete and well-

dispersed/compatible within the PMC. One method to improve interfacial compatibility within 

the PMC is through chemical modification of the nanoparticle surface. Covalent attachment of 

the necessary functional groups provides surface passivation and allows improved miscibility 

between the particles and the polymer matrix. For example, it is a common strategy to coat the 

filler material with the same matrix material to maximize compatibility.33, 34 In one such example, 

silicon carbide nanoparticles, which are known to easily agglomerate, which have been coated 

with a polystyrene corona resulted in improved miscibility within a polystyrene matrix, which in 
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turn also improved thermal conductivity, increased both the dielectric constant and the DC 

conductivity, retained tensile strength and improved thermal conductivity.35 Depending on the 

application, it is becomes necessary that the surface modification strategy does not alter the 

properties of the filler or the composite.  

 

Several strategies exist for the surface modification of various particulates. Modification 

strategies generally fall under one of three strategies: chemical treatment, polymerization, or 

ligand exchange. Chemical treatment typically involves covalent attachment of an organic ligand 

onto the nanoparticle surface. The only requirement for these organic ligands is that the 

molecule must contain a “headgroup” which will form a covalent attachment to the nanoparticle 

surface;36 molecules with more than one attachment group may risk agglomeration of the 

nanoparticles through bridging.37, 38 In the case of noble metal nanoparticles such as gold and 

silver, the most used attachment groups include amines and ammonium ions, sulfides and di-

sulfides, and polyphosphines.39-41 Conversely, silanes, carboxylates and phosphonates are all 

commonly used functional groups for the modification of metal oxide nanoparticles.39, 42 The 

primary motivation of chemical modification is to prevent agglomeration of the particles, 

however it is also possible to introduce several functionalities/properties to the nanoparticle. For 

example, fluorescent tags have been introduced to non-nonfluorescent nanoparticles for 

bioimaging and sensor applications.43-45 Additionally, through the functionalization of 

appropriate ligands, the modified nanoparticles are able to self-assemble into various 

architectures.46, 47 One particularly important application of chemically modified nanoparticles is 

within the field of nanomedicine and drug delivery. Macrophages are white blood cells which 

remove foreign materials from the body, which include functional nanomaterials. For these 

foreign drugs to bypass the body’s immunity defense mechanism, it is necessary to functionalize 

the drug with the necessary chemical modifications to prevent uptake by the macrophages, 

which in turn allows the drug to reach its target destination. This is often done through colloidal 

carriers (ie. liposomes) coated with hydrophobic ligands thereby preventing macrophage 

uptake.48  
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Polymerization surface modification strategies involve one of two methods: “grafting-to” 

and “grafting-from”. In the case of the “grafting-to” method, a pre-synthesized polymer with an 

appropriate head group is covalently attached to the nanoparticle surface. Conversely, polymers 

are grown from the nanoparticle surface in “grafting-from” procedures. The primary advantage 

of “grafting-to” modifications is that the method allows for versatility in that any polymer may 

be bound to the surface, if it has the correct terminal group. However, “grafting-from” 

modifications produce nanoparticles higher surface coverages/grafting densities, which is 

optimal for preventing agglomeration. This is due to the reduced steric hindrance of incoming 

monomer units compared to large and sterically hindered incoming polymer chains.49, 50 

Furthermore, the “grafting-from” method is more cumbersome in that it requires that the 

polymer coating must be removed in order to measure its molecular weight (in addition to the 

polydispersity of the polymerization, which obscures the data). It is also possible to provide 

colloidal stability through polymer physiadsorption, however in terms of mechanical properties 

and thermal stability, physiadsorption does not compare to polymer grafting.51, 52 If the goal of 

surface modification is to prevent agglomeration, polymer grafting is by far the best strategy.53-

56  

 

Lastly, in ligand exchange strategies, typically, the nanoparticles are initially synthesized 

with a weakly bound ligand, which is later replaced by a ligand whose head group has a stronger 

affinity to the nanoparticle surface. It is also possible for the ligands to be replaced with another 

with the same head group. 57 This method is sometimes necessary, especially when the 

nanoparticle preparation procedure is highly rigid. For example, early semi-conducting 

nanoparticles (ie. quantum dots (QD)) synthetic procedures solely resulted in hydrophobic 

nanoparticles,58-61 however, through the pioneering work of Dubois et al., aqueous QDs were 

achieved using a versatile ligand exchange procedure using dithiocarbamates.62 In summary, the 

primary advantage of ligand exchanges is the relatively simple experimental procedures; 36, 63 the 

pre-synthesized nanoparticles are simply added to a solution alongside the ligand to be 

exchanged. 
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1.2 Liquid Crystals 

1.2.1 Liquid Crystal Terminology and Classifications 

Liquid Crystals (LCs) exist as a state of matter somewhere between a solid and a liquid; as 

essentially an ordered fluid, where LC molecules self-assemble into organized structures, and 

control over this behaviour allows for stimuli-responsive optical materials. In modern society, LCs 

are primarily used in displays in everyday personal electronic devices, however, recently other 

technologies have utilized LCs. For example, thermometers,64 biosensors,65 some sports 

equipment,66 LC light valves,67 and smart windows68 all utilize LC materials. The fundamental 

basis of these applications lies within the anisotropic properties of LCs, where the physical 

properties of the materials are direction dependent. In contrast, physical properties of isotropic 

materials are direction independent and will be the same in all orientations.  

 

LC behaviour may be classified as either thermotropic, where the self-assembly behaviour 

is temperature dependent, or lyotropic, where LCs self-assemble upon reaching a certain critical 

concentration. Beyond the LC behaviour classifications, LCs can be further distinguished through 

the organized structures that are formed. It is also important to note that the LC behaviour and 

the assembled LC phases are not mutually exclusive; it is possible to achieve the same LC phase 

either through thermotropic or lyotropic means. For example, rod shaped molecules such as 4-

cyano-4’-pentylbiphenyl (5CB) and DNA are both able to form nematic LC phases, however, 5CB 

forms nematic LC phases upon cooling,69 while DNA forms nematic phases at sufficiently high 

concentrations in solution.70, 71  

 

It is also possible to group together certain LC molecules based on their geometric shape, 

which allows for some general predictability of the self-assembled phases. Calamitic LCs are the 

most common of the LC geometries and these molecules are best described as “rod-like”. For 

this reason, calamitic LCs are often known to form nematic, smectic, and cholesteric phases. 

Discotic LCs are the next most common LC geometry, and as the name implies, these LCs share a 

“disk-like” geometry and self-assemble into nematic-discotic and nematic columnar phases, with 
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the possibility of higher order columnar phases ie. right-angled columnar and hexagonal 

columnar. Additional geometries are also possible, including bent-core, rings, and cones etc.,72 

however in the context of this thesis, only calamitic/rod-like molecules will be discussed, as linear 

polymers resemble this geometry.  

This thesis features several polypeptide-based LCs. In the context of LCs, polypeptides 

adopt a α-helical conformation, which in turn results in various self-assembled LCs in organic 

solvents. LC formation is largely driven by the α-helix’s rigidity, as well as rod-like packing 

between the polymer chains. It is also important to note that the handedness of the α-helix is 

generally independent of the handedness of the LC. Several schematics of polypeptide based-

LCs are depicted in Figure 1-3.  

 

 

Figure 1-3: Possible LC molecular geometries. Taken with permission from Garbovskiy and 

Glushchenko. 72 Top Right: Polypeptide-based LCs including a) smectic, b) nematic, c) cholesteric. 
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Bottom right: Schematic diagram depicting that the handedness of the polypeptide backbone 

does not necessarily dictate the handedness of the LC. Adapted from Cai et al.167 

 

To characterize LCs, it may be useful to define the director, as well as the order parameter. 

The director, n, is used to define the preferred axis of orientation within an LC phase. For simple 

organized structures such as nematic and smectic LCs, the director would often be parallel to the 

long axis of the LC molecule. Conversely, the order parameter, S, describes the tendency for 

nematic and smectic LCs to align parallel to the director and is a function of temperature. A 

theoretical fully aligned sample would be assigned S = 1 while a completely isotropic, or 

unaligned, sample would be assigned S = 0. While not discussed here, order parameters are 

instead described as a second rank tensor for biaxial LCs.  

 

For high order organizations such as cholesteric LCs, it becomes more useful to define a helical 

axis, which is perpendicular to the molecular long axis and describes an axis in which the LC 

molecules rotate about. The vertical length along the helical axis required for the cholesteric LC 

molecules to complete rotation is measured by the pitch.  
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Figure 1-4: Common lyotropic (A) and thermotropic (B) LC phases formed from calamitic 

molecules. Lyotropic phases are often (but not necessarily) self-assembled from amphiphilic 

molecules. Here, thermotropic LC phases are formed from rod-shaped molecules and depending 

on the specific chemical structure, several different ordered phases are possible. It is also 

important to note that the LC phases listed in (B) are also accessible to rod-like lyotropic 

molecules. Schematic from ref.73 and printed with permission, as per open access.  

 

 

1.2.2 Optical Microscopy of Liquid Crystals  

When examined under polarized optical microscopy (POM), LCs produce unique and 

vibrant textures. The origin of this behaviour is complex; however, it can be broken down into 

two different phenomena: double refraction and birefringence. These terms are often used 

interchangeably, however, there is a distinction. Double refraction refers to the splitting of 

unpolarized incident radiation into an ordinary ray and an extraordinary ray. As unpolarized 

visible light radiation travels through an anisotropic material, the visible light ray interacts with a 
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symmetric axis (known as the optic axis) differently from how it would interact with an 

asymmetric axis and simultaneously splits the ray into an ordinary axis (which is parallel to the 

propagation direction) and an extraordinary axis (which propagates at an angle oblique to the 

ordinary ray). When viewing images through an anisotropic crystal such as calcite, the image 

appears doubled, due to the resulting rays (hence double refraction). Normally, visible light 

radiation propagates forward with two perpendicularly oscillating wave components. When 

radiation travels through an isotropic medium, the same refractive index is experienced by both 

wave components. However, in an anisotropic material with one (or more) additional refractive 

indices, the wave components interact with the refractive indices differently, thereby resulting 

in birefringence.  

 

While birefringence is normally not visible with the naked eye, it is possible to see 

birefringence using POM. In a typical setup (Figure 1-5), a light source is placed beneath a 

birefringent sample, which is sandwiched between two perpendicular polarizers. As radiation is 

transmitted through the lower polarizer (known as the polarizer), the visible light becomes 

polarized to propagate in only one direction. After passing through the sample, the light then 

encounters the upper polarizer (known as the analyzer). In the case of an isotropic sample, the 

wave components of the polarized incident light will remain unaltered, due to the same refractive 

index being experienced by all components, and this results in the polarized being entirely 

absorbed by the analyzer. However, in an anisotropic material, the polarized light is doubly 

refracted into two perpendicular wave components, each of which interacts differently with the 

refractive indices arising from the asymmetry of the material. As a result, the wave component 

parallel to the analyzer is transmitted and appears as a bright spot through the microscope while 

the perpendicular wave component is entirely absorbed. This results in the vibrant textures 

observed in Figure 1-6. For this reason, POM is a useful tool for identifying anisotropic materials, 

such LCs.74, 75 
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Figure 1-5: Schematic representation of a polarized optical microscope (POM).  

 

In LC materials, birefringence is entirely attributed to how plane polarized light interacts 

with the LC’s director. In anisotropic crystalline samples birefringence occurs as optically 

homogenous bright spots due to the high periodicity and long-range order. However, due to the 

fluidity of LC materials, birefringence produces exuberant textures arising from the local 

fluctuations of the director as well defects within the LC. Since each LC assembly produces a 

unique optical texture, characterizing these textures requires a highly trained eye to discern the 

phenomena underlying the images. In the LC field, POM is the primary method of 

characterization. However, other techniques also exist to supplement and reaffirm the analysis 

obtained with POM.  

 

To highlight the complexity of analyzing LC POM textures, we can look to nematic LCs as 

an example. Nematic LCs are relatively simple to analyze due to the simplicity of their molecular 

shape; the LC textures are largely determined by the orientation of the rod-like LC molecules. In 

the trivial case where the orientation of the rods is perpendicular to both polarizers (ie. the rods 

are pointed towards the viewing angle or “optic axis”), due to the recombination of ordinary and 

extraordinary radiation occurring in the plane of either of the polarizers, a black image appears. 

In the non-trivial case, three nematic textures arise depending on the circumstances (Figure 1-
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6).76 The first, the Schlieren texture, occurs due to large and continuous fluctuations in the rods, 

which result in the dark bands when the rods are pointed along the viewing angle, or coloured 

when the rods are aligned elsewhere. It is also important to note here that in nematic POM 

textures, the colours produced are determined by the thickness and orientation of the rods. The 

thread-like texture occurs in nematic samples that have a relatively high concentration of defects, 

which disrupt nematic ordering as to “link” the defects together, thereby producing the so-called 

“threads”. Lastly, the marbled texture occurs for thin samples, where the rods fluctuate slowly, 

resulting in a relatively uniform distribution of rod orientations which results in the marbled 

texture (like a highly uniform crystalline material).  

 

 

Figure 1-6: Possible nematic textures observed under POM: Schlieren (left), Thread-like (middle), 

Marbled (right). Reproduced from ref.76 

 

1.2.3 X-Ray Scattering of Liquid Crystals  

While X-ray based techniques are traditionally used on more crystalline materials, it can 

serve as a valuable tool in characterizing LCs as well. In contrast to crystalline materials, LCs are 

inherently more disordered, and for this reason, obtained spectra will be less resolved compared 

to crystalline samples. However, X-ray scattering has still proven to be useful in characterizing 

several LC phases.  

 

First and foremost, SAXS and WAXS (henceforth collectively abbreviated as SWAXS) 

as well as X-ray Diffraction (XRD) utilize elastic X-ray scattering to probe different length-

scale features of a sample. Depending on the experimental setup, all these techniques 
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could potentially be performed on one instrument. For crystalline materials, XRD would 

be the go-to experimental technique, as a detector would collect all angles of scattered 

radiation, thereby allowing for a high resolution, three-dimensional map of the crystal in 

question. The drawback, however, is that all angles must be independently scanned, and 

this results in long experimental times (several hours). Additionally, XRD is limited to 

crystalline materials, so preparation of the sample is often cumbersome as high-quality 

crystals are required, thereby rendering this technique unusable towards characterizing 

LCs.  

 

The difference between SAXS and WAXS is the sample placement, since the 

scattering angle is inversely proportional to the length of the feature being studied (ie. a 

smaller feature results in larger scattering angles). For SAXS, the sample is placed further 

from the detector such that the resulting X-ray scattering profile covers small angles 

(typically 0.1 to 5°). This set-up probes structural features in the hundreds or thousands 

of nanometres range, which include intermolecular spacings, nanoparticle shape and 

sizes, and ordered assemblies. Conversely, WAXS places the sample closer to the detector, 

resulting in larger scattering angles of the incident X-ray, which allows for probing of 

smaller features, such as atomic lattices, phase composition and crystallinity. Depending 

on the LC features being probed, either SAXS or WAXS may be used.  

 

To understand how X-ray scattering is connected to features probed by SWAXS, an 

understanding of Bragg’s law is necessary. The Bragg condition occurs when successive 

atomic planes scatter X-ray radiation such that the reflected X-radiation interferes 

constructively and can be described by the following equation (1), where n is an integral 

describing the diffraction order (1, 2, 3 etc.), 𝜆 is the wavelength of the incident X-ray 

radiation, and θ is the angle between the incident beam and the atomic plane. In a lab 

setting, 𝜆 represents Cu Kɑ radiation and corresponds to 𝜆=1.5418 Å. from this 

relationship, we can see the characteristic powder pattern seen in X-ray Diffraction (XRD). 

𝑛𝜆 = 2𝑑sin𝜃   (eq. 1) 
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To probe structural features, equation (1) may be rearranged such that the scattering 

vector, q, may be used to measure interacting distances through equation (2). From here, 

the scattering vector can be related to real space through equation (3) and represents the 

interacting distance (d).2,3 The relationship between equations (2) and (3) explains why 

larger scattering angles are used to probe small distances and vice versa. For example, a 

real distance, d, of 5000 nm would produce a scattering vector of 0.00126 nm-1 while 50 

nm would produce a value of 0.126 nm-1.  

𝑞 =
4𝜋

𝜆
𝑠𝑖𝑛𝜃   (eq. 2) 

𝑑 =
2𝜋

𝑞
   (eq. 3) 

 While SWAXS collects a two-dimensional map of scattered X-ray radiation, typically 

the scattering profile is radially integrated to produce a one-dimensional plot as to aid in 

characterization. The 2D map may also be useful, as the map includes a distribution of all 

scattering centres that fulfil Bragg Diffraction, which may be useful in identifying highly 

oriented samples (such as nematics or smectic LCs) as seen in Figure 1-7.  

 

 

Figure 1-7: (Left) 2D SAXS profile of a non-oriented/isotropic LC sample; peaks appear as 

concentric circles, as an isotropic sample would scatter equally at all angles around the beam. 

(Right) 2D SAXS profile of a highly oriented smectic LC. As can be seen, scattered radiation is only 

caught across the meridional, suggesting anisotropic ordering 77 Reproduced with permission. 

 

In contrast, the 1D profile is also useful in identifying the shape, size, and other 

structural features. Towards shape and size, specifically, the 1D SAXS profile may be 
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sorted into separate q regions (ie. the Guinier and Porod plots). The Guinier region occurs 

near the origin, is independent of the scattering vector, q, and is largely concentration 

dependent. Fitting of this region can give the radius of gyration or molecular weight of the 

sample.168 Following the Guinier region, if the 1D scattering data of the Porod region were 

to be plotted as q2I(q) vs q (known as a Kratky Plot), the shape of the molecule can be 

extracted. The shape of the resulting bell-like curve will give information about the shape, 

conformation and flexibility of the sample. This analysis is mostly used in characterizing 

non-correlated proteins in solution.169  

 

 It is useful to distinguish the 1D scattering profile into its contributions. The 

intensity profile of all collected radiation, I(q), is a product of a form factor, P(q), and a 

structure factor, S(q), which are the contributions arising from molecular and structural 

contributions, respectively. For this reason, it becomes difficult to identify LC structural 

features and distinguish these from its molecular features. While it can intuitively be easy 

to filter out peaks based on their size (since structural peaks will appear at larger distances 

and lower q compared to molecular features which occur at smaller distances and higher 

q), this may not be applicable in all situations.  

𝐼(𝑞) ∝ 𝑃(𝑞)𝑆(𝑞)   (eq. 4) 

Generally, two methods exist for determining the structure factor. Firstly, the 

structural contributions can be simulated and fitted to the data as to determine LC 

dimensions.78 Alternatively, simulated form factor models are generated based on the 

shape of the LC molecule (ie. Spheres, rods, disks, etc.)79, which allows the structure factor 
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to be isolated.80-82 As a result, the remaining contributions from the intensity profile are 

entirely due to LC features. These methods are exemplified in Figure 1-8. 

 

 

Figure 1-8: Two strategies for fitting SAXS data. (left) Scattering profile of columnar hexagonal 

liquid crystals fitted to an intensity profile of simulated cylinders.78(Right) Fitted form factors 

fitted from molecular rings, which was subsequently used to identify structural features.83  

 

Only two LC structures are relevant within this thesis: nematic and cholesteric. SAXS 

characterization of both structures are relatively simple in that periodicity arises from either its 

molecular correlation length (l0), or molecular correlation width (w0) and will occur near 

q=2π/w or q=2π/l (Figure 1-9).92,161 Due to the fluid nature of LCs, this naturally produces broad 

peaks in SAXS, which may not always be above the baseline. Further broadening may also occur 

in lyotropic LCs, as to accommodate the presence of the solvent molecules.  
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Figure 1-9: Schematic representation of expected peaks observed in nematic and cholesteric 

LCs.161 For aligned samples in the direction of 𝐵⃗ , the expected 2D pattern is depicted in the top 

right. The scattering direction in the 2D pattern lies along the direction of the structural feature, 

for example the molecular correlation width (w0) is horizontal in the nematic diagram, hence the 

larger ring lies horizontally. The 1D profile depicted in the bottom right is misleading in that it 

simultaneously depicts reflections owing to the long and short axes and does not correspond to 

the 2D profile, however, 1D profiles may look like this in real, non-aligned LCs.  

 

1.2.4 NMR of Liquid Crystals 

The field of NMR characterization of LCs is expansive; numerous experiments exist 

towards characterizing various types of LCs. In any spin system, its total Hamiltonian, Ĥ, is a sum 

of its individual Hamiltonians and represents the NMR signal for the system. In short, the NMR 

signal is comprised of individual physical interactions (indicated here by Hλ), as depicted in eq. 

5.170 In anisotropic environments, such as liquid crystal (LC) systems, additional interaction 

contributions emerge that would be absent in isotropic systems. These “new” contributions then 

enable anisotropy-based NMR experiments including residual dipolar couplings (RDCs), residual 

chemical shift anisotropies (RCSAs), and residual quadrupolar couplings (RQCs).  

Ĥ = ∑ 𝐻𝜆
𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠
𝜆   (eq. 5) 

 Towards characterizing nematic and cholesteric LCs, only RDCs were used in the context 

of this thesis. Generally, nematic and cholesteric LCs possess positive magnetic susceptibility and 

align themselves parallel to a strong magnetic field, which introduces high anisotropy into the 
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system.171 The dipolar coupling interaction between two NMR active nuclei is dependent on the 

distance between the nuclei, and the angle of the internuclear vector relative to the external 

magnetic field.172 In isotropic environments, this interaction would become zero due to rapid 

tumbling/Brownian motion of the molecules. Conversely, in anisotropic environments, partial 

alignment of the internuclear vector results in a splitting of the NMR signal, hence RDCs. Similarly, 

RQCs also produce a splitting of the NMR signal, but this instead arises from the interaction of 

the quadrupole moment, of a nucleus with spin > ½, with the magnetic field.   

 Measurement of RDCs or RQCs reveal the extent of alignment of the LCs. In the context 

of this thesis, only deuterium is considered, however, RDCs prove equally valuable towards the 

characterization of LCs. This can be achieved either using probe molecules,173 or selective 

deuteration of the LC molecule.174 Both techniques introduce a carbon-deuterium (C-D) bond, 

and its orientation within the external magnetic field (𝜃0, 𝜑0) will determine the observed 

splitting pattern. Hence, the quadrupolar splitting pattern resulting from the C-D bond vector, ν0, 

can be described through eq. 6, where ν0
LC represents the magnitude of quadrupolar splitting in 

the LC, and ɳLC represents the asymmetry of the LC matrix.175 Both of which are represented as 

components within the quadrupole interaction tensor (eq. 7 and 8). The (
𝑒2𝑞𝑄

ℎ
) term is the 

deuterium quadrupolar coupling constant, which is inherent to the specific deuterated molecule.  

𝜈0(𝜃0, 𝜑0) = 2𝜈0
𝐿𝐶[

1

2
(3 cos2 𝜃0 − 1) +

1

2
ɳ𝐿𝐶 sin2 𝜃0 𝑐𝑜𝑠2𝜑0] (eq. 6) 

𝜈0
𝐿𝐶 =

3

4
(
𝑒2𝑞𝑄

ℎ
)∑ 𝑓𝑚𝐶𝑚0𝑚  (eq. 7) 

ɳ𝐿𝐶 = √6
∑ 𝑓𝑚𝐶𝑚2𝑚

∑ 𝑓𝑚𝐶𝑚0𝑚
 (eq. 8) 

 Towards characterizing LCs, the magnitude of alignment is typically expressed in an order 

parameter, S. Rather than polar coordinates, a principal coordinate system is adopted instead, 

with respect to the field gradient tensor, which gives eq. 7. In the case of uniaxial LCs, where the 

C-D bond vector lies parallel to the magnetic field, the asymmetry parameter, ɳLC, becomes zero 

and eq. 7 can be simplified to eq. 8. This then allows for a direct determination of the order 

parameter through the quadrupolar splitting.176,177  
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𝛿𝜈𝑄 =
𝑒2𝑞𝑄

ℎ
(
3

2
𝑆𝑎𝑎 +

1

2
𝜂𝐿𝐶(𝑆𝑐𝑐 − 𝑆𝑏𝑏))  (eq. 7) 

𝛿𝜈𝑄 =
3

2

𝑒2𝑞𝑄

ℎ
𝑆     (eq. 8) 

 

 

1.3 Liquid Crystal – Based Composites 

1.3.1 Nanoparticle Dispersed Liquid Crystals 

As can be seen in the previous sections, nanoparticles have tremendous potential within 

composite materials. Naturally, other nanocomposites comprised of different host materials 

would be expanded upon. Nanoparticle dispersed liquid crystals (NPLCs) are one such composite 

material that sees enhanced performance through the presence of a dispersed particulate.  

 

Like PMCs, several factors can affect the properties of the resulting NPLC composite, with 

each unique blend/composition producing different behaviours. The size, shape, and orientation 

of the dispersed NPs are all tuneable properties affected by the LC host. Recent advances in 

NPLCs have largely been based on AuNPs due to plasmonic properties. NPLCS of this type have 

seen reduced nematic-isotropic transition temperatures,84, 85 optical non-linearity,86 altered 

threshold voltages,87, 88 increased dielectric anisotropy,84 and extended memory effects.89 

Additionally, the orientation of the LC host is another parameter that complicates NPLC 

behaviours. For example, spherical gold nanoparticles (1–3 nm in diameter) when dispersed in a 

5CB host (5 wt%), produced conductivity enhancements that were up to two orders in 

magnitude.90 Similar conductivity enhancements were seen using nanorod91-93 and nanodisk 

systems as well.94 While there is a lot of nuance to this phenomena, the conductivity 

enhancement can simply be explained as resulting from a network of conducting nanoparticles, 

which provides a current pathway through the insulating LC host.95, 96 In addition, conductivity 

enhancements are especially pronounced when particles are oriented parallel to the direction of 

conductivity, due to the improved current pathway.97, 98 Several NPs have been successfully 

incorporated into LC matrices with different design features and advantages of each composite. 
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A non-exhaustive list of dispersed NPs include:99 AEROSILs,100, 101 dielectric/semi-conductor 

NPs,102-104 carbon nanotubes,105, 106 and metallic NPs.87, 107  

 

In addition to electro-optical enhancements, another major motivation of doping NPs in 

LCs includes NP templating and LC structural changes induced by the NPs. Depending on the size, 

shape, and ligand shell of the NPs and how they interact with the LC host, the structural 

properties will differ. Generally, NPs will either phase separate entirely or concentrate into less 

ordered regions within the ordered LC phase,108 as to minimize the total free energy of the 

system. In a sense, NP inclusion within the LC host matrix destabilizes the LC phase which is why 

effective colloidal stabilization becomes crucial. Specific methods exist to circumvent this 

obstacle including NP sputter doping,108 however custom tailored organic ligand shells are 

commonly used. Furthermore, optimal compatibility between the NPs and the LC matrix is often 

attained through custom LC ligands (Figure 1-10) since LC ligands can be easily dispersed within 

its own LC matrix. Polymer ligands may also be used, however miscibility will depend on the 

compatibility of the polymer and the matrix.110, 160 

 

Despite the compatibility of the organic ligand shell with the LC matrix, even well-

dispersed NPs may distort LC structure, a phenomenon which is largely dependent on NP size 

since smaller NPs are less likely to warp LC ordering compared to larger NPs. Formally, a NP is 

considered small when the critical radius is below a factor ~K/W and does not warp LC director 

fields (where K represents the Frank Elasticity constant and W represents the polar anchoring 

energy).99, 109 For this reason, when designing NPLC composites, it becomes optimal to use 

smaller NPs as to reduce LC structural deformations.  
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Figure 1-10: Schematic of LC ligands attached to a gold NP core and subsequently dispersed in an 

LC matrix. This is a common motif seen in LC nanocomposites. 

 

Several examples exist of either LC templating or LC structural changes by NPs. For 

example, surfactant molecules have been traditionally used to induce either planar or 

homeotropic alignment in LCs, however, recently, it was recently shown by Zhao et al. that 

certain NP morphologies can achieve the same effect. They reported that nickel nanospheres 

produced homeotropic alignment while nickel nanobowls produced planar alignment (Figure 1-

11). In cholesteric LCs, NPs become phase separated and map out the cholesteric fingerprint 

textures.110 Similarly, in smectic NPLC composites, dispersed NPs trace out the smectic edge 

dislocations.107 These examples are featured in Figure 1-12. In summary, nanoparticle doping 

could prove to be an effective strategy towards altering LC structure/behaviour.  
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Figure 1-11: The effect nanoparticle morphology has on LC orientation; nanospheres vs 

nanobowls. (a) Unaligned nematic 5CB, (b) nanosphere doped 5CB with an 89.4° pretilt angle 

suggesting homeotropic alignment, (c) nanosphere doped cholesteric mixture. Fingerprint 

texture suggests homeotropic alignment. (d-e) Bright and dark field images of nanobowl doped 

5CB. Pretilt angle was measured to be 2.2°, suggesting planar alignment. (f) Nanobowl doped 

cholesteric mixture; the oily streak texture suggests planar alignment, as the helical axis is parallel 

to the viewing angle.  

 

Figure 1-12: (Left) Cholesteric templating of platinum NPs, where the NPs are represented by the 

darkened region, which essentially maps out the cholesteric LC structure.111 (Right) Dispersed 
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gold NPs within a smectic LC, dispersed gold NPs essentially represent the layer spacings within 

the smectic LCs.107 Reproduced with permission.  

 

 

1.3.2 Polymer-Dispersed Liquid Crystals and Other Polymer-LC composites 

In contrast to NPLCs, where the NPs are dispersed within an LC matrix, polymer-dispersed 

liquid crystals (PDLCs) are comprised of LC droplets embedded within a polymer matrix. The PDLC 

structure has been described as resembling “Swiss cheese” with the holes being replaced by the 

LC droplets (Figure 1-13).112 The feature of this composite lies in the fact that two states are 

available: a cloudy/hazy “off” state and a transparent “on” state. In the absence of an electric 

field, the PDLC film will scatter light and appear hazy due to the non-aligned directors of each LC 

droplet and the spatially varied refractive index across the film. However, when an electric field 

is applied, the droplet directors become uniformly aligned and will instead transmit incident light, 

thereby giving a transparent appearance. Essentially, each LC droplet acts as an individual 

scattering center, thereby producing an overall hazy or transparent appearance when switched 
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off or on, respectively. For this reason, PDLCs have started seeing applications in 

smart/switchable windows, holography, flexible displays, as well as flat panel displays.113, 114 

 

 

Figure 1-13 Schematic representation of LC droplets dispersed within a polymer matrix. 

Unpolarized light becomes scattered by unaligned LC droplets, however once an electric field is 

applied, alignment occurs within the LC domains and the unpolarized light is instead transmitted 

across the PDLC. Taken from ref.112 

 

Typically, PDLCs are prepared either through polymerization induced phase separation 

(PIPS), solvent induced phase separation (SIPS) or temperature induced phase separation (TIPS). 

In essence, all three methods involve thorough mixing of the polymer and LC phases followed by 

some mechanism of phase separation as to trap the LC droplets in place.115-117 As a result, 

polymer and LC are generally immiscible with each other, as miscible blends result in complex 

phase diagrams or non-birefringent/non-LC samples.118, 119  

 

Discrete LC droplets occur when the LC fraction within the PDLC lies between 40–65%, 

however, other morphologies are possible at higher loadings. Coalesced droplets occur above 

75% and polymer networks above 90%,115, 120 which are undesirable for PDLC display applications 
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(due to the higher switching voltages and more transparent “off” states), however could still be 

a viable composite if mechanical strength is desired. In general, discrete droplets are desirable 

for display applications, with smaller droplets producing lower transmittance “off” states, 

improved contrast ratios, threshold voltages and response times.121, 122  

 

 Another polymer-LC design motif frequently mentioned are thermotropic LC polymers. 

Briefly, rigid LC functional groups may be covalently attached to a polymer chain (with several 

attachments possible as seen in Figure 1-15) thereby producing rubbery and elastic polymer 

networks with LC properties. Several types of actuators are possible, depending on the LC 

moieties used. For example, smectic, nematic and cholesteric LC phases are possible (Figure 1-

14).  

 

For this reason, these composite materials have tremendous potential (primarily) as heat-

sensitive actuators, as heating the material will disturb LC organization, while cooling will return 

the original LC order.123, 124 The key feature of these LC elastomer actuators are lightly crosslinked 

polymer networks, as the polymer network ensures the LC moieties return to their original 

positions prior to heating (which isn’t guaranteed in non-LCE materials).  

 

Figure 1-14: Schematic of several possible LC phases formed by LC elastomers including (1a) 

smectic, (1b) nematic, (1c) cholesteric. Here, the bolded rectangles represent the rigid LC 
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moieties while the lines which connect them represent the polymer network. Taken from Barclay 

and Ober, with permission.125  

 

Figure 1-15: Within LC elastomers, several LC attachment methods are possible including main-

chain, side-on, and end-on. The curves shown here represent contraction within LC elastomers 

relative to the smectic-to-isotropic transition. For example, main-chain elastomers exhibit the 

largest contraction upon heating, while side-on and end-on elastomers have marginal shape 

changes upon heating. Taken from Zentel, with permission. 124  

 

1.3.3 Liquid Crystalline Polymer Coated Nanoparticles 

To summarize the two previous sections, PDLCs are advantageous in that the composites 

are relatively cheap to produce and enable large displays with high mechanical strength. In 

contrast, NPLCs provide quick response times, improved electro-optical properties and improved 

contrast ratios.127 Ternary systems comprised of these components may be able to enhance the 

benefits and offset the drawbacks of each of these two-component systems. Generally, three 

component composites are prepared in the same manner as PDLC films via SIPS, PIPS, or TIPS, 

with an added step for the introduction of NPs. The resulting morphology of the composite is 

largely determined by the concentration and composition of the LC and polymer phases; the NPs 

have little effect on the overall morphology.126  
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Ternary systems have previously been reported; however, few systematic studies of these 

systems exist. One major drawback of such a complex system is that the properties of said system 

will largely depend on its constituents, composition, and morphology. In addition, the miscibility 

issue is further compounded by the fact that each constituent may reduce the predictability of 

the assembled morphologies. Gridyakina et al., summarizes the complex interactions in a flow 

chart in Figure 1-16 (with several exceptions).127 As can be seen in Figure 1-16, when 

contemplating LC-NP-Polymer composites towards display applications, it becomes important to 

consider how composition and concentration of the system will affect LC droplet sizes, anchoring 

forces and LC alignment, which in turn will determine electro-optical properties.  

 

 

Figure 1-16: Flow chart summarizing the cause-and-effect nature of LC-NP-Polymer ternary 

composites. From top to bottom: Increased LC droplet sizes result in reduced threshold voltages 

and reduced contrast ratios, increased anchoring forces result in increased threshold voltages 

and increased response times, and increased LC alignment produces reduced response times.  

 

Other component composites have been reported as well. For example, numerous 

chemically modified nanoparticles have been effectively dispersed into the LC phase, rather than 

the polymer matrix as seen in PDLCs.128 Similarly, excluded droplets prepared from an 

aqueous/polymer-LC emulsion have been used to host/synthesize inorganic nanoparticles.129  
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1.4 Lyotropic Nanocomposites 

Of all the LC nanocomposites listed previously, few have been lyotropic systems. While 

lyotropic LCs are highly abundant in the natural world, many LC systems discussed in literature 

have been thermotropic. Additionally, of the lyotropic LCs discussed in literature, several of these 

examples use nature-based LC molecules. For example, cellulose and cellulose nanocrystals,139, 

140 chitosan,141 collagen,142 and α-helical polypeptides,143, 144 and lipid based molecules,145 to 

name a few. Reports of lyotropic LC nanocomposites have been rather sparse; perhaps this is due 

to the difficulty in chemical modification of these molecules owing to the numerous functional 

groups on the more complex biomolecules, in addition to the sensitivity to chemical modificaition 

if the biological activity were to be preserved.146, 147  

 

  

Figure 1-17: (Left) POM image of a nanocomposite comprised of hydroxypropylcellulose and 

cellulose nanocrystals.148(Right) POM image of single walled carbon nanotubes dispersed within 

a matrix of lyotropic LC surfactant molecules.149 

 

In general, lyotropic LCs are generally comprised of NPs suspended within a matrix of one 

of the previous mentioned molecules. For example, carbon oxide NPs and cellulose nanocrystals 

have been successfully suspended within a matrix of hydroxypropylcellulose. However, lyotropic 

assembly was far from long range and the observed POM textures did not correspond to any LC 

textures. 148 Similarly, carbon nanotubes have been successfully dispersed into a hexagonal 

lyotropic LC, which did end up producing a focal conic texture (Figure 1-17).149 Another commonly 
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seen lyotropic nanocomposite uses chemical modification of an NP core, as to disperse the NP 

within an LC matrix. This strategy has been effectively carried out by Russo et al., where poly(γ-

stearyl-L-glutamate) was successfully grafted onto silica NP cores. They were subsequently 

dispersed within a matrix of lyotropic cholesteric of the same polymer (Figure 1-18).150, 151 

 

Figure 1-18: From top to bottom: Several ratios of PSLG functionalized NPs dispersed within a 

matrix of lyotropic cholesteric PSLG. From left to right: A ratio of the composite as measured 

over two months. 

 

 

Figure 1-19: Suspensions of anisotropic V2O5 crystallites. (left) Schematic of nematic 

director/ordering within a V2O5 crystallite, (Right) Microscope image of the same crystallites. At 

sufficiently high concentrations, these crystallites achieve long-range order and self-assemble 

into lyotropic nematic LC phases.152 Reproduced with permission.  
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Lyotropic nanocomposites can also be prepared from anisotropic colloidal particles. It 

follows that since all LC structures are anisotropic, the building blocks should be anisotropic as 

well. For example, columnar LCs are often comprised of disk-shaped molecules while nematic LCs 

are comprised of rod-shaped molecules. Generally, nanocomposites of this type are comprised 

of hard, inorganic particles, with the classic example of vanadium pentaoxide,152, 153 where 

suspensions of anisotropic crystallites self-assemble into lyotropic nematic LC phases (Figure 1-

19).  

In the context of this thesis, it is also important to discuss the self-assembly of isotropic 

particles as well. Spherical colloidal particles, including polymer grafted NPs, generally self-

assemble into cubic lattices, as this type of organization represents the thermodynamic 

minimum.162  In the case of 3D arrangements of spherical particles, this would be represented by 

face-centered cubic close-packing (fcp), whereas on 2D surfaces, the particles would adopt a 

hexagonal close-packing (hcp) arrangement.163 Gold NPs (Figure 1-20),164 polymer microspheres, 

165 and block copolymer micelles166 are a few examples of isotropic colloidal particles which self-

assemble into cubic phases.  

 

 

Figure 1-20: TEM micrograph of dodecane capped gold NPs, which adopts an hcp organization.164  
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Generally, synthesized anisotropic particles are used as dopants in existing LC phases, 

however it is also possible to impart LC behaviour towards these particles. For example, 

synthesized hematite (α-Fe2O3) nanorods were functionalized with polymethylmethacrylate, as 

to impart colloidal stability, which resulted in nematic-like ordering.154 Similarly, nanodiscs were 

self-assembled by a ratio of a styrene-maleic acid-quaternary ammonium polymer and DMPC (a 

lipid), which in turn self-assembled into lyotropic nematic phases. The authors used this system 

towards residual dipolar coupling NMR experiments as to elucidate the structure of cytochrome 

c, a protein (Figure 1-21).155  

 

Figure 1-21: (left) Nematic-like ordering of PMMA functionalized Fe2O3 nanorods. (right) 

Polymer/lipid based nanodiscs represented in (A) schematic diagram and (B) TEM images, which 

self-assemble into a lyotropic nematic phase towards NMR elucidation of biomolecules 

(rightmost schematic diagram). 

1.5 Semi-Flexible Polymers and LC Formation 

Semi-flexible polymers have properties which lie somewhere between fully flexible and 

fully rigid polymer systems. The flexibility/rigidity of the system is inherent to the molecular 

structure of the polymer. Traditionally rigid rod molecules have been quite successful in LC 

formation, as several methods exist towards self-assembly of these molecules ie. the flexibility 

of its structure aids in self-assembly while the rigidity provides structure to the resulting 

architecture, both of which contribute to LC ordering.  
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Figure 1-22 Schematic representations of (left) flexible, (middle) semi-flexible, and (right) rigid 

polymers.  

 

Formally, a polymer’s flexibility is determined by its contour length relative to its 

persistence length, which is a measure of polymer stiffness and is inherent to the polymer’s 

structure. In other words, whether the polymer is below, approximately equal to, or exceeds its 

persistence length will determine if the polymer is rigid, semi-flexible or flexible, respectively 

(Figure 1-22). Towards describing LC formation, many models have been proposed to varying 

degrees of success.  

 

Onsager was the first to propose a model describing LC self-assembly, primarily via 

excluded volume effects.130 In this model, the nematic molecules are described as infinitely long 

and infinitely rigid cylinders which will undergo phase transition from isotropic to nematic as to 

minimize the volume occupied by the cylinders. Upon entering the nematic phase, the increase 

in translational entropy is compensated for by a decrease in orientational entropy. One of the 

greatest successes of Onsager’s theory is that the model provides an exact analytical solution 

while still accounting for both orientational and translational entropies upon phase transition,131 

which is why the model is still used and cited today.132, 133 However, the largest drawback is that 

the theoretical treatment of polymers as infinitely long/rigid cylinders is not experimentally 

accurate in addition to the model not accounting for thermal effects, and consequently, 

Onsager’s theory cannot be extended to thermoptropic LCs.  

 

In contrast, Maier and Saupe developed a model specifically for thermotropic LCs.134 

Through molecular mean field theory, it is possible to average all anisotropic interaction pair 

potentials between LC molecules and consequently, it becomes possible to locate the isotropic-



 

34 
 

to-nematic transition temperature as well as describing the orientational order at the phase 

transition. Two major criticisms are often cited, firstly, the anisotropic interaction potential was 

experimentally confirmed to be much smaller than the value used in the theory.135 Secondly, 

Maier-Saupe theory asserts that long-range attractive potentials are responsible for driving LC 

formation while disregarding short-range repulsive forces,136 however, it may be possible that 

thermotropic LC formation is instead driven by repulsive forces.135 Despite these major criticisms 

that have been raised, the theory continues to achieve a degree of success in explaining real 

nematic systems. 

 

Towards semi-empirical solutions for lyotropic LCs, Flory describes LC structures formed 

by semi-flexible polymers as a cubic lattice comprised of polymer segments with axis ratio, x, 

described as a ratio between its polymeric length and its cross-sectional diameter (eq. 5).137 This 

in turn, allows for an equation to determine the critical volume fraction required for LC formation 

ie. the isotropic-to-nematic phase transition (eq. 6). 

𝑥 = 𝐿/𝑑   (eq. 5) 

𝑣𝑝
∗ ≈ (

8

𝑥
) (1 −

2

𝑥
)  (eq. 6) 

Alternatively, Khoklov and Semenov,138 describe semi-flexible polymers as a collection of 

short and stiff Kuhn segments, with a single polymer chain being comprised of N Kuhn segments 

(eq. 7), with the length of each Kuhn Segment being the ratio of a polymer’s length to two times 

its persistence length. Essentially, a polymer’s flexibility may be described in terms of N, where 

N >1 represents a semi-flexible polymer, while N <1 represents a rigid rod. From here, the critical 

volume fraction required for LC formation is entirely dependent on the polymer’s flexibility and 

an analytical expression for it is shown in (eq. 8).  

𝑁 =
𝐿

2𝑞
   (eq. 7) 

𝑥0 =
12

(1−
1−exp(−6𝑁)

6𝑁
) 

  (eq. 8) 

In summary, the Onsager and Maier-Saupe theory provides the most comprehensive 

understanding of LC formation and phase transitions. however, towards experimentally observed 

LC behaviour, Flory and Kohklov/Semenov’s theories become more practical in the lab setting.  
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1.6 Conclusions and Future Outlook 

This introduction chapter seeks to survey and summarize the abundance and diversity of 

literature on various LC composite systems. While the examples are by no means exhaustive, 

they serve to highlight common design motifs and structures of as well as potential applications 

that have previously been reported in literature.  

 

The subsequent thesis chapters will discuss a new type of LC composite, where polymers 

with known LC behaviour are grafted onto spherical nanoparticles. To our knowledge, liquid 

crystalline behaviour has yet to be reported for polymer grafted isotropic nanoparticles. In this 

new composite, LC behaviour is derived from structural features inherent to the selected 

polymer, which is further aided upon anchoring onto the nanoparticles through efficient polymer 

packing and high grafting densities. The rationale is to circumvent the complexity of ternary, 

quaternary (and above) LC systems, which is why polymers with known LC behaviour were 

chosen rather than LC ligands, which are often expensive and synthetically complex (even more 

so if the LC molecule requires further chemical modifications). Additionally, this design scheme 

offers an alternative to NPs functionalized with LC ligands, which have the advantage of improved 

colloidal stability and the property of relatively simple chemical synthesis/modification inherent 

to polymers. To this end, semi-flexible polymers are great candidates toward these new 

nanoparticles due to the known and extensively researched LC behaviour.156, 157  

 

To date, few semi-flexible polymer functionalized NPs have been synthesized and of the 

NPs that have been reported, the NPs often require other external factors to become LC. For 

example, single walled carbon nanotubes functionalized with poly(γ-benzyl-L-glutamate) (PBLG) 

require that the PBLG coated nanotubes be dispersed in a PBLG solution with existing LC 

behaviour, which drastically lowered critical LC concentration.158 Similarly, polyaniline 

functionalized cellulose nanocrystals exhibited cholesteric LC behaviour only when an aniline/HCl 

solution was added to aid in LC formation.159 Furthermore, polymer functionalized anisotropic 

particles required anisotropy to be “pre-programmed” into the nanocomposite. Many examples 

of these NP-LC composites exist, however, NPs which generate LC behaviour without further 
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intervention have not been reported prior to our work. Additionally, to our knowledge, there 

have not been any reports of self-assembled anisotropic behaviour from isotropic building blocks.  

 

Towards generating anisotropic architectures from isotropic building blocks, the premise 

of this thesis is the synthesis of semi-flexible polymer functionalized nanomaterials. The use of 

semi-flexible polymers is intuitive, as polymers in this regime are flexible enough for self-

assembly, while having the rigidity to support complex anisotropic architectures. 

  

In each subsequent chapter, several LC composites of this were designed, synthesized, 

and demonstrated to exhibit LC character using chosen polymers with LC properties. A special 

focus was given to semi-flexible polymers, which have been extensively discussed in literature.  

 

Poly (hexyl-isocyanate) (PHIC) is one such polymer, where semi-flexibility arises due to 

partial double bond character across the main polymer chain and sterically bulky hexyl side 

chains. Overall, these two conflicting factors produce a semi-flexible polymer with a twisting 

along the polymer backbone. Lyotropic nematic LC systems have been reported for PHIC 

primarily in organic solvents, with cholesteric LCs also possible through chiral doping. Chapter 2 

will demonstrate the surprising LC behaviour of spherical zirconia nanoparticles grafted with 

PHIC.  

 

Poly(γ-benzyl-l-glutamate) (PBLG) is a polypeptide, where its semi-flexibility arises from 

its α-helix structure. The twisting of the benzyl side chains about the α-helix gives rise chirality 

and consequently to lyotropic cholesteric LCs. Characterization of LC phases formed by PBLG 

functionalized nanoparticles are discussed in Chapter 3.  

 

Poly(γ-stearyl-l-glutamate) (PSLG) is similarly a semi-flexible polymer due to its 

polypeptide nature. However, the presence of the stearyl side chains enable “thermotropic” LC 

behaviour. Unlike traditional thermotropic LCs, where heating sends the material into an 

isotropic phase and LC behaviour is observed upon cooling, LC phases of PSLG assemble upon 
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heating. This is due to the melt behaviour of the paraffinic stearyl side chains. At sufficiently high 

temperatures, the stearyl side chains become liquid-like to solvate the polypeptide core, which 

in turn enables self-assembly of LC cholesteric phases. NP composites using PSLG will be further 

elaborated upon in Chapter 4. 

 

Lastly, Chapter 5 will overview a discussion of the findings of all the previous chapters 

together, along with potential future outlooks/perspectives. Overall, the present thesis seeks to 

demonstrate that a series of new nanoparticle composites comprised of polymers with known 

LC behaviour can achieve various desirable LC properties. By grafting LC polymers onto spherical 

nanoparticles, it thus becomes possible to mimic and tune LC behaviour over a wide range of 

interest to a variety of applications.  
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Chapter 2 : Lyotropic Nematic Phases of Isotropic 

Nanoparticles via Semiflexible Polymer Ligands  

Rationale for Chapter 2: 

The first research chapter of this thesis reports the development of a novel lyotropic LC 

nanomaterial, based on semiflexible polymer grafted NPs, where anisotropic phases are formed 

from isotropic particles. To achieve this, a “grafting to” protocol to produce NPs with dense 

polymer coronas with higher molecular weights was employed, which provides Nematic rather 

than cubic phases to arise from the spherical NPs via splaying of the polymer ligand shell, notable 

because the LC phases observed had previously only been formed from rod- or disc-like NPs. 

Despite being attached to the NPs, the PHIC chains displayed a high degree of orientational order 

comparable to the free polymer solutions, yet the confinement of the PHIC chains to the NPs 

resulted in a lowering of the critical concentration for liquid crystallinity and a widening of the 

isotropic/nematic biphasic region. The PHIC grafted NPs can served as a useful model for 

understanding the properties of semiflexible polymer brushes on curved surfaces, a feature of 

many biological structures, that has yet to be theoretically explored. 

Chapter 2 has been published as a manuscript in a peer-reviewed journal. Citation: J. Wong, V. 

Toader, L. Reven, “Lyotropic Nematic Phases of Isotropic Nanoparticles via Semiflexible Polymer 

Ligands” in Macromolecular Rapid Commun. 2023, 44, 2200951 
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2.1 Abstract 

Lyotropic liquid crystalline (LC) nanomaterials are normally achieved through particle 

shape anisotropy. Herein, it is shown that lyotropic nematic rather than cubic phases are 

produced from spherical nanoparticles (NPs) with semi-flexible polymer ligands. ZrO2 

nanocrystals (4 nm dia.) are coated with a dense shell of poly(hexyl isocyanate) (PHIC), a helical 

rod-like polymer that forms lyotropic LC phases in a range of organic solvents. Solvent casted NPs 

with PHIC ligands above the persistence length form linear assemblies, separated by a 

characteristic distance related to the chain length while NPs with shorter, rigid rod PHIC ligands 

pack hexagonally. Concentrated NP-PHIC dispersions present nematic textures similar to the free 

PHIC nematic solutions but at lower critical concentrations, widening the isotropic-nematic 

biphasic region. 2H NMR spectra of the NPs dispersed in a deuterated solvent display quadrupolar 

splittings that increase with NP concentration, showing that the PHIC ligands are magnetically 

aligned. The high degree of orientation order is evidence that splaying of the ligand shell 

transforms the spherical NPs to rod-like shapes that assemble to produce nematic lyotropic LC 

phases and linear NP arrays. This approach to creating anisotropic assemblies can be extended 

to other types of spherical NPs and semiflexible polymers. 
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2.2 Introduction 

Liquid crystals (LCs) have played a key role in nanotechnology serving as both synthetic 

templates and as dynamic stimuli-responsive matrices to improve and control the properties of 

nanomaterials. LCs can broadly be classified into two categories: thermotropic and lyotropic, 

driven through temperature and concentration dependent self-assembly, respectively. While 

thermotropic LC-based displays and electro-optical devices are widespread in everyday use, small 

molecule based lyotropic LCs are important for biomedical applications, primarily as drug delivery 

agents or templates for nanostructured materials.[1] Semi-flexible biopolymers such as DNA, 

polypeptides, actins, and glycopolymers, form lyotropic LC phases that are essential to their bio-

logical functions.[2] Given the relevancy to biological systems and colloid science, LC researchers 

are increasingly turning their attention to lyotropic LCs, generating new materials and 

applications such as active matter or living liquid crystals.[3] Organic or inorganic anisotropic nano-

materials such as carbon nanotubes, clays, chromonic liquid crystal, cellulose nanocrystals, and 

viruses, to name a few, can form lyotropic phases, primarily as aqueous dispersions.[4] Lyotropic 

nanomaterial LC phases in organic solvents are achieved by functionalizing anisotropic 

nanoparticles (NPs) with suitable ligands. Examples include ZnO nanowires[5] and CdSe 

nanorods[6] with alkyl ligands and metal oxide nanorods with polymer ligands.[7,8] Whereas 

anisotropic NPs form anisotropic LC phases (i.e., nematic, smectic, cholesteric), spherical NPs, 

with flexible polymer ligand shells, were shown by small angle X-ray diffraction (SAXS) to organize 

into cubic lyotropic LC phases.[9] Although NPs with flexible polymer ligands have been widely 

studied,[10] there are relatively few examples of NPs with semiflexible polymer ligands. As 

highlighted in a recent study of bioactive polymer brushes,[11] there is a lack of model synthetic 

semiflexible brushes on either flat or curved surfaces, despite the presence of biopolymer 

brushes frequently found in biological tissues whose stiffness is essential to their function. The 

majority of the nanoparticle studies with such brushes have concerned DNA[12] and 

polypeptide[13] functionalized NPs for sensor and drug delivery applications. Gold NPs with dense 

DNA coronas were shown under confinement to organize into solid super-lattices with the 

interparticle distances controlled by the ligand length.[14] Silica[15,16] and carbon nanotubes[17] with 

polypeptide ligands have been dispersed in lyotropic LCs formed by the same polypeptide. 
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However, to our knowledge, lyotropic phases formed by NPs with semiflexible polymer ligands 

have not yet been re-ported. 

 

Semi-flexible polymers are defined by a persistence length and characteristic ratio 

between that of a flexible coil versus rigid rod polymer. Lyotropic LC phases are possible in 

concentrated semi-flexible polymer solutions through a combination of sufficiently high axis 

ratios and intermolecular forces promoting the formation of expanded coils in solution.[18–20] The 

orientational properties of lyotropic stiff polymers have been exploited for high-performance 

fibers, actuators, and electro-optical devices through their responses to electric fields and shear 

forces.[21] Poly (hexyl-isocyanate) (PHIC) is a semi-flexible helical polymer in which both 

thermotropic and lyotropic nematic LC phases (in chloroform, dichloromethane, and toluene) 

have been observed.[22] PHIC was selected as a semiflexible polymer ligand because its properties 

have been intensively studied, its solubility in various organic solvents, and chiral variants have 

been synthesized.[23] The similarity of the amide backbone of poly isocyanates to peptides has 

inspired investigations as more thermally stable alternatives to polypeptides.[24] The polymer 

persistence length, lp, is a measure of the bending stiffness that varies with the solvent. For chain 

lengths below lp, the polymer behaves as a rigid rod whereas for chain length well above lp, the 

polymer is in the continuously flexible “wormlike” state. For PHIC, lp ranges from≈20 nm in 

chloroform or dichloromethane to≈40 nm in toluene or n-hexane, allowing access to the rigid rod 

versus wormlike regimes at moderate molecular weights. Here we report the self-assembly of 

spherical NPs with PHIC ligand shells into nematic lyotropic LC phases and linear arrays. Dense 

PHIC coronas on 4 nm diameter ZrO2 NPs were produced using a “grafting to” approach that 

allows for more control over the molecular weight. In addition to determining the phase diagram, 

the origin of the nematic order was investigated by wide-line 2H NMR spectroscopy of the solvent, 

deuterated chloroform, to indirectly probe the orientational order of the PHIC ligands.  
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2.3 Results 

2.3.1 Preparation of ZrO2-PHIC nanoparticles  

There are only two previous reports of PHIC grafted NPs. Magnetic iron oxide NPs were 

functionalized with low molecular weight PHIC (4.4 to 7.8 K) using click chemistry.[25] A “grafting 

from” protocol was used to attach higher molecular weight PHIC (60K) to fumed silica using a 

titanium (IV) catalyst.[26] ZrO2 nanocrystals were selected for this study as a convenient model 

system. Phosphonic acids bind very strongly to ZrO2NPs which can be prepared in large quantities 

with a relatively low size dispersity (4 nm±0.5 nm). Furthermore, the surface functionalization as 

developed here can be straightforwardly applied to other metal oxides such as TiO2 or Fe2O3 as 

well as semiconductor nanocrystals.  

 

As our goal was to examine PHIC ligands with well-defined molecular weights above and 

below the persistence length, lp, we designed various PHIC-functionalized phosphonic acid 

ligands for attachment to the ZrO2 NPs. [25,27] Additionally, the ligand was designed such that the 

PHIC ligands would have some degree of flexibility near the ZrO2 core, to impart flexibility upon 

the PHIC ligands toward liquid crystalline behavior as well as to maximize surface coverage. 

Initially, a click chemistry approach was utilized. (Scheme 2-1). However, this route produced 

lower grafting densities (<0.5 ch nm−2), cloudy suspensions and no observed liquid crystalline 

behavior.  

 

Given the low coverages, the “grafting to” approach was adopted. A click reaction was 

used to first couple the alkyne terminated PHIC with the azide functionalized phosphonic ligand 

before attachment to the NPs. (Scheme 2-2) While this grafting to approach resulted in dense 

PHIC coronas, the click reaction was far from quantitative, and purification further lowered the 

yield.  

 

The organotitanium catalyst route to produce PHIC with end functional groups has the 

advantage of generating PHIC with well controlled molecular weights and low dispersities.[27] 

However, the maximum molecular weight is generally limited to <20K due to competing 
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depolymerization, a general problem for isocyanate polymerization reactions.[24] To address the 

problems listed above, a phosphonate functionalized initiator was de-signed, as to optimize the 

synthesis through reducing depolymerization and product loss through purification (Scheme 2-

3). 

 

Three molecular weights of functionalized PHIC were synthesized and subsequently 

anchored onto ZrO2 nanoparticles: PHIC24 (MW=3K; N=24), PHIC55 (MW=9000; N=55), and PHIC180 

(MW=23K; N=180). Assuming a repeat unit length of 0.2 nm,[28] the contour lengths of the pre-

pared PHIC samples are as follows in increasing order of molecular weight: 4.8, 11.0, and 36.0 

nm. This places PHIC24 and PHIC55 below the persistence length of PHIC in DCM (lp=20 nm) and 

PHIC180 above the persistence length. The PHIC ligands were then attached to the benzyl alcohol 

stabilized ZrO2 NPs through an exchange reaction followed by quantitative precipitation to 

remove unbound ligands. This approach yielded a dense polymer corona of 1.86 chains nm−2 [for 

PHIC180] based on TGA analysis. Given the average surface area of a single ZrO2 NP (50 nm2), each 

particle contains≈90 PHIC180 chains. 
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Scheme 2-1: Attachment of alkyne terminated PHIC ligands to ZrO2NPs by a click reaction. 
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Scheme 2-2: “Grafting to” functionalization of ZrO2NPs with phosphonic acid terminated PHIC 

ligands produced by a click reaction. 
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Scheme 2-3: “Grafting to” functionalization of ZrO2 NPs with phosphonic acid terminated PHIC 

ligands synthesized via a phosphonate functionalized initiator. 
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Figure 2-1: a) A solution of 25 wt.% ZrO2-PHIC180 NPs in chloroform under cross polarizers (top) 

and uncrossed polarizers (bottom). The ZrO2-PHIC180 NPs solution undergoes a phase separation 

of a hazy, highly concentrated anisotropic phase that is birefringent and a clear, dilute isotropic 

phase that appears black under cross polars. b) Polarized optical microscopy (POM) images of 

the lyotropic phases of 20.1 wt.% ZrO2-PHIC180 NP (top) and PHIC180 (bottom) solutions in DCM. 

The textures observed under POM are characteristic of the nematic phase. 

 

2.3.2 Optical Microscopy 

At concentrations below≈30 wt.%, both the free PHIC and the PHIC grafted NPs solutions 

are biphasic and undergo a macroscopic phase separation as previously reported for PHIC.[29] In 

Figure 1a, a dispersion of the ZrO2-PHIC180 NPs in chloroform shows a hazy birefringent 

anisotropic phase containing a high NP concentration on top and an isotropic phase with a lower 

NP concentration on the bottom of the sample tube. This phase separation is density driven due 

to the lower density of PHIC (0.87 g cc−1) as compared to CHCl3(1.5 g cc−1). Early studies of 

solutions of polydispersed PHIC found that the higher MW polymer is strongly partitioned into 

the anisotropic phase and shorter chains into the isotropic portion.[29,30]The PHIC ligands in this 
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study have PDIs of 1.2 to 1.5 so we would expect that the molecular weight based partitioning of 

PHIC between the two phases is present.  

 

Figure 2-1 shows selected optical microscopy images of dichloromethane solutions of 

PHIC180 and ZrO2-PHIC180 NPs. Nematic droplets appeared for ZrO2-PHIC180 NPs at concentrations 

above 9 wt.% whereas solutions of the unattached PHIC180 ligand first showed birefringence at a 

higher concentration of 17 wt.%. Similar to previous studies, inclusions of isotropic liquid were 

present in the anisotropic phase, which is attributed to incomplete phase separation due to the 

very high viscosities.[30] For high concentrations (>20 wt.%), stripe textures were also observed in 

certain regions for both PHIC180 and ZrO2-PHIC180 NPs solutions. In general, such striped or banded 

patterns are formed in lyotropic semiflexible polymers under shear and/or flow.[31] In our case, 

these forces arise as the cover slip is placed on the drop of sample on the glass microscope slide. 

Stripe patterns for sheared lyotropic nematic PHIC solutions were first reported by Aharoni and 

co-workers.[30] While both ZrO2-PHIC24 and ZrO2-PHIC55 were prepared, neither lyotropic nematic 

textures nor macroscopic phase separation were observed in either sample. 

 

2.3.3 Transmission Electron Microscopy 

 

Figure 2-2. TEM images of a) ZrO2-PHIC180 NP film formed at a dichloromethane/water interface 

and b) ZrO2-PHIC24 NPs drop casted from a chloroform solution. 
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The spatial distributions of the ZrO2NPs functionalized with low(3k) and high (23k) MW 

PHIC were examined by transmission electron microscopy (TEM) (Figure 2-2). As we were not 

expecting lyotropic behavior solutions of the ZrO2 NP-PHIC24 were simply cast by putting a drop 

on a TEM grid. However, in the case of ZrO2-PHIC180, the TEM grids were instead drop-casted 

using both dilute and concentrated solutions of the nanoparticles. This was done to compare the 

well-dispersed and colloidally stable NPs to their self-assembled behavior (Figure 2-11, 

Supporting Information). To further confirm that the drop casting produced monolayers, thin 

films were also formed by depositing a drop of a dichloromethane ZrO2 NP-PHIC180 solution onto 

a water surface, and then transferred to the TEM grid by dipping, which revealed similar particle 

assemblies. As seen in Figure 2-2, the particle spatial distributions of ZrO2-PHIC24 versus theZrO2-

PHIC180 NPs are quite different. In the case of PHIC24, the average interparticle distance was 

measured to be≈8nm, and when compared to the calculated contour length, this suggests some 

degree of interpenetration of the neighboring PHIC24 ligand shells.  

 

In contrast, for ZrO2-PHIC180, spacings between the linear arrays were semi-regular with 

an average value of≈50 nm. However, TEM grids of ZrO2-PHIC180 prepared around the critical 

lyotropic concentration often resulted in thicker films, thereby making measurements of the 

interparticle distances within the linear assemblies difficult. Instead, the samples were dropped 

from a solution of ZrO2-PHIC180 below the critical concentration such that suitable TEM resolution 

may be achieved. In these dropcast films from lowered NP concentrations, there are more 

isolated NPs, but linear assemblies are still present. (Figure 2-14, Supporting Information) The 

analysis of the higher resolution images of these thinner films yielded an average interparticle 

distance of≈5 nm in the linear assemblies, however, the spread in values is large since the 

concentration and selection of the groups of NPs is somewhat arbitrary. In the rigid rod limit, the 

length of PHIC180 with a degree of polymerization of 180 is 36 nm. Semiflexible polymer chain 

lengths greater than lp, the persistence length, fall into the wormlike regime where the chains 

are modeled as continuously flexible rods.[32]In this model, the contour length is considered 

instead and is calculated from the molar mass M, and the molar mass per unit contour length for 

PHIC, ML=740 nm−1.[33]The calculated contour length L = M/ML = 31 nm for PHIC is only≈10 nm 
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greater than the persistence length, lp=20. However, given the polydispersity of PHIC180 (PDI=1.5) 

and the strong tendency of the longer chains to partition into the anisotropic phase, there should 

be a significant population of NPs with PHIC ligands well into the worm-like regime. Given the 

degree of irregularity, the measurement of the distances between the linear NP arrays has a wide 

spread of values. (Figure 2-13, Supporting Information). However, the calculated 50 nm average 

spacing between the linear NP assemblies is roughly equal to twice the PHIC180 chain lengths, 

taking into consideration that there should be some chain flexibility and partial interpenetration 

of the PHIC180 brushes. 

 

2.3.4 Deuterium NMR Spectroscopy  

The nematic ordering of the polymer ligands was confirmed by 2H NMR spectroscopy of 

solutions of PHIC180 and ZrO2-PHIC180 NPs in deuterated chloroform. Lyotropic solutions of 

synthetic polypeptides like poly(γ-benzyl-L-glutamate) (PBLG) are commonly used as alignment 

media for NMR studies of biomacromolecules. The first proof that lyotropic PHIC, despite its weak 

magnetic anisotropy, can be aligned by a magnetic field was demonstrated by a 2H NMR study of 

PHIC in per deuterated toluene where the solvent becomes aligned along with the polymer.[34] 

The magnitude of the quadrupolar splittings suggested that the toluene solvent molecules are 

uniformly oriented parallel to the alkyl side chains of PHIC with the isocyanate back-bone aligned 

parallel to the applied magnetic field.  

 

The degree of magnetic alignment of PHIC was directly determined from 2H NMR of PHIC-

𝛼-d2as a function of concentration in chloroform and toluene.[35] In this study, the CH2 group next 

to the isocyanate backbone was deuterated and the molecular weight (20k) was very close to 

that of the PHIC180 used here. The critical order parameter at the onset of liquid crystallinity for 

PHIC was calculated to be S≈0.6 at 20 wt.%. The order parameter S increased to 0.8 at 30 wt.% 

where the sample is fully nematic, showing that the PHIC is highly aligned by the magnetic field 

as theoretically predicted for semiflexible macromolecules.[36] Like the 2H NMR study of PHIC in 

deuterated toluene,[34] the orientational order of the solvent, deuterated chloroform, was used 

hereto indirectly detect the alignment of the ZrO2-PHIC180 NP ligands by a magnetic field.  
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Figure 2-3. Representative 2H NMR experiments performed at 25.9, 20.4, and 15.9 wt.% in CDCl3. 

Baselines were scaled up for clarity, as lower concentration samples had a smaller anisotropic 

volume, thereby decreasing the signal intensity. 

 

Representative 2H NMR spectra of ZrO2-PHIC180 NP chloroform solutions are shown in 

Figure 2-3. At concentrations below 30 wt.% PHIC, the samples are biphasic and the 2H NMR 

spectra display both singlet and doublet signals from the isotropic and anisotropic phases 

respectively. All the samples displaying 2H NMR doublet signals were birefringent. Given that the 

prepared ZrO2–PHIC24 and ZrO2–PHIC55 NPs were not birefringent, solutions of these samples did 

not display any doublet signals. The integrated intensities of the isotropic versus the doublet 2H 

signals from the two phases are not quantitative in these spectra as it depended on the 

anisotropic volume inside the coil. For the biphasic samples at the lower PHIC concentrations, 

the anisotropic volume was smaller than the RF coil of the NMR spectrometer, resulting in a large 

isotropic peak. However, the focus here is on the size of the quadrupolar splitting which allows 

an estimate of the orientational order of the CDCl3 solvent molecules. The 2H quadrupolar 

splitting for a uniaxial nematic LC arising can be described by Equation (1). In the context of liquid 

crystals, the asymmetry parameter, 𝜂, may be assumed to be essentially zero,[37–39] simplifying 

the Equation (2). The order parameter, S, measures the extent of alignment of the molecule 

(CDCl3) with respect to the principal axis. The e2qQ/h term is the deuterium quadrupolar 
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coupling constant, which was measured to be 167 kHz for deuterated chloroform.[37] Using this 

information, it was possible to calculate the order parameters of the solvent.  

𝛿𝜈𝑄 =
𝑒2𝑞𝑄

ℎ
(
3

2
𝑆𝑎𝑎 +

1

2
𝜂(𝑆𝑐𝑐 − 𝑆𝑏𝑏))  (𝟏) 

𝛿𝜈𝑄 =
3

2

𝑒2𝑞𝑄

ℎ
𝑆    (𝟐) 

Table 2-1 lists the quadrupole splittings and order parameters of CDCl3 as a function of 

PHIC180 concentration for solutions of the free polymer and the ZrO2-PHIC180 NPs. In lyotropic 

systems that are being developed as alignment media for NMR studies of biomacromolecules, 2H 

NMR of the CDCl3 solvent is commonly used to monitor the concentration dependent isotropic 

to anisotropic phase transition. Given that weak alignment of the solute molecules is the goal for 

these NMR studies, the magnitudes of the quadrupole splittings of the CDCl3 solvent are typically 

much smaller than those observed here for PHIC (<1000 Hz). Instead, the 2H quadrupole splitting 

listed in Table 2-1 are comparable to those measured when CDCl3 is employed as probe molecule 

for thermotropic liquid crystals.[37–39] Although the doublet for aligned CDCl3 appears at lower 

concentrations for the ZrO2-PHIC180 NP solutions, the magnitudes of the quadrupolar splittings 

and order parameters are slightly larger for the free PHIC180, indicating a greater degree of 

alignment. For the highest PHIC concentration, the quadrupole splittings are very similar, 

indicating that the NP tethered PHIC chains are highly aligned by the magnetic field. 

Table 2-1: 2H NMR quadrupole splitting and Order parameters. 
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2.4 Discussion 

Given the polymer chain stiffness and the spherical core shape, the appearance of 

nematic textures, characteristic of rod shaped mesogens, was not expected. Only cubic lyotropic 

phases have been previously reported for spherical NPs with polymer ligand shells. However, the 

ligands in this study were polystyrene, a flexible polymer such that the NPs retain overall 

spherical shapes.[9] Another structural feature that would seem to preclude liquid crystallinity 

was the relatively dense polymer coronas of ZrO2-PHIC NPs produced here. The dense ligand shell 

density contrasts with the ligand shells of thermotropic liquid crystalline NPs. For this class of 

NPs, short alkyl-co-ligands are typically used as spacer groups between bulky mesogenic ligands 

to increase the available free volume within the ligand shell.[40–42] Increasing the spacing between 

the mesogenic ligands enhances the ability to form liquid crystalline phases as well as the 

miscibility of the NPs in liquid crystal solvents consisting of the same mesogens.[41]  

 

Although the LC textures and the degree of orientational or-der as measured by 2H NMR 

spectroscopy of the free and NP grafted PHIC180 are very similar, the critical concentration for the 

onset of liquid crystallinity is significantly lower for the ZrO2-PHIC180 NPs. While grafting the 

PHIC180 to the NPs does not appear to greatly affect the chain order, the pinning of PHIC chains 

to the ZrO2 cores increases the local chain densities in the solution and lowers the critical 

concentration for the onset of liquid crystallinity. The overall effect appears to be a widening the 

biphasic region. For the free polymer, the biphasic region can be quite narrow. In a study of the 

molecular weight dependence of the phase diagram of PHIC with low polydispersity (PDI=1.06), 

the onset of the nematic phase for a 20K PHIC in dichloromethane occurs at a 0.261 weight 

fraction and the sample is completely nematic above 0.296.[43] The different phase boundary 

weight fractions in our sample are mostly likely due to the higher polydispersity of the PHIC180 

(PDI=1.5). The different solvent, chloroform rather than dichoromethane, may also be a factor, 

although the PHIC persistence lengths in chloroform and dichloromethane are similar.[33]  

 

We can compare the observed nematic order of the NP grafted PHIC chains to related 

PHIC brush systems. While the literature concerning the properties of flexible polymer brushes 
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on both flat and curved surfaces is very extensive, there are relatively few studies of semiflexible 

polymer brushes, despite the prevalence of these structures in biological systems.[10,44] As far as 

experimental studies, surface tethered PHIC rods at low and moderate grafting densities on flat 

surfaces have been produced by the adsorption of block copolymers where the short non-PHIC 

blocks selectively adhere to the surface.[45,46] The PHIC blocks align parallel to the surface with 

liquid crystalline order when annealed insolvent vapor due to the freedom of rotation of the end-

grafted PHIC chains.[46] In regards to PHIC chains tethered to curved surfaces, micelles have been 

formed by adding a PHIC selective solvent to PHIC-b-P2VP block copolymers.[47] The degree of 

polymerization and thus lengths of the PHIC blocks were similar to the PHIC180 ligands studied 

here. Rather than forming PHIC brush coronas, the PHIC blocks adopt a tangential chain 

conformation despite the surface curvature. The persistence length in the PHIC selective solvent 

used to form the micelles, toluene, is 40 nm, twice as long as that of chloroform or 

dichloromethane, yet the 38 nm PHIC chains were able wrap around the 20–50 nm diameter 

P2VP cores.[47] The tangential rather than vertical LC nematic ordering of PHIC chains of the block 

copolymer assemblies on both flat and surfaces is made possible by the relatively low grafting 

densities.  

 

The 4 nm ZrO2 core is small compared to the≈30 nm long PHIC180 chains such that the 

ZrO2-PHIC180 NPs can be compared to star polymers.[48] This analogy has been widely applied for 

theoretical studies of NPs with flexible polymer ligands through the Daoud-Cotton model.[10,48] 

Three arm PHIC star polymers were found to form nematic phases in toluene at higher critical 

concentrations than linear PHIC with similar molecular weights (44–50K).[49] The ability of the star 

polymer to form a nematic phase was attributed to the flexibility of the carbamate bonds 

connecting the PHIC arms to cyclohexane core which can allow rotation of one arm to lie parallel 

to the second arm for a rod-like arrangement. The authors found that the branch point 

necessitated a higher critical concentration for the star PHIC to form a nematic phase. The reverse 

trend is true for the free versus NP grafted PHIC180 since the solutions of ZrO2-PHIC180 NPs show 

birefringence at half the concentration as the free polymer. This difference can be explained by 

considering the relative polymer chain lengths in the two systems. In the low MW PHIC region 
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(<≈50K) the molecule weight dependence of the critical concentration of PHIC increases very 

steeply with decreasing MW and hence chain lengths.[43] When comparing the star polymer with 

a linear polymer with an equivalent MW, the proposed rod-like arrangement by the authors 

would essentially lower the end-to-end chain length of PHIC thereby raising the critical 

concentration. Assuming a symmetric three-arm star polymer, this would mean an axis ratio 

roughly two-thirds of the linear polymer. In contrast, an equivalent linear polymer to the NP 

system would be twice that of the synthesized PHIC ligand. Combined with the dense polymer 

corona, this would essentially lower the lyotropic critical concentration.  

 

Theoretical developments regarding the chain conformation of semiflexible polymer 

chains have evolved beyond the simple lattice models and single-chain behavior to wormlike and 

bead-and spring models that incorporate small angle bending de-formations, suitable for 

investigating the effects of shear forces or confinement.[32] Recent combined density functional 

theory (DFT) and molecular dynamics (MD) simulations of solutions of semiflexible polymers 

were used to calculate the LC phase diagrams as a function of chain length and stiffness.[50] This 

approach has recently been extended to explore the effect of applied magnetic or electric fields 

on lyotropic semiflexible polymer solutions.[51]  

 

Tethering the PHIC chains to the nanoparticle surfaces is a form of confinement. The 

effect of confinement in polymer conformation and chain dynamics has been extensively studied 

for flexible polymers,[52] but confined semiflexible polymer have only recently been studied.[53] 

There have been relatively few theoretical studies of semiflexible polymer brushes. Simulations 

of semiflexible polymer brushes on flat surfaces reveal spontaneous transitions to liquid 

crystalline order.[53–57] Subsequent studies showed that with increasing chain density and 

stiffness, spontaneous tilting transitions occur to maximize the chain-chain interactions.[58,59] 

However, relevant to the polymer grafted NPs presented here, the effect of surface curvature on 

the properties of semiflexible brushes and interactions between such brushes has not yet been 

theoretically explored.[60]  
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The conformation of the NP tethered PHIC180 chains should be consistent with both the 

formation of NP linear assemblies and nematic chain order. If the PHIC180 chains with a grafting 

density of [1.9 ch nm−2] on the 4 nm dia. NPs were strictly behaving as rigid rods, then within the 

ligand shell, the polymer chains would occupy a volume fraction of only≈0.05. In chloroform the 

onset of liquid crystallinity for PHIC180 occurs at a polymer volume fraction of≈0.30 (0.20 weight 

fraction). Extensive intercalation of the ligand shells of NPs with rigid rod PHIC chains would 

increase the polymer volume fraction but this should result in a cubic rather than nematic 

lyotropic LC phase.  

 

To account for both the nematic order and the formation of linear arrays, we propose 

that the PHIC180 ligands can tilt and bend about the inorganic core to splay the ligand shell and 

form rod-like rather than spherical shapes, as shown in the inset in Figure 2-2a. The 

hydroxypropyl phosphonate linkages connecting the PHIC chains to the NPs also provide some 

flexibility, similar to the rotation of the PHIC arms of the star polymer via the carbamate bonds.[49] 

Then the linear arrays assemble through lateral interactions between the PHIC ligands of 

neighboring NPs, resulting in interparticle distances of≈5 nm within the chains of NPs which in 

turn are separated from neighboring chains by roughly twice the PHIC180 brush lengths. 

 

We report a new type of lyotropic LC nanomaterial, based on semiflexible polymer grafted 

NPs, where anisotropic phases are formed from isotropic particles. A “grafting to” protocol to 

produce NPs with dense polymer coronas with higher molecular weights was developed. Nematic 

rather than cubic phases arise from the spherical NPs via splaying of the polymer ligand shell. We 

note that anisotropic lyotropic nanomaterial phases have previously only been formed from rod- 

or disc-like NPs. Despite being attached to the NPs, the PHIC chains display a high degree of 

orientational order comparable to the free polymer solutions. However, the confinement of the 

PHIC chains to the NPs results in a lowering of the critical concentration for liquid crystallinity and 

a widening of the isotropic/nematic biphasic region. The nematic ordering of the PHIC ligands is 

also responsible for the formation of the linear NP assemblies. Ongoing work is extending this 

approach to plasmonic NPs and other semiflexible polymers such as synthetic polypeptides. 
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Other variables to be explored are the effect of particle size and grafting densities. Finally, the 

PHIC grafted NPs can served as a useful model for understanding the properties of semiflexible 

polymer brushes on curved surfaces, a feature of many biological structures, that has yet to be 

theoretically explored. 

 

2.5 Experimental Methods  

2.5.1  Materials 

All chemicals were commercially bought from Sigma-Aldrich. The hexyl isocyanate 

monomer was purified by initially drying over CaH2 overnight and distilled the following day. 

Commercial grade solvents were purified according to standard methods1,2 

 

2.5.2  Synthesis of Initiator-functionalized 23K MW Poly-(hexyl 

isocyanate) (PHIC180) 

The one-pot synthesis of PHIC was adapted from Satoh et al28. Extra caution was taken as 

to exclude moisture from the reaction mixture. Initially, in a 50 mL Schlenk flask, CpTiCl3 (30 mg; 

0.136 mmol) was allowed to homogenize with dry DCM (1.0 mL). Afterwards, the phosphonic acid 

initiator (26.6 mg; 0.136 mmol) was added and allowed to react 3H at room temperature. 

Afterwards, the Schlenk flask was put under vacuum overnight. The following day, HIC (9 mL; 

0.0811 mol; [HIC]/[CPTiCl3]=297.0)was added to the schlenk flask at 0°C and allowed to react for 

24H. Afterwards, the mixture should be completely solidified and termination was achieved by 

adding acetic anhydride (56 mL; 594 mmol) and BF3·OEt2
 (2.20 mL; 17.8 mmol) and allowed to 

react for another 24H. The polymer was precipitated in methanol at 0°C; the filtrate was discarded 

while the precipitate was re-dissolved in the minimum amount of THF and subsequently 

precipitated another two times in cold methanol. The retrieved polymer was then dried under 

vacuum to obtain a white solid powder.  
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2.5.3 ZrO2 Nanoparticle Synthesis 

The synthesis of benzyl alcohol functionalized zirconia nanoparticles were adapted from 

Garnweitner et al.[61] Zirconium (IV) isopropoxide isopropanol complex (2.00 g) was weighed into 

a 30 mL glass vial within a sealed Teflon cup. Afterwards anhydrous benzyl alcohol (30 mL) was 

added into the glass vial under an inert atmosphere and the Teflon cup was sealed and 

subsequently placed inside a steel reactor which was then heated to 230°C for four days. After 

letting the reactor cool down to room temperature for an additional day, the nanoparticles were 

washed three times with anhydrous THF (discarding the supernatant) and the resulting 

nanoparticles were obtained via centrifugation.  

 

2.5.4 PHIC Functionalization of ZrO2 Nanoparticles 

The required amount of PHIC ligand was stoichiometrically calculated based on the 

grafting density of the benzyl alcohol on the nanoparticle surface (quantified via TGA). Typically, 

in a 30 mL dram vial, phosphonic acid functionalized PHIC was dissolved in dry THF until 

homogenous. Afterwards, the suspension of benzyl alcohol stabilized ZrO2 NPs in THF was added 

to the dissolved PHIC solution and allowed to react for three days to maximize surface 

functionalization. Purification was accomplished through quantitative precipitation, which 

initially involves the addition of methanol until the NP solution becomes cloudy followed by 

centrifugation. The resulting supernatant was discarded and the NPs were re-dissolved and 

precipitated with THF and methanol another three times and finally vacuum dried to afford a 

white powder.  

 

2.5.5 Polarized Optical Microscopy  

POM images were obtained using a Nikon model SMZ1500 stereomicroscope. Lyotropic 

samples were prepared by weighing the appropriate amounts of PHIC/ZrO2- PHIC and solvent into 

a 3 mL dram vial. The dram vial was subsequently homogenized using a stand mixer for a few 

hours up to overnight, depending on the viscosity of the lyotropic sample. A drop of the solution 
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was transferred to a microscope slide and secured with a cover slide then observed immediately 

under POM due to the volatility of DCM.  

 

2.5.6 Molecular Weight Determination by GPC and 1H NMR 

The MW was determined either through GPC using a Shimadzu instrument and through 

the NMR using a Varian VNMRS 500MHz spectrometer and polystyrene as the standard. MW 

calculated through NMR was done by calculating the ratio between the 1H NMR peaks at 2.28 

ppm and from 3.10-4.20 ppm, corresponding to the terminal acetyl group and the repeating 

proton units along the side chains (adjacent to the nitrogen), respectively 27. 

 

2.5.7 2H NMR Spectroscopy 

In the case of a 20% w/w solution of ZrO2-PHIC180 NPs, typically, ZrO2-PHIC180 (100 mg) was 

added into a Norell heavy-walled NMR tube (2.20 mm inner diameter) as to withstand centrifugal 

forces. Afterwards, the NMR tube was centrifuged at 5000RPM for 20 minutes at room 

temperature as to simultaneously homogenize and maximize phase separation between the 

isotropic and liquid crystalline. As to minimize solvent evaporation and maintain the measured 

concentration, NMR was taken immediately following centrifugation. 2H NMR spectra were 

collected on a 800 MHz Bruker Avance III HD spectrometer. A standard 16-scan 2H NMR pulse 

sequence was used to obtain deuterium spectra and quadrupolar splittings. All other spectra 

were collected on a Varian VNMRS 500 MHz spectrometer.  

 

2.5.8 Transmission Electron Microscopy (TEM) 

TEM images were obtained using a Talos F200X G2 (S)TEM instrument with an accelerating 

electron voltage of 200 kV. 
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2.5.9 Thermogravometric Analysis (TGA) 

TGA measurements were performed on a TA instruments Q500 instrument. Samples were 

heated at a rate of 20°C up to 800°C, with the atmosphere being exchanged from nitrogen to air 

at 600°C. 
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2.7 Supporting Information 

Jessie Wong, Violeta Toader and Linda Reven* 

 

2.7.1 Synthesis of diethyl (3-hydroxypropyl)phosphonate. 

The synthesis of diethyl (3-hydroxypropyl)phosphonate was performed over three steps 

starting with 3-bromopropanol and following, with a slight modification, the procedure of 

Voight et al..1 (Scheme 2-4) 

 

Scheme 2-4 Synthesis of diethyl (3-hydroxypropyl)phosphonate). 

 

Step 1. Synthesis of 2-(3-bromopropoxy)tetrahydro-2H-pyran1 

1-bromopropanol (2.43 g, 17.5 mmol, 1 eq) was dissolved in 80 mL dry dichloromethane 

under an inert atmosphere. To the solution 3,4-dihydro-2H-pyran (2 mL, 25.78 mmol, 1.5eq) was 

added followed by dimethylamino piridinium p-toluenesulfonate (880 mg, 3 mmol) was added 

to the solution and the reaction mixture was stirred overnight. Work up was performed following 

the procedure of Kier et al.2 0.5 g of NaHCO3 and 1.5g of MgSO4 were added and the reaction 
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mixture was stirred for 15 minutes and then filtrated through a Silica Gel – Celite pad (4 :1, w : 

w). The pad was washed with dichloromethane and the filtrate was concentrated under reduced 

pressure. The residue was further purified by column chromatography (SiO2, Hexanes : Ethyl 

Acetate, 9 : 1, (v : v), Rf = 0.34). 3.42 g (87.62 %). 

 

1H NMR (500 MHz, CDCl3) δ 4.60 (t, J = 4.5 Hz, 1H), 3.91-3.80 (m, 2H), 3.58-3.45 (m, 4H),2.17 

(quintet, J = 7.8Hz, 2H, CH2Br), 1.89-1.45 (m, 6H).13C NMR (126 MHz, CDCl3) δ 99.04, 77.41, 

65.03, 62.40, 33.04, 30.81, 30.73, 25.55, 19.62 

 

Step 2. Synthesis of diethyl (3-((tetrahydro-2H-pyran-2-yl)oxy)propyl)phosphonate2 

A mixture of 2-(3-bromopropoxy)tetrahydro-2H-pyran (3.42 g, 15.4 mmol, 1eq.) and 

triethylphosphite (3.82 g, 3.95mL, 23 mmol, 1.5 eq.) was heated at 150 C for 4 hours. The reaction 

mixture was cooled down and the excess of triethylphosphite and by-products were removed by 

distillation under reduced pressure. The residue was purified by column chromatography (SiO2, 

Ethyl Acetate : Methanol, 10 : 1, (v : v), Rf = 0.60). 3.1611 g of product was obtained as a colourless 

oil (73.20 %). 

 

1H NMR (400 MHz, CDCl3) δ 4.56 (t, J = 3.6 Hz, 1H), 4.06 (q, J = 7.2 Hz, 4H), 3.86-3.59 (m,2H), 3.54-

3.34 (m, 2H), 1.94-1.44 (m, 10H), 1.29 (t, J = 6.9 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 98.88, 67.20 (d, J = 17.9 Hz), 62.41, 61.59 (J = 6.5 Hz), 30.76,25.55, 

23.11 (J = 4.7 Hz), 22.7 (J = 142.4 Hz), 19.64,16.58 (J = 6.1Hz). 

31P NMR (162 MHz, CDCl3) δ 32.30. 
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Step 3. Synthesis of diethyl (3-hydroxypropyl)phosphonate. 

Diethyl (3-((tetrahydro-2H-pyran-2-yl)oxy)propyl)phosphonate (3.16 g, 11.27 mmol) was 

dissolved in 250 mL ethanol. DPTS (0.318 g, 1.27 mmol) was added and the reaction mixture was 

heated at reflux. The progress of the reaction was monitored by taking aliquots that were 

analyzed by 31P NMR. When the signal at 32.3 ppm was no longer detectable, the reaction 

mixture was cooled at room temperature. The solvent was removed under reduced pressure and 

the residue was purified by column chromatography (SiO2, Dichloromethane:Methanol, 9:1, 

(v:v), Rf = 0.56). 0.9464 g of product was obtained (42.70 %) as a colourless oil. 

 

1H NMR (500 MHz, CDCl3) δ 4.16-4.02 (m, 4H, POCH2CH3), 3.68 (t, J = 5.5 Hz, 2H,HOCH2CH2), 

1.90-1.78 (m, 4H, BrCH2(CH2)2), 1.31 (t, J = 7.05 Hz, POCH2CH3) 

13C NMR (126 MHz, CDCl3) δ 62.51 (d, J = 12.95 Hz), 61.86 (d, J = 6.57 Hz), 25.79 (d, J =6.22 Hz), 

22.67 (d, J = 142.30 Hz), 16.55 (d, J = 5.92 Hz). 

31P NMR (203 MHz, CDCl3) δ 33.24. 
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2.7.2 Thermogravimetric Analysis (TGA) for PHIC grafting densities 

 

Figure 2-4 TGA Curve of ZrO2 – PHIC24 prepared using scheme 1. 

 

Figure 2-5 TGA Curve of ZrO2 – PHIC55 prepared using scheme 2. 
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Figure 2-6 TGA Curve of ZrO2 – PHIC180 prepared using scheme 3. 

 

2.7.3 Sample calculation for a 1.00 g sample of ZrO2-PHIC180 (2 nm core radius) prepared using 

scheme 3 with a TGA loss of 94.92%:  

Organic Content: 

0.9492 𝑔𝑃𝐻𝐼𝐶180 ∗
1

23000
𝑔

𝑚𝑜𝑙𝑃𝐻𝐼𝐶180

∗ (6.022 ∗ 1023
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑚𝑜𝑙
)

= 2.485 ∗ 1019 𝑃𝐻𝐼𝐶180 𝑐ℎ𝑎𝑖𝑛𝑠 

Inorganic Content: 

0.0508 𝑔𝑍𝑟𝑂2
∗

1

5.63
𝑔

𝑐𝑚3 
∗

1

4
3𝜋(2)3𝑛𝑚3

= 2.692 ∗ 1017 𝑍𝑟𝑂2 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 

Chains per Nanoparticle: 

2.485 ∗ 1019 𝑃𝐻𝐼𝐶180 𝑐ℎ𝑎𝑖𝑛𝑠

2.692 ∗ 1017 𝑍𝑟𝑂2 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
= 92 𝑐ℎ𝑎𝑖𝑛𝑠/𝑁𝑃 

Grafting Density: 

92 𝑐ℎ𝑎𝑖𝑛𝑠

4𝜋(2)2𝑛𝑚2
= 1.836 𝑐ℎ𝑎𝑖𝑛𝑠/𝑛𝑚2 

Surface Footprint: 
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1

4.101
𝑐ℎ𝑎𝑖𝑛𝑠
𝑛𝑚2

= 0.544 𝑛𝑚2/𝑐ℎ𝑎𝑖𝑛 

 

Table 2-2 Comparison of grafting densities between various PHIC coated NPs. 

 

 

2.7.4 1H and 31P NMR spectra 

 

Figure 2-7 1H NMR spectrum of ZrO2-PHIC180 NPs 
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Figure 2-8 31P NMR of ZrO2-PHIC180 NPs 
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2.7.5 1H NMR and GPC MW analyses 

 

Figure 2-9 GPC of PHIC24 (top), PHIC55 (middle), PHIC180 (bottom) from scheme 3. 
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Table 2-3 Summarized molecular weight results 

 NMR GPC 

 MW MW PDI 

PHIC24 3000 6800 1.18 

PHIC55 9000 12000 1.27 

PHIC180 22800 30100 1.51 

 

The average molecular weight and molecular distribution (Mw / Mn) were determined by 

GPC/SEC analyses run at 40°C using a Shimadzu instrument (Kyoto, Japan), equipped with a 

Shodex K-805L (300 x 8 mm, 10 μm) analytical column and a Shodex K-G 4A (10 x 4.6 mm, 8 μm) 

guard column. The mobile phase was HPLC grade chloroform (THF for PHIC24) that was delivered 

at a flow rate of 1 mL/min by a LC-20AR pump. 30 μL of 1mg/mL sample solution was injected 

and the signal of the RID detector (RID-20A) was analyzed and compared against the calibration 

curve. PS standards with narrow molecular weight in the range from 266 to 1 x 106 g/mol were 

used for calibration.  

 

Data analyses was performed with Lab Solution –GPC Postrun software (Shimadzu, Kyoto, 

Japan). 
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2.7.6 TEM images and histograms of interparticle distances  

 

Figure 2-10: TEM of Benzyl alcohol stabilized ZrO2 NPs.  

 

Figure 2-11 TEM of ZrO2-PHIC180 NPs drop casted from dilute (left) and concentrated (right) 

solutions.  
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Figure 2-12 TEM and corresponding histogram of ZrO2 – PHIC24 NPs  

 

 

Figure 2-13 TEM and corresponding histogram of the inter-chain distances for ZrO2 – PHIC180 

NPs.  
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Figure 2-14 TEM and corresponding histogram of the intra-chain distances for ZrO2 – PHIC180 

NPs.  
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2.7.7 POM images corresponding to the 2H NMR samples.  

 

 

 

Figure 2-15 POM images corresponding to PHIC180 at different concentrations: 9.0wt%, 13.0wt%, 

17.7wt%, 20.1wt%, 24.3wt%, 30.0wt%. The black circular regions at higher concentrations 

correspond to air bubbles which are difficult to eliminate due to the very high viscosities. 
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Figure 2-16 POM images corresponding to PHIC180 at different concentrations (top to bottom): 

9.5wt%, 10.8wt%, 15.9wt%, 20.4wt%, 25.9wt%, 32.2wt%. The black circular regions at higher 

concentrations correspond to air bubbles which are difficult to eliminate due to the very high 

viscosities. 
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2.7.8 Supplemental References: 
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2. M. J. Kier, R. M. Leon, N. F. O’Rourke, A. L. Rheingold, C. Glenn, G. C. Micalizio, J. 

Am. Chem. Soc.,2017, 139, 12374–12377. 

3. X. Liu, R. Cheng, J. Deng, Y. Wu, RSC Adv., 2014, 4, 48796. 
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Chapter 3 : Cholesteric Behaviour of Poly(γ-Benzyl-L-

Glutamate) Functionalized Nanoparticles 
Jessie Wong, Linda Reven 

 

Rationale for Chapter 3:  

The third chapter of this thesis reports on the development of poly(γ-benzyl-L-glutamate) 

(PBLG) functionalized nanoparticles. PBLG ligands were synthesized across a wide range of 

molecular weights to assess the role of molecular weight and grafting density on liquid crystal 

(LC) formation. Building on the work presented in Chapter 2, PBLG was chosen for its unique LC 

properties, as to expand the scope of the nanocomposite motif laid out in Chapter 2. In place of 

lyotropic nematic LCs, PBLG is well-known for its ability to self-assemble into lyotropic cholesteric 

LCs, and the justification for this chapter was to determine whether the same motif may be 

expanded to cholesteric LCs. It is now shown that low molecular weight PBLG-grafted NPs 

exhibited the most drastic reduction in the critical concentration required for LC assembly, while 

high molecular PBLG-grafted NPs exhibited minimal changes with respect to the critical 

concentration. Additionally, several precautions were taken to ensure that the PBLG-grafted NPs 

were entirely in the cholesteric state, as this phase competes simultaneously with gelation and 

molecular aggregation. Generally, the cholesteric structures formed from the synthesized PBLG-

grafted NPs were enlarged compared to the cholesteric structures formed from the same 

molecular weight PBLG. This suggests that the presence of the NPs prevents optimal cholesteric 

ordering, which in turn enlarges the dimensions of the cholesteric structure.  

Chapter 3 is currently being prepared as a manuscript as J. Wong, L. Reven, “Cholesteric 

Behaviour of Poly(γ-Benzyl-L-Glutamate) Functionalized Nanoparticles”. 
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3.1 Abstract 

Following earlier work showing that spherical nanoparticles with semiflexible polymer 

ligands can form an anisotropic lyotropic liquid crystal (LC) phase, this strategy was expanded to 

explore whether other LC phases are accessible. Poly(γ-benzyl-L-glutamate) (PBLG) is a semi-

flexible polymer with well-known cholesteric LC properties. A wide molecular weight range of 

PBLG ligands were synthesized to graft onto spherical zirconia nanoparticles (NPs), and their 

corresponding LC properties were characterized. The anchoring of PBLG to NPs had the largest 

effect for low molecular weight PBLG with a significant drop in the critical concentration required 

for LC assembly. This trend diminished as the molecular weight of the PBLG ligands increased. 

Structure-wise, the NP contribution appeared to generally enlarge the cholesteric LCs formed, 

owing to the restricted movement of the tethered PBLG ligands. 

 

3.2 Introduction 

Traditionally, synthetic polypeptides have largely seen applications in biomedical fields 

due to a high degree of biocompatibility with, and biodegradability within the human body,1 

which in turn allows for medicinal applications such as drug delivery vessels2,3 or scaffolds in 

tissue engineering.4,5 In contrast to natural polypeptides, synthetic polypeptides have simpler 

compositions, typically with just a few amino acid residues, thereby enabling controlled self-

assembly in the form of protein secondary structures such as -helices or beta sheets. A great 

advantage of these synthetic polypeptides (and polypeptoids) is their biodegradability, which 

becomes essential towards making materials science and related fields more sustainable. For 

example, hydrogels,6,7 block copolymers,8,9 films,10,11 biosensors,12,13 batteries,14 and solar cells15 

are all materials that have traditionally used synthetic polymers and substituting these polymers 

with biodegradable synthetic polypeptides could provide a solution towards greener materials. 

For this reason, it becomes necessary to characterize the physical and material properties of 

these synthetic polypeptides, as to tailor their structure to targeted applications. 

 

Poly(γ-benzyl-L-glutamate) (PBLG), a modified polypeptide based on a glutamic acid 

homopolymer (PLGA), is the most studied and most widely applied synthetic polypeptide. 
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Sustainability-wise, PBLG (as well as PLGA) has low cytotoxicity and can be degraded using 

relatively mild conditions, rendering it a green material.16 PBLG has previously been applied for 

tissue engineering,17-19 gene therapy,20 and drug delivery.21,22 In materials science, PBLG has 

previously been used in films23 and nano-fibers,24 and composite systems.25-28 PBLG is well known 

for its liquid crystalline (LC) properties, which is especially useful for NMR characterization of 

biomolecules via residual dipolar couplings. 29,30 Overall, PBLG is capable of forming an array of 

self-assembled architectures that provide unique characterization challenges.31 

 

Due to the -helix conformation of PBLG, the polymer adopts a rod-like configuration in 

solution. In sufficiently concentrated solutions, PBLG primarily forms lyotropic cholesteric LC 

phases in various organic solvents, 32-34 that transform into a nematic phase in specific 

circumstances. If the PBLG sample is comprised of homo-chiral mixtures or subjected to magnetic 

field35 or dissolved in a compensated solvent mixture, the cholesteric helix unwinds and becomes 

nematic instead.36  

 

In previous work, we found that another semi-rigid rod-like polymer, poly (hexyl-n-

isocyanate) (PHIC), was able to impart LC behaviour onto spherical zirconia nanoparticles, which 

resulted in nematic LC phases.37 However, despite PHIC being a helical polymer, the rapid 

interconversion between the left- and right-handed screw sense essentially renders PHIC achiral, 

hence why only nematic LC phases are observed for unmodified PHIC. In contrast, the screw 

sense of PBLG is “locked in” by the alpha helix, allows for the formation of chiral LC phases, i.e. 

cholesterics.  

 

An unanswered question from our previous work 37 was whether the linear NP arrays 

observed in films formed by casting a solution of the NPs are also present in the lyotropic 

solutions. Colloidal nanorods are known to self-assemble into nematic LC structures,38-40 thereby 

suggesting that the linear NP arrays may self-assemble similarly. The LC behaviour originates 

from the PHIC and the observed reduced critical concentration may be explained through the 

effectively lengthened PHIC chains.41 However, it may be possible that the PHIC provides colloidal 
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stability to the NP composite and the formation of NP arrays contributes to the reduced critical 

concentration. In addition to exploring the LC behaviour of PBLG coated NPs, this study seeks to 

expand our previous study as well. Characterization of the cholesteric LCs formed from the PBLG 

nanocomposites may help elucidate how spherical nanoparticles can produce anisotropic 

structures and perhaps explain the nematic phenomena as well.  

 

3.3 Experimental 

 
3.3.1 Materials: All solvents were obtained from a solvent purification system and were used 

immediately afterwards. Benzyl glutamate N-Carboxyanhydride (BLG-NCA) was purchased from 

Biosynth, which was purified using the approach suggested by Poché et al.42 immediately prior 

to polymerization. All other chemical reagents were purchased from Millipore-Sigma. All 

reagents were used without further purification.  

 

3.3.2 Measurements: MW measurements were carried out entirely using a Ubbelohde 

viscometer using [ɳ] = KMv
a, where ɳ is the intrinsic viscosity as determined by the Ubbelohde 

viscometer, Mv is the viscosity-averaged molecular weight and K and a are the Mark-Houwink 

constants, 1.58 x 10-5 mL/g and 1.38, respectively. All measurements were carried out in DMF 

thermostated at 25 °C.43 POM images were obtained using a Nikon model SMZ1500 

stereomicroscope. TEM images were obtained using a ThermoScientific Talos 200X G2 TEM. SAXS 

profiles were obtained with the Anton Paar SAXSpoint 2.0 at the minimum sample-to-detector 

distance of 575 mm.  

 

3.3.3 Synthesis of [DPPA][TBA]: Preparation tetrabutylammonium (TBA) salt procedure was 

adapted from Ossowicz et al.44 In a 30 mL glass vial, diethylphosphonoacetic acid (DPPA) (500 

mg) was dissolved in a 40% aqueous solution of tetrabutylammonium hydroxide[TBA][OH] (1.4 

g). The mixture was allowed to stir at room temperature overnight. Afterwards, the solution was 

evaporated at 60 °C using a rotovap to remove water. Ethanol was used to precipitate excess 
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amino acid, which was filtered off. Afterwards, the ethanol was removed via rotovap and the 

product was dried in a vacuum at 60 °C to obtain a pale yellow oil.  

 

3.3.4 Synthesis of PBLG-PO(OEt)2: Following an adapted procedure from Wu et al.45 PBLG1237 

and PBLG2963 were polymerized in DCM while PBLG89 and PBLG228 were prepared in THF, as to 

obtain a wide molecular weight range. BLG-NCA (2.00 g) was allowed to fully dissolve in dry DCM 

(at a concentration of 0.2 M) under N2. Afterwards, the corresponding amount of [DPPA][TBA] 

was quickly added into the reaction and the mixture was allowed to stir for up to three days. 

Afterwards, the viscous solution was precipitated into a beaker of cold methanol. The 

precipitation step was repeated twice more by re-dissolving the polymer product with DCM and 

subsequently precipitating it in cold methanol. High molecular weight samples appeared as 

white, solid, and fibrous. Lower molecular weight products appeared as white and flaky.  

 

3.3.5 Synthesis of PBLG-PO(OH)2: The deprotection procedure was adapted from Mckenna et 

al.46 After determining the MW of the synthesized PBLG product, the product (500 mg) was added 

to a flame dried round bottom flask under nitrogen. Dry DCM (10 mL) was added to the flask and 

the PBLG was allowed to dissolve completely while simultaneously cooling the flask down to 0°C. 

Bromotrimethylsilane (2.0 eq) was injected into the flask and the mixture was allowed to stir 

overnight while allowing the flask to warm up to room temperature. Afterwards, the flask was 

dried completely under vacuum and DCM (5 mL) and methanol (5 mL) were added sequentially 

and the mixture was again allowed to stir overnight. The mixture was then filtered and dried 

under vacuum to obtain PBLG-PO(OH)2. 

  

3.3.6 Functionalization of PBLG onto Bz@ZrO2 – PBLG@ZrO2: Highly monodisperse Bz@ZrO2 

nanoparticles with 4 nm diameters were synthesized according to the procedure from 

Garnweitner et al.47 Initially, in a 30 mL dram vial capped with a septum, a measured amount of 

PBLG-PO(OH)2 was added in a two-fold excess (with respect to monolayer coverage) and 

dissolved in dry DCM (20 mL). Solutions of high molecular PBLG ligands were highly viscous and 

up to 100 mL of dry DCM was used instead. Additionally, extra precautions were taken to ensure 
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these samples were entirely homogenized, primarily via periodic vortex mixing. Afterwards, the 

corresponding amount of Bz@ZrO2 nanoparticles were injected into the dram vial. The solution 

was stirred for three days under nitrogen. Following the three days, the nanoparticles were 

precipitated using ethanol and centrifuged at 5K RPM, for ten minutes at room temperature. The 

supernatant was discarded, and the nanoparticles were centrifuged twice more. Afterwards, the 

precipitated solids were dissolved in DCM and transferred to a pre-weighed vial and dried under 

low air flow. The resulting product was vacuum dried overnight to obtain the PBLG@ZrO2 

nanoparticles.  

 

3.3.7 Liquid Crystal Sample Preparation: Samples prepared for microscopy were dissolved a 3 

mL Eppendorf tube and centrifuged to achieve homogeneity. The sample was spun at 12K RPM 

and rotated 180° between each centrifugation to ensure complete homogenization. The sample 

was then transferred to either a microscope slide or a capillary tube (sealed with Hemataseal clay 

sealant) to prevent solvent evaporation. The samples were left to stand overnight, and LC 

textures were observable the following morning.  

 

3.3.8 SAXS Sample Preparation: Samples of both PBLG228 and PBLG228@ZrO2 were prepared in 2 

mL Eppendorf tubes by serial dilution and subsequently transferred to capillary tubes. Typically, 

~50 mg of either sample was weighed in an Eppendorf tube and the corresponding amount of 

solvent was calculated and added to the Eppendorf tube as well. Due to the high viscosity of 

these samples, the mixtures were initially left on a vortex mixture for approximately 1 hour. 

Afterwards, the samples were centrifuged at 6000 RPM for 10 minutes at room temperature 

while rotating the Eppendorf tube 180° within the rotor between each session. Afterwards, the 

now-homogenized samples were transferred into soda lime glass capillary tubes via capillary 

action. To prevent solvent loss and to withstand the vacuum of the SAXS instrument, two layers 

of sealant were used to keep the samples inside. Firstly, Hematacrit clay sealant was used to plug 

either end of the capillaries. Afterwards, the capillary ends were dipped in epoxy and allowed to 

cure overnight. A second layer of epoxy was added and again allowed to dry overnight. The 
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samples were then left to stand vertically at 50 °C until the SAXS experiment was run (anywhere 

from one to three days). 

3.4 Results 

3.4.1 Synthesis and Characterization of PBLG ligands:  

A synthetic scheme depicting the preparation of PBLG functionalized nanoparticles is 

shown in Scheme 3-1. PBLG was polymerized via a ring opening polymerization (ROP) of an N-

carboxyanhydride through the normal amine mechanism (NAM); NAM was chosen such that the 

phosphonate functional group becomes incorporated into the polymer chain,16,48-50 which in turn 

allows for phosphonate coupling to the zirconia surface. In contrast, in the other major 

polymerization pathway, the activated amine mechanism (AMM), the initiator does not become 

part of the PBLG chain51 and is simply washed away during purification. To graft AMM-

synthesized PBLG onto zirconia nanoparticles, the anchoring functional group must be coupled 

post-polymerization as the initiating species will only activate the monomer rather than 

participating in the polymerization reaction.52 Furthermore, post-polymerization coupling is 

complicated by the large presence of side reactions and unpredictable terminal groups which 

renders further chemical modification difficult. For this reason, it was easier to design an initiator 

with dual functionality; one that will undergo NAM and will simultaneously anchor the resulting 

PBLG chain onto the zirconia surface. We also note that, while not used in the functionalized 

nanoparticles reported here, we have also successfully achieved high MW PBLG polymerization 

via NAM of PBLG using 18-crown-6.53  



 

102 
 

 

Scheme 3-1: Synthetic Scheme towards PBLG phosphonic acid ligands. 

 

According to theory, the minimum degree of polymerization (DP) required for observed 

LC behaviour is 61. Several PBLG samples were prepared with DPs well above this threshold to 

ensure LC ordering. Additionally, PBLG samples are henceforth abbreviated as PBLGDP. The DP of 

the synthesized samples are summarized in Table 3-1 along with the dimensions of the polymer. 

The cross-section diameter and length per residue was assumed to be 1.6 nm and 0.15 nm,54 

respectively. Intrinsic viscosity was determined using an Ubbelohde Viscometer in DMF at 25 °C 

and the molecular weight was subsequently calculated using the following equation: [ɳ] = 1.58 x 

10-5(MW)1.35.55  

Table 3-1 Summary some physical properties of synthesized PBLG samples. 

Sample [M]/[I] Intrinsic 

Viscosity, [ɳ] 

mL/g 

Molecular 

weight 

Length (L), 

(nm) 

Axial Ratio 

(L/D) 

PBLG89 21.0 11.5±2.2 21.0±6.5 x 103 13.3 8.3 

PBLG228 112 35.5±3.1 54.0±8.3 x 103 34.2 21 

PBLG1237 114 341±15 293±27 x 103 186 12 x 101 

PBLG2963 216 113±4.0 x 101 702±55 x 103 444 28 x 101 
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3.4.2 Functionalization of Zirconia Nanoparticles:  

 To confirm if the PBLG was successfully grafted onto the ZrO2 surface, FTIR and TGA were 

performed (Supplemental Figures 3-7 and 3-8). Previously, working with lower molecular weight 

polymer ligands, the weight loss percentages from TGA could be used to determine the grafting 

density.37 However with the much higher molecular weight PBLG ligands, the expected inorganic 

contribution to the weight is below the accuracy of the instrument. (Supplemental Table 3-4). 

The small weight loss differences that were detected did indicate that the surface coverage was 

inversely proportional to the DP of the PBLG ligands as expected. From FTIR, the amide I and II 

bands at 1650 cm-1 and 1548 cm-1 indicate that the functionalized PBLG ligands are in the α-helix 

conformation.56 In regards to the ZrO2 NP core, the Zr-O-Zr band occurs at 740 cm-1 owing to the 

ZrO2 core, as well as a band expected around 1100 cm-1 denoting a Zr-O-P band, which signifies 

successfully anchored PBLG ligands.57 However, neither of these bands can be seen in the FTIR 

spectrum due to the low ZrO2 content relative to the PBLG ligands. 

 

To confirm successful polymer grafting of the PBLG ligands onto the ZrO2 nanoparticles, 

TEM was performed. Initially, films were cast on carbon coated copper TEM grids from 1 wt% 

solutions of both PBLG and the NPs, however, polymer gel networks were observed in these 

samples despite the dilute concentration (Supplemental Figure 3-10). The observed textures in 

the PBLG gel networks resemble both PBLG nanofibers58 and superhelical aggregates.59 To 

confirm colloidal stability, the grids were instead cast from 0.1-0.5 wt% THF solutions at 50°C, 

which resulted in fewer gel networks and provided better contrast (Figure 2). However, gels were 

still observed in films of PBLG1237@ZrO2 and PBLG2963@ZrO2, suggesting that PBLG gelation has a 

MW dependence. The higher contrast of the lower MW samples allowed for the interparticle 

distances to be measured but the spread in values is very wide for all the samples. (Supplemental 

Table 3-3) For PBLG89@ZrO2, this was determined to be (4±1)x101 nm, while PBLG228@ZrO2 had 

average spacings of (5±3)x101 nm, averaging across a hundred measurements. Additionally, 

PBLG1237@ZrO2 and PBLG2963@ZrO2 had spacings of (6±3)x101 nm and (6±3)x101 nm. Although 

regular interparticle spacings were not observed, the TEM images were to confirm colloidal 

stability of the PBLG coated nanoparticles. 
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3.4.3 LC Behaviour 

LC behaviour was initially explored in a variety of solvents. Typically, concentrated 

solutions of PBLG and the corresponding nanoparticles were packed into capillary tubes and 

allowed to sit for up to two days until cholesteric patterns were observed. LC samples were 

generally clear when observed through the capillary tube (without polarizers). Solutions using 

DCM were the easiest to prepare, due to the ease of solubility and the relatively low sample 

viscosities, as well as the consistency of cholesteric LCs without further intervention (Figure 3-2). 

In contrast, lyotropic solutions using other organic solvents, such as DMF and THF often appeared 

cloudy and faintly birefringent under crossed polarizers. The cloudiness and lack of LC textures is 

due to aggregation/gelation of PBLG in solution, which is a well-studied phenomenon.63-65 

Solvents in which PBLG can form cholesteric LC phases are known as ‘helicogenic’ solvents in 

literature. Of these helicogenic solvents, PBLG is molecularly dispersed in DMF, m-cresol and 

pyridine while being aggregated in other helicogenic solvents.61,62 For this reason, DMF was 

chosen so as to ensure molecularly dispersed PBLG molecules. Despite the careful choice of 

solvent, gelation was frequently observed in concentrated samples, which appeared as white, 

turbid solutions (Supplemental Figure 3-9). Under POM, these gelled samples appear similar to 

the texture observed in Supplemental Figure 3-15. These properties can be attributed to the 

complex gelation behaviour, which has been extensively studied.63-65  
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Figure 3-1: TEM images of (a) PBLG89@ZrO2, (b) PBLG228@ZrO2, (c) PBLG1237@ZrO2, and (d) 

PBLG2963@ZrO2 cast from 0.1-0.5 wt% solutions in THF at 50°C. Average interparticle distances 

were calculated across a hundred measured points, using ImageJ.60 
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Figure 3-2: (left) PBLG228 and (right) PBLG228@ZrO2 solutions in DCM at 10 wt%. PBLG228 

exhibits biphasic behaviour at this concentration while PBLG228@ZrO2 exhibits cholesteric 

ordering, suggesting that the functionalized nanoparticles effectively lowered the LC critical 

concentration.  

 

Since PBLG gelation behaviour is thermoreversible, samples of LC PBLG and PBLG@ZrO2 

in DMF were held at 50 °C (above the gel-sol transition temperature),65,66 so as to ensure that the 

samples were entirely cholesteric prior to observation under POM. This way, a better comparison 

can be made between the LC behaviour of PBLG and its NPs. After thermally annealing the 

samples at 50 °C, the solutions appeared clear and strong birefringent LC textures were observed 

under the microscope. Cholesteric textures of a few representative NP samples, after thermally 

annealing the samples, are shown in Figure 3-3, and phase diagrams obtained using POM are 

available in the Supplementary Figures 3-11 to 3-14. A large critical concentration decrease 

occurs for PBLG89@ZrO2 as compared to PBLG89. PBLG89@ZrO2 appeared fully cholesteric at 30 

wt%, while PBLG89 exhibited biphasic behaviour at 40 wt%. However, the MW dependence of the 

onset of LC behaviour becomes diminished beyond this point, as PBLG228, PBLG1237, and PBLG2963 

had comparable critical concentrations to their corresponding NPs. Cholesteric half-pitch 

measurements are summarized in Table 3-2. As the fingerprint texture was not uniform (owing 

to the curvature of the capillary), pitch measurements were only obtained for visible fingerprints 

and were highly subject to sampling bias. Additionally, concentrated solutions of high MW PBLG 

did not exhibit fingerprint textures, perhaps due to the high viscosity of the solutions. For the 

gelled samples of PBLG228 and PBLG228@ZrO2 in THF, only PBLG228 at 10 wt% sample exhibited 
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cholesteric fingerprints, while other samples were birefringent but did not display a liquid crystal 

texture. Additionally, samples diminished in birefringence as the sample concentration 

increased.  

 

Table 3-2: Average cholesteric half-pitch measurements of PBLG and PBLG@ZrO2 samples across 

several compositions in DMF. Measurements were averaged across at least fifty points.  

 

 Cholesteric Half-Pitch (µm) 

 10 wt% 20 wt% 30 wt% 40 wt% 

PBLG89 - - - 0.3±0.1 

PBLG89@ZrO2 - - 0.5±0.09 0.3±0.09 

PBLG228 - 0.3±0.08 0.2±0.08 - 

PBLG228@ZrO2 - 0.4±0.08 0.3±0.08 - 

PBLG1237 0.3±0.1 0.5±0.06 0.5±0.05 - 

PBLG1237@ZrO2 0.4±0.08 0.3±0.06 - - 

PBLG2963 0.4±0.07 0.4±0.08 - - 

PBLG2963@ZrO2 0.4±0.1 0.4±0.08 0.5±0.06 - 
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Figure 3-3: Representative samples of cholesteric LC phases of various MW PBLG-grafted NPs in 

DMF, after thermally annealing at 50°C. (A) 30 wt% DMF solution of PBLG89@ZrO2. (B) 20 wt% 

DMF solution of PBLG228@ZrO2. (C) 20 wt% DMF solution of PBLG1237@ZrO2. (D) 20 wt% DMF 

solution of PBLG2963@ZrO2.  

 

3.4.4 SAXS Experiments 

To characterize the assembled LC structures, SAXS was employed at various polymer and NP 

compositions. To minimize molecular aggregation and gelation, SAXS was carried out on capillary 

tubes containing the lyotropic LC samples. Additionally, samples were stored in a 50 °C oven for 

up to two days prior to the SAXS experiments. LC samples appeared transparent while 

gelled/aggregated samples appeared white and cloudy. All samples were confirmed to be 
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transparent prior to the experiments. All cholesteric LC samples were in DMF, in addition to 

gelled samples of PBLG228 and PBLG228@ZrO2 in THF, which were prepared for comparison.  

 

Fully cholesteric samples did not exhibit any significant reflections in the scattering region 

studied (Figure 3-4 and 3-5) other than broad peaks spanning from 2 nm-1 to 4 nm-1, which 

intensify with increasing concentrations. While these peaks were broad, it also appears that in 

the NPs, the peaks shift to lower q values compared to their corresponding PBLG solution. In NP 

samples only (except for PBLG2963@ZrO2), a significant peak occurs between 0.1 nm-1 and 1 nm-

1, which similarly intensifies with increasing concentration. Since the samples studied were 

clearly cholesteric prior to the SAXS experiments, as evidenced by Figure 3-4, the presence of 

these broad peaks suggests scattering due to the cholesteric structure. 

 

Figure 3-4 SAXS profiles of cholesteric LC solutions of PBLG89 and PBLG228 samples and their 

corresponding NPs. Samples were annealed overnight at 50 °C to ensure samples were entirely 

cholesteric. 
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Figure 3-5 SAXS profiles of cholesteric LC solutions of PBLG1237 and PBLG2963 samples and their 

corresponding NPs. Samples were annealed overnight at 50 °C as to ensure samples were 

entirely cholesteric.  

 

Exceptionally, the gelled samples of PBLG228@ZrO2 in THF exhibited highly crystalline 

peaks at real d spacings of 1.35, 1.63, 1.77 and 1.63 nm, respectively (Figure 3-6). These 

reflections were assigned to the distances between densely packed α-helices.58 In contrast, 

PBLG228 exhibited a much broader reflection in the same range, centered about 1.65 nm. 

Additionally, the broad peak, assigned to scattering from the ZrO2 cores, was once again observed 

in the range of 0.1 nm-1 to 1 nm-1.  
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Figure 3-6: 1D SAXS curves corresponding to gelled samples of (Left) PBLG228@ZrO2 and (Right) 

PBLG228 in THF.  

 

3.5 Discussion 

While PBLG-coated nanoparticles have previously been reported,67-70 few of these 

examples considered or reported on the LC character of the PBLG coated nanoparticles. The 

critical concentration required for semi-flexible polymers to exhibit LC behaviour is inversely 

related to the degree of polymerization (ie. a lower degree of polymerization results in a higher 

critical concentration).71 The PBLG ligands used previously in literature would not be able to form 

lyotropic LC phase as the molecular weights were too low such that the critical concentration 

required for LC behaviour becomes impractically high. For a semi-flexible polymer of length, l, 

and cross-sectional diameter, D, LC behaviour can be predicted. According to Flory’s theory of 

rigid rods, the relationship between the onset of LC behavior and a polymer’s axis ratio, x = L/D, 

can be related by the following relation: vP
*=(8/x)(1-2/x). 71 From this relation, the minimum axis 

ratio of L/D = 6.417 is required for LC phases,71-73 which, in the case of PBLG, corresponds to a 

degree of polymerization, DP = 61 (where L = 0.15nm/monomer unit and D = 1.42 nm).74 For this 

reason, the PBLG ligands here were synthesized such that the MW was above the minimum axis 

ratio as to guarantee LC behaviour. However, these PBLG samples were generally quite viscous 

and as a result, sample preparation and homogenization were difficult.  
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Qualitatively, concentrated solutions of high MW PBLG ligands were generally less viscous 

than solutions of low MW PBLG ligands at the same concentration. This is expected, since 

viscosity of LC samples generally peak near its critical concentration.75 Concentrated solutions of 

high MW PBLG were beyond the corresponding critical concentration, whereas solutions of short 

PBLG ligands were closer to its critical concentration, resulting in more viscous solutions. In 

comparison, solutions of PBLG functionalized nanoparticles were generally less viscous than their 

corresponding unfunctionalized PBLG ligands.76 

 

 In the literature, there are examples of grafting PBLG ligands onto micron sized particles 

for stable dispersions in lyotropic PBLG matrices. Tang and Zhang showed that single-walled 

carbon nanotubes coated with PBLG151 ligands can successfully be dispersed in lyotropic 

PBLG151/DMF solutions.77 Rosu et al. functionalized domed silica microcylinders with another 

synthetic polypeptide, poly(γ-stearyl-L-glutamate) for dispersions in a lyotropic cholesteric 

solutions of the same polypeptide.78 The functionalization of these particles used a “grafting-

from” polymerization and the MW was not reported. Here we report the first brush-like PBLG 

functionalized nanoparticles, where LC behavior is generated from the NPs, rather than 

dispersing the particles into a LC matrix. Additionally, the stability of the lyotropic 

nanocomposites listed above were also promoted by the anisotropic particle shape, whereas the 

present study is novel in that the anisotropic cholesteric LC phases were formed by isotropic, 

spherical NPs.  

 

The present study is also the first in which the molecular weight of the polymer ligand 

was systematically varied. Unfortunately, the surface coverages could not be accurately 

determined since the contribution of the ZrO2 NPs is below the TGA detection limit due to the 

relatively high MWs as compared to our earlier study with PHIC. Previously, our “grafting to” 

approach via ligand exchange produced high grafting densities,37 however, using this procedure 

for high MW polymer ligands appeared to produce low grafting densities presumably due to 

steric hindrance. However, the ZrO2 cores can be clearly seen in the TEM images and from the 

calculated estimates of interparticle distances, PBLG89@ZrO2 and PBLG228@ZrO2 both appear to 
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be “true” polymer brushes in that the PBLG ligands are fully extended outward.79 In the case of 

PBLG89@ZrO2, the average interparticle distance was measured to be 40.3 nm, which is well 

above the contour length of PBLG89, 13.4 nm. For two non-interacting PBLG89 NPs, the 

interparticle distance is expected to be 26.8 nm. Since the measured value is much higher than 

expected, this could be an indication of physisorbed PBLG within the polymer corona. However, 

given that the spread in values for the interparticle distances is very wide and the surface 

coverage cannot be measured accurately, this cannot be confirmed.  

 

In agreement with past results,37 LC behaviour generated by semi-flexible polymer coated 

NPs occurred at lower critical concentrations compared to the corresponding non-grafted 

polymer. This observation is most evident in the PBLG89@ZrO2 and PBLG89 samples, where 

cholesteric textures were observed in the PBLG-grafted NPs beginning at 30 wt% compared to 

the non-grafted PBLG89, where biphasic isotropic-LC behaviour occurs beginning at 40 wt%. 

Compared to literature, the onset of LC behaviour occurs around 40 wt% for PBLG89,83,84 which 

agrees with our experimental results, however, the effects of NP polymer grafting effectively 

lowered the critical concentration to a value that would be consistent with PBLG150. For the 

higher MW NP, the effect of polymer grafting is minimal, since the relation between MW and the 

onset of LC assembly begins to plateau above a DP of ~400. It was also unclear whether the 

grafting density had an effect, as the high MW PBLG-grafted NPs presumably had reduced 

grafting densities as well. We note that functionalization of these NPs was challenging due to the 

high solution viscosities owing to the high MW of the PBLG ligands.  

 

Several trends can be identified in relation to the cholesteric structure. Firstly, fingerprint 

structures were much more periodic in high MW PBLG/PBLG@ZrO2 samples and half-pitch 

measurements were more consistent in these samples, as seen in the smaller uncertainties. 

Furthermore, cholesteric samples of the NPs had larger half-pitches than their corresponding 

MW PBLG. This is most likely due to confinement effects, as the restricted motion of the PBLG 

chains on the NP surface prevent optimal cholesteric ordering. Similarly, the cholesteric half-pitch 

measurements decreased as the concentrations increased, in agreement with other reports.85,86 
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Expectedly, the half-pitch was invariant to MW as well.86,87 However, the cholesteric half-pitch 

measurements were generally smaller compared with other literature reports.85,86,88 This could 

potentially be due to the short equilibrium time of our LC samples, as some previous studies 

report up to six weeks of equilibration time.89 Alternatively, it could be due to temperature 

effects, as POM imaging was carried out at room temperature, rather than at 50 °C, due to 

equipment limitations. It is feasible that heating the lyotropic solutions expands the cholesteric 

helix, which is immediately collapsed upon rapid cooling resulting in the short, measured half-

pitches. A previous study reports that rapidly quenched gels of PBLG contain 10 vol% of solvent 

in its aggregated state, whereas a slowly cooled gel contains 28 vol% of solvent in its aggregated 

state.90 Additionally, the authors also note the emergence of an ordered, periodic structure upon 

rapidly quenching the gels, suggesting an LC transition, however the authors did not confirm if 

the structure was a cholesteric LC. Following this reasoning, it is possible that annealing the 

samples at 50°C followed by rapid quenching would produce broader distributions of cholesteric 

helices, and larger uncertainties in the measurements, owing to the excluded solvent molecules. 

For this reason, the differences between the measured pitches in the PBLG and NP samples are 

not statistically significant (p=0.56), owing to the random variation of cholesteric fingerprint 

formation.  

 

A few notable features were observed in the SAXS profiles of cholesteric LC solutions of 

PBLG and NPs. One study noted that below 25 wt%, it was “impossible to detect an X-ray spacing, 

even with very long exposures (24 h)”,91 which was also confirmed by our experimentally 

obtained results. However, when concentrations were above 25 wt%, significant broad peaks 

appear between 2 nm-1 and 4 nm-1. This is due to the molecular width of the PBLG chains 

becoming correlated. For nematic and cholesteric LCs, typically two broad peaks are expected, 

owing to the molecular length and width of the LC molecule.92 Since LC structures are inherently 

less ordered than crystalline materials, these features arise as a distribution. For thermotropic 

LCs, this is a representation of short-range positional correlation between the molecular 

dimensions, however for lyotropic solutions, the correlation also includes the solvent molecules, 

which further broadens the distribution. For this reason, reflections owing to the molecular width 
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of PBLG appear broad in the scattering window observed, and only appear at sufficiently high 

concentrations once the molecules become correlated. The molecular correlation lengths of 

PBLG would similarly be expected in the ultra-small angle region, due to the large contour length 

of the synthesized PBLG ligands.  

A significant, broad peak were observed in the cholesteric solutions of PBLG-grafted NPs. 

The peak spans 0.1 nm-1 to 1 nm-1, and generally intensifies with concentration which indicates 

that the peak is due to scattering from the NPs.93 This broad, low q peak was not observable 

highest MW sample most likely due to the relatively low NP content. Attempts were also made 

to fit the form factors of the PBLG coated NPs, however this proved quite difficult. Since the PBLG 

rods were anchored to the NP surface, the orientation of the rods is limited to an anchor at the 

point of attachment. For this reason, not all orientations become accessible, and fitting the profile 

to the scattering intensity function for randomly oriented cylinders, put forth by Guinier,94 

becomes impractical. Similarly, since the NPs were functionalized with high MW PBLG and 

presumably had low grafting densities (in the case of PBLG1237 and PBLG2963), the ‘spherical 

particle and its adsorbed polymer layer’ model95 would not be suitable either.  

 

Several interesting features can be observed in the scattering profiles of gelled samples 

of PBLG228 and PBLG228@ZrO2 in THF. Firstly, in the case of PBLG228, the only sample with notable 

reflections is the solution of PBLG228 at 40 wt%, which also coincides with diminished 

birefringence in POM (supplemental Figure 3-15). Additionally, the observed reflections can be 

indexed to a complex gel of form A, as originally put forth by McKinnon and Tobolsky,23 where 

the unit cell is comprised of solvent molecules and between three to four α-helices. If the 

structure is as the authors suggest, cholesteric LCs and gels of PBLG are incompatible, as the 

emergence of one structure disassembles the other.  

 

Highly crystalline reflection peaks were also observed in gelled PBLG228@ZrO2 solutions in 

THF, which correspond to the distances between densely packed α-helices,58 a feature not shared 

by the PBLG228 samples in THF. Surprisingly, the distances between helices increase upon 

increasing the concentration, however, this phenomenon can be explained as the transition from 
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packed α-helices to a gelled structure, as the reflections observed at 40 wt% once again coincides 

with the gel in form A. The crystalline peaks confirm that the high grafting densities of PBLG 

essentially mimic high concentration solutions of PBLG, however it is unclear why the same result 

was not also observed in DMF.  

Despite the presence of the NP cores, the self-assembly behavior of all the synthesized 

NPs were primarily polymer driven and the structural features observed largely follow from PBLG 

properties. In comparison to untethered PBLG in solution, the cholesteric structure generated by 

the NPs exhibited longer cholesteric pitches and larger correlation lengths (as seen in SAXS). 

However, for lower MW PBLG ligands, the presence of NPs prompted early LC formation; this 

trend diminished with increasing MW.  

 

3.6 Conclusion 

Like PHIC-grafted NPs, the present study confirms that PBLG-grafted NPs generate LC 

behaviour from isotropic, spherical particles. PBLG ligands were synthesized across a wide range 

of molecular weights, via an ionic liquid-initiated polymerization. The use of ionic liquid catalyzed 

polymerizations enabled higher molecular weight PBLG ligands to be prepared that were 

subsequently grafted onto spherical zirconia nanoparticles through an efficient ligand exchange 

process. The most immediate observation of these PBLG-grafted NPs was the early onset of LC 

behavior, however this trend decreased with increasing MWs. The cholesteric LC structures of 

PBLG-grafted NPs were of larger dimensions in comparison to its untethered PBLG counterparts. 

This is most clearly seen in the general increase in cholesteric pitch measurements, as well as the 

shift of q values towards larger distances as seen in the SAXS data. On a practical basis, the lower 

molecular weight ligands with DP > 60, should be used to form liquid crystalline or gelled PBLG 

based nanocomposites. Future work will focus on the characterizing the spatial distribution of 

the NPs by ultra small angle X-ray scattering (USAXS), using NPs of larger sizes and different 

compositions and combining the PBLG ligands with flexible polymer ligands such as polystyrene 

or poly(ethylene oxide) to mimic rod-coil block copolymer self-assembly. In conclusion, PBLG-

grafted NPs can serve as an effective strategy towards LC nanocomposites, as the self-assembly 

behavior is largely polymer driven and not disrupted by attachment to the NPs.  
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3.8  Supplementary Information  

 

Figure 3-7: FTIR spectra of PBLG189@ZrO2 and PBLG189. Location of amide I and II bands indicate 

α-helix conformation. 

 

 

Figure 3-8: TGA weight loss curves for functional PBLG@ZrO2 NPs.  
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Figure 3-9: Comparison between transparent LC sample (left) and white and cloudy 

gel/aggregate sample (right). 
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Figure 3-10: TEM images of polymer gel networks formed from (a) PBLG89@ZrO2, (b) 

PBLG228@ZrO2, (c) PBLG1237@ZrO2, and (d) PBLG2963@ZrO2. Films casted from 1.0 wt% DMF 

solutions at 50°C. 
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Table 3-3: Average interparticle distances measured from TEM images. Mean and standard 

deviation was calculated across a hundred measurements.  

Sample Mean (x101 nm) Standard Deviation (x 101 nm) 

PBLG89@ZrO2 4 1 

PBLG228@ZrO2 5 3 

PBLG1237@ZrO2 6 3 

PBLG2963@ZrO2 6 3 

 

 

Table 3-4 Summary of TGA results. Calculated surface coverages from experimental TGA weight 

loss and expected weight loss, assuming a phosphonic acid footprint of 0.24 nm2.  

Sample Expected Weight 

Loss 

Experimental 

Weight Loss 

Calculated 

Surface Coverage (PBLG/nm2) 

PBLG89@ZrO2 97.50% 97.75% 5.1 

PBLG228@ZrO2 98.89% 95.95% 1.1 

PBLG1237@ZrO2 99.79% 94.93% 0.16 

PBLG2963@ZrO2 99.91% 100.6% - 
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Figure 3-11: Lyotropic DMF solutions of (A-D) PBLG89@ZrO2 and (E-H) PBLG89, in increasing 

concentration (10 wt%, 20 wt%, 30 wt%, 40 wt%. Samples were annealed overnight at 50°C 

prior to POM imaging. 



 

133 
 

 

Figure 3-12: Lyotropic DMF solutions of (A-D) PBLG228@ZrO2 and (E-H) PBLG228, in increasing 

concentration (10 wt%, 20 wt%, 30 wt%, 40 wt%. Samples were annealed overnight at 50°C 

prior to POM imaging. 
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Figure 3-13: Lyotropic DMF solutions of (A-D) PBLG1237@ZrO2 and (E-H) PBLG1237, in increasing 

concentration (10 wt%, 20 wt%, 30 wt%, 40 wt%. Samples were annealed overnight at 50°C prior 

to POM imaging. 
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Figure 3-14: Lyotropic DMF solutions of (A-D) PBLG2963@ZrO2 and (E-H) PBLG2963, in increasing 

concentration (10 wt%, 20 wt%, 30 wt%, 40 wt%. Samples were annealed overnight at 50°C 

prior to POM imaging. 
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Figure 3-15: Gelled samples in THF of (A-D) PBLG228@ZrO2 and (E-H) PBLG228, in increasing 

concentration (10 wt%, 20 wt%, 30 wt%, 40 wt%. Samples were allowed to sit undisturbed on 

the bench overnight prior to POM imaging.  
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Chapter 4 Thermotropic and Lyotropic Phase Behavior 

of Cholesteric Poly(γ-Stearyl-L-Glutamate) 

Functionalized Nanoparticles 

Jessie Wong, Violeta Toader and Linda Reven 

 

Rationale for Chapter 4: 

 

 The fourth chapter of this thesis describes a novel polymer nanocomposite based on 

poly(γ-stearyl-L-glutamate) (PSLG). To further expand upon the results seen in Chapter 2, PSLG 

was chosen due to its thermotropic liquid crystalline properties (as well as its lyotropic 

properties), in addition to its unique thermal structures. High molecular weight PSLG ligands were 

synthesized following a similar synthetic scheme outlined in Chapter 3. These ligands were then 

modified and subsequently attached to the surface of zirconia nanoparticles. The present chapter 

describes characterization of the synthesized PSLG ligands, their corresponding functionalized 

nanoparticles as well as the lyotropic and thermotropic liquid crystal structures, in addition to 

self-assembled thermal structures. Additionally, the present chapter seeks to consolidate 

decades of PSLG research, to distinguish physical properties owing to PSLG prepared through 

ester exchange and PSLG synthesized through N-carboxyanhydride polymerization. The results 

reveal that surface anchoring of the PBLG ligands do not significantly alter the self-assembling 

properties of the liquid crystals nor the thermal structures. Furthermore, PSLG and its 

functionalized PSLG particles were found to organize into a biphasic cholester/columnar liquid 

crystal. 

 

Chapter 4 is currently being prepared as a manuscript as J. Wong, V. Toader, C. J. Barrett. 

L. Reven, “Thermotropic and Lyotropic Phase Behavior of Poly(γ-Stearyl-L-Glutamate) 

Functionalized Nanoparticles”. 
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4.1 Abstract 

Poly(γ-stearyl-L-glutamate) (PSLG) is a semiflexible synthetic polypeptide that forms both 

thermotropic and lyotropic liquid crystal (LC) phases. We previously showed that spherical 

nanoparticles decorated with another semiflexible helical polymer, poly(hexyl isocyanate), forms 

lyotropic nematic rather than cubic LC phases. In this work, PSLG ligands for functionalizing 4nm 

ZrO2 nanoparticles (NPs) were prepared via N-carboxyanhydride polymerization. The structural 

changes of PSLG upon surface anchoring and the effect on its ability to form thermotropic and 

lyotropic LCs were studied by differential scanning calorimetry (DSC), optical microscopy and 

small angle X-ray scattering (SAXS). Surface anchoring of PSLG did not significantly change the 

lyotropic or thermotropic self-assembly behavior. However, for both free and tethered PSLG, X-

ray scattering combined with optical microscopy revealed the co-existence of cholesteric and 

columnar hexagonal lyotropic phases over a wide concentration range rather than the expected 

pure cholesteric phase. Whereas low molecular weight mesogenic ligands have been widely 

used, polymer ligands have not been previously exploited to produce thermotropic liquid 

crystalline NPs. 

 

4.2 Introduction 

Cholesteric liquid crystals (CLCs) are one of the most studied LC systems in part due to 

their abundance in nature.1, 2 Cellulose, collagen, α-helical polypeptides, DNA are a few examples 

of biological materials that exhibit cholesteric LC phases.3, 4 These chiral biopolymers are natural 

candidates as soft matter materials for optical and biomedical applications. By modulating the 

helical pitch, p, CLCs can be used as photonic crystals with selective reflection occurring in the 

visible light range.  

 

Semi-flexible polymers can form liquid crystal phases in either thermotropic or lyotropic 

environments. One such polymer, poly(γ-stearyl-L-glutamate) (PSLG), is known to do both. 

Traditionally, α-helical polypeptides have been known to form lyotropic LCs, with poly(γ-benzyl-

L-glutamate) (PBLG) acting as a model rigid rod in solution. In sufficiently concentrated solutions, 
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LC organization of PBLG become spontaneous, with several models existing to describe LC 

formation.5, 6 PSLG is a similar α-helical polypeptide with the replacement of the benzyl moieties 

with stearyl side chains giving rise to temperature dependent properties. 

 

It is known that for poly(alkyl glutamates), with linear alkyl chains comprised of 1 – 10 

carbons, the α-helices pack in hexagonal-like arrangement.7, 8 In contrast, organization of 

poly(alkyl glutamates) with side chains of more than 10 carbons, is largely driven by crystallization 

of the alkyl side chains. At sufficiently high temperatures, the alkyl chains form a paraffin-like 

melt, which in turn solvates the α-helices.9, 10 Previous literature on the thermotropic LC behavior 

of PSLG and its co-polymers with (and related poly alkyl glutamates) has been inconsistent as far 

as the presence and temperatures of different phase transitions. PSLG exhibits LC ordering on 

heating above the melting transition of the stearyl side chains.8, 11-14 In the case of copolymers of 

alkyl and benzyl glutamates, cholesteric or columnar hexagonal ordering occurs above the 

temperature at which thermal movement becomes accessible for the α-helix core.15-17 Additional 

studies have indicated the coexistence of thermotropic LC phases.14  

  

Intuitively, cholesteric ordering should require thermal movement of the polypeptide 

rods to arrange into a supramolecular helix. However, only stearyl side chain mobility has been 

studied and it is still unclear whether the polypeptide backbone motion is coupled or uncoupled 

to the mobility of its side chains with literature examples suggesting both coupled 8, 18 and 

uncoupled motion.11, 19, 20 Conversely, similar poly alkyl glutamates (and aspartates)19, with side 

chains less than 18 carbons exhibit two thermal transitions, owing to the melting of the side 

chains and rearranging of the polypeptide backbones, respectively. Unfortunately, many of these 

statements have been made without clear polarized optical microscopy (POM) 

images/distinguishable LC textures to elucidate the LC phase formed. Furthermore, several 

studies report birefringent behavior but without specifying if a cholesteric LC phase was formed.  

 

A review of poly(-alkyl-L-glutamates) (PALGs) by Daly and co-workers21 pointed out that 

differences in the thermal behavior likely arise from the two main synthetic routes used to 
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produce these polymers: ionic polymerization of N-carboxy amino acid anhydrides (NCA) versus 

transesterification of poly(-methyl-L-glutamate) with long-chain alcohols. The latter route often 

results in co-polymers as high degrees of substitution requires extended reaction times. In early 

work by Poché, the thermal behavior of PSLG-NCA across several molecular weight ranges, up to 

248K g/mol, was studied by optical microscopy and DSC.22 While cholesteric pitches were 

observed initially at room temperature for the solvent casted PSLG films, presumably due to 

passing through a lyotropic LC phase as the sample dried, only birefringence rather than 

cholesteric ordering was reported upon heating.23 The present work seeks to both clarify the 

thermal behavior of PSLG and the related PSLG coated nanoparticles (NPs). 

 

 

 

Scheme 4-1: Preparation of PSLG functionalized NPs 
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The organization of NPs into lyotropic LC phases is normally based on the particle shape 

anisotropy and in the case of spherical NPs, only cubic phases had been previously reported. In 

our prior work, we found that a semiflexible helical poly(hexyl isocyanate) (PHIC), that forms 

lyotropic nematic phases, is able to impart similar LC behavior when grafted onto spherical 

nanoparticles (NPs). 24 Naturally, the next step following this result, was to expand the scope of 

this design motif by using polymers that form other anisotropic LC phases. As in our previous 

work, ZrO2 NPs were used since these relatively monodispersed NPs can be made in gram 

quantities and the same surface attachment using phosphonic acid end groups can be applied to 

other metal oxide and semiconductor NPs.  PSLG is capable of thermotropic and lyotropic LC 

assembly in addition to cholesteric ordering, whereas our previous results for NPs with PHIC 

ligands only exhibited nematic order.  For this reason, PSLG is a good candidate to determine 

whether other lyotropic phases and thermotropic liquid crystalline NPs can also be formed by 

this approach. 

 

4.3 Experimental 

4.3.1 Materials 

All chemical reagents were bought from Millipore-Sigma, without further purification. 

Solvents were dispensed from a solvent purification system and were used immediately.  

 

4.3.2 Synthesis of tetrabutylammonium-diethylphosphonopropanoic acid (TBA-DPPA) (1): 

Preparation tetrabutylammonium (TBA) salt procedure was adapted from Ossowicz et 

al.25 In a 30 mL glass vial, diethylphosphonoacetic acid (DPPA) (500 mg) was dissolved in a 40% 

aqueous solution of tetrabutylammonium hydroxide[TBA][OH] (1.4 g). The mixture was allowed 

to stir at room temperature overnight. Afterwards, the solution was evaporated at 60°C using a 

rotovap to remove water. Ethanol was used to precipitate excess amino acid, which was filtered 

off. Afterwards, the filtrate was concentrated, and the product was further dried in a vacuum at 

60°C to obtain a pale-yellow oil.  
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4.3.3 Synthesis of Stearyl glutamate N-carboxyanhydride (SLG-NCA) (2):  

The procedure was adapted from Wasserman et al.26 Initially, in a 2 L three-arm flask, L-

glutamic acid (8 g) and stearyl alcohol (52 g) were dissolved in t-butanol resulting in a cloudy 

white suspension. Afterwards, the reaction mixture was heated to 40°C and concentrated sulfuric 

acid (6 mL) was slowly added. The reaction mixture was increased to 65°C until the mixture 

became clear and allowed to stir for an additional hour. Afterwards, the heat was turned off and 

triethylamine (6 mL) was quickly added to the mixture followed by water (10 mL) and ethanol 

(150 mL). Another portion of triethylamine (17 mL) was then added and the reaction was allowed 

to mix again for thirty minutes. The resulting crude product was quickly filtered while still hot and 

subsequently dissolved in 65°C methanol. The new hot mixture was once again filtered, and the 

product was washed several times with diethyl ether. The product appeared as a white powder 

at this stage and was dried in a vacuum oven overnight. Afterwards, the product was 

recrystallized at 25°C from a boiling solvent mixture of water: n-butanol to afford a pure white 

powder.  

 

After drying, the product obtained in the previous step was used immediately in the N-

carboxyanhydride procedure adapted from Poché et al.22 Special precautions were taken as 

triphosgene is highly toxic. A three-arm flask was fitted with a condenser and vented directly into 

a solution of ammonium hydroxide, to immediately quench generated HCl or phosgene gases in 

addition to continuous nitrogen purging through one arm of the flask. Stearyl-glutamate (4.2 g) 

and THF (75 mL) were added to the three-arm flask and heated up to 50°C. Triphosgene (1.13 g) 

was added quickly in one portion and the reaction mixture allowed to stir for an hour. Afterwards, 

the solution was placed under vacuum and the solution’s volume was reduced to a third of its 

original volume. The reaction mixture was poured into twice its volume of dry hexane and 

allowed to sit in a -20°C freezer overnight. While still cold, the white solid was filtered out of the 

mixture and subsequently re-dissolved in dry THF and precipitated in dry hexane yet again. The 

recrystallization process was arbitrarily carried out three more times to afford solid white crystals 

of the N-carboxyanhydride.  
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4.3.4 Synthesis of PSLG-PO(OEt)2 from SLG-NCA (3):  

Following an adapted procedure from Wu et al.27 SLG-NCA (2.00 g) was allowed to fully 

dissolve in dry DCM (at a concentration of 0.2 M) under N2. Afterwards, the initiator [TBA][DPPA] 

(M/I=300) was quickly added into the reaction and the mixture was allowed to stir for up to three 

days. Afterwards, the viscous solution was precipitated into cold methanol. The precipitation step 

was repeated twice more by re-dissolving the polymer product with DCM and subsequently 

precipitating it in cold methanol. The product appeared as a white, flaky solid. 

 

4.3.5 Preparation of Benzyl Alcohol Functionalized ZrO2 Nanoparticles, Bz@ZrO2 (4): 

Initially, zirconium (IV) isopropoxide isopropanol complex (2 g) was weighed into a glass 

vial. Anhydrous benzyl alcohol (30 mL) was then added to the vial under inert atmosphere. The 

vial was then transferred into a sealed teflon cylinder which was subsequently transferred to a 

steal reactor. The reactor was heated at 230°C for four days and allowed to cool to room 

temperature on the fifth day. While under an inert atmosphere, the contents of the reactor were 

transferred to two 30 mL centrifuge tubes. Afterwards, the sample was spun at 9000 RPM at 10°C 

for 15 minutes and the supernatant was discarded. The NPs were washed three more times with 

dry THF (discarding the supernatant each time) and finally, the NPs were suspended in 

approximately 10 mL of THF for storage.  

 

4.3.6 Deprotection of PSLG (5) and Functionalization of ZrO2 Nanoparticles, PSLG@ZrO2 (6): 

Deprotection (5): Typically, the synthesized PSLG-PO(OEt)2 ligand (1.00 g) was dissolved in dry 

DCM (10 mL) at 0°C under an inert atmosphere. Bromotrimethylsilane was then added to the 

solution via 1-2 drops and the reaction was allowed to stir overnight. Afterwards, the volatile 

compounds were removed via rotovap leaving a white solid substance. The white solid was re-

dissolved in DCM (5 mL) and then an excess of methanol was added. After stirring overnight, the 

solvents were evaporated via rotovap and the product was then vacuum dried at room 

temperature overnight. 
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Ligand Exchange (6): The amount of Bz@ZrO2 NPs that can be functionalized with the yield 

obtained in the previous step was calculated by assuming the surface footprint of phosphonic 

acid head group to be 0.24 nm.28 The deprotected PSLG ligands were fully dissolved in dry THF 

(10 mL) under an inert atmosphere at room temperature. From a suspension of the NPs obtained 

in (4), the corresponding amount of the Bz@ZrO2 NPs was quickly injected into the reaction 

mixture and allowed to stir for three days. Afterwards, the solution was transferred to a 

centrifuge tube and precipitated with ethanol to be spun at 9K RPM at 10°C for five minutes. The 

sample was spun a total of three times, with the supernatant discarded between each spin. 

Afterwards, the sample was redissolved in DCM and transferred to a pre-weighed vial and most 

of the DCM was evaporated via a low air stream. Finally, the PSLG functionalized nanoparticles 

were dried in a vacuum oven at room temperature to obtain a solid, dried film.  

4.3.7 LC and NP/LC Sample Preparation: 

For both optical microscopy and SAXS measurements, a concentrated solution (40 wt%) 

of either the PSLG or PSLG@ZrO2 was typically prepared. More dilute solutions were obtained 

through successive serial dilutions of the original concentration solution. The corresponding 

amount of PSLG/PSLG@ZrO2 and the chosen organic solvent (toluene) was weighed in an 

Eppendorf tube. The sample was thoroughly homogenized for approximately 30 minutes in a 

mixer, followed by centrifugation at 9K RPM several times. Between each centrifugation step, 

the Eppendorf tube was rotated 180 degrees to ensure homogenization. Afterwards, the sample 

was transferred to a capillary tube such that the sample filled about half of the capillary. For 

viscous samples, the sample was packed into the capillary tube, while for more dilute solutions 

(10 wt%) it was possible to transfer by injecting the solution directly into the capillary via syringe.  

4.3.8 Measurements 

 POM images were obtained using a Nikon model SMZ1500 stereomicroscope. TEM images 

were obtained using a ThermoScientific Talos 200X G2 TEM. SAXS profiles were obtained with the 

Anton Paar SAXSpoint 2.0 at the minimum sample-to-detector distance of 575 mm. 
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4.4 Results 

4.4.1 Synthesis of PSLG ligands 

The synthesis of LC PSLG ligands and their subsequent attachment onto 4 nm ZrO2 NPs 

are shown in Scheme 4-1. Previously reported NMR assignments were used to confirm the 

presence of PSLG (Supplemental Figure 4-8).22 Additionally, the molecular weight can be 

determined using [ɳ]=K[MW]α, where ɳ is the intrinsic viscosity (as measured by viscometry), 

while K and α represent the Mark-Houwink constants, which are 1.58 x 10-5 mL/g and 1.35, 

respectively, for PSLG solutions in DMF at 25°C.53 Analysis was primarily carried out on a batch of 

PSLG with the molecular weight of 54K (g/mol) and a degree of polymerization of 141, which will 

henceforth be abbreviated as PSLG141.  

 

4.4.2 Characterization 

4.4.2.1 Nanoparticle Characterization 

Fourier Transform Infrared Spectroscopy (FTIR). The secondary structure of the synthesized 

PSLG ligands can be determined by FTIR (Supplemental Figure 4-10), as the α-helix or β-sheet 

conformations both exhibit characteristic bands. Both conformations exhibit the amide I and II 

bands, which occur at 1650-1658 cm-1 and 1548-1550 cm-1 for α-helices and at 1626-1630 cm-1 

and 1520 cm-1 for β-sheets.29, 30 In the case of the synthesized PSLG ligands, the bands occur at 

1653 cm-1 and 1548 cm-1. Similarly, for PSLG@ZrO2, the bands occur at 1653 cm-1 and 1546 cm-1 

(Supplemental Figure 4-10). In both cases, this shows that the synthetic polypeptide primarily 

adopts an α-helical conformation. 
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Figure 4-1. (Left) TEM image of PSLG141@ZrO2 NPs to confirm colloidal stability. (Right) Zoomed 

image for clarity. TEM grids were drop-cast from semi-dilute DCM solutions.  

 

Transmission Electron Microscopy (TEM). To confirm the colloidal stability of our PSLG@ZrO2 

NPs, TEM was performed (Figure 4-1). Since the method of preparation for the ZrO2 NPs is known 

to produce highly monodisperse NPs, the diameters of the NPs were assumed to be 4 nm (which 

was also corroborated using TEM). However, the organization of the PSLG ligands cannot be 

discerned from TEM.  

 

Thermogravimetic Analysis (TGA). TGA was used to determine the surface coverage of the 

functionalized nanoparticles (supplemental 4-9). A percentage weight loss of 93.04% represents 

a grafting density of 0.56 PSLG chains/nm2, or a footprint of 1.8 nm2/PSLG chain. Compared to 

larger particles with grafted polymer ligands, this is a relatively high coverage arising from the 

small particle size and the high surface curvature. 
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Figure 4-2: (Top) PSLG141 and (bottom) PSLG141@ZrO2 solutions in toluene with images taken via 

optical microscopy. Concentrations are as follows from left to right: 10 wt%, 20 wt%, 30 wt% and 

40 wt%. These solutions were not annealed but were allowed to rest overnight prior to optical 

microscope imaging.  

 

 

Table 4-1: Summary of cholesteric pitches of lyotropic samples of PSLG141 and PSLG141@ZrO2 

prepared in toluene. Samples were annealed overnight at 70°C. 

PSLG141 PSLG141@ZrO2 

Concentration Pitch (µm) Concentration Pitch (µm) 

10 wt% Isotropic 10 wt% Onset 

20 wt% 1.89±0.1 20 wt% 2.84±0.3 

30 wt% 2.58±0.3 30 wt% 3.78±0.5 

40 wt% - 40 wt% - 

 

4.4.2.2 Lyotropic LC Characterization 

Polarized Optical Microscopy (POM). Polarized Optical Microscopy (POM). To investigate the 

lyotropic LC behavior, PSLG141 and PSLG141@ZrO2 dispersions in toluene were analyzed by 

polarized optical microscopy (POM) (Figure 4-2). The samples were prepared in sealed capillary 

tubes to allow the same samples to be characterized by SAXS as well as to prevent solvent loss. 
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Toluene was the solvent of choice to allow comparisons to previous literature. Due to the high 

viscosity of the dispersions, samples were annealed to promote the formation of the LC phase 

(Figure 4-3). For samples that were not thermally annealed, the POM textures generally appeared 

cloudy, however, cholesteric fingerprints were still observed in some of these samples.  For the 

cholesteric phases, the half-pitch was measured directly from the bands seen in the fingerprint 

texture. For comparison, the measurements are presented as a full pitch and are given in Table 

4-1.  

 

 

Figure 4-3: PSLG141 (A-D) and PSLG141@ZrO2 (E-H) samples in order of increasing concentration 

(10 wt%, 20 wt%, 30 wt%, 40 wt%). Samples were the same as the ones presented in Figure 2, 

however they were annealed overnight at 70°C. 
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Figure 4-4:SAXS profiles of different concentrations of (Left) PSLG141 and (Right) PSLG141@ZrO2 

obtained with a sample-to-detector distance of 575 mm and CuKα as the radiation source.  

 

Table 4-2: Summary of observed SAXS reflections as well as calculated lattice parameters for 

PSLG141 and PSLG141@ZrO2 in toluene as a function of concentration. 

 (hk) 10 11 20 Average 

 Wt % q (nm-1) a (nm) q (nm-1) a (nm) q (nm-1) a (nm) a (nm) 

PSLG141 10 - - - - - - - 

 20 1.5 4.8 2.7 5.3 - - 5.0±0.4 

 30 1.9 4.0 3.3 4.4 3.8 3.8 3.4±0.3 

 40 2.3 3.2 3.9 3.7 4.6 3.2 3.3±0.3 

PSLG141@ZrO2 10 - - - - - - - 

 20 1.6 4.4 3.4 4.2 4.2 4.0 4.0±0.5 

 30 1.9 3.9 3.3 4.4 4.1 4.0 4.0±0.4 

 40 2.1 3.4 3.7 3.9 4.3 3.6 3.6±0.3 

 

 

Small Angle X-ray Scattering (SAXS). The SAXS data comparing the lyotropic LC phases of PSLG 

and PSLG141@ZrO2 samples are presented in Figure 4-4 and Table 4-2 (individual scattering 

profiles are provided in Figures S11 and S12). Two major observations can be made. First, sharp 

Bragg peaks occur in both PSLG141 and PSLG141@ZrO2, with the onset of these sharp peaks 
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appearing at 30 wt% for PSLG141 and 20 wt% for PSLG141@ZrO2. The relative peak positions follow 

ratios of 1, √3, and 2 indicating hexagonal cylinder packing, in agreement with other lyotropic 

polypeptide LC systems.31-34 In the case of PSLG141 at 30 wt%, the peaks can be indexed to a two 

dimensional unit cell, with a = b = 3.4±0.3 nm. Similarly, for PSLG141 at 40 wt%, the lattice 

parameter was found to be 3.3±0.3 nm. Additionally, for 20 wt%, a broad but significant peak 

occurs around the same q value as the primary peaks observed in 30 wt% and 40 wt%, in addition 

to a faint (11) reflection, suggesting the onset of hexagonal packing for PSLG141. In contrast, for 

PSLG141@ZrO2, the lattice parameters were measured to be 4.0±0.5, 4.0±0.4, 3.6±0.3 nm, at 20 

wt%, 30 wt%, and 40 wt%, respectively. This suggests that surface anchoring of the PSLG ligand 

enables hexagonal packing at a lower critical concentration, which in turn may also be 

responsible for the reduced critical concentration required for LC assembly. In addition to the 

hexagonal peaks, another broader peak occurs in PSLG141@ZrO2 (which did not appear for 

PSLG141) at ~ 0.5 nm-1, which would correspond to a real d-spacing of ~12.5 nm. This broad peak 

was only seen in the NP samples and not in the PSLG141 alone, which suggests that it is scattering 

from the 4 nm ZrO2 NPs. Furthermore, the broad peak becomes more pronounced in the LC state 

suggesting it could arise from NP organization.  

 

Table 4-3: Transition temperatures for PSLG141 and PSLG141@ZrO2. 

 Sample First Heating First Cooling Second Heating 

PSLG141 61°C 39°C, 50°C 61°C  
PSLG141@ZRO2 60°C, 65°C 55°C, 42°C 60°C, 65°C  
PSLG-NCA 59°C, 67°C (a)  59°C, 67°C (a) 

 
PSLG-EX 61 °C (a) 

63°C, 89°C (a) 

  

(a) Daly, William H., Drew Poché, and Ioan I. Negulescu. "Poly (γ-Alkyl-α, l-glutamate) s, derived 

from long chain paraffinic alcohols." Progress in polymer science 19.1 (1994): 79-135. 

 

 

 

4.4.2.3 Thermotropic LC Characterization 
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Differential Scanning Calorimetry (DSC). Several techniques were applied to characterize the 

thermal behavior of PSLG141 and PSLG141@ZrO2 in the solid state. DSC was used to locate thermal 

transitions as well as to identify structural differences between the PSLG itself and PSLG anchored 

onto the NPs (Supplemental Figure 4-9). The transition temperatures, along with literature values 

that will be discussed later, are presented in Table 4-3. Whereas the initial heating step showed 

a single peak for PSLG141, two broad endothermic peaks were observed for PSLG141@ZrO2, at 60°C 

and 65°C suggesting two separate phase transitions. Upon cooling, PSLG141 exhibited a large 

exothermic peak at 50°C and a smaller second exothermic peak at 39°C. For PSLG141@ZrO2, the 

size trend was reversed, where the large and small peaks occur at 42° and 55°C, respectively.  

 

 

 

Figure 4-5: POM images taken from thermally annealed samples of PSLG141 and PSLG141@ZrO2 at 

150°C. Films were annealed until cholesteric patterns were observed which varied anywhere 

from 1-5 days. To prepare the films, dilute solution of the PSLG or NP samples in DCM were air 

dried in a 3 mL vial and the subsequent film was transferred to a glass slide for POM imaging.  

 

Optical Microscopy. The POM images show that PSLG141 and PSLG141@ZrO2 form thermotropic 

LCs.  Films were annealed until cholesteric patterns were observed which varied anywhere from 

1-5 days. To prepare the films, dilute solution of the PSLG or NP samples in DCM were air dried 

in a 3 mL vial and the subsequent film was transferred to a glass slide for POM imaging. While 

the samples are indeed birefringent, most of the observed textures do not correspond to any LC 

textures. However small cholesteric-like domains were observed throughout the sample, and 
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areas which exhibited fingerprint textures were chosen to be representative of the cholesteric 

domains for the purposes of pitch measurements (Figure 4-5). It is also important to note that 

not all films formed cholesteric domains and that it may be possible that some films were primed 

to become cholesteric at some point during the film preparation process. The cholesteric pitch 

was measured from the fingerprint pattern using the most periodic regions. This produces pitch 

measurements of 8.1±4 µm and 3.0±1 µm for PSLG141 and PSLG141@ZrO2, respectively. 

 

Figure 4-6: SAXS profiles of the thermal behavior of PSLG141@ZrO2 below 80°C (A) and above 80°C 

(B) as well as PSLG141 below 80°C (C) and above 80°C (D). Data was split above and below 80°C 

for clarity.  

 

SAXS. Radial SAXS profiles were obtained for both PSLG141 and PSLG141@ZrO2 (Figure 4-6) as a 

function of temperature. It is important to note that of the collected SAXS data, the samples were 

not necessarily in the cholesteric LC phase, as there was no guarantee that the cholesteric 

domains were within the beam path. However, SAXS peaks corresponding to ordered thermal 

structures were clearly visible and appeared to persist across the capillary tube. Below 80°C, d 
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spacings of 3.3 and 1.64 nm for PSLG141 were assigned to (100) and (200) indices based on the 

literature (Table 4-4).7, 8 When PSLG141 was heated to 80 °C, the 100 and 200 peaks broaden and 

disappeared and a new peak appears at d = 2.2±0.04 nm, arising from somewhat disordered 

lateral packing of the  helices, characteristic of the cholesteric phase.12, 35, 36 The SAXS profile of 

PSLG141@ZrO2 showed a somewhat different temperature dependence with the appearance at 

80°C of a broad peak at q ~ 2.9±0.5 nm-1 (d ~ 2.2±0.2 nm) that shifted to the same d spacing as 

PSLG141 to 2.2±0.04 nm but remained broad. A small broad peak at ~ q = 2 nm-1 (d = 4 nm) 

appeared and remained unchanged as the sample was heated up to 150 °C.  
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Table 4-4: Summary of SAXS data for Thermotropic PSLG141 and PSLG141@ZrO2. 

PSLG141 

 < 80°C  80 to 150 °C 

(hkl)  q (nm-1) d(nm) q (nm-1) d(nm) 

100   1.9±0.02 3.3±0.03 2.9±0.05 2.2±0.04 

200   3.8±0.07 1.6±0.03 
  

 

PSLG141@ZrO2 

 < 80°C  80 to 150 °C  

(hkl) q (nm-1) d(nm) q (nm-1) d(nm) 

100  1.9±0.2 3.3±0.3 2.9±0.4 2.2±0.2 

200  3.8±0.5 1.6±0.3  
 

 

    

Literature values for PSLG (prepared via ester exchange)  

       25°C     90°C               150°C     210°C 

  (hkl)  q (nm-1)*  d(nm) 

   100   1.92   3.27 

   200   3.83   1.64 

q (nm-1)* d(nm) 

2.56    2.45 

q (nm-1)* d(nm) 

3.14    2.0 

 (hkl)  q (nm-1)*  d(nm)   

100   2.98   2.11  

 110   5.19   1.21 

200   5.93   1.06 

 

*q values were calculated from the real distances reported in literature.  

 

 

 

 

 

 

4.5 Discussion 
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4.5.1 Synthesis of the PSLG ligands. 

  To our knowledge, only two previous instances have been reported where PSLG has been 

grafted onto particles prepared via either grafting-to or grafting from. In the first example, click 

chemistry was used to covalently graft PSLG,37 with a degree of polymerization of 17, onto pre-

functionalized large (140 nm) silica particles, however no liquid crystallinity was reported with 

these materials. In the second example, the PSLG coated silica micro-bullets (HemiSil), were 

prepared via a grafting-from approach,38 and dispersed into a cholesteric PSLG matrix. These 

same microparticles functionalized with PSLG were recently used to promote the formation of 

highly ordered crystalline assemblies of semiconducting poly(3-hexylthiophene) (P3HT).39 While 

no molecular weight was reported in the second example, due to the nature of grafting-from 

surface polymerizations, it can be assumed that the molecular weight is relatively low as this is 

one of the drawbacks of primary amine initiation. 40, 41 Flory theory provides a relationship to 

describe rod-like lyotropic LC self-assembly (equation 1), where the critical volume fraction, Vc, 

is expressed in terms of the polymer’s axial ratio, x.6  

In addition to the large sizes of the silica particles of the two systems, LC behavior from 

the particles alone would also not be expected due to the low axis ratio of the PSLG ligands which 

would require very high concentrations to form a lyotropic phase. 

 

Here, a nanocomposite comprised of high molecular weight PSLG ligands was combined 

with small(er) zirconia nanoparticles to achieve liquid crystallinity. The simplest method to 

produce high MW homo-polypeptides is through N-carboxyanhydride (NCA) polymerization. In 

this method, polymerization may undergo one of two pathways, either the normal amine 

mechanism (NAM) or the activated monomer mechanism (AMM). NAM is the more attractive 

option towards functional materials as this pathway incorporates the primary amine initiator into 

the polypeptide backbone,42, 43 which in turn enables chemical modification. However, the major 

drawback of this pathway is that polymerization kinetics for NAM is slow and often produces low 

molecular weight polypeptides. In contrast, the other pathway, AMM, is much faster and 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1: 𝑉𝑐 ≈ (
8

𝑥
) (1 −

2

𝑥
) 

 



 

156 
 

produces high molecular weights with broad distributions,41 however, the drawback here is that 

the synthesized polypeptides here are highly subject to side reactions which produces diverse 

terminal groups. For this reason, only NAM is viable for producing PSLG ligands with molecular 

weights that are high enough to form lyotropic phases. Several approaches exist to enhance the 

NAM polymerization, including using metal mediation,44 and high vacuum techniques.45 

However, tetrabutylammonium carboxylate initiation27 stood out as the most promising 

candidate. This is due to the relative economy and ease at which the initiator can be synthesized. 

Crown ether catalyzed polymerizations were also possible.46 However, in our experience, the 

tetrabutylammonium carboxylate method proved to have better molecular weight control. 

 

4.5.2 Characterization of PSLG and PSLG@ZrO2  

FTIR confirmed that in both PSLG and PSLG@ZrO2, the PSLG was primarily in the α-helix 

conformation. The coexistence of α-helices and β-sheets are only seen in PBLG, a synthetic 

polypeptide, with degrees of polymerization below 18,47 whereas the polymer samples prepared 

here had a degree of polymerization of 141, which is above this threshold. This observation allows 

for PSLG to be approximated as rod-like. 

In contrast to the previous study of the same ZrO2 NPs with poly(hexyl isocyanate) (PHIC) 

ligands, which were observed by TEM to assemble into linear arrays upon casting as films, the 

NPs with PSLG ligands did not form periodic structures upon simple casting from a dilute solution. 

The spatial distribution of the ZrO2 NPs in the TEM image shown in Figure 4-1 likely results from 

particle aggregation via stearyl crystallization. It has been reported that upon solvent 

evaporation, solutions of PSLG aggregate due to converging stearyl domains.48 The formation of 

periodic structures in  casted films of PSLG141@ZrO2  NPs would likely require solvent/thermal 

annealing as discussed below. 

4.5.3 Lyotropic Behaviour 

Lyotropic LC solutions of both PSLG141 and PSLG141@ZrO2 in toluene are difficult to 

prepare without thermal annealing or prolonged aging. Of the concentrations explored, only one 

sample of PSLG141@ZrO2 at 20 wt% had visible cholesteric patterning without further treatment, 
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whereas the rest of the samples were birefringent which does not necessarily indicate LC 

behavior. This is largely due to two competing forces at the critical PSLG concentration: the onset 

of LC behavior and the very high viscosity. In general, randomly oriented rod-like particles 

experience larger increases in viscosity at increasing concentrations as compared to spherical 

particles.49 While birefringence was observed at 10 wt%, it is possible that this concentration was 

still below the critical concentration. At 20 wt%, the onset of LC behavior is facilitated by the 

relatively low viscosity at this concentration. Above this concentration, the diffusion of rod-like 

molecules becomes hindered and prevents formation of LCs within the allotted amount of time.50 

Fortunately, the slow diffusion can be easily overcome through heating. Apart from 10 wt% and 

the 40 wt% dispersions, which are below the critical concentration and highly viscous 

respectively, the PSLG141 and PSLG141@ZrO2 samples displayed cholesteric fingerprints after 

overnight annealing at 70°C (Figure 4-3).  

The cholesteric half-pitch may be measured directly from the bands seen in the 

fingerprint texture. For comparison, the measurements are presented as a full pitch in Table 4-1. 

These values are smaller than those reported in the earlier literature for lyotropic PSLG. There 

can be a wide variation of the pitch of lyotropic polypeptides as it depends on the solvent, 

thermal history, boundary conditions and other variables. However, there is only a weak 

dependence on molecular weight. A half pitch of 2.36 µm 23 was originally reported for 26 wt% 

PSLG (MW 40K g/mol) in toluene at 70°C. Larger half pitch values of 8.3 and 22.5 µm for 25%  wt 

PSLG (MW 40K g/mol) in toluene at 25°C were later reported.21 In THF, a half pitches of 20 µm 51 

and 27µm 38 were measured for 30%wt PSLG (MW 70). Contrary to lyotropic PBLG, a variable 

temperature study of 25% wt PSLG (MW 129K) in toluene reported that the pitch decreased 

rather than increase with heating.31-33 Given this temperature dependence of the pitch, it is 

possible that annealing the samples at 70°C, rather than aging at room temperature, is 

responsible for the smaller pitch values that more closely match cholesteric pitches of 

thermotropic polypeptide LCs which typically range between 1-10 µm.12,35,36  

Although the fingerprint texture observed by optical microscopy indicated the presence 

of the cholesteric phase, the X-ray scattering of the same samples surprisingly revealed columnar 
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hexagonal packing of the polymer chains. Characterization of lyotropic solutions of PSLG by X-ray 

scattering has only been reported for PSLG in long chain (C18) solvents.14 In amphiphilic solvents 

like octadecylamine, PSLG formed columnar hexagonal phases that transformed into the 

cholesteric phase upon heating. 14 However PSLG in octadecane only displayed the cholesteric 

phase. The stabilization of the columnar hexagonal phase was attributed to 

compartmentalization of the polar head groups of the solvents out of the octadecyl aliphatic 

regions. A later study of a series of poly(γ-alkyl-L-glutamates) in m-cresol revealed cholesteric 

phases that transformed to columnar phases through a wide co-existence region at high 

concentrations. The lyotropic samples in the Ch + Colm biphasic regions revert to the pure 

cholesteric phase upon heating, to I + Chol upon cooling, and to the pure columnar phase at a 

critical concentration.52 PSLG was not studied specifically, but increasing the alkyl chains up C6 

showed that the critical columnar concentration increases with chain length. Similar to our 

conditions, the samples were heated to 70-80 °C. Based on the results for poly(-hexyl-L-

glutamate) (PHexLG, MW 90K), which has a critical columnar concentration of 50 wt%, the 30 

and 40 wt% PSLG in toluene studied here should both be within the Ch + Colm biphasic region. 

The calculated lattice parameters from the SAXS analysis of the lyotropic LC solutions,  a 

= b = 3.4±0.3, and 3.3±0.3 nm for 30 and 40 wt% respectively, are smaller than PSLG in the solid 

state, which was reported to be a = 4.37 nm and b = 4.79 nm.8 This is presumably due to the 

rearrangement in the lyotropic solutions, which allows for optimal packing of the α-helices and 

smaller lattice parameters. For 20 wt% solutions of PSLG141 the lattice parameters are a = b = 

5.0±0.4 nm, suggesting the onset of hexagonal packing. In previous reports, the diameter of PSLG 

in solution is typically given as 3.6 nm with high variation,22, 53 depending on the degree of 

outward extension of the stearyl chains. For both PSLG141 and PSLG141@ZrO2, at the onset of 

lyotropic LC behavior, hexagonal packing of the PSLG roughly begins at the solution limit (~3.6 

nm). Further concentration increases result in contraction of the stearyl chains and convergence 

of the α-helix cores. The hexagonal order is higher in the PSLG141 as compared to PSLG141@ZrO2 

NPs since the higher order (20) reflection were more easily observed. In comparison, a smaller 

d10 value of 2.39 nm was reported for a 70% wt% solution of PSLG in an amphiphilic solvent 14 

and d10 = 2.0 nm for a 50 wt% solution of PHexLG in m-cresol.52 Interestingly, similar results were 
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determined for PSLG141@ZrO2, which was surprising given the small size of the zirconia NPs and 

consequently, the high curvature. Of the most concentrated solutions prepared for both systems 

(30 and 40 wt%), PSLG141 was determined to have smaller lattice parameters of 3.4±0.3 and 

3.3±0.3 nm while the lattice parameter for PSLG141@ZrO2 was determined to be 4.0±0.4 and 

3.3±0.3 nm. The decrease in lattice parameters in concentrated solutions (for both systems) 

make sense, as the hexagonal lattices are expected to converge due to crowding. Furthermore, 

the hexagonal unit was generally larger in the PSLG141@ZrO2 system. This could potentially be 

due to enlargement of the unit cell due to the PSLG being grafted onto the NPs, which is less 

optimal for hexagonal packing and further reaffirmed by the broadening of observed reflections 

for PSLG141@ZrO2. Interestingly, at the onset of LC behaviour, at 20 wt%, the concentration 

dependent behaviour was reversed, where the PSLG141@ZrO2 system instead exhibited the 

smaller lattice parameters (4.0±0.5 nm) compared to PSLG141 (5.0±0.4 nm). This may perhaps be 

due to close confinement of the PSLG chains on the NP surface, which may trigger early onset 

liquid crystallinity, however more detailed studies on effects of grafting density on this 

nanocomposite design could conclusively confirm this claim.  

 

4.5.4 Thermotropic Behavior 

 The thermal behavior of poly(-alkyl-L-glutamates) is complex in general and depends on 

many variables. Previous literature reports the existence of three possible structures upon 

heating/cooling, simply referred to as phases A, B and C where C is the liquid crystalline phase.8, 

19, 20 The polarity of the casting solvent effects the structure, crystallinity and transition 

temperatures. In phase A, the structure is lamellar-like, where the interlayer spacings between 

the polypeptide α-helices are comprised of the alkyl side chains and is periodically interrupted by 

the α-helices. On heating, the sample transitions into phase B, where the interlayer spacings 

become more compact through rearrangement due to melting of the alkyl sidechains which 

occurs at T1. Upon further heating, the α-helices become mobile, which allows further 

rearrangement of the polypeptide backbone and smaller interlayer spacings. The transformation 

to the liquid crystal phase occurs at T2 which is slightly higher than T1. The difference between T1 

and T2 decreases with chain length. The reported thermal transitions between the three phases 
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vary depending on whether PSLG was synthesized from the monomer (PSLG-NCA) or by ester 

exchange (PSLG-EX) and the characterization method. Poché reported using DSC a single 

transition for PSLG-EX at 61 °C and two peaks at 59 and 67 °C for PSLG-NCA that remained after 

multiple heating cycles. The second transition at 67°C was attributed to an additional crystalline 

state. Depending on the thermal history, the side chains melt and can recrystallize to form 

crystallites of different dimensions. The transition to the liquid crystal phase was also found to 

increase if annealed at temperatures above T1, with T2 , the onset of liquid crystallinity, ranging 

between 60 and 90°C.54 Watanabe and Takashina later reported that PSLG-EX forms a cholesteric 

mesophase from 60 to 150 °C and a hexagonal columnar phase above 150 °C which is the reverse 

to what is observed for lyotropic PSLG.12, 35, 36 °C 

 

We observe here a single transition at 61°C for PSLG141 corresponding to sidechain 

melting. However, PSLG141@ZrO2 has an endotherm with two transitions at 60 and 65°C where 

the second transition may be due to different crystallites sizes. Another possibility that should be 

considered is two separate populations of PSLG within the sample, the confined PSLG ligands 

anchored onto the NP surface, as well as PSLG ligands that may remain intercalated within the 

polymer corona despite the purification steps to remove free ligands. Generally, higher 

temperatures would be required to melt the grafted polymer chains anchored onto a NP 

surface,55, 56 so for this reason, this population could be attributed to the peak at 65°C. The other 

peak at 60 °C then would correspond to the melting of the stearyl side chains of the physisorbed 

PSLG, owing to the broadness as well as its proximity to the bulk melting temperature (59°C). The 

anchored versus intercalated PSLG ligands could also have different crystallite sizes of the 

octadecyl side chains which would also give rise to two transitions. 

 

Although films of PSLG141 and PSLG141@ZrO2 were annealed at 150 °C for up to 5 days, the 

cholesteric fingerprint texture was observed only in small regions at this temperature by optical 

microscopy. This probably limited the measurements of the pitches which were estimated to be 

8.1±4 and 3.0±1 μm for PSLG141 and PSLG141@ZrO2 respectively as compared to the literature 

value of ~ 2 m for PSLG-EX.12, 35, 36 However, the variable temperature SAXS data is consistent 
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with the literature. At 25 °C, the observed lattice spacings for both PSLG141 and PSLG141@ZrO2 

match those assigned to the 100 and 200 reflections of PSLG-EX.7, 8 In that study of a series of 

poly(-alkyl-L-glutamates) with different length sidechains, the wide angle region was indexed to 

a two-dimensional unit cell arising from the crystalline sidechains with lattice parameters similar 

to the sublattice attained by the c projection of triclinic unit cell of low molecular weight alkanes. 

The small angle region of PSLG-EX only contained a series of reflections with indices h00 where 

the d spacing of 3.27 nm is the distance between  helices. Given that the length of the octadecyl 

chain is ~ 2.28 nm, there is intercalation of the side chains between the  helices and the size of 

the side chain crystal lattice was estimated to be ~18 side chains. However, this peak in the SAXS 

profile of PSLG141@ZrO2 is extremely broad, indicating that the ability to form the cholesteric 

phase is hindered. The small broad peak at ~d = 4 nm that remains unchanged with temperature 

may arise from chain segments close to the nanoparticle surface with restricted mobility. As in 

the lyotropic samples, the broad peak at a low q value is due to scattering from the ZrO2 

nanoparticles. 

 

4.6 Conclusion 

The formation of anisotropic lyotropic phases by spherical NPs with semiflexible polymer 

ligands was expanded to include chiral and thermotropic LC phases. Metal oxide NPs 

functionalized with poly(-stearyl-L-glutamate), (PSLG) brushes form LC phases similar to the free 

PSLG. In concentrated solutions, both PSLG and the nanoparticles are in a Chol + Colm biphasic 

state rather than a pure cholesteric phase as previously assumed. Confinement of the PSLG 

ligands to the NP surface results in closer packing of the  helices but somewhat more disordered 

LC phases as compared to the free polypeptide. The degree of disorder for the NPs is larger for 

the thermotropic cholesteric phase that already requires for PSLG alone, long annealing times to 

reach equilibrium due its high intrinsic viscosity. Pinning the PSLG chains to the NPs further 

reduces the low mobility of the -helices along with limiting their ability to spatially rearrange to 

form the cholesteric phase.  
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The use of polymer ligands as first demonstrated here, rather than the traditional low 

molecular weight mesogenic ligands, to produce thermotropic liquid crystalline NPs, offers some 

advantages such as synthetic simplicity and tunability through variation of the molecular weight 

and sidechain groups. Future studies will include ultra-small angle X-ray scattering (USAXS) to 

determine the NP spatial arrangement and other thermotropic polypeptide ligands such as 

poly(-oleyl-L-glutamate) which is liquid crystalline at room temperature.  
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4.8 Supporting Information

 

Figure 4-7: 1H NMR Spectrum of [DPPA][TBA] in CDCl3. 
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Figure 4-8: 1H NMR Spectrum of PSLG141 taken in CDCl3 with 10% trifluoroacetic acid. 
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Figure 4-9: DSC curves of PSLG141 and PSLG141@ZrO2 taken at a heating rate of 10°C/min. The 

two curves have been split into heating/cooling steps: (Top) First Heating step, (Middle) First 

cooling, and (Bottom) second heating.: 

 

 

Figure 4-10: FTIR Spectrum of PSLG141 and PSLG141@ZrO2 
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Figure 4-11: 1D SAXS profiles of various concentrations of PSLG141 prepared in toluene; 

separated for clarity.  
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Figure 4-12: 1D SAXS profiles of various concentrations of PSLG141NP prepared in toluene; 

separated for clarity. 

 

 

 

d

20 

d

11 

d

10 

d

10 

d

11 

d

20 

d

10 

d

20 

d

11 



 

175 
 

Chapter 5 Discussions, Conclusions and Future Outlook 

5.1 Discussion 

This thesis outlines several methods in synthesizing semi-flexible polymer-grafted 

spherical nanoparticles, in addition to the preparation and characterization of their liquid crystal 

(LC) assemblies. In each chapter, a different semi-flexible polymer was chosen for its unique LC 

properties, which was imparted onto spherical nanoparticles following surface grafting of these 

ligands. Fabrication of these semi-flexible polymer-grafted NPs reveals a new motif towards LC 

nanocomposites.  

 

In Chapter 2, poly (hexyl isocyanate) (PHIC) ligands were functionalized onto spherical 

zirconia nanoparticles. PHIC ligands were designed and synthesized using a phosphonic acid-

based initiator, which enabled high molecular weights surpassing previous literature reports for 

PHIC ligands. Additionally, a highly efficient ligand exchange process was carried out to obtain 

high molecular weight PHIC-grafted NPs with high grafting densities. The surprising result of these 

NPs was that their organization was concentration dependent. Dilute solutions of these NPs 

revealed discrete particles suggesting effective dispersion, owing to the PHIC functionalization. 

Conversely, semi-dilute solutions of these NPs arranged into linear arrays, where the NPs formed 

long correlated chains. This assembly suggests deformation of the polymer corona, to enable 

close contact of the NP cores while simultaneously retaining colloidal stability. For contrast, low 

molecular weight PHIC-grafted NPs organized efficiently into hexagonally packed lattices, due to 

the more rigid nature of low molecular weight ligands. Towards characterizing LC behavior, it was 

found that the high molecular weight PHIC-grafted NPs exhibited an early onset of lyotropic 

nematic state. Compared to the untethered PHIC (of the same molecular weight), the critical 

concentration required for LC formation was observed to be around 7-8 wt% lower for PHIC-

grafted NPs. In addition, textures resembling zebra stripes were observed, a feature previously 

only observed in biological fibrils and other long rod-shaped molecules. This lends further 

credence to the concentration dependent rod-like behavior of the PHIC-grafted NPs. Towards 
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elucidating the LC structure, 2D NMR was carried out on the solvent molecules (CDCl3) as to 

determine the quadrupolar splitting, which in turn can be used to determine experimental order 

parameters of the nematic structure formed from PHIC-grafted NPs as well as the non-grafted 

PHIC chains. It was concluded from these experiments that the order parameter was slightly 

larger in the NPs compared to the non-grafted PHIC chains, which was attributed to distortion of 

the nematic director by the presence of the NP cores. For this reason, LC structures formed from 

PHIC-grafted NPs were slightly less ordered compared to PHIC of the same molecular weight. We 

proposed that the semi-flexible nature of the polymer corona allows for splaying as to transform 

the NP into a more rod-like conformation, as to enable lyotropic nematic states.  

 

Chapter 3 features poly(γ-benzyl-L-glutamate) (PBLG), a synthetic polypeptide that has 

seen widespread in biological applications as well as for its LC behavior. Homo polypeptides of 

sufficiently high MWs adopt an α-helical conformation, which enables PBLG to become the 

‘model’ semi-flexible rod. Like PHIC-grafted NPs, Chapter 3 confirms that PBLG-grafted NPs may 

similarly generate LC behaviour from isotropic, spherical particles. PBLG ligands were synthesized 

across a wide range of molecular weights, via an ionic liquid-initiated polymerization. The use of 

ionic liquid catalyzed NCA polymerizations enabled high molecular weight functional PBLG 

ligands. Traditionally, PBLG ligands were carried out using NCA polymerization via the NAM 

mechanism (initiated by primary amine initiators), however, the largest drawback of this method 

is the long reaction times and the molecular weight ceiling, which empirically appears to occur 

around 20K MW. PBLG ligands with four different molecular weights were synthesized: PBLG89, 

PBLG228, PBLG1237 and PBLG2963. The PBLG ligands were subsequently grafted onto spherical 

zirconia nanoparticles through a highly efficient ligand exchange process, producing densely 

covered NPs, with grafting densities of 5.0, 1.1, and 0.16 PBLG chains/nm-2, in order of increasing 

molecular weight. Unfortunately, the grafting density could not be determined for PBLG2963. The 

most immediate observation of these PBLG-grafted NPs was the early onset of LC behavior, 

consistent with the PHIC-grafted NPs, however this trend decreased with increasing MWs. 

Towards characterization of the lyotropic cholesteric phase, LC behavior was obfuscated by 

gelation and molecular aggregation, which appeared to be competing processes towards LC 
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formation. For this reason, samples were annealed at 50°C to ensure that lyotropic solutions 

were entirely in the LC phase, with no contributions from gelation nor aggregation. While 

cholesteric structures are generally difficult to characterize, the LC structures self-assembled 

from PBLG-grafted NPs were observed to have larger dimensions in comparison to its untethered 

PBLG counterparts. This is most clearly seen in the general increase in cholesteric pitch 

measurements, as the pitch was generally larger in the NP samples. In addition, in SAXS, the 

molecular dimensions of the lyotropic phase appear enlarged as well, as seen in the broad 

cholesteric peaks which shifted towards larger distances. Drawing from these results, PBLG-

grafted NPs were further confirmation that this new motif serves as an effective strategy towards 

LC nanocomposites. 

 

Chapter 4 compares the unique thermotropic and lyotropic properties of Poly(γ-stearyl-

L-glutamate) (PSLG), and the behavioural and structural changes upon surface grafting of PSLG 

onto spherical zirconia NPs. Like PBLG, PSLG is a synthetic polypeptide which adopts an α-helical 

conformation, however, due to the stearyl shell coating the α-helix, thermotropic LCs become 

accessible, owing to the melt/crystallization dynamics of the stearyl side chains. Surprisingly, the 

literature on homo polymers of PSLG has been sparse, as an extensive literature review of the 

field revealed that studies on PSLG self-assembly and properties have largely been performed on 

random copolymers of PSLG rather than homo polymers. Traditionally, PSLG has been prepared 

via ester exchange from poly(γ-methyl-L-glutamate), however this method proves inefficient as 

the conversion is typically limited to around 90%. These random copolymers are then used in 

subsequent studies, which have been generalized to homo polymers of PSLG, prepared through 

NCA polymerization, as well. For this reason, Chapter 4 serves to consolidate the structure and 

properties of homopolymers of PSLG, while discerning the results which are seen exclusively in 

copolymers of PSLG. PSLG ligands were synthesized following a similar procedure, where NCA 

polymerization was initiated by ionic liquids. Similarly, the same ligand exchange procedure was 

then carried out, however the procedure produced a grafting density of 0.56 chains/nm-2, which 

is high compared to other grafting-from/grafting-to procedures, but unexpectedly low for this 

procedure. Previous characterization methods were carried out on these PSLG-grafted NPs, to 
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elucidate the structure and properties of the NPs, as well as the homo polymers of PSLG. A 

comparison of the results revealed that despite surface anchoring of the PSLG chains onto the 

NP surface, the PSLG chain ordering is largely similar between the NPs and the unbound PSLG. 

Through DSC and SAXS, it was confirmed that stearyl side chain motion is coupled with α-helix 

backbone mobility, a topic that has been contentious in the literature. In addition, homo 

polymers of PSLG revealed only one phase transition (ie. two thermal structures), whereas two 

phase transitions between three structures were reported in the literature. Literature reports 

cite decoupled side chain/main chain motion, which they attribute to the first and second 

transitions, respectively. PSLG-grafted NPs were similarly confirmed to exhibit the same thermal 

properties, despite the confinement of the PSLG ligands to an NP core. Furthermore, relative 

peak ratios of 1, √3, and 2, were observed in SAXS, suggesting that the PSLG ligands were ordered 

hexagonally on the NP surface; this was the first indication of polymer organization on the NP 

surface, out of all the semi-flexible polymer-grafted NPs studied. PSLG-grafted NPs were 

confirmed to exhibit both thermotropic and lyotropic cholesteric LC states, however, it appears 

that self-assembly is largely limited by the slow diffusion experienced by the PSLG ligands. Prior 

to thermal annealing, both thermotropic and lyotropic samples did not exhibit LC phases under 

POM, however the elevated temperatures aid in mobility/self-assembly, which in turn gives rise 

to visible LC textures after a few days. Consistent with the other semi-flexible polymer-grafted 

NPs studied, a reduction in critical concentration was observed, as cholesteric ordering was 

observed beginning at 10 wt% for the NPs compared to 20 wt% for the untethered PSLG. The 

functionalized NPs exhibited similar cholesteric pitches to the unbound polymer, however 

comparisons to the literature are difficult due to inconsistencies in the sample preparation. 

Towards thermotropic LC ordering, diffusion appears to be a significant obstacle, as cholesteric 

ordering of both PSLG and PSLG-grafted NP bulk films were observed after around five days. 

Additionally, thermotropic organization was largely inconsistent, as not all films prepared 

exhibited cholesteric ordering, despite the films being prepared from the same batch. This 

suggests that some films are primed such that cholesteric organization is more accessible. 

Towards LC nanocomposites, PSLG-grafted NPs serves as a possibility, however the slow diffusion 

of the PSLG ligands provides a significant obstacle to overcome towards material applications.  
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Several literature reports exist of the same semi-flexible polymer ligands grafted onto various NP 

cores (albeit through different design schemes). However, none of these reports attempt to 

prepare/characterize potential LC phases arising from the semi-flexible polymers, as LC 

properties arising from semi-flexible polymers have been known for several decades. Generally, 

only short molecular weight polymer ligands were used in the literature examples, as the goal of 

these studies was to provide proof of concept that the select polymer could provide colloidal 

stability to its NPs. However, according to theory, high axis ratios are generally required towards 

LC behavior. Consequently, this gap in knowledge was filled via synthesizing high molecular 

weight semi-flexible polymer ligands towards NP functionalization, as well as characterizing the 

LC properties of the resulting semi-flexible polymer-grafted NPs.  

 

In addition, the present work also serves as one of the few examples of anisotropic 

structures self-assembled from isotropic building blocks (without further intervention). Previous 

studies on the self-assembly of spherical colloids report organization into cubic phases through 

repulsive interactions (which is taken advantage of in colloidal photonic crystals).1,2 However, few 

literature examples report thermotropic organization from the self-assembly of isotropic NPs. 

One study reports hexagonal close packed and non-close packed, square and linear ordering from 

polystyrene microspheres dispersed in a poly(N-isopropylacrylamide) microgel owing to careful 

consideration of colloidal pair potentials (microgel-microgel, microgel-microsphere, 

microsphere-microsphere).3 A second study reports thermotropic self-assembly via oppositely 

charged, dual-polymer coronas.4 However, this report seems questionable, as intuitively, the 

oppositely charged polymer layers should produce an overall neutral particle, which would not 

be an adequate driving force in the self-assembly of any anisotropic structure. In summary, 

careful control and consideration is required in designing anisotropic structures self-assembled 

from isotropic building blocks and the present work would serve as another example in this field.   

 

5.2 Conclusion 

Overall, this thesis introduces a new type of LC nanocomposite, where the strategy is 

relatively simple. Firstly, a spherical NP core is functionalized with relatively high molecular 
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weight semi-flexible polymer ligands. These ligands would provide a sufficiently high axis ratio 

required for LC assembly, which is then imparted to the NP core. Secondly, high grafting densities 

can be achieved using a relatively efficient ligand exchange procedure. The dense coverage 

essentially aids in mimicking the tight packing in concentrated solutions, thereby resulting in 

drastic reductions in the critical concentration required for LC formation. Furthermore, this work 

provides validation that deformation of the polymer corona, where isotropic particles may adopt 

an anisotropic conformation, serves as a driving force towards LC assembly. In a broader context, 

this thesis not only serves as an example of anisotropic organization from isotropic building 

blocks, but it also serves as one of the first examples of concentration dependent LC behavior 

which is generated from the nanocomposite itself, rather than a composite comprised of two 

miscible phases.  

 

In conclusion, this thesis outlines a new nanocomposite motif, where LC behavior can be 

generated from semi-flexible polymer-grafted NPs, a feat which has previously not been reported 

in literature. LC nanocomposites in literature largely consist of NP functionalization followed by 

dispersion of the NP in an LC matrix. To that end, this new motif provides an alternative to the 

precedent set by literature, with clear advantages. From the studies carried out, grafting density 

and molecular weight play a significant role in determining the critical concentration required for 

LC assembly. Similarly, the NPs provide an avenue for tailoring the size of the LCs, as the LC 

structures were characterized to be generally enlarged compared to LC structures assembled by 

the non-grafted polymers, owing to the presence of the NPs and the restricted movement 

experienced by the tethered polymer chains. This feature could potentially serve as another tool 

towards engineered materials, should the nanocomposite require anisotropic organization. The 

self-assembly of structures possessing properties such as directional conductivity, selective 

permeability, and controlled optical properties would expand the range of functionalities 

available in nanocomposite materials. Furthermore, many biological systems rely on the self-

assembly of isotropic building blocks into anisotropic structures. By mimicking these natural 

processes, researchers can develop biomimetic materials and devices in addition to a better 

understanding of the natural world.  
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5.3 Future outlook 

Towards LC nanocomposites, only PHIC appears to be a feasible candidate, owing to the 

complex behavior of the synthetic polypeptides. Since LC behavior competes with uncontrolled 

gelation and molecular aggregation in PBLG and PSLG, extra precaution should be taken as to 

ensure the resulting nanocomposite is in the LC structure. For comparison, designing PHIC based 

nanocomposite would be much simpler, due to a greater degree of control over its self-assembly 

behavior. However, the more significant conclusion of this work is that surface attachment of 

polypeptides, or more generally: semi-flexible polymers, to the NP surface did not disrupt the 

self-assembly behaviour of the polymer ligand. It can then be reasoned that the zirconia NP core 

can be swapped out for other NP functionalities, without altering the self-assembly behavior. For 

example, this motif could be expanded to include gold NPs, which would instead produce ordered 

plasmonic structures.  

 

The source of LC behavior remains unclear in the PHIC-grafted NPs; it is plausible that 

nematic ordering in these samples could be attributed to either the grafted PHIC ligands, or the 

linear chains of NPs. When observing the NPs under POM, the linear NP chains appear to adopt 

nematic ordering (similar to the stereotypical representation of nematic phases), while ordering 

of the PHIC ligands appear layered and highly periodic, perpendicular to the NP chains. In other 

words, it is possible that the NP chains essentially self-assemble as lyotropic nematic colloidal 

rods. From appearances alone, semi-dilute solutions of PHIC-grafted NPs would suggest smectic 

ordering. It is also possible that the NPs adopt another structure in the nematic LC phase, 

however the semi-dilute image is the resolution limit using TEM. The source of LC behavior in 

PHIC-grafted NPs could easily be distinguished using USAXS by discerning whether the nematic 

correlation length closely matches the dimensions of a PHIC molecule or the linear chains. 

 

While the only LC phases discussed in this thesis were nematic and cholesteric phases, it 

may be possible to design nanocomposites which feature other LC phases such as hexatic and 

smectic phases. Since polymers generally fall into the rod-like/calamitic geometry, it was 

interesting that of the semi-flexible polymer-grafted NPs explored, there was no evidence of 
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smectic organization. Generally, orientational order is easily accessible to rod-like polymers, 

however positional order (required for smectic ordering) requires highly monodisperse samples. 

In literature, there is precedence for smectic organization from polymeric building blocks, 

however, these samples were obtained either through successive fractionations or bacterial 

production.5,6 A few examples even reports smectic behavior in PBLG, however these samples 

were highly monodisperse owing to bacterial production.7,8 It is also unclear whether 

monodisperse semi-flexible polymer-grafted NPs would organize into smectic structures, as 

deformation of the polymer corona does not necessarily become a driving force towards 

positional order. Similarly, hexatic phases could also be feasible for the systems presented in this 

thesis. Since grafted PSLG ligands were revealed to exhibit hexagonal packing on the NP surface, 

it would also be feasible that the hexagonal packing could be extended to the NP core as well. An 

alternative structure that could be proposed would be where the polymer corona deforms in a 

disc-like manner, rather than rod-like, which would enable hexatic LC ordering. However, the 

conditions required for this type of deformation are unclear.  

 

It is with hope that this thesis lays the groundwork towards more complex self-assembled 

structures. It has been shown that deformation of the polymer corona of isotropic particles 

produce rod-like particles, which in turn, allows for anisotropic organization. Furthermore, this 

thesis reveals that molecular geometry does not necessarily dictate the LC structure being 

formed and that its constituents do not need to be unnecessarily complicated. Perhaps future 

researchers may use this work in building more complex nanoscale architectures from basic 

building blocks.  
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