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ABSTRACT 

In many studies of the side-chain liquid crystalline polymers (SCLCPs) bearing azobenzene 

mesogens as pendant groups, obtaining the orientation of azobenzene mesogens at a macroscopic 

scale as well as its control is important, because it impacts many properties related to the 

cooperative motion characteristic of liquid crystals and the trans-cis photoisomerization of the 

azobenzene molecules. Various means can be used to align the mesogens in the polymers, 

including rubbed surface, mechanical stretching or shearing, and electric or magnetic field. In the 

case of azobenzene-containing SCLCPs, another method consists in using linearly polarized light 

(LPL) to induce orientation of azobenzene mesogens perpendicular to the polarization direction of 

the excitation light, and such photoinduced orientation has been the subject of numerous studies.  

In the first study realized in this thesis (Chapter 1), we carried out the first systematic investigation 

on the interplay of the mechanically and optically induced orientation of azobenzene mesogens as 

well as the effect of thermal annealing in a SCLCP and a diblock copolymer comprising two 

SCLCPs bearing azobenzene and biphenyl mesogens, respectively. Using a supporting-film 

approach previously developed by our group, a given polymer film can be first stretched in either 

the nematic or smectic phase to yield orientation of azobenzene mesogens either parallel or 

perpendicular to the strain direction, then exposed to unpolarized UV light to erase the 

mechanically induced orientation upon the trans–cis isomerization, followed by linearly polarized 

visible light for photoinduced reorientation as a result of the cis–trans backisomerization, and 

finally heated to different LC phases for thermal annealing. Using infrared dichroism to monitor 

the change in orientation degree, the results of this study have unveiled complex and different 

orientational behavior and coupling effects for the homopolymer of poly{6-[4-(4-

methoxyphenylazo)phenoxy]hexyl methacrylate} (PAzMA) and the diblock copolymer of 
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PAzMA-block- poly{6-[4-(4-cyanophenyl) phenoxy]hexyl methacrylate} (PAzMA-PBiPh). Most 

notably for the homopolymer, the stretching-induced orientation exerts no memory effect on the 

photoinduced reorientation, the direction of which is determined by the polarization of the visible 

light regardless of the mechanically induced orientation direction in the stretched film. Moreover, 

subsequent thermal annealing in the nematic phase leads to parallel orientation independently of 

the initial mechanically or photoinduced orientation direction. By contrast, the diblock copolymer 

displays a strong orientation memory effect. Regardless of the condition used, either for 

photoinduced reorientation or thermal annealing in the liquid crystalline phase, only the initial 

stretching-induced perpendicular orientation of azobenzene mesogens can be recovered. The 

reported findings provide new insight into the different orientation mechanisms, and help 

understand the important issue of orientation induction and control in azobenzene-containing 

SCLCPs. 

The second study presented in this thesis (Chapter 2) deals with supramolecular side-chain liquid 

crystalline polymers (S-SCLCPs), in which side-group mesogens are linked to the chain backbone 

through non-covalent interactions such as hydrogen bonding. Little is known about the 

mechanically induced orientation of mesogens in S-SCLCPs. In contrast to covalent SCLCPs, free-

standing, solution-cast thin films of a S-SCLCP, built up with 4-(4’-heptylphenyl) azophenol 

(7PAP) H-bonded to poly(4-vinyl pyridine) (P4VP), display excellent stretchability. Taking 

advantage of this finding, we investigated the stretching-induced orientation and the viscoelastic 

behavior of this S-SCLCP, and the results revealed major differences between supramolecular and 

covalent SCLCPs. For covalent SCLCPs, the strong coupling between chain backbone and side-

group mesogens means that the two constituents can mutually influence each other; the lack of 

chain entanglements is a manifestation of this coupling effect, which accounts for the difficulty in 

obtaining freestanding and mechanically stretchable films. Upon elongation of a covalent SCLCP 
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film cast on a supporting film, the mechanical force acts on the coupled polymer backbone and 

mesogenic side groups, and the latter orients cooperatively and efficiently (high orientation degree), 

which, in turn, imposes an anisotropic conformation of the chain backbone (low orientation 

degree). In the case of the S-SCLCP of P4VP-7PAP, the coupling between the side-group 

mesogens and the chain backbone is much weakened owing to the dynamic 

dissociation/association of the H-bonds linking the two constituents. The consequence of this 

decoupling is readily observable from the viscoelastic behavior. The average molecular weight 

between entanglements is basically unchanged in both the smectic and isotropic phase, and is 

similar to non-liquid crystalline samples. As a result, the S-SCLCP can easily form freestanding 

and stretchable films. Furthermore, the stretching induced orientation behavior of P4VP-7PAP is 

totally different. Stretching in the smectic phase results in a very low degree of orientation of the 

side-group mesogens even at a large strain (500%), while the orientation of the main chain 

backbone develops steadily with increasing the strain, much the same way as amorphous polymers. 

The results imply that upon stretching, the mechanical force is mostly coupled to the polymer 

backbone and leads to its orientation, while the main chain orientation exerts little effect on 

orienting the H-bonded mesogenic side groups. This surprising finding is explained by the 

likelihood that during stretching in the smectic phase (at relatively higher temperatures) the 

dynamic dissociation of the H-bonds allow the side-group mesogens to be decoupled from the 

chain backbone and relax quickly. 

In the third project (Chapter 3), we investigated the shape memory properties of a S-SCLCP 

prepared by tethering two azobenzene mesogens, namely, 7PAP and 4-(4'-ethoxyphenyl) 

azophenol (2OPAP), to P4VP through H-bonding. The results revealed that, despite the dynamic 

nature of the linking H-bonds, the supramolecular SCLCP behaves similarly to covalent SCLCP 

by exhibiting a two-stage thermally triggered shape recovery process governed by both the glass 
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transition and the LC-isotropic phase transition. The ability for the supramolecular SCLCP to store 

part of the strain energy above Tg in the LC phase enables the triple-shape memory property. 

Moreover, thanks to the azobenzene mesogens used, which can undergo trans-cis 

photoisomerization, exposure the supramolecular SCLCP to UV light can also trigger the shape 

recovery process, thus enabling the remote activation and the spatiotemporal control of the shape 

memory. By measuring the generated contractile force and its removal upon turning on and off the 

UV light, respectively, on an elongated film under constant strain, it seems that the optically 

triggered shape recovery stems from a combination of a photothermal effect and an effect of 

photoplasticization or of an order-disorder phase transition resulting from the trans-cis 

photoisomerization of azobenzene mesogens.  

Keywords: Side-chain liquid crystalline polymers; supramolecular polymers; shape memory 

polymers; azobenzene; orientation of mesogens; photoisomerization;  
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SOMMAIRE 

Pour les polymères cristallins liquides à chaînes latérales (SCLCPs) portant des mésogènes 

azobenzène, l'obtention et le contrôle de l'orientation de ces dernières à l'échelle macroscopique 

sont importants car ils affectent des propriétés liées aux mouvements coopératifs  caractéristiques 

des cristaux liquides et à la photo-isomérisation trans-cis des molécules d'azobenzène. Différentes 

méthodes peuvent être utilisées pour aligner les méasogènes dans ces polymères, telles que surface 

frottée, étirement mécanique ou cisaillement, et champ électrique ou magnétique. Dans le cas de 

SCLCPs contenant l’azobenzène, une autre méthode consiste à utiliser une lumière polarisée 

linéairement (LPL) pour induire une orientation de mésogènes azobenzène perpendiculaire à la 

direction de polarisation de la lumière d'excitation. La première étude réalisée dans cette thèse 

(chapitre 1) porte sur l'interaction et le couplage entre l'orientation de mésogènes azobenzène 

induite mécaniquement et celle induite optiquement ainsi que l'effet de recuit thermique. Un 

homopolymère SCLCP et un copolymère dibloc constitué de deux SCLCPs portant les mésogènes 

azobenzène et de biphényle, respectivement, ont été étudiés. Faisant appel à une approche « film 

de support » développée précédemment par notre groupe, il nous était possible d’étirer d’abord un 

film SCLCP donné dans une phase nématique ou smectique pour obtenir l'orientation des 

mésogènes azobenzène parallèle ou perpendiculaire à la direction d’étirement,  puis de l’exposer 

à la lumière UV non-polarisée pour effacer l'orientation par l'isomérisation trans-cis, et 

subséquemment à la lumière visible polarisée linéairement pour la réorientation photoinduite lors 

de l’isomérisation cis-trans. En plus, le film pouvait être soumis à un recuit thermique dans les 

différentes phases mésogènes pour un réarrangement des azobenzènes. Le dichroïsme infrarouge 

a été utilisé pour mesurer le degré d'orientation, et les résultats de cette étude ont dévoilé des 

comportements complexes et différents en orientation ainsi que des effets de couplage pour 

l'homopolymère et le copolymère dibloc. Notamment, l'orientation de l'homopolymère induite par 
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étirement n’exerce pas d’effet de mémoire sur la réorientation photoinduite, alors que la direction 

cette dernière est déterminée par la polarisation de la lumière visible quelle que soit la direction de 

l'orientation induite mécaniquement dans le film étiré. En outre, un recuit thermique ultérieur dans 

la phase nématique conduit à une orientation parallèle, indépendamment de la direction initiale de 

l'orientation mécanique ou photoinduite. En revanche, le copolymère dibloc présente un fort effet 

de mémoire d’orientation. Quelle que soit la condition utilisée, que ce soit une réorientation 

photoinduite ou un recuit thermique dans la phase cristalline liquide, seule l’orientation 

perpendiculaire induite par le premier étirement du film peut être récupérée. Les résultats de cette 

étude permettent de mieux comprendre les différents mécanismes d'orientation et leur couplage 

pour les SCLCPs contenant l’azobenzène.  

La deuxième étude présentée dans cette thèse (chapitre 2) concerne les polymères 

supramoléculaires et cristallins liquides à chaîne latérale (S-SCLCPs), dans lesquels les groupes 

mésogènes sont liés au squelette par des interactions non-covalentes telles que des liaisons 

hydrogène. Pour les S-SCLCPs, on en sait peu sur l'orientation des mésogènes induite 

mécaniquement. Contrairement aux SCLCPs covalents, les films minces préparés par coulée de 

solution d’un S-SCLCP, composé du poly(4-vinyle pyridine) (P4VP) sur lequel est lié le 4-(4'-

heptylphényldithiocarbamate) azophenol (7PAP) via pont-H, présenter une excellente extensibilité. 

Profitant de cette constatation, nous avons investigué l'orientation induite par étirement et les 

comportements viscoélastiques de ce S-SCLCP, et les résultats ont révélé d’importantes 

différences entre les SCLCPs supramoléculaires et covalents. Pour les polymères covalents, le 

couplage fort entre la chaîne principale et les mésogènes signifie que les deux constituants peuvent 

s’affecter mutuellement; le manque d'enchevêtrements de chaînes est une manifestation de cet effet 

de couplage, ce qui explique la difficulté d'obtenir des films étirables. Lors de l'allongement d'un 

film de SCLCP covalent coulé sur un film support, la force mécanique agit sur le squelette couplé 
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aux mésogènes, et ceux-ci orientent en coopération et de manière efficace (haut degré d'orientation) 

et, à son tour, imposent une conformation anisotrope de la chaîne principale (faible degré 

d'orientation). Dans le cas du S-SCLCP de P4VP-7PAP, le couplage entre les mésogènes et la 

chaîne principale est très affaibli en raison de la dissociation/association dynamique des liaisons 

hydrogène reliant les deux constituants. La conséquence de ce découplage est observable à partir 

des comportements viscoélastiques: le poids moléculaire moyen entre enchevêtrements est 

essentiellement inchangé dans la phase smectique et la phase isotrope, et est similaire aux 

échantillons non-cristallins liquides. Par conséquent, le S-SCLCP peut facilement former des films 

étirables. En outre, le comportement en orientation induite par étirement du P4VP-7PAP est 

totalement différent. Le degré d'orientation des groupes mésogènes est très faible même à une 

grande déformation (500%), tandis que l'orientation de la chaîne principale se développe de façon 

constante avec l'augmentation d’étirement, de la même façon que des polymères amorphes. Les 

résultats indiquent que lors de l’étirement la force mécanique est principalement couplée à la 

chaîne principale du polymère et conduit à son orientation. Cependant, cette orientation exerce peu 

d'effet sur l'orientation des groupes mésogènes. Ce résultat surprenant est pourrait être expliqué 

par la dissociation dynamique des liaisons-H lors de l'étirement dans la phase smectique (à des 

températures relativement élevées), laquelle découple les groupes mésogènes de la chaîne pricipale, 

permettant une relaxation rapide. 

Dans le troisième projet (chapitre 3), nous avons étudié les propriétés de mémoire de forme d'un 

S-SCLCP préparé par attacher deux types de mésogènes azobenzène, à savoir, 7PAP et 4-(4'-

éthoxyphényl) azophenol (2OPAP), au P4VP par liaison-H. Les résultats obtenus ont révélé que 

malgré le caractère dynamique de la liaison-H liant les deux constituants, ce SCLCP 

supramoléculaire se comporte comme un SCLCP covalent, c’est-a-dire que le processus de 

récupération de forme déclenché thermiquement se développe en deux étapes liées à la fois à la 



 

viii 

 

transition vitreuse et à la transition de phase cristalline liquide-isotrope. La possibilité pour le S-

SCLCP à stocker une partie de l'énergie de déformation au-dessus de la Tg dans la phase cristalline 

liquide donne naissance à la propriété de mémoire forme triple. En plus, grâce aux mésogènes 

azobenzène utilisés peuvant subir la photo-isomérisation trans-cis, l'exposition du S-SCLCP à la 

lumière UV peut aussi déclencher le processus de récupération de forme, permettant ainsi 

l'activation à distance et le contrôle spatiotemporel de la mémoire de forme. En mesurant la force 

contractile générée sous illumination et son élimination après éteindre la lumière UV sur un film 

allongé sous déformation constante, il apparait que la reprise de forme optiquement déclenchée 

découle d'une combinaison d'un effet photothermique et un effet de photoplastification ou de 

transition de phase ordre-désordre résultant de la photo-isomérisation trans-cis de mésogènes 

azobenzène. 
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INTRODUCTION 

Since its discovery in 1888 by an Austrian botanical physiologist, Friedrich Reinitzer, liquid 

crystals (LCs) have been a fascinating researching subject in academic world. LC is a unique state 

of matter intermediate to the solid and the liquid states which is the origin of the term “mesogenic” 

state. LCs have ordered structures at molecular level, which can be observed in particular 

temperature ranges. At high temperatures, the LC material shows a typical isotropic behavior of a 

liquid, while at low temperatures it shows typical crystal structures of a solid. Moving from the 

low to the high temperatures, LC materials can exhibit various structures of different orders. Two 

important types of mesophases for nod-like LCs are nematic, and smectic (1), as shown 

schematically in Figure 1. 

 

Figure 1. Schematic representation of different liquid crystal (LC) phases, (a) nematic phase, (b) 

smectic A phase, (c) smectic C phase, and (d) cholesteric phase. (1) 

However, due to the low production capability and the lack of scientific and technological tools at 

that time, LCs were not widely used. It was not until the 1970s, when liquid crystalline polymers 

(LCPs) were synthesized, that LCs are regenerated. During that period, a large number of LCPs 

were synthesized and extensively studied (2-5). In LCPs, the order character of LC molecules 

http://en.wikipedia.org/wiki/Friedrich_Reinitzer
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(mesogens) is maintained, while the mechanical properties can be reinforced to a certain extent 

due to the macromolecular structures. For instance, it has shown a great effectiveness in fiber 

spinning since the order of the mesogens formed during the production process provides the fiber 

with high one-dimensional (directional) mechanical performance, while the low modulus 

contributed by the polymer part provides the fiber with good flexibility (6). On the whole, LCPs 

have drawn increasing attention as a novel class of liquid crystalline materials because they give 

rise to new features by combining the mechanical properties of polymers with the anisotropic 

structure of liquid crystalline phases. 

During the past decade, two main research topics of LCPs have been extensively studied and 

developed. One is the stimuli-responsive LCPs, where the LC system can respond to multiple 

stimuli including mechanical force, heat, light, and electric and magnetic fields (7-12). The other 

one is the use of self-assembly in producing LCPs, in particular in obtaining so-called 

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

attached to the polymer backbone by non-covalent chemical bonds (13-19).  

It has long been known that a uniformly aligned liquid crystalline elastomer, designated as a 

monodomain LCP, spontaneously and quickly elongates (or shrinks) along its director during the 

phase transformation from an isotropic to a nematic phase (or from nematic to isotropic) (20). The 

extent of these mechanical changes can be astonishing, by up to 400% shape shift in a relatively 

narrow temperature interval across their nematic-isotropic transition temperature, Tni (21). Based 

on these findings, researchers tried making LCPs into practical applications, such as artificial 

muscles by introducing a well-known actuator, the azobenzene chromophore (22). The main 

propose is to convert the energy of the light onto the modulation of the orientation or structure of 

the LC molecules and onto different kinds of deformation of the LCPs by using azobenzene 
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chromophores as the mesogens (23-28). In all these reports, it is clear that changes in the 

orientation of the LC molecules and in the shape are of crucial importance in determining the final 

mechanical behavior of the polymeric material. This makes it very interesting and important to 

understatnd the mechanisms of the orientation behavior of the mesogens in LCPs.  

On another front, Mather et al. (29) were the first to demonstrate the shape memory effect in LCPs 

by using thermally stimulated actuation. Soon afterwards, Terentjev et al. (30) reported the shape 

memory property of LCPs confined into nanoparticles by using light. These works futher proposed 

potential applications for such soft actuation, especially in the biomedical area where low modulus 

and low temperature shape memory materials are required. 

On the other hand, S-SCLCPs have drawn the attention of many researchers, and been developed 

extensively in recent years (13-19). Using non-covalent bonds to construct LCPs is regarded as a 

novel route to synthesizing this type of polymer. The most general means is linking side-group 

mesogens to the polymer main-chain via hydrogen bonds (H-bonds) (15-17), although other types 

of non-covalent interactions were also much exploited (16, 31). Compared with conventional or 

covalent SCLCPs, for which side-group mesogens are attached to the chain backbone by covalent 

bonds, S-SCLCPs have many advantages, such as the ease and simplicity of synthesis, the dynamic 

bonding between side-chain mesogens and the polymer main chains, and the convenience in reuse 

(or recycling) (32, 33). All these unique properties make S-SCLCPs a very exciting material. 

Presented below are the three main topics that constitute the core of the research accomplished in 

this thesis. These are S-SCLCPs, azobenzene and shape memory polymers. 
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1. Polymer-Mesogen Complexes and Their Mechanical Properties  

1.1. Covalent Side-Chain Liquid Crystalline Polymers 

Often due to mesogen-mesogen interactions, the aggregation or crystallization of the mesogens in 

polymers is inevitable. This is generally believed to be detrimental to the performance of the LC 

material, such like chromophoric properties for azobenzene (35). In fact, the aggregation can be 

suppressed by properly choosing the polymer matrix and the way those two compounds (mesogens 

and polymer matrix) bond to each other. When it comes to practical device applications, the sample 

composition and the nature of bonding to the polymer matrix have to be carefully designed and 

optimized (36, 37). For instance, the supramolecular polymer chains can be formed by triple H-

bonds between diaminopyridines and uracil derivatives, where the hydrogen bonding force is 

largely enhanced, which makes the complex more stable than single H-bonded ones. Also the 

preparation process can be elaborated, consisting of various steps, each of which has to be well 

planned in order to give high performance.  

The incorporation of the mesogenic molecules into the polymer matrix can be done in different 

ways (38). The simplest approach is to dissolve the mesogens into the host polymer to form a 

mixture of polymer and LCs, as illustrated in Figure 2a. These systems are simple and cost-

effective, as they only require mixing of the constituents in order to produce the desired compound.  

Therefore, in principle, the mesogen concentration and the composition of the mixture can be 

easily controlled. In practice, however, there are numerous undesirable features that limit the 

practical usability. The solubility of the LC molecules is limited to low or moderate levels, 

resulting in crystallization of the mesogens and even macroscopic phase separation. Another 

severe issue is the high degree of orientational liberty of the mesogens within the polymer matrix 
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due to the weakness of the mesogen–polymer interactions. Due to these issues, the poor temporal 

and thermal stability of conventional mixtures of polymers and LCs is undesirable for applications 

that require stable alignment of the mesogens. 

 

Figure 2. Schematic representation of (a) mixture of LC molecules with a polymer resulting in 

agglomeration of the former with limited interaction between the mesogens and the polymer chains, 

and (b) side-chain liquid crystalline polymer with the mesogens covalently attached to the polymer 

backbone. 

To overcome the problems of simple polymer/LC mixture, the active LC molecules can be 

chemically attached to the polymer backbone, as illustrated in Figure 2b. Such covalently 

functionalized polymers allow a high concentration of the mesogens to be homogeneously 

incorporated into the polymer structure without macro phase separation. Hence, their degree of 

homogeneity is generally much higher than in the polymer/LCs mixture system (39). Another 

important advantage is that the orientational relaxation of the mesogens is hindered by the covalent 

attachment and the higher glass transition temperature (Tg) so that the orientation is generally of 

higher degree than in corresponding polymer/LC mixture, resulting in superior temporal and 

thermal stabilities (40). The cost of the improved performance is that tedious multistep synthesis 

usually is required for each combination of a polymer and an active mesogenic molecule, making 

the sample preparation relatively expensive and time-consuming. 



 

6 

 

1.2. Supramolecular Side-Chain Liquid Crystalline Polymers 

Supramolecular side-chain liquid crystalline polymers (S-SCLCPs) consist of a polymeric 

backbone to which the side-group mesogens are attached through non-covalent bonds (41). This 

can be realized through a number of interactions, including single and multiple H-bonds, ionic 

interactions, metal coordination, or a combination of these (13, 17, 18, 42-44). As opposed to 

traditional synthetic strategies based on covalent bonds, non-covalent interactions form 

spontaneously. This provides obvious advantages compared to covalently-functionalized polymers: 

if the polymer and the side-group mesogens have complementary recognition motifs, the mesogen 

concentration can be adjusted over a wide range, up to the point where each repeat unit of the 

polymer is attached by one mesogenic side group. Furthermore, the polymer can be functionalized 

with two or more side groups (mesogenic or non-mesogenic), each possessing a specific role in 

the material system (45). Such modular tunability can be accomplished without sacrificing the ease 

of preparation for conventional polymer and liquid crystal mixtures. Hence, one could anticipate 

that non-covalently functionalized S-SCLCPs (see Figure 3) combine the advantages of the 

covalent SCLCPs and mixtures of polymers and LCs. And this non-covalent polymer 

functionalization strategy has long been employed to prepare S-SCLCPs (46, 47).  

Conventionally, SCLCPs are prepared via covalent tethering of the mesogenic entities to the 

polymer backbone via flexible spacers. The spacers need to be long enough to separate the 

mesogens from the polymer backbone to allow them to assemble into a LC phase. In the case of 

S-SCLCPs, the design principle is the same, yet the functionalization is performed through 

spontaneous non-covalent interactions. The motivation behind these studies is that the concept 

adds simplicity to the preparation of SCLCPs. Meanwhile, the dynamic and reversible nature of 

specific non-covalent interactions brings about functionalities beyond conventional synthesis, 
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allowing one to design highly complex structures whose functionality and phase behavior can be 

controlled by external influences (42, 48-50). For instance, phenol–pyridine hydrogen bonding is 

relatively weak and it can be reversibly broken by external triggers, which allows one to tune the 

structure and functionality of the material system through the self-assembly process (51). The H-

bonded side-chains can also be extracted from the material system by extracting them with a 

suitable solvent. This can be exploited to prepare porous structures or polymeric nano-objects 

whose pore size and thickness can be readily adjusted by varying the block lengths (52, 53). 

 

Figure 3. Schematic representation of a supramolecular side-chain liquid crystalline polymer with 

the mesogenic side groups linked to the polymer backbone through non-covalent interactions. 

There are also publications of LCPs with other structures, like covalent (54) and supramolecular 

main-chain liquid crystalline polymers (55). However, we limit our discussion to SCLCPs and S-

SCLCPs because this thesis deals with systems with mesogens as pendent groups.  

1.3. Mechanically Induced Orientation and Effect of Thermal Annealing 

As mentioned above, the orientational control of liquid crystals is key to their properties and 

applications. This is no exception with SCLCPs. Much effort has been made to study the behavior 

and mechanisms of orientation during the past decades. For instance, our group (56, 57) showed 
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that, by forming droplets of liquid crystals in a polymer matrix (the so-called polymer-dispersed 

liquid crystals), macroscopic orientation of LC molecules can be obtained when the polymer/LC 

mixture is subjected to mechanical stretching (Figure 4). It was found that macroscopic orientation 

of the LC molecules takes place when the matrix is stretched at temperature, T, both where T > Tni 

and where Tni > T > Tg. In the former case, much higher orientation can be induced (Figure 5). 

These observations could be interpreted in terms of interfacial effects. 

 

Figure 4. Optical photomicrographs of films of polymer dispersed liquid crystals of 4’-octyl-4-

biphenyl-carbonitrile (8CB) in poly(acry1ic acid) (PAA) with a molar ratio = 0.7/0.3, measured at 

room temperature under mechanical stress at different draw ratios, λ (λ = L/L0 with L and L0 being 

the film length before and after stretching, respectively) (56). 
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Figure 5. Liquid crystal orientation (order parameter) of films of polymer dispersed liquid crystals 

of BL 006 in poly(acry1ic acid) PAA70/30 with a molar ratio λ = 0.7/0.3, measured at room 

temperature vs. draw ratio stretched at 110 oC (BL006 in the nematic phase) and 140 oC (BL006 

in the isotropic phase) (57). 

With regard to covalent SCLCPs, it was found that stretching the polymer in LC phases is required 

to achieve a uniform orientation of the mesogenic groups, whereas stretching in the isotropic phase 

usually results in no orientation (58, 59). It was also found that the orientation can be enhanced by 

further thermal treatment. Since it is relevant to this thesis, it is pertinent here to mention that, due 

to the lack of chain entanglements in SCLCPs (their average molar weight between entanglements 

Me can be several hundreds of thousands) (31), their mechanical strength is weak making it 

difficult to fabricate stretchable films. To overcome this difficulty, our group demonstrated the 

approach of stretching a supporting polymer film (60), on which a thin SCLCP film is cast. This 
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method makes SCLCPs and makes them stretchable over a wide temperature range. However, the 

introduction of a supporting film may complicate the analysis of the results, due to the possible 

effects of the supporting polymer surface and the interaction between the supporting film and the 

SCLCP. Regarding the stretching induced orientation of SCLCPs, one important feature is that the 

orientation of the mesogenic groups can be either parallel or perpendicular to the stretching 

direction depending on the LC phase (nematic or smectic) in which the SCLCP is stretched (58) 

(Figure 6).  

       

 

Figure 6. (a) Chemical structure of the SCLCP used to investigate and (b) the orientation parameter, 

P2 of the mesogen (●) and chain backbone (△) vs. stretching temperature (draw ratio = 3). The 

temperature ranges of the different mesophases are indicated (S: smectic; N: nematic) (58). 
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As for S-SCLCPs, though a large number of works have been dedicated to their synthesis and 

characterization, little attention has been paid to their mechanically induced orientation behavior. 

This motivated us to study the orientation phenomena in S-SCLCPs subjected to mechanical 

stretching. This work is reported in Chapter 2. 

2. Azobenzene: Photocontrol through Photoisomerization 

Azobenzene and its derivatives are fascinating molecules that display reversible 

photoisomerization. It is an aromatic molecule composed of two phenyl rings bridged by an azo 

(–N=N–) linkage. The conjugation of azobenzene gives rise to strong absorption in the ultraviolet 

and/or visible wavelengths. Although the spectral and photophysical properties of azobenzene are 

dependent on its substitution pattern, a common feature to most azobenzene derivatives is the 

efficient and reversible photoisomerization between the thermally stable trans isomer and a 

metastable cis state upon absorption of a photon. The isomerization reaction results in large 

structural changes in the azobenzene conformation and significantly affects its spectroscopic and 

physical properties. This reversible, clean and robust photoisomerization reaction is the key 

property exploited for the many interesting optical and photomechanical effects in azobenzene-

containing polymers (23-28). 

2.1. Generalities 

Azobenzene has been well known for a long time and still reveals surprising new phenomena. At 

the very beginning, the azobenzene molecule was regarded as a simple dye, a photochrome, and a 

molecule that absorbs light. More recently, azobenzene has been shown to possess a completely 

different characteristic, namely that it can be moved by light as will be shown below. This is 

attributed to its most prominent feature, the ability to photoisomerize. Light within the absorption 
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band of the trans-form can induce the trans–cis isomerization while the reverse isomerization can 

be either induced by light at a different wavelength (according to the absorption band of the cis 

form) or activated by thermal energy (Figure 7a) (61). Upon excitation, the azobenzene molecules 

generally exhibit a stong intensity π→π ⃰ in the UV (~ 360 nm) and a much lower intensity n→π ⃰ 

band in the visible region (~ 460 nm). Although the n→π ⃰ is symmetry-forbidden for tran isomers 

(C2h), vibrational coupling and some extent of nonplanarity make it observable (Figure 7b) (62). 

The trans isomer is more stable by ~ 50 kJ/mol. When reverse isomerized inducing by thermal 

energy, the rate of reconversion depends strongly on the substitution pattern of the azobenzene: 

typical lifetimes of the cis isomer for azobenzenes, aminoazobenzenes, and pseudostilbenes are on 

the order of hours, minutes, and seconds, respectively, due to their different molecular structures 

and energy levels (62). Photoisomerization results in significant changes in the absorption 

spectrum of the azobenzene compounds, as illustrated in Figure 7c. The photochromic nature 

inherent to all azobenzene compounds provides a pathway to conveniently monitor the 

isomerization kinetics and steady-state composition through absorption spectroscopy.  

Azobenzene molecules in the stable trans form are rod-like and exhibit LC behavior, which makes 

them a prominent candidate as mesogens for the synthesis of photo-responsive LC materials. As 

mentioned above, one of the interesting properties of azobenzene and its derivatives is its fast and 

reversible photoisomerization, which takes place upon irradiation with suitable wavelengths of 

light. Incorporating azobenzene into a polymer structure makes the polymer responsive to light 

through the photoisomerization. The fraction of trans- and cis-isomers of an azobenzene-

containing polymer depends on the quantum yields of the two isomerization processes as well as 

on the thermal relaxation rate, being highly sensitive to the local environment and the irradiation 

conditions. The photostationary state is strongly wavelength dependent. For instance, for the 

unsubstituted azobenzene the fraction of cis-isomers is 91% and 12% when irradiated with 365 
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nm and 405 nm, respectively (63). Once the irradiation ceases, the metastable cis form tends to 

thermally relax back to the stable trans form with a time constant determined by the chemical 

structure and local environment of the molecule. This can be considered undesirable for 

applications requiring stable photoswitchable two-state systems, and considerable work has been 

directed towards prolonging the thermal stability of the cis isomer (64,65).  

      

 

Figure 7. (a) Trans–cis isomerization of azobenzene. (b) Simplified energy profile for the 

switching process of azobenzene. (c) Absorption spectra of the trans-rich and cis-rich 

photostationary states of 4-(4’-heptyloxyphenyl)azophenol (structure in the inset). The spectra are 

measured from a polymeric thin film before (trans-rich) and after irradiating (cis-rich) with a 

circularly polarized 375 nm diode laser (61).  
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This photoisomerization reaction of azobenzene molecules can take place not only in liquid states 

(23, 66), bus also in a macromolecular environment and in the solid state (67, 68). The non-

equilibrium nature of the polymeric environment in its glassy state increases the level of 

complexity of the material system, which affects both the composition of the photostationary state 

and the rate of thermal isomerization. Since azobenzene molecules are embedded in solid matrices, 

their photoisomerization is more or less affected by the properties of the surrounding matrices 

including polarity, free volume, molecular interactions, etc. Generally speaking, the fraction of the 

cis isomers in the photostationary state is typically lower in the glassy state of the polymer than in 

solution because the matrix surrounding the azobenzene molecule is relatively more rigid and 

makes it more difficult for photoisomerization to proceed (69,70).  

2.2. Photoinduced Orientation of Azobenzene-Containing SCLCPs 

Azobenzene chromophores can be oriented using polarized light (71-78) via an angular selection 

process, as described schematically in Figure 8 (79). Azobenzenes preferentially absorb linearly 

polarized light (light with a confinement of the electric field vector to a given plane along the 

direction of propagation) with the director parallel to their electronic transition dipole axis, which 

is the long axis of the azobenzene molecule. The probability of absorption varies as cos2ϕ, where 

ϕ is the angle between the light polarization and the transition moment of azobenzene. Thus, 

azobenzene molecules oriented along the polarization of the light will absorb, whereas those 

oriented perpendicularly to the light polarization will not. For a given initial angular distribution 

of the chromophore molecules, many will absorb, convert into the cis form and then revert to the 

trans form with a new random direction; those chromophores that fall perpendicular to the light 

polarization will no longer isomerize and reorient; hence, there is a net depletion of chromophores 

aligned along the light polarization, with a concomitant increase in the population of 

https://en.wikipedia.org/wiki/Electric_field
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perpendicularly aligned chromophores. This statistical reorientation is fast and gives rise to strong 

birefringence (anisotropy in refractive index) and dichroism (anisotropy in absorption spectrum). 

In LC materials, this photoinduced orientation process is especially efficient because of the LC 

cooperative motion of azobenzene mesogens (80).  

 

Figure 8. Illustration of the mechanism of photoinduced orientation of azobenzene molecules 

through a statistical angular selection process: (a) the molecules aligned along the polarization 

direction of the incident light will isomerize, and take on a new random orientation, while the 

molecules that lie perpendicular to the polarization of light cannot absorb light and remain fixed. 

(b) an initially isotropic distribution of chromophores will become progressively aligned under 

linearly polarized irradiation, while irradiation with circularly polarized light can restore the initial 

isotropic state (light with a polarization in which the electric field of the passing wave does not 

change strength but only changes direction in a rotary manner.) (79). 

https://en.wikipedia.org/wiki/Polarization_(waves)
https://en.wikipedia.org/wiki/Field_strength
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In practice, there are two ways to realize this photoinduced orientation in azobenzene-containing 

polymers (Figure 9). In one, the polymer is exposed to linearly polarized light at a wavelength that 

excites both trans and cis azobenzene and induces fast trans-cis isomerization cycles leading to the 

orientation. The second method consists in using unpolarized UV light to obtain first the cis-rich 

state, and then applying linearly polarized visible light to activate the cis-trans reverse 

isomerization and obtain the orientation (81). 

  

Figure 9. Schematic illustration of the two methods generally used to obtain photoinduced 

orientation of azobenzene in polymers: (a) linearly polarized visible light on trans azobenzene, and 

(b) linearly polarized visible light on the cis-rich state prepared by pre-irradiation with unpolarized 

UV light (81). 
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If azobenzene moieties are mixed with non-photoreactive groups in SCLCPs, the photoinduced 

orientation of azobenzene mesogens may also lead to orientation of the non-photoreactive 

neighbor molecules due to molecule-molecule interactions. Studies have revealed that the linearly 

polarized light-induced reorientation of azobenzene molecules in SCLCP films can be classified 

into three types, as sketched in Figure10 (74). In case A, the orientation is almost completely 

suppressed because of the very stable orientational order imposed by the matrix. In case B, the 

reorientation takes place solely for the azobenzene molecules without reorientation of the non-

photochromic side groups. In case C, the reorientation of the photochromic moieties causes a 

reorientation of the non-photochromic mesogenic groups even below the Tg to thereby exhibit a 

large optical anisotropy. Either dipolar interactions of the photoactive and non-photoactive groups 

or steric effects or a combination of both can explain the cooperative motion (75). 

 

Figure 10. Three types of molecular reorientation of photoreactive SCLCPs irradiated with linearly 

polarized light: (a) no photoreorientation, (b) selective photoreorientation of photoreactive 

mesogens; and (c) cooperative photoreorientation (74). 
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One good example of the orientational cooperative effect is the SCLCP block copolymers 

(azobenzene in one block, the second mesogen in the other block), in which a very small 

azobenzene content can lead to macroscopic orientation of the entire LC domains (82), since the 

photoalignment can be transferred from the azobenzene chromophores to the surrounding LC host. 

Recently, the orientational cooperative effect between two microphase-separated SCLCPs was 

also investigated, and it was found that the photoinduced orientation of azobenzene mesogens of 

6-[4-(4-methoxyphenylazo)phenoxy]hexyl methacrylate (PAzoMA) could propagate into the 

other microphase-segregated LC domains through the interface, which results in an orientation of 

the biphenyl mesogens of 6-[4-(4-cyanophenyl)phenoxy]hexyl methacrylate PBiPMA in the same 

direction (83). As shown in Figure 11, the photoinduced orientation of azobenzene mesogens on 

the PAzoMA block is indicated by the dichroism of the absorption at 360 nm, while the liquid 

crystalline cooperative effect-induced orientation of biphenyl mesogenic groups on the PBiPMA 

block is revealed by the dichroism of the absorption band around 296 nm. The photoinduced 

orientation of azobenzene mesogens in the thin film was achieved by first using unpolarized UV 

light to convert trans-azobenzene onto the cis isomer and then applying linearly polarized visible 

light to induce the cis-trans backisomerization and the concurrent orientation of azobenzene 

mesogens in the direction perpendicular to the polarization of the visible light. Indeed, the 

absorption peak of trans azobenzene at 360 nm displays a perpendicular dichroism (stronger 

absorption of the mesogens in the direction perperdicular to the polarization of the visible light, 

compared to that in the direction parallel to the visible light) indicating the photoinduced 

orientation of azobenzene mesogens in the expected direction. Meanwhile, the absorption peak of 

biphenyl groups at ∼296 nm also shows a clear but smaller dichroism in the same direction. This 

result definitely shows that despite the microphaseseparated lamellar morphology, the 

photoinduced orientation of azobenzene mesogens in one domain can bring biphenyl mesogens 

located in their own domain to orient in the same direction. 
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Figure 11. UV-visble spectra of a film of a diblock copolymer composed of two SCLCPs, 

PAzoMA-b-PBiPMA before and after nonpolarized UV irradiation (85 mW/cm2, 10 min) as well 

as the polarized spectra recorded after subsequent linearly polarized visible light irradiation (5 

mW/cm2, 15 min). ⊥ : absorption of the mesogens in the direction perperdicular to the 

polarization of the visible light; ∥: absorption of the mesogens in the direction parallel to the 

polarization of the visible light (83). 

2.3. Photomechanical Properties of Azobenzene-Containing SCLCPs 

The photomechanical behavior discovered about a decade ago with azobenzene SCLCPs (23-28) 

have generated much interest due to the possibility of selectively altering the shape of polymer 

films by light. In practice, the photomechanical behavior of SCLCPs can be divided into two 

categories, one is polydomain LCPs where the directors of the mesogenic molecules of the 

different domains are randomized, the other is monodomain LCPs where the samples have a 
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chemically fixed macroscopic alignment of the director. The monodomain LCPs can be realized 

using different methods, including 1) using a rubbed surface to align monomers followed by 

crosslinking, 2) mechanical stretching of a weakly crosslinked network, which unfolds the chains, 

followed by another crosslinking step (under load) for fixation in a LC state (20), and 3) 

performing a polymerization reaction between alignment layers that provides an anchoring effect 

on the LC molecules (1). For instance, Keller et al. (22) synthesized monodomains of nematic 

azobenzene side-on elastomers by photopolymerization with a near-infrared photoinitiator. The 

photopolymerization was performed on aligned nematic azobenzene monomers in conventional 

LC cells. As shown in Figure 12, thin films of these LC elastomers show fast (< 1 minute) 

photochemical contraction of up to 18% upon irradiation with UV light and a slow thermal back 

reaction in the dark.  

 

Figure 12. Photographs of photodeformation of azobenzene LC elastomers (a) before and (b) 

during irradiation with UV light. (c) Chemical structures of the LC monomers used for the 

synthesis of the LC elastomer (22). 
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Subsequently, Ikeda et al. (26) discovered versatile bending behavior in monodomain SCLCP films 

with different orientational states of azobenzene mesogens. The orientation of the azobenzene 

mesogens was obtained with the aid of a glass cell whose surfaces had been treated for inducing 

homogeneous or homeotropic alignment, as shown in Figure 13. When the homogeneous film was 

exposed to UV light at 366 nm, the film bent toward the actinic light beam used for irradiations as 

a result of the trans-cis isomerization. By contrast, when the film with homeotropic orientation of 

azobenzene mesogens was exposed to the UV light, it bent away from the actinic light source 

(Figure 13). For both the homogeneous and homeotropic films, they underwent unbending and 

reverted back to the initial flat states when irradiated with visible light at > 540 nm, driven by the 

cis-trans back isomerization.  

 

Figure 13. Schematic illustration of the photoinduced bending phenomenon of azobenzene SCLCP 
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films with a) homogeneous and b) homeotropic orientation of azobenzene mesogens (26). 

Moreover, by synthesizing polydomain azobenzene based LCPs and using selective absorption of 

linearly polarized UV light, it was demonstrated (Figure 14) that one could selectively alter the 

bending direction of the film by changing the polarization direction of the incident light. The film 

always bends perpendicularly to the polarization direction of the irradiation (27). 

 

Figure 14. (a) Chemical structure of monomer and crosslinker used in the synthesis of SCLCP 

films. (b) Precise control of the bending direction of a film by linearly polarized light. Photographic 

frames of film bending in different directions in response to irradiation by linearly polarized light 
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of different angles of polarization (white arrows) at 366 nm, and being flattened again by visible 

light longer than 540 nm (27). 

Furthermore, Muhoray et al. (34) demonstrated that, by dissolving azobenzene dyes into an LCP 

system, the mechanical deformation could be greatly enhanced (more than 60° bending) on non-

uniform illumination (different light absorption efficiency along the director of the film) with 

visible light. When this dye-doped sample was placed over a water surface and irradiated, the LCP 

swims away from light, resembling the action resembles that of flatfish (Figure 15). It was shown 

that by dissolving rather than covalently bonding azobenzene dyes into an LCP sample, the 

mechanical deformation in response to non-uniform illumination by visible light is more than two 

orders of magnitude faster than previously reported. 

 

Figure 15. (a) Photo-mechanical response of an azobenzene dye-doped LCP film: (i) before 

irradiation and (ii) after illumination with 514 nm green laser where the sample bends about 45°. 

(b) The shape deformation of the dye-doped LCP sample on irradiation with 514 nm light. (c) 
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Schematic representation of the mechanism underlying the locomotion of the LCP sample. (d) 

Chemical structures of the molecules employed in the preparation of the dye-doped nematic LCP 

(34). 

3. Light-Triggered Shape Memory Polymers 

In the past decades, much attention has been paid to introducing the stimulus responsive 

technology into LC polymeric materials (84). The general idea is to convert the input energies of 

a variety of forms into mechanical quantities such as displacement, strain, velocity, and stress (85). 

Many actuators that respond to various external stimuli have already been developed using 

polymers as base materials, including polymer gels (86, 87), conducting polymers (88), carbon 

nanotubes (89, 90), and dielectric elastomers (91). Compared to these conventional systems, LCPs 

show a great advantage due to the capability of reversible and multi-stage shape recovery (92, 93).  

As to the selection of the external stimuli, light has been increasingly utilized as the external trigger 

due to a number of outstanding features: 1) remote activation, since light can travel a long distance, 

2) possible spatially controlled activation, since the size-tunable light beam can be delivered to 

selected areas, and 3) light-triggered processes that can be halted and resumed instantaneously by 

switching on/off the light.  
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3.1. Light-Triggered SMPs Based on Non Liquid Crystalline Polymers 

 

Figure 16. Light-controlled shape memory behavior: (A) the polymer containing cinnamic acid 

(CA) side groups, with both sides of the sample exposed to UV light for photo-crosslinking 

(fixation of a temporary shape) and photo-decrosslinking (permanent shape recovery), photos a, b 

and c are the initial, temporary and recovered shapes, respectively; (B) the interpenetrating 

polymer network containing cinnamylidene acetic acid (CAA) groups, with only one side of the 

samples exposed to UV light for temporary shape fixation, photos a, b and c are the initial, 

temporary and recovered shapes, respectively; and (C) the proposed molecular mechanism of light-

induced SMPs based on reversible photochemical reactions (94). 

The pioneering work in this area was done by Lendlein et al. (94). They used polymers 

functionalized with cinnamic groups to demonstrate the photoinduced shape-memory effect. They 

showed that polymers containing cinnamic groups can be deformed and fixed into predetermined 

shapes such as elongated films and tubes, arches or spirals by ultraviolet light illumination. These 
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temporary shapes are stable for long time periods, even when heated to 50 oC. The polymers can 

recover their original shapes at ambient temperature when exposed to ultraviolet light (UV) of a 

different wavelength. As illustrated in Figure 16, they used cinnamic acid (CA) and cinnamylidene 

acetic acid (CAA) as the photoswitching groups, which undergo a reversible photoinduced [2+2] 

cycloaddition reaction, and prepared two types of amorphous polymeric materials having Tg below 

20 oC. One is a crosslinked (meth)acrylate polymer containing a number of CA side groups, while 

the other one is CAA-terminated star-poly(ethylene glycol) interpenetrated into crosslinked 

poly(n-butyl acrylate). In both cases, after deformation of a sample at T > its phase transition 

temperature, Ttr, (25 oC or 35 oC), UV light at λ > 260 nm is applied for photoinduced crosslinking 

through dimerization of CA or CAA groups; this photo-crosslinked, second network can fix the 

deformation to some extent after removal of the external force without cooling of the polymer to 

T < Ttr, thus fixing a temporary shape. The permanent shape can be recovered (or largely recovered) 

at constant temperature by exposing the SMP to UV light at λ < 260 nm that de-crosslinks the 

second network and allows the strain energy to be released leading to the recovery of the permanent 

shape. 

By using a similar strategy, Wu and coworkers (95) designed and synthesized multiblock 

polyesterurethanes containing hard crystalline and soft amorphous segments and pendant 

cinnamamide moieties which function as photo-responsive molecular switches and provide the 

polymer with light-induced shape memory at room temperature on exposure to light stimuli via 

reversible [2+2] cycloaddition cross-linking (shown in Figure 17). 
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Figure 17. Light-induced [2+2] cycloaddition reaction (left) and shape memory effect (right) of 

photo-responsive multiblock polyesterurethane. (A) Original shape; (B) temporary shape obtained 

by deforming via an external force, irradiating with λ > 260 nm UV light to form temporary 

chemical crosslinks through a [2+2] cycloaddition reaction and then releasing the external force; 

and (C) final shape (recovered to original shape) after irradiation with λ < 260 nm UV light through 

cleavage of the light-induced crosslinks (95). 

3.2. Light-Triggered SMPs Based on Side-Chain Liquid Crystalline Elastomers 

In the context of SMPs, LCPs with rubbery networks, namely liquid crystal elastomers (LCEs), 

show characteristic two-way, reversible, shape memory (96-99), which is the reversible extension 

and contraction of the LCE when cooled and heated, respectively, through a first-order 

isotropization (nematic–isotropic or smectic–isotropic) transition under little or no applied static 

stress. However, nearly all shape adaptations in SMPs have been thermally triggered. And few 

reports are known about isothermal, light activated LCEs with shape memory features. Recently, 

White et al. (93) showed that one can use azobenzene-based LCPs to synthesize light activated 
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shape-memory LCE (Figure 18). Initially, the films (polydomain) were deformed at 100 °C (well 

above their Tg) and then quenched to room temperature to thermally fix a hook-like temporary 

shape. Subsequently, the films were exposed to linearly polarized 442 nm laser light, which causes 

the bending of the film. On removal of 442 nm light the film retains its bent shape. This photo-

fixed shape is due to light-directed rearrangement of the polymer chains in the glassy matrix 

(analogous to thermal fixing of glassy shape-memory polymers). Exposing the films to 442 nm 

circularly polarized light undoes the photo-fixing, restoring the mechanically deformed hook-like 

shape. The permanent shape of the LCE was achieved by heating the films above their Tg, which 

causes relaxation of the stretched polymer network chains to the thermodynamically more stable 

configuration. 
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Figure 18. (a) Chemical structure of the molecules used in synthesizing light-activated shape-

memory LCEs. (b) Light activated shape-memory of free standing LCE films: (i) permanent shape, 

(ii) initial temporary shape by mechanical deformation, (iii) photo-fixing of the temporary shape 

by exposing to 442 nm light, (iv) shape retention after turning off the light, (v) shape recovery by 

exposing the LCE films to right-handed circularly polarized light, and (vi) complete recovery of 

free standing film to permanent position. (c) Behavior of freestanding films without photo-fixing: 

(i) permanent shape, (ii) temporary shape by mechanical deformation, and (iii) without photo-

fixing the mechanically deformed shape restores to initial flat shape on removal of mechanical 

force (93). 
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4. Objectives of this Thesis 

The main objective of this thesis is to make contributions to our fundamental knowledge and 

understanding of azobenzene-containing SCLCPs, with both covalent and supramolecular systems. 

Our approach is to prepare stretchable films of SCLCPs with different constituents and structures, 

to study the effect of different stimuli on the relevant properties of SCLCPs, and, at the same time, 

explore their potential use as SMPs. The accomplished research work can be divided into two parts. 

In the first part, presented in Chapter 1, our studies are focused on covalently bonded SCLCPs. 

Specifically, we studied the orientation behavior of azobenzene mesogens in a homopolymer and 

a diblock copolymer subjected to different external stimuli such as mechanical stress, UV and 

visible light as well as thermal annealing. In order to achieve this, thin films of two SCLCPs 

(PAzMA and PAzMA-PBiPh) were first prepared by solution-casting on the surface of a 

stretchable, supporting polymer film. The mechanically and photoinduced orientation as well as 

the effect of thermal annealing on the orientation of azobenzene mesogens in those SCLCPs were 

investigated by the means of infrared dichroism. The results revealed different interactions or 

coupling effects for the orientation of azobenzene mesogens between the homopolymer and the 

diblock copolymer.  

The second part of this thesis, presented in Chapters 2 and 3, deals with supramolecular SCLCPs 

(S-SCLCPs). In Chapter 2, an S-SCLCP prepared by linking a mesogenic azobenzene moiety as a 

pendant group to poly(4-vinyl pyridine) (P4VP) via hydrogen bonding was studied. In contrast 

with covalent SCLCPs, solution-cast thin films of this S-SCLCP display excellent stretchability, 

without the need for a supporting film. Taking advantage of this finding, we used infrared 

dichroism to study the orientation of the side-group mesogens in stretched films, and used dynamic 

mechanical analysis (DMA) device to investigate the viscoelastic properties of the supramolecular 
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polymer. Our study revealed different orientational behavior for S-SCLCPs as compared to 

covalent systems. In particular, unlike SCLCPs, the stretching induced orientation of H-bonded 

mesogens is very weak even under high elongation of the S-SCLCP film in the smectic phase. The 

results suggest that the dynamic association/dissociation of the side-group mesogens with the chain 

backbone is what likely causes a decoupling effect that prevents high orientation of the mesogens.  

In Chapter 3, we present a study aiming to answer two questions about S-SCLCP-based SMPs. 

First, by investigating a S-SCLCP with mesogenic side groups linked to the chain backbone via 

H-bonds, we wanted to know whether or not the shape memory behavior characteristic of the 

covalent SCLCPs is affected by the dynamic nature of the side groups in the S-SCLCP counterparts. 

Second, by using azobenzene mesogens in the S-SCLCP, we wanted to know if the trans-cis 

photoisomerization has an impact on the shape memory effect. Our study demonstrates that 

azobenzene-based S-SCLCPs display shape memory properties similar to covalent SCLCPs and 

that the shape transition can be activated either by heating or by UV light exposure as a result of 

the photoisomerization of azobenzene. 

In Chapter 4, we conclude our studies and discuss a number of ideas that are worth pursuing as 

future work. 
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CHAPTER 1. ORIENTATION OF AZOBENZENE MESOGENS IN SIDE-CHAIN 

LIQUID CRYSTALLINE POLYMERS : INTERPLAY BETWEEN EFFECTS OF 

MECHANICAL STRETCHING, PHOTOISOMERIZATION AND THERMAL 

ANNEALING 

1.1. Introduction 

Side-chain liquid crystalline polymers (SCLCPs) bearing mesogenic pendent groups have 

generated much interest in the 1990’s, because they combine the molecular order in small-molecule 

liquid crystals with the ease of processing for polymers (31, 100). As such, it has long been 

believed possible to directly cast or mold a thin film of SCLCP and place it between two electrodes 

for electronic display applications. Over the years, after a considerable amount of research and 

development effort, unfortunately it became clear that SCLCPs could never compete with small-

molecule liquid crystals due to their inevitable higher viscosity resulting in longer switching time. 

However, in recent years, new possible and exciting applications of SCLCPs other than display 

have emerged. One example is SCLCPs with an azobenzene moiety as the mesogenic side group. 

As a result of the reversible trans-cis photoisomerization of the chromophore upon absorption of 

UV and visible light, the polymer film can undergo large and reversible photoinduced bending or 

unbending converting optical energy to mechanical work (23). The large amplitude of deformation 

would not be possible without the cooperative effect coordinating the motion of the mesogens in 

the polymer; and the deformation direction (towards or away from the light) can be controlled by 

configuring the orientation state of azobenzene mesogens in the film (26). Another telling example 

is SCLCP-based elastomers having a low, sub-ambient glass transition temperature Tg. By using 

an external field to first align all mesogenic side groups in one direction and then fixing this 

monodomain structure by polymer chain crosslinking, a free-standing elastomer film or sheet can 
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reversibly contract and extend along the orientation direction upon heating and cooling, 

respectively, across the clearing temperature, generally the nematic-isotropic phase transition (2, 

3). In this case, it is the uniform orientation of the mesogenic pendant groups that imposes an 

elongated conformation of the chain backbone in the nematic phase due to a coupling effect 

between the two constituents. On heating, when the polymer enters the isotropic phase, the chain 

backbone recovers the random coil conformation, which leads to the film contraction on the 

macroscopic scale. It should be pointed out that this phase transition-controlled deformation is still 

the only effective mechanism for reversible shape-memory polymers (SMPs: polymers capable of 

recovering one or more shapes under the effect of a stimulus). Thanks to these new developments, 

SCLCPs remain a fascinating type of functional polymers to study, discover and exploit for 

applications. As can be seen from the above emerging applications of SCLCPs, a good control of 

the orientation of mesogenic pendent groups is often a crucial requirement.  

SCLCPs bearing azobenzene mesogens as pendant groups have been extensively investigated due 

to their many interesting properties arising from the cooperative motion characteristic of liquid 

crystals, coupled with the trans-cis photoisomerization of the chromophore that is at the origin of 

photoinduced orientation, motion and phase transition (101-109). Over the past two decades or so, 

considerable research effort has been dedicated to exploring the applications of azobenzene 

SCLCPs, such as image storage materials (110-111), surface relief gratings (112-115), holographic 

recording (116-118), and photoinduced microphase separation (119-123). In many of those 

applications, obtaining the orientation of azobenzene mesogens at a macroscopic scale as well as 

its control is key to success. A prominent example is the photocontrolled actuator based on cross-

linked azobenzene SCLCPs (23, 26, 68, 124, 125), where either a homogeneous or homeotropic 

macroscopic orientation of azobenzene mesogens is obtained by using an alignment layer at the 

substrate surface (mechanically rubbed or coated with surfactants), and the trans-cis isomerization 
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of azobenzene molecules within a thin layer on the surface of the SCLCP film upon exposure to 

light results in bending of the film towards or away from the incident light beam, respectively (26). 

A very notable step in developing this type of photocontrolled actuator is the demonstration that 

by binding a cross-linked azobenzene SCLCP film to a low-density polyethylene (LDPE) film, the 

bilayer-structured composite film can undergo the same light-controlled deformations (27). 

Similar to low-molar-mass liquid crystals (LCs), macroscopic orientation of mesogens in SCLCPs 

can readily develop under the action of an external force resulting from an electric or magnetic 

field, rubbed surface or mechanical stretching. In the case of SCLCPs bearing azobenzene 

mesogens, an additional orientation induction method consists of using linearly polarized light 

(LPL) to induce orientation of azobenzene perpendicular to the polarization direction of the 

excitation LPL, and such photoinduced orientation has been the subject of numerous studies (26, 

27, 101-109, 126). By contrast, to our knowledge, mechanically induced orientation of 

azobenzene-containing SCLCPs has not been much studied. This is likely due to the difficulty of 

preparing stretchable polymer films, which is a common problem for SCLCPs due to the lack of 

polymer chain entanglements in this type of polymer (127). In the present study, by means of a 

supporting-film approach previously developed by our group (58, 60), we have been able to 

investigate the mechanically induced orientation of azobenzene mesogens and, more importantly, 

the complex interplay between mechanically and photoinduced orientation in azobenzene-

containing SCLCPs as well as the effect of thermal annealing. As the first of the kind, this study 

provides insight into the different orientation mechanisms in stretched azobenzene SCLCP films 

and is of fundamental interest for understanding the control of orientation in this kind of SCLCP. 
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1.2. Experimental Section 

1.2.1. SCLCP Samples 

Two azobenzene-containing SCLCP samples were synthesized using a literature method (83). 

Both are polymethacrylates. The first is a homopolymer having azobenzene mesogen as the side 

group, denoted as PAzMA (structure shown below). Its mesophases are well known. The polymer 

PAzMA25, on cooling from the isotropic state (I), first enters a nematic phase (N) at 131 oC, then 

a smectic-A phase (SA) at 91 oC, and finally reaches its glass state (G) around 60 oC. The second 

is a diblock SCLCP, denoted as PAzMA-PBiPh, and is composed of two SCLCPs bearing 

azobenzene and biphenyl mesogenic side groups, respectively (structure below). The sample, 

PAzMA34-PBiPh51, was characterized previously (83). The important feature to be mentioned first 

is that this diblock copolymer is microphase-separated in the solid state, displaying a lamellar 

morphology. Its mesophases are as follows. On cooling from the isotropic state, the PBiPh block 

enters a smectic phase at about 130 oC, followed by the nematic phase of the PAzMA block at a 

few degrees below but no observable smectic phase of PAzMA at lower temperatures; whereas 

the two blocks display a broad (superimposed) glass transition region around 60 oC. Despite the 

microphase separation, the mesophase behavior of the diblock copolymer are drastically different 

from the constitutitive homopolymers of PAzMA or PBiPh, being attributed to the extensive 

interfacial interactions of the two SCLCPs in their nanodomains. 
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Figure 1-1. The structure of a) both the homopolymer (PAzMA) and the diblock copolymer 

(PAzMA-PBiPh). b) The schematic illustration of the used stretching method. 
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1.2.2. Characterization 

1HNMR spectra were recorded on a Bruker Spectrometer (300 MHz, AC 300) using deuterated 

chloroform as the solvent. The number- and weight-average molecular weights (Mn and Mw) were 

measured by means of gel permeation chromatography (GPC) using polystyrene standards for the 

calibration and tetrahydrofuran as the eluent. The Mn and the polydispersity index (Mw/Mn) of the 

two samples are Mn = 10670 and Mw/Mn = 1.18 for PAzMA, and Mn = 25500 and Mw/Mn = 1.22 

for PAzMA-PBiPh. Transmission FT-IR spectra were recorded on a Nicolet Avatar 370 

spectrometer with an infrared polarizer. For the photoisomerization and the photoinduced 

orientation measurements, polymer films were exposed to UV or visible light using a spot curing 

system (Novacure 2100) combined with interference filters (10 nm bandwidth, Oriel). For the 

photoinduced orientation, the intensity of unpolarized UV light (365 nm) was about 50 mW/cm2 

and that of polarized visible light (450 nm) was 5 mW/cm2. 

1.2.3. Mechanical Stretching of SCLCP Films 

The supporting-film method was used to realize mechanical stretching of SCLCP films (58, 60). 

Typically, to prepare the sample for stretching, a solution of either PAzMA or PAzMA-PBiPh 

dissolved in chloroform (10 mg/mL) was first cast onto the surface of a supporting poly(vinyl 

alcohol) (PVA) film prepared previously by solution-casting (~ 100 μm), for which chloroform is 

a non-solvent. Then, chloroform was removed by keeping the film in a hood for 1 day followed 

by drying at 60 oC in a vacuum oven, resulting in a thin SCLCP film (thickness ~ 20 μm) bound 

to the film of PVA, as depicted in Figure 1-1 b. The choice of PVA as the supporting film for 

SCLCP is not only because it cannot be dissolved by the solvent used for the SCLCP, but also 

because it can easily be stretched over a wide temperature range, making it possible to deform the 
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SCLCP film with azobenzene mesogens in different phases. Since the two SCLCP samples have 

glass transition temperatures Tg well above room temperature, cooling their stretched films to room 

temperature can effectively freeze in polymer chains and thus retain the orientation state of 

mesogens in the stretched films. In the present study, a homemade stretching device was placed in 

an oven at a desired temperature and utilized to deform the bilayer film. Immediately following 

the stretching, the film was taken out of the oven for rapid cooling to ambient conditions before 

subsequent measurements. Typically, a stretching experiment was carried out according to the 

following sequences: heat the film sample to 140 oC, in the isotropic phase, for 5 min, to relax any 

stress stored inside the film, then bring it to the stretching temperature for 10 min, stretch it 

uniaxially at a rate of about 10 mm/min, and finally quench the deformed film at room temperature 

to preserve the possible macroscopic orientation of the mesogens. 

1.2.4. Orientation Measurements. 

For a given stretched film, polarized infrared spectra were taken by placing it between the polarizer 

and the detector to determine the order parameter, P2, which is a measure of the average orientation 

over all the molecular units probed by the infrared absorption bands (mesogens or main chain 

segments). With the measuring infrared beam polarized parallel and perpendicular, respectively, 

to a reference direction (e.g. stretching direction), P2 has values ranging from -0.5 to 1 for perfect 

orientation perpendicular and parallel to the reference direction, respectively. In the present study, 

unless otherwise stated, the film stretching direction (SD) was taken as the reference direction. 

From polarized infrared spectra, the average macroscopic orientation of azobenzene (or biphenyl) 

mesogenic side groups and that of the main-chain backbone (the c-axis) can be determined 

according to (145): 
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   (1) 

 

Figure 1-2. Schematic illustration of the typical experimental procedure for measuring the 

orientation of the molecules concerned (mesogens or main chain segments). 

where R0 = 2 cot2α, with α being the angle between the long axis of the mesogens (or the axis of 

chain backbone) and the transition moment associated with the infrared band used for the 

dichroism measurements (Figure. 1-2), and R is the dichroic ratio defined as A∥/A⊥,with A∥ and 

A⊥being the measured absorbance with the infrared beam polarized parallel and perpendicular, 

respectively, to the SD. 
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1.3. Results and Discussion 

1.3.1. Orientation Induced by Stretching in Different Mesophases 

By stretching the film samples at different temperatures covering all the phases of the SCLCPs, 

i.e., from above Tg to the isotropic state, the mechanically induced orientation of mesogenic side 

groups and that of chain backbone could be measured simultaneously. First, in the case of PAzMA, 

Figure 1-2 shows examples of polarized infrared spectra recorded after stretching the azobenzene-

containing SCLCP in both the smectic-A phase (85 oC) and the nematic phase (120 oC). The phenyl 

C-C band centered at 1600 cm-1 and the C=O band near 1730 cm-1 could be used to measure the 

order parameter of the mesogens and that of the main chain, respectively (145), while the 

supporting PVA film has no absorption bands in the vicinity of these bands. As seen from the 

spectra, for the film stretched at 85 oC (Figure 1-3a), the phenyl C-C band displays a strong 

perpendicular dichroism, meaning a negative value for the order parameter and thus indicating a 

macroscopic orientation of the azobenzene mesogens perpendicular to the strain direction. By 

contrast, for the film stretched at 120 oC (Figure 1-3b), the dichroism of this band is reversed, 

indicating a parallel orientation for the mesogens along the SD. The observed effect of the 

mesophase on the stretching induced orientation of mesogens is consistent with the literature 

results (58, 59). Regardless of the mesophase in which PAzMA was stretched, the orientation 

degree of the chain backbone appears to be very small and in the same direction as the azobenzene 

mesogens. 

Plotted in Figure 1-3c is the order parameter vs. stretching temperature for both azobenzene 

mesogens and chain backbone of PAzMA. The temperature regions for different phases of this 

SCLCP, as determined by DSC, are marked in the figure. The stretching experiment on films held 

at temperatures ranging from 60 to 140 oC was conducted. Overall, it is seen that when PAzMA is 



 

41 

 

stretched in the smectic-A phase, azobenzene mesogens are oriented perpendicularly to the SD, 

with the P2 value reaching about -0.25 at a stretching temperature of 90 oC. However, when 

PAzMA is stretched in the nematic phase, the mesogens reverse their orientation direction and are 

aligned parallel to the SD. The obtained P2 can reach almost 0.7 at a stretching temperature of 125 

oC, indicating an excellent alignment of the mesogens as a result of the stretching-induced 

polydomain-to-monodomain transition for the mesogens. Interestingly, the slight orientation of 

chain backbone seems to follow the same direction as the mesogens in the two mesophases, with 

a transition occurred near 90 oC. Finally, as expected, when PAzMA is stretched either in the glassy 

state (below 65oC) or in the isotropic phase (above 130 oC), the orientation of mesogens is basically 

absent.  
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Figure 1-3. Polarized infrared spectra of PAzMA stretched at a) 85oC in the smectic-A phase, and 

b) 120 oC in the nematic phase, showing the inversion of the infrared dichroism. For each film 

stretched to draw ratio of 3 (200% elongation), the spectra were recorded with the infrared beam 

polarized parallel (∥) and perpendicular (⊥) to the stretching direction. c) Order parameter P2 of 

mesogens (■) and chain backbone (◆) vs stretching temperature for PAzMA stretched to a draw 

ratio of 3. Temperature ranges of different phases are indicated. 
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In the case of PAzMA-PBiPh, the measurement of P2 for azobenzene mesogens is a more complex. 

Figure 1-4 shows polarized infrared spectra for this diblock copolymer stretched at 85 and 120 oC. 

The characteristic absorption band of C≡N on the biphenyl moiety at 2230 cm-1is well separated 

from other absorption bands and can be used to determine P2 of the biphenyl mesogens (0o angle 

between the transition moment and the long axis of biphenyl). However, the phenyl band at around 

1600 cm-1 is overlapped absorption by both azobenzene in PAzMA and biphenyl in PBiPh. Before 

explaining how P2 of azobenzene can be derived from the two absorption bands, it can be noted 

that unlike PAzMA, only negative infrared dichroism is observed for PAzMA-PBiPh, indicating 

perpendicular orientation of the two types of mesogens with respect to the strain direction at the 

two stretching temperatures. In other words, both azobenzene and biphenyl mesogens only develop 

perpendicular orientation over the entire temperature range corresponding to the smectic phase of 

PBiPh and nematic phase of PAzMA. Upon inspection of the carbonyl band near 1730 cm-1, to 

which both blocks also contribute, the negligible dichroism indicates essentially the absence of 

mechanically induced orientation of the chain backbone.  

To retrieve the order parameter for azobenzene mesogens from the polarized spectra, considering 

that the measured absorbance of the 1600 cm-1 band, A, is the sum of the absorption of azobenzene 

units, A’, and that of biphenyl units, A’’, the infrared dichroic ratio for azobenzene and biphenyl 

mesogens can be defined as r’ and r’’, respectively:  

  r′ = A∥
′ /A⊥

′ ,  r′′ = A∥
′′/A⊥

′′           (2) 

From the polarized infrared spectra, the measured dichroic ratio R of the 1600 cm-1 band is 

contributed by both mesogens: 

  R = (A∥
′ + A∥

′′)/(A⊥
′ + A⊥

′′)          (3) 
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while r’’ is related to P2 of the biphenyl mesogens through: 

  P2,biphenyl = (r′′ − 1)/(r′′ + 2)         (4) 

 

 

Figure 1-4. Polarized infrared spectra of PAzMA-PBiPh stretched at a) 85 oC and b) 120 oC, 

showing negative dichroism at the two stretching temperatures for both types of mesogens. For 

each film stretched to a draw ratio of 3 (200% elongation), the spectra were recorded with the 

infrared beam polarized parallel (∥) and perpendicular (⊥) to the stretching direction. c) Order 

parameter P2 of azobenzene (■) and biphenyl mesogens (◆) vs. stretching temperature for 

PAzMA-PBiPh stretched to a draw ratio of 3. Temperature ranges of different phases are indicated. 

Data indicating a slight perpendicular orientation of chain backbone are not shown for the sake of 

clarity. 
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Since P2,biphenyl can be measured from the 2230 cm-1 band, r’’ can be determined. Then, by assuming 

the same molar extinction coefficient of the phenyl band for absorption of azobenzene and 

biphenyl moieties and taking into consideration the diblock copolymer composition (34 

azobenzene units and 51 biphenyl units), it follows that: 

  (A∥
′ + 2A⊥

′ ) =
34

51
(A∥

′′ + 2A⊥
′′)          (5) 

Combining eqs. 2-5, the dichroic ratio of the azobenzene mesogens can be calculated according to: 

  r′ = (102r′′ − 170R − 34r′′R)/(51R − 85r′′ − 68)      (6) 

For each stretched film of PAzMA-PBiPh, knowing R and r’’, r’ could be calculated from eq. 6 

leading to P2 of the azobenzene mesogens in stretched PAzMA-PBiPh. 

The results of the simultaneous measurement of P2 for both azobenzene and biphenyl mesogens in 

the diblock copolymer PAzMA-PBiPh stretched in a wide temperature range are presented in 

Figure 1-4. In contrast with PAzMA, which exhibits a switch of orientation direction of azobenzene 

mesogens from perpendicular to parallel orientation as a result of the smectic—nematic phase 

transition upon increasing the stretching temperature, only perpendicular orientation for both types 

of mesogens was observed in PAzMA-PBiPh stretched in the LC phase. Moreover, their 

orientation degree is similar within experimental uncertainty.  Considering the fact that 

perpendicular orientation of mesogens in SCLCPs is a signature of mechanically deformed smectic 

phases, the results suggest two possibilities. The first is that the higher-temperature nematic phase 

of the PAzMA block is suppressed in PAzMA-PBiPh under the effect of confinement and/or 

extensive interfacial interaction with the biphenyl mesogens. That is, the two types of mesogens 

form only a smectic phase. The second possibility is that the nematic phase of azobenzene still 
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exists, but the mechanically induced perpendicular orientation of the majority biphenyl mesogens 

imposes the same orientation direction through an orientational cooperative effect, similar to the 

photoinduced orientational cooperation between the azobenzene and biphenyl mesogens in 

microphase–separated morphology (58). 

1.3.2. Effect of Photoisomerization Occurring in Glassy State of PAzMA 

In order to investigate the interplay between mechanically induced orientation of azobenzene 

mesogens and photoisomerization of the chromophore as well as thermal annealing, the PAzMA 

film was first stretched to obtain orientation of the azobenzene, then the film, cooled to room 

temperature, was subjected to UV or visible light irradiation for photoisomerization of azobenzene, 

and subsequently to thermal annealing. The change in orientation of azobenzene upon irradiation 

and thermal annealing was monitored by using the infrared dichroism. Two stretching temperatures, 

85 oC and 120 oC, were chosen to deform PAzMA in the smectic-A and nematic phase, respectively, 

to induce the corresponding perpendicular and parallel orientation. 

On the one hand, Figure 1-5 presents the results obtained with PAzMA stretched at 85 oC, plotting 

the order parameter of azobenzene mesogens after a number of events. Two separate films were 

utilized for two sets of conditions. For event 1, both samples were stretched at 85 oC to a draw 

ratio of 3 giving rise to a similar P2 of ~ -0.2. At event 2, the two stretched films were irradiated 

by unpolarized UV light at room temperature converting azobenzene in the trans form to the cis 

isomer and thus resulting in randomization of azobenzene mesogens with P2 falling to near 0. At 

event 3, linearly polarized visible light, with the polarization direction (PD) either parallel or 

normal to the film SD was applied to induce the cis-trans back-isomerization, while linearly 

polarized visible light was expected to induce orientation of azobenzene moieties perpendicularly 
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to the PD. As seen from the data, under the visible light irradiation at room temperature, well below 

Tg of PAzMA, although the trans form of azobenzene was recovered (noticeable from UV-vis 

absorption spectra, not shown), no photoinduced orientation was visible, P2 being still near 0. This 

observation suggests that the low mobility of azobenzene mesogens in the glassy state hinders their 

photoinduced orientation. In the last three events 4 to 6, both films were subsequently heated to 85 

oC, into the smectic phase, and annealed for 5, 10 and 15 min, respectively. In all cases, the thermal 

annealing in the smectic phase resulted in no recovery of the initial perpendicular orientation 

induced by stretching. Instead, a low degree of parallel orientation of azobenzene mesogens 

developed in the film subjected to visible light irradiation polarized normal to SD at event 3. This 

parallel orientation is even smaller for the film exposed to visible light with PD parallel to SD. 

This result shows that the state of polarization of the visible light irradiation for the cis-trans back 

isomerization (event 3) affects the degree of the parallel orientation induced by thermal annealing 

in the smectic phase. Although not noticeable after event 3, there seems to be some photoinduced 

orientation of azobenzene mesogens, which, during the subsequent thermal annealing, either helps 

the parallel orientation (PD normal to SD) or hinders this macroscopic orientation (PD along the 

SD). 
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Figure 1-5. Order parameter of azobenzene mesogens in PAzMA after a series of successive events 

(treatments): (1) after stretching at 85 oC (draw ratio: 3) followed by cooling to room temperature; 

(2) after unpolarized UV irradiation (~ 50 mW/cm2, 2 min) at room temperature; (3) after polarized 

visible light irradiation (~ 5 mW/cm2, 5 min) at room temperature; and (4)-(6) after thermal 

annealing at 85 oC for 5, 10 and 15 min, respectively. The visible light polarization was either 

parallel or perpendicular to the stretching direction.  

Figure 1-6 shows the results obtained with PAzMA stretched at 120 oC, in the nematic phase, under 

otherwise exactly the same conditions (events) as for PAzMA stretched at 85 oC. As expected, the 

initial stretching-induced orientation of azobenzene mesogens in the two tested films is parallel to 

SD, with P2 ~ 0.65. Another noticeable difference is that after unpolarized UV irradiation (event 

2), although the orientation of mesogens was randomized, a slight parallel orientation remained in 

the films (P2 around 0.05). Similarly, after polarized visible light irradiation at room temperature, 

with either the PD parallel or perpendicular to the SD, (event 3), no sign of photoinduced 

orientation of azobenzene could be found. By contrast, during subsequent thermal annealing in the 

smectic phase, events 4 to 6, the same degree of parallel orientation developed in both samples, 
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which appears higher than that in the PAzMA film stretched at 85 oC (Figure 1-5). These results 

imply that the initial macroscopic orientation state of mesogens induced by stretching in different 

mesophases influences to some extent the orientational recovery by subsequent annealing in the 

smectic phase. For the sample stretched in the nematic phase, the initial parallel orientation seems 

to have a slight memory effect that bring the mesogens to align along the SD upon annealing in 

the smectic phase regardless of the possible organization or ordering state of the chromophore after 

polarized visible light irradiation at room temperature.  

 

Figure 1-6. Order parameter of azobenzene mesogens in PAzMA after a series of subsequent events: 

(1) after stretching at 120oC (draw ratio: 3) followed by cooling to room temperature; (2) after 

unpolarized UV irradiation (~ 50 mW/cm2, 2 min) at room temperature; (3) after polarized visible 

light irradiation (~ 5 mW/cm2, 5 min) at room temperature; and (4)-(6) after thermal annealing at 

85 oC for 5, 10 and 15 min, respectively. 
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In the above experiments, the thermal annealing was conducted only in the smectic phase at 85 oC. 

Despite the different initial stretching induced orientation of azobenzene mesogens, in the end, the 

recovered orientation is low and develops along the SD. To further investigate the effect of the 

mesophase in which the film was annealed, basically the same experiments as described in Figures 

1-5 and 1-6 were first repeated until event 3 using separate films, which were then annealed in the 

smectic, nematic and isotropic phases (20 min at a given temperature). The results in Figure 1-7 

show that for the films stretched at both 85 and 120 oC, yielding perpendicular and parallel 

orientation respectively, similar orientational recovery under strain were obtained. While the 

smectic phase annealing gave rise to only a low degree of parallel orientation, after annealing in 

the nematic phase, the parallel orientation became much more prominent with P2 ~ 0.6. The results 

suggest that when annealed in the nematic phase, which has a greater fluidity than the smectic 

phase, the initial mechanically induced orientation state of the mesogens (parallel or perpendicular 

to SD) exerts no influence, and that parallel orientation could readily develop in the film under 

strain. In both cases, when further annealed in the isotropic phase, the orientation was essentially 

erased.  
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Figure 1-7. Order parameter of azobenzene mesogens in PAzMA after a series of subsequent events: 

(1) after stretching at a) 85 oC or b) 120oC (draw ratio: 3) followed by cooling to room temperature; 

(2) after unpolarized UV irradiation (~ 50 mW/cm2, 2 min) at room temperature; (3) after polarized 

visible light irradiation (~ 5 mW/cm2, 5 min) at room temperature; and (4)-(6) after thermal 

annealing at 85 oC, 120 oC and 160 oC, respectively, for 20 min.  

1.3.3. Effect of Photoisomerization Occurring in Smectic Phase of PAzMA 

The above results reveal that after erasure of the stretching induced orientation of azobenzene 

mesogens in PAzMA by unpolarized UV light, it is difficult to reorient them by linearly polarized 

visible light in the glassy state due to low molecular and polymer chain mobility. We then carried 

out experiments to see what happens if linearly polarized visible light irradiation was applied to 

PAzMA in the smectic phase with the sample under irradiation quickly heated to 80 oC. Again, the 

initial orientation was obtained by stretching PAzMA films at either 85 or 120 oC to align 

azobenzene mesogens perpendicular or parallel to the strain direction, before attempting the 
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photoinduced orientation with the sequence of unpolarized UV and linearly polarized visible light 

irradiations. As shown in Figures 1-8 and 1-9, completely different behavior on photoinduced 

orientation of azobenzene mesogens were observed. 

 

Figure 1-8. Order parameter of azobenzene mesogens in PAzMA after a series of successive events: 

(1) after stretching at 85 oC (draw ratio: 3) followed by cooling to room temperature; (2) after 

unpolarized UV irradiation (~ 50 mW/cm2, 2 min) at room temperature; (3)-(7) after heating to 80 

oC under irradiation of linearly polarized visible light for 100, 200, 300, 400 and 500 seconds, 

respectively; and (8)-(9) after further annealing at 85 oC for 5 and 10 min, respectively. The visible 

light was polarized either perpendicular or parallel to the stretching direction. 

Figure 1-8 shows the results obtained with PAzMA stretched at 85 oC. The initial stretching-

induced orientation of the mesogens, event 1, was randomized by the unpolarized UV irradiation 

at room temperature that followed, event 2. During event 3 to event 7, when linearly polarized 

visible light was applied on the samples heated to 80 oC for different times, a clear photoinduced 

orientation appeared in the films, in the direction either parallel or perpendicular to the SD 

depending on the PD of the visible light. While the parallel orientation was noticed after about 200 
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seconds of irradiation (event 4), the perpendicular orientation seems to develop more slowly and 

became prominent after 300 seconds (event 5). Further annealing in the smectic phase at 85 oC, in 

the absence of irradiation, apparently had no effect on the photoinduced orientation of azobenzene 

mesogens. As seen in Figure 1-9, very similar results were obtained for PAzMA stretched at 120 

oC yielding an initial parallel stretching-induced orientation. 

 

Figure 1-9. Order parameter of azobenzene mesogens in PAzMA after a series of successive events: 

(1) after stretching at 120oC (draw ratio: 3) followed by cooling to room temperature; (2) after 

unpolarized UV irradiation (~ 50 mW/cm2, 2 min) at room temperature; (3)-(7) after heating to 80 

oC under irradiation of linearly polarized visible light for 100, 200, 300, 400, and 500 seconds, 

respectively; and (8)-(9) after further annealing at 85 oC for 5, and 10 min, respectively. The visible 

light was polarized either perpendicular or parallel to the stretching direction. 

Likewise, the effect of the thermal annealing temperature on the photoinduced orientation of 

azobenzene mesogens in the stretched films under strain was investigated, and the results are 

shown in Figure 1-10. For both parallel and perpendicular stretching induced orientation (event 1), 

and for either parallel and perpendicular photoinduced reorientation (event 3), further annealing in 
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the smectic phase at 80 oC (event 4) has little effect on the orientation. By contrast, when annealed 

in the nematic phase at 120 oC, for the photoinduced orientation parallel to the SD, the mesophase 

transition resulted in an increase in the orientation degree; while for the perpendicular 

photoinduced orientation, a transition of the orientation direction from perpendicular to parallel 

occurred (event 5). The initial stretching induced orientation direction appears to affect the extent 

of the orientation transition. This parallel orientation upon annealing in the nematic phase in the 

film stretched at 85 oC is smaller than that in the film stretched at 120 oC. In all cases, annealing 

in the isotropic state at 160 oC resulted in randomization of the mesogens (event 6).  

  

Figure 1-10. Order parameter of azobenzene mesogens in PAzMA after a series of subsequent 

events: (1) after stretching at a) 85 oC or b) 120 oC (draw ratio: 3) followed by cooling to room 

temperature; (2) after unpolarized UV irradiation (~ 50 mW/cm2, 2min) at room temperature; (3) 

after polarized visible light irradiation (~ 5 mW/cm2) at 80 oC, for 5 min; and (4)-(6) after annealing 

at 85 oC, 120 oC and 160 oC, respectively, for 20 min. The visible light was polarized either 

perpendicular or parallel to the stretching direction. 

The above results show that regardless of the initial stretching induced orientation, either parallel 
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or perpendicular, a reorientation of azobenzene mesogens can readily be obtained under polarized 

visible light irradiation in the smectic phase, whose direction with respect to the SD is determined 

by the PD of the visible light. It appears that when the photoisomerization occurs in the LC phase, 

i.e., above Tg of PAzMA, the enhanced chain mobility as well as the ordering of the azobenzene 

mesogens allows the photoinduced orientation to take place. However, in all cases, thermal 

annealing of the stretched film in the nematic phase brings azobenzene mesogens to orient parallel 

to the strain direction. 

1,3.4. Effect of Photoisomerization of PAzMA-PBiPh 

We then investigated the effect of photoisomerization and photoinduced reorientation of 

azobenzene mesogens on the stretching-induced orientation in the diblock copolymer PAzMA-

PBiPh. As compared to the homopolymer PAzMA, the extensive interfacial interactions between 

the two types of mesogens (azobenzene and biphenyl) in the microphase-separated morphology of 

the diblock copolymer give rise to different behavior as described below.  

Since stretching only results in orientation perpendicular to SD for the entire stretching 

temperature range between Tg and Tlc-iso (liquid crystalline to isotropic phase transition), one 

stretching temperature, 90oC, was chosen to generate the initial orientation of both azobenzene and 

biphenyl mesogens in the stretched films. Similar sequences of UV and visible light irradiation 

were applied to affect the stretching induced orientation, which was monitored by measuring the 

order parameters of the two types of mesogens. Figure 1-11 summarizes the results obtained with 

three sets of experiments using visible light irradiation at room temperature in the glassy state. As 

can be seen, mechanical stretching induced orientation of both azobenzene and biphenyl mesogens 

in the same direction, perpendicular to SD (event 1). Unpolarized UV light randomized the 
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azobenzene moieties efficiently, indicated by the near zero P2, as a result of the tarns-cis 

isomerization. Interestingly, this UV light induced erasure of azobenzene orientation also reduced 

the orientation degree of the biphenyl mesogens to some extent (about half), which could be 

attributed to an orientational cooperative effect between the azobenzene and biphenyl mesogens 

(event 2) (146). At event 3, visible light was applied for the cis-trans back-isomerization and 

eventually photoinduced reorientation of the azobenzene mesogens. Quite surprisingly, with the 

visible light being either unpolarized (Figure 1-11a), or parallely polarized (Figure 1-11b) or 

perpendicularly polarized (Figure 1-11c), a similar perpendicular orientation of azobenzene 

mesogens was recovered with P2 around -0.13. This behavior clearly contrasts with the absence of 

any recovered orientation of azobenzene mesogens in the homopolymer PAzMA after visible light 

irradiation at room temperature (Figs. 5-7). This result suggests an orientational memory effect for 

azobenzene mesogens in the diblock copolymer even with the cycle of trans-cis and cis-trans 

isomerization occurring in the glassy state. Such an orientation memory might be caused by either 

the oriented biphenyl mesogens through a cooperative effect or the confinement of azobenzene 

mesogens in nanodomains or a combination of both effects. In all cases, further annealing at 90 

oC, in the LC phase, brought the two types of mesogens back (or almost) to their initial orientation 

state withP2 ~ -0.3 (event 4).This thermally enhanced orientation of the mesogens also differs from 

the homopolymer PAzMA for which, as seen above, thermal annealing always brings the 

azobenzene mesogens to orient along the film stretching direction. Finally, it is no surprise to see 

that annealing at 160 oC, in the isotropic phase, basically erased the orientation of both azobenzene 

and biphenyl mesogens (event 5). 
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Figure 1-11. Order parameter for both azobenzene (■) and biphenyl (◆) mesogens in PAzMA-

PBiPh after a series of subsequent events: (1) after stretching at 90 oC (draw ratio: 3) followed by 

cooling to room temperature; (2) after unpolarized UV irradiation (~ 50 mW/cm2, 2 min) at room 

temperature; (3) after visible light irradiation at room temperature: unpolarized (a), parallely 

polarized (b) and perpendicularly polarized (c) (~ 5 mW/cm2, 5 min); (4) after heating to and 

annealing at 90oC for 10 min; and (5) after annealing at 160 oC for 10 min. 
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Afterwards, the same experiments were carried out except that the visible light irradiation (event 

3) was performed with the samples of PAzMA-PBiPh heated above Tg in the LC phase, and the 

results obtained at two visible light irradiation temperatures, 50 and 60 oC, obtained with two 

separate samples, are presented in Figure 1-12. When the linearly polarized visible light was 

applied at 50 oC for different times (events 3 to 6, Figure 1-12a), the orientation of the biphenyl 

groups recovered quickly, while the orientation of azobenzene mesogens recovered relatively 

slowly, with P2 reaching an equilibrium value after about 300 seconds. When the linearly polarized 

visible light was applied at 60 oC (Figure 1-12b), the perpendicular orientation of azobenzene 

mesogens recovered as quickly as that of the biphenyl groups and reached a plateau at ~ 200 sec. 

In both cases, further annealing in the LC phase at 90 oC enhances only slightly the orientation 

(event 7), while annealing in the isotropic state at 160 oC erased the orientation (event 8). These 

results indicate that the confining environment provided by the self-organized microdomains in 

diblock copolymers brings about a strong interaction between the azobenzene and biphenyl groups. 

Instead of observing a photoinduced orientation perpendicular to the polarization of irradiation for 

PAzMA, we see only photoinduced orientation recovery in the same direction of PAzMA-PBiPh. 

In the case of PAzMA, thermally induced alignment causes the mesogens to align parallel to the 

stretching direction, while, in the case of PAzMA-PBiPh, annealing will only make the two 

mesogens recover to their initial order right after stretching. 
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Figure 1-12. Order parameter for both azobenzene (solid symbols) and biphenyl (open 

symbols)mesogens in PAzMA-PBiPh after a series of subsequent events: (1) after stretching at 

90oC (draw ratio: 3) followed by cooling to room temperature; (2) after unpolarized UV irradiation 

(~ 50 mW/cm2, 2 min) at room temperature; (3)-(6) after linearly polarized visible light irradiation 

(~ 5 mW/cm2), at a) 50 oC and b) 60 oC, for 100, 200, 300 and 400 seconds, respectively; (7) after 

heating to and annealing at 90oC for 10 min; and (8) after annealing at 160 oC for 10 min. Two 

separate samples were used for the two visible light irradiation temperatures, and the visible light 

was polarized either perpendicular or parallel to the stretching direction. 

1.3.5. General Discussion 

The results described above has revealed rich behavior regarding the interplay between the 

stretching- and photo-induced orientation of azobenzene mesogens in SCLCPs, coupled with the 

effect of subsequent thermal annealing. The behavior is also drastically different for the 

homopolymer and the diblock copolymer. While stretching in the nematic phase gives rise to 

orientation of azobenzene mesogens parallel to the strain direction for the homopolymer PAzMA, 

perpendicular orientation of azobenzene is observed for the diblock copolymer comprising 
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PAzMA and PBiPh despite the microphase-separated lamellar morphology, which is likely caused 

by an orientational cooperative effect imposed by the perpendicularly oriented biphenyl mesogens 

in the smectic phase of the PBiPh block. Although in all cases, unpolarized UV irradiation can 

effectively erase the stretching induced orientation of azobenzene upon the trans-cis 

photoisomerization, the subsequent attempt for photo-induced reorientation in the stretched film 

by linearly polarized visible light irradiation yields completely different results. For the 

homopolymer, if the polarized visible light is applied to the glassy PAzMA (below Tg), the cis-

trans back-isomerization is not enough to induce orientation of azobenzene mesogens, likely due 

to the lack of mobility. By contrast, under visible light irradiation of the polymer in its smectic 

phase, photo-induced orientation can well develop in the stretched film in a given direction 

governed by (i.e., perpendicular to) the polarization direction of the visible light. In other words, 

there is basically no orientational memory, as the initial stretching induced orientation exerts no 

effect on the photo-induced reorientation of azobenzene mesogens. In the case of PAzMA-PBiPh, 

it takes only the cis-trans back-isomerization to recover the stretching induced perpendicular 

orientation of azobenzene mesogens regardless of the polarization state (polarized or unpolarized) 

or polarization direction or the phase subjected to irradiation (glassy or liquid crystalline), 

indicating a strong memory of the initial stretching-induced orientation. In addition to the 

cooperative effect between the biphenyl and azobenzene mesogens through the interface, the 

confinement of the mesogens in the microphase-separated nanodomains appears to be another 

factor preventing photo-induced reorientation of azobenzene along the strain direction in the 

stretched film. 

The effect of the subsequent thermal annealing also implies a complex interplay between various 

factors. We carried out a control test by casting a PAzMA film on a pre-stretched supporting film 

of PVA and observed a low orientation degree for azobenzene by annealing in the nematic phase. 
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This result suggests that oriented PVA could align azobenzene mesogens along the strain direction 

to some extent through a surface effect. However, this orienting effect of the PVA film cannot 

account for the much higher degree of the parallel orientation in the stretched PAzMA film upon 

annealing in the nematic phase (Figs. 7 and 10). The high parallel orientation in the stretched 

nematic phase may be related to the small but meaningful, stretching induced parallel orientation 

of the polymer chain backbone (Figure 1-3c), through orientational coupling between the two 

constituents in SCLCPs, which adds to the surface effect of the PVA film. By contrast, for the 

diblock copolymer, similar to stretching PAzMA in the smectic phase (Figure 1-3c), the small 

parallel orientation of the polymer backbone is absent due to the perpendicular orientation of the 

mesogens. In the latter case, no parallel orientation could develop upon thermal annealing in the 

liquid crystalline phase because the memory for recovering the perpendicular orientation 

overmatches the possible PVA surface aligning effect. 

1.4. Conclusions 

To conclude this study, Figure 1-13 shows a schematic recapitulation of the main findings. In the 

case of the homopolymer PAzMA (Figure 1-13a), by stretching the film in the smectic or the 

nematic phase, macroscopic orientation of azobenzene mesogens can develop to be either 

perpendicular or parallel to the SD, respectively. This mechanically induced orientation can be 

erased by unpolarized UV irradiation at room temperature as a result of the trans-cis isomerization 

of azobenzene in the stretched film. Subsequent cis-trans back-isomerization activated by linearly 

polarized visible light cannot induce orientation of azobenzene mesogens if the photoisomerization 

occurs in the glassy state of the polymer (below Tg). The situation is different when the polarized 

visible light is applied to PAzMA with azobenzene mesogens in the smectic phase. Substantial 

photoinduced orientation of azobenzene mesogens can be achieved with the orientation direction 



 

62 

 

dictated by the PD of the visible light, while the initial orientation direction after stretching does 

not matter. 

 

Figure 1-13. Schematic recapitulation of the interplay between stretching- and photo-induced 

orientation of azobenzene mesogens as well as the effect of thermal annealing in the liquid 

crystalline phase for a) the homopolymer PAzMA, and b) the diblock copolymer PAzMA-PBiPh. 

Only mesogenic moieties are depicted for the sake of clarity.  

However, further thermal annealing of the SCLCP in either the smectic or nematic phase exerts 

different effects depending on the initial photoinduced orientation state. For stretched film 

subjected to polarized visible light irradiation in the glassy state, annealing in the LC phases gives 

rise to a low degree of orientation that seems to be related to the initial stretching induced 
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orientation state. For the stretched film subjected to polarized visible light in the smectic phase 

with either photoinduced parallel or perpendicular orientation, annealing in the smectic phase does 

not change the orientation direction. But when the film is further heated to the nematic phase, the 

photoinduced parallel orientation remains in the same direction and is enhanced, while the 

photoinduced perpendicular orientation becomes parallel but to a lower extent. This is 

understandable. In the former case, the smectic-nematic phase transition involves positional 

disordering while the increased fluidity (lower viscosity) leads to higher orientation of the 

mesogens along the SD. In the latter case, the observed reversal of the orientation direction means 

rotation of azobenzene mesogens in addition to positional disordering. The effect of aligning 

azobenzene mesogens along the strain direction competes with the perpendicular orientation in the 

smectic phase, resulting a lower parallel orientation.  

Using the same experimental procedure, the diblock copolymer PAzMA-PBiPh displays different 

effects of photoisomerization and thermal annealing on the stretching induced orientation of the 

mesogens (Figure 1-13b). First, stretching gives rise to only perpendicular orientation of both 

azobenzene and biphenyl mesogens over the entire temperature range between Tg and Tlc-iso. After 

unpolarized UV irradiation at room temperature, the orientation of azobenzene mesogens 

disappears as a result of trans-cis photoisomerization, while the orientation of biphenyl mesogens 

remains. Upon subsequent linearly polarized visible light irradiation either at room temperature or 

in the smectic phase and regardless of the visible light polarization direction, the initial stretching 

induced perpendicular orientation of azobenzene mesogens can be recovered. This photoinduced 

reorientation may be attributed to an orientational memory effect in the diblock copolymer, which 

would originate either from a confinement effect acting on the azobenzene mesogens in 

microphase-separated nanodomains or from the oriented biphenyl mesogens interacting with 

azobenzene mesogens through an extensive interphase where the two types of mesogens may be 
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mixed to certain degree.  

To the best of our knowledge, this is the first study of SCLCPs, with both a homopolymer and a 

block copolymer, on the complex interplay between the mechanically induced orientation of side-

group azobenzene mesogens, their photoinduced reorientation as a result of the trans-cis 

isomerization and the effect of thermal annealing in different phases. The results have unveiled a 

picture of rich orientational behavior of SCLCPs subjected to the different types of orienting fields 

(mechanical, optical and thermal effect), providing new insights into the underlying orientation 

mechanisms. 

1.5. Statement of Contribution 

This work was designed and characterized all by myself. Moreover, I acknowledge Dr. Yi Zhao 

for his synthesis of the polymers used in this work. I would also like to thank my supervisor, Prof. 

Yue Zhao for his continuous guidance and great advises which really helped me a lot in my research. 
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CHAPTER 2. STUDY OF ORIENTATION AND VISCOELASTIC BEHAVIOR OF 

SUPRAMOLECULAR SIDE-CHAIN LIQUID CRYSTALLINE POLYMERS 

2.1. Introduction 

Like small-molecule liquid crystals, various means can be used to align the mesogens in polymers, 

including rubbed surfaces, mechanical stretching or shearing, and electric or magnetic fields. Of 

these, stretching a polymer film is convenient. However, one intriguing property of SCLCPs that 

has been known for a long time that it is actually very difficult, if not impossible, to prepare a 

stretchable film! Due to the formation of ordered side-group mesogens, which are coupled to the 

chain backbone, SCLCPs have few chain entanglements and the average molar weight between 

entanglements Me can be as high as several hundreds of thousands (127). Consequently, SCLCP 

films appear to be mechanically weak and are too brittle to be peeled off from the substrate surface 

onto which the film is cast. To study the molecular orientation in SCLCPs, our group has developed 

a method based on casting a SCLCP film on the surface of a stretchable film (60), while other 

groups were able to do it by chemically crosslinking SCLCPs (128). In all cases, a small elongation 

of a SCLCP film can effectively induce the orientation of side-group mesogens to a high degree. 

In other words, we are unaware of any mechanically induced orientation studies of non-crosslinked 

SCLCPs by direct stretching of SCLCP films.  

On another front, over the past decade or so, there has been a growing interest in designing and 

preparing supramolecular SCLCPs (S-SCLCPs), in which the mesogenic pendent groups are 

linked to the chain backbone through non-covalent intermolecular interactions (15, 17, 33, 129-

131) such as, in most cases, H-bonds (15, 17, 33, 129, 130). In the course of our group’s research 

on S-SCLCPs, it was found that linking an azobenzene mesogen, substituted with a hydroxyl group 

(H-bond donor) and an alkyl group in the para-position, to poly(4-vinyl pyridine) (P4VP, H-bond 
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acceptor) could give rise to a S-SCLCP whose solution-cast, free-standing film can readily be 

prepared and has excellent stretchability. This interesting finding offered us the opportunity to 

investigate the mechanically induced molecular orientation in stretched S-SCLCP films for the 

first time, to the best of our knowledge. For the reasons explained in the introduction of this thesis, 

it is of fundamental importance to know and understand how the orientation of mesogens in S-

SCLCPs can develop upon film stretching and how the behavior is compared to “conventional” 

SCLCPs with side-group mesogens covalently linked to the chain backbone. As reported in this 

chapter, our study has revealed remarkably different orientational behavior for S-SCLCPs. In 

particular, unlike SCLCPs, the stretching induced orientation of H-bonded mesogens is very weak 

even under a large elongation of the S-SCLCP film in the smectic phase. Our results suggest that 

the dynamic association of the side-group mesogens with the chain backbone is likely what 

promotes the entanglements accounting for the excellent film stretchability. However, this dynamic 

association could reduce considerably the coupling of the side-group mesogens with the chain 

backbone, which, consequently, results in less efficient orientation of mesogens under the 

mechanical force and/or faster orientation relaxation during the film stretching. 

2.2. Experimental Section 

2.2.1. Synthesis and Materials 

All chemicals (compounds and solvents) were purchased from Sigma-Aldrich and used as received. 

4-(4’-Heptylphenyl)azophenol (7PAP) was synthesized using a literature method (132) (synthetic 

scheme in Figure 2-1) and used for self-assembly with P4VP through H-bonding. To prepare the 

S-SCLCP, namely, P4VP-7PAP, weighed amounts of P4VP (Mw ~ 160,000 g/mol) and 7PAP were 

dissolved in CH2Cl2 at a desired molar ratio of pyridyl to hydroxyl group (the ratio of P4VP/7PAP 

ranges from 1: 0.2 to 1: 1) to make a clear solution. The mixture was stirred at room temperature 
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for 1h. After most solvent was evaporated gently under ambient conditions, the mixture was cast 

onto the surface of a glass plate. Finally, by drying the sample in a vacuum oven at 60 °C for 

several hours, a film of about 50 μm in thickness was obtained and could easily be peeled off from 

the glass plate. 

 

 

Figure 2-1. Synthetic route for 7PAP and its self-assembly with P4VP via H-bonding to yield the 

supramolecular polymer, P4VP-7PAP. 

2.2.2. Characterization 

The P4VP-7PAP complexes synthesized were characterized using a number of techniques. 1H 

NMR spectra were obtained using a Bruker Spectrometer (300 MHz, AC 300). Transmission FT-

IR spectra were recorded on a Nicolet Avatar 370 spectrometer with, in case of necessity, an 

infrared polarizer. A Perkin-Elmer DSC-7 differential scanning calorimeter (DSC) was used to 
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measure the thermal phase transitions with a heating and cooling rate of 10 °C/min under 

continuous nitrogen flow. The X-ray diffraction measurements (XRD) were conducted on a Bruker 

diffractometer (D8 Discover) equipped with a two-dimensional position-sensitive wire-grid 

detector (Cu Kα radiation λ = 1.542 Ǻ). The dynamic mechanical properties at small strain (0.01 

mm) were investigated using a Perkin-Elmer DMA 8000 dynamic mechanical analyzer (DMA) in 

the shear sandwich configuration, with the measurements preformed in two different modes: the 

temperature mode and the frequency mode.  A sinusoidal stress is applied and the strain in the 

material is measured, allowing one to determine the complex modulus in a desired temperature of 

the sample or the frequency of the stress that being used. The samples with the size of 20 mm × 

20 mm × 0.1 mm were clamped between a parallel-plate compression clamp. In the temperature 

mode, an oscillatory shear with a constant frequency of 1 Hz was applied while varying the sample 

temperature. In the frequency mode, a frequency ramp from 0.05 to 50 Hz was applied under a 

constant temperature. All measurements were carried out at a heating rate of 2°C/min under 

continuous nitrogen flow. 

2.2.3. Mechanical Stretching 

The film stretching experiments were performed with cut films (15 mm × 50 mm × 0.05 mm) using 

a homemade stretching apparatus placed in an oven with well-controlled temperatures (± 0.5 oC). 

Typically, each stretching experiment consisted in first annealing the film sample at 90 oC (a little 

below the isotropic transition temperature of S-SCLCP) for 5 min, then bringing it to the stretching 

temperature for 10 min, before stretching it uniaxially at a rate of about 10 mm/min, and finally 

quenching the deformed film at room temperature to preserve the macroscopic orientation. All 

measurements on stretched films were carried out at room temperature.  

https://en.wikipedia.org/wiki/Sinusoidal
https://en.wikipedia.org/wiki/Stress_(mechanics)
https://en.wikipedia.org/wiki/Strain_(mechanics)
https://en.wikipedia.org/wiki/Dynamic_modulus
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2.2.4. Orientation Measurements 

Polarized infrared spectra were taken on the stretched films placed between the IR polarizer and 

the detector to determine the order parameter P2 that is a measure of the average orientation over 

all molecular units being studied (side-group mesogens or chain backbone). It is defined as: 

           (1) 

Where θ is the angle between the stretching direction and either the long axis of the mesogenic 

group or the main chain axis. The order parameter takes values between 1 and -0.5 for perfect 

orientation along and perpendicular to the stretching direction, respectively; while P2 = 0 means 

the absence of any orientation on the macroscopic scale (over the sampling area). It can be 

determined from polarized infrared spectra recorded on a sample according to: 

      (2) 

where R0 = 2cot2α, with α being the angle between the long axis of the side-group mesogen or the 

main chain backbone and the transition moment associated with the absorption band used for the 

dichroism measurements, and R is the dichroic ratio of the absorption band, defined as:  

                    (3) 

where A∥ and A⊥are the measured absorbance with the spectrometer’s infrared beam polarized 

parallel and perpendicular, respectively, to the stretching direction.  
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Figure 2-2 shows the infrared spectra of pure 7PAP, P4VP and the P4VP-7PAP (1:1) complex. To 

measure the order parameter of the side-group mesogens in stretched film of P4VP-7PAP, the C-

O stretching vibration band of 7PAP at 1151cm-1 (133) is well suited because it is not overlapped 

by any P4VP bands. Since the angle α is about 0 o, the P2 of the mesogens can be obtained from: 

2

1
2






R

R
P               (4) 

To measure the main chain orientation, the stretching vibration band of the C-H group on the 

methyl group of P4VP at 1068 cm-1 (134) is well isolated and can be utilized. In this case, the angle 

α is 90o and the order parameter is related to the dichroic ratio through: 
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Figure 2-2. Infrared spectra of 7PAP, P4VP and the P4VP-7PAP (1:1) complex. The absorption 

bands used to measure the orientation of the side-group mesogens and the chain backbone are 
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indicated by arrows. 

2.3. Results and Discussion 

2.3.1. Characterization of Self-Assembled P4VP-7PAP Complexes 

In all complexes of P4VP with 7PAP at different molar ratios, the formation of the H-bonds 

between the pyridyl group of P4VP and the hydroxyl group of 7PAP can be confirmed. Figure 2-

3 presents the infrared spectra of some samples, showing the shift of the characteristic stretching 

band of the pyridine ring at about 994 cm-1 for pure P4VP to about 1010 cm-1 for the P4VP-7PAP 

complexes, as a result of the formation of H-bonded pyridine (135). With increasing amount of 

7PAP, the peak at 1010 cm-1 increases its intensity at the expense of the 994 cm-1 band. The apparent 

disappearance of the 994 cm-1 free pyridine band in the equimolar complex indicates that 7PAP is 

linked to P4VP via the H-bonding quantitatively. The other complexes can be viewed as random 

copolymers of pendent groups of 4VP and 4VP H-bonded to 7PAP.  
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Figure 2-3. FTIR spectra of P4VP-7PAP complexes at the molar ratios indicated. 

 

Figure 2-4. X-ray diffraction patterns of P4VP-7PAP complexes at the molar ratios indicated. 

Figure 2-4 shows the XRD patterns of the P4VP-7PAP complexes at different molar ratios. All 

complexes except the one with the lowest 7PAP content (P4VP: 7PAP = 1: 0.2), display a small-

angle diffraction at 2θ～ 2o-3o, which is suggestive of a smectic phase having a layered structure. 

Understandably, as the amount of the mesogenic 7PAP increases, meaning that the content of the 

non-mesogenic 4VP decreases in the resulting S-SCLCP, this diffraction peak becomes 

increasingly prominent, indicating a better organized smectic phase with improved order. The lack 

of a second-order diffraction peak is likely caused by a high short-range disorder in the layered 

structure formed (136). The values of the spacing calculated from the first-order diffraction peaks 

are 38.2, 39.0 and 41.6 Ǻ for the complexes P4VP:7PAP = 1:1; 1:0.9 and 1:0.8, respectively, which 
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are close to twice the length of the mesogenic side group, estimated to be 23.6 Ǻ (from CS 

ChemOffice). This result suggests that the smectic structure formed in these S-SCLCPs should be 

an end-to-end double layer, with partial interdigitation of the alkyl tails (129). With the addition 

of more 7PAP, the increasing regularity of the lamellar structure or the more significant segregation 

between the mesogenic side groups and the chain backbone may compress this interdigitated 

double layer. 

 

Figure 2-5. DSC heating and cooling curves (second scan) for P4VP-7PAP complexes at the molar 

ratios indicated. 
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Table 2-1. Phase Transition Temperatures (oC) and Enthalpy (J/g) of P4VP, 7PAP and Their 

Complexes 

 Phase transition temperature (oC) △HLC-I (J/g) 

P4VP G 153 I  

P4VP-7PAP (1:0.6) G 66 I  

P4VP-7PAP (1:0.7) G 62 I  

P4VP-7PAP (1:0.8) G 61 S 78 I <0.1 

P4VP-7PAP (1:0.9) G 59 S 97 I 1.12 

P4VP-7PAP (1:1) G 56 S 103 I 2.06 

7PAP C 83 I  

G, glass transition; C, crystal; S, smectic; I, isotropic. The glass transition temperatures are 

picked at the inflection point on half-height. 

The DSC heating and cooling curves (second scan) for the P4VP-7PAP complexes are given in 

Figure 2-5. All the samples display a glass transition at 55-70 oC. No endothermic peak is detected 

at 83 oC which corresponds to the crystalline-isotropic transition of the pure 7PAP, indicating that 

7PAP molecules are H-bonded to the pyridyl side groups of P4VP and become an integral part of 

the self-assembled supramolecular polymer. For the complexes containing 90% and 100% 7PAP 

with respect to the pyridyl groups, the samples display a clear LC phase transition endotherm on 

heating and a LC phase transition exotherm on cooling from the isotropic phase at 90-110 oC. 

Based on the XRD evidence (Figure 2-4), the LC phase formed by the H-bonded side-group 

mesogens should be smectic. For the complex with 80% 7PAP, the mesophase transition peak 

becomes very weak, and almost no such transition can be detected when the 7PAP content is further 

reduced in the complex. This result contrasts with the XRD results in Figure 2-4, where an ill-
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defined diffraction peak, indicative of less ordered smectic layers, remains discernible even with 

a P4VP: 7PAP ratio of 1: 0.4. 

The phase transition temperatures, together with the smectic-isotropic phase transition enthalpy on 

heating of all the P4VP-7PAP complexes, are summarized in Table 2-1. In essence, as compared 

to neat P4VP, all the complexes display a significantly reduced Tg, by about 90 oC. Such a Tg 

depression was also observed in other P4VP-based supramolecular polymers, such as the system 

prepared by hydrogen bonding P4VP with 4-(4′-Hexylphenyl)azophenol (6PAP), 4-(4′-

Octylphenyl)azophenol (8PAP) and pentadecylphenol (PDP) (129). Apparently, due to the limited 

sensitivity of DSC, LC phases were only found for the complexes with high molar ratios of 

pyridyl/7PAP, i.e., high concentrations of 7PAP. For this S-SCLCP system, the smectic-isotropic 

transition temperature increases with increasing the molar ratio of pyridyl/7PAP. This is no 

surprise. A smaller pyridyl/7PAP ratio means more non-mesogenic 4VP side groups in the random 

supramolecular copolymer, while the presence of non-mesogenic comonomer units is generally 

known to reduce the clearing temperature Tlc-iso of SCLCPs (137). The various characterization 

results thus confirm that linking the mesogenic 7PAP to P4VP through H-bonds can transform the 

initially amorphous polymer onto S-SCLCP, and that when more than 80% of the pyridyl groups 

of P4VP are complexed with 7PAP, the resulting S-SCLCP exhibits a smectic phase above Tg over 

a wide temperature range from about 20 to 50 oC depending on the content of H-bonded mesogenic 

7PAP (Table 2-1).  

2.3.2. Stretching Induced Orientation  

Transparent films of P4VP-7PAP complexes could easily be prepared from solution casting and 

stretched above their Tg to large elongation (500% elongation). Polarized infrared spectroscopy 

was used to measure the orientation degree (order parameter P2) of both the side-group mesogens 
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and the chain backbone in the stretched films. Figure 2-6 shows an example of the polarized 

infrared spectra of stretched P4VP-7PAP (1:1) film, with the electric field of the infrared beam 

polarized parallel (∥) and perpendicular (⊥) respectively to the film stretching direction. Both the 

1151 and 1068 cm-1 absorption bands, display a negative dichroism (R < 1). Qualitatively, these 

spectra indicate orientation of the polymer main chain along the stretching direction and 

orientation of side-group mesogens normal to the stretching direction, considering the angle 

between the transition moment and the molecular long axis of their respective absorption band. A 

quantitative analysis of the stretching induced orientation can be carried out by determining P2 of 

the two constituents (eqs. 4 and 5) from the polarized infrared spectra. 

 

Figure 2-6. Polarized infrared spectra of P4VP-7PAP (1:1) film mechanically stretched at 70 oC 

before cooling to room temperature (draw ratio = 6). the spectra were taken with the infrared beam 

polarized parallel (∥) and perpendicular (⊥) to the stretching direction. 
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Figure 2-7 shows the results obtained with two P4VP-7PAP complexes (1:0.6 and 1:1), plotting 

the order parameter as a function of film strain. It is clear that the film stretching induces a 

macroscopic orientation of polymer main chains parallel to the stretching direction (positive P2 

values) and perpendicular to the stretching direction for the side-group mesogens (negative P2). 

Stretching induced perpendicular orientation of mesogens is common in covalent SCLCPs and is 

the signature of mesogens in a smectic phase (59). Therefore, this observation is consistent with 

the 7PAP H-bonded P4VP complexes forming a smectic phase, and points out that the side-group 

mesogens in S-SCLCPs also orient normal to the stretching direction, just like covalent SCLCPs. 

However, a closer inspection on the results reveals major differences between covalent and 

supramolecular SCLCPs. While the main chain orientation increases steadily upon stretching to 

reach a value of about 0.2 at a draw ratio λ = 2 (λ = L/L0 with L and L0 being the film length before 

and after stretching, respectively), and then attain a plateau value around 0.25 after a draw ratio, λ 

= 4, which is similar to covalent SCLCPs (60), the perpendicular orientation of the side-group 

mesogens remains very low for all strains. For both samples, the order parameter of the mesogens 

ranges from -0.02 to -0.04, which is much smaller than the orientation of mesogens covalently 

linked to chain backbone, where P2 reaches -0.3 at a λ = 4 strain (58). The result of the stress-

induced orientation of the mesogens in a covalent SCLCP-PVC film is also given in Figure 2-7 for 

comparison (138). It is evident that when the covalent SCLCP is stretched in its smectic phase, the 

orientation of the mesogens develops rapidly and attains a plateau value (about -0.25) at a draw 

ratio of about 2.5. The results indicate a very weak stretching induced orientation of the mesogenic 

7PAP in the H-bonded S-SCLCP of P4VP-7PAP. 
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Figure 2-7. Order parameter of main chain (solid symbols) and mesogens (open symbols) in films 

stretched at 70 oC to various strains, for two P4VP-7PAP complexes: P4VP-7PAP (1:1) (■,□) and 

P4VP-7PAP (1:0.6) (●,○). Order parameters of mesogens in a covalent SCLCP film stretched in 

its smectic phase is shown for comparison (◆) (138). 

In the case of covalent SCLCPs, generally a small elongation can induce very effectively the 

orientation of side-group mesogens. But this seems not to be the case for S-SCLCPs. The 

difference in stretching induced orientation is likely caused by the different nature of the chemical 

bond attaching the side-chain mesogens onto the chain backbone, which would influence the 

degree of coupling between the two constituents and thus affect the stretching induced orientation 

behavior (139). For the P4VP-7PAP complexes, the chemical bonds linking the mesogens and 

chain backbone are hydrogen bonds. Unlike covalent bonds, H-bonds are dynamic, meaning that 

they undergo constant dissociation (bond breaking) and association (bond formation) with the 

relative proportions of dissociated and associated H-bonds governed by a characteristic 
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equilibrium constant (Keq of pyridine-phenol is ~50 L/mol at room temperature in solution) (140). 

Moreover, as compared with covalent bonds, the directionality of H-bonds is weak (32). Because 

of these features of H-bonds, it can be assumed that the coupling between the side-chain mesogens 

and the chain backbone should be weaker than the coupling between the two constituents in 

covalent SCLCPs. The consequence of this is that in S-SCLCPs like the P4VP-7PAP system, the 

stretching induced orientation of the chain backbone imposes less effect on the orientation of the 

side-group mesogens and vice versa. Furthermore, it can be imagined that even when side-group 

mesogens are dragged by the chain backbone to align somehow, the dynamic dissociation of the 

H-bonds would allow the mesogens to relax more easily. Therefore, the inefficacy in inducing 

orientation of side-group mesogens by orienting polymer main chains and/or faster relaxation of 

oriented mesogens in the process of the film stretching may explain the remarkably lower 

stretching induced orientation of side-group mesogens in the S-SCLCP of P4VP-7PAP as 

compared to covalent SCLCPs. 

Actually, comparing the S-SCLCP of P4VP-7PAP with covalent SCLCPs (138), not only the side-

group mesogens exhibit very low degree of stretching induced orientation, but also the orientation 

of the polymer main chain is completely different. Figure 2-7 shows that the orientation of the 

chain backbone increases steadily with increasing the strain, reaching an appreciable degree of P2 > 

0.2 at a draw ratio of 6 (500% elongation). This orientation behavior is similar to conventional 

amorphous polymers when stretched at T > Tg (141). In the case of covalent SCLCPs (using the 

supporting film method) (58), upon stretching in the smectic phase, side-group mesogens orient 

perpendicularly to the strain direction and can reach a high degree of P2 > -0.3, while the 

concomitant main chain orientation is low and appears in the same direction as the mesogens, 

which can be explained by their strong coupling effect. The very different main chain orientation 

behavior further support the analysis made above. That is, the different ways of bounding between 
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side-group mesogens and chain backbone are at the origin of the different stretching induced 

orientation for supramolecular and covalent SCLCPs. 

 

Figure 2-8. Change in order parameter of main chain (■) and side-group mesogen (□) as a function 

of annealing temperature for the complex of P4VP-7PAP (1:0.9). The used film was initially 

stretched at 70 oC to a draw ratio λ = 2 before cooling to room temperature. 

We carried out an experiment to see if thermal annealing in the smectic phase of the S-SCLCP 

could improve the stretching induced orientation. Here, a film of the P4VP-7PAP (1:1) complex 

was first stretched at 70 oC to a draw ratio of 2, and cooled to room temperature. It was then heated 

to a chosen temperature in the smectic phase and annealed for 10 min before cooling back to room 

temperature for the orientation measurement. This annealing-cooling cycle was repeated for 

different temperatures in the smectic phase, and the results are shown in Figure 2-8. While the 

orientation of the chain backbone showed little change within experimental uncertainty, the 

orientation of the side-group mesogens can be significantly enhanced by annealing in the smectic 
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phase at temperatures close to the smectic-isotropic phase transition. After annealing at 90 oC, the 

order parameter reached about -0.2. This result suggests the occurrence of thermally enhanced 

self-organization and ordering of the mesogens in the smectic phase, which is also the case in 

covalent SCLCPs (78, 142). 

 

Figure 2-9. X-ray diffraction patterns of the P4VP-7PAP (1:1) complex at the draw ratios indicated. 

The inset is an enlarged region of small angles.  

To analyze the possible structural modifications of the P4VP-7PAP complex upon stretching, X-

ray diffraction (XRD) measurements were conducted on the films of P4VP-7PAP (1:1) stretched 

to two different strains (λ = 2 and 6) and on an upstretched film for comparison. The results are 

given in Figure 2-9. It can be noticed that the elongation of the film effected the XRD pattern 

especially the diffraction peak at 2θ < 3o arising from the smectic ordering of the side-group 

mesogens. With increasing strain, the diffraction peak broadened, and the intensity was reduced. 

Moreover, the peak maximum shifted to higher diffraction angles. Indeed, the smectic layer 

spacing of the complex determined from the first-order diffraction peaks is shrinking upon 
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stretching: it decreases from a length of 38.2 Ǻ for the upstretched film to 37.1 Ǻ for the film 

stretched to a draw ratio of 2 and to 35.2 Ǻ for the film with a draw ratio of 6. Basically it shows 

that the more the film is stretched, the thinner the smectic layers become.  

How to explain the observed changes in the XRD patterns upon film stretching? According to 

Stannarius et al. (143), a decrease in smectic layer spacing upon stretching can, in principle, occur 

through three mechanisms. The first explanation is a tilt of the mesogens induced by stretching. If 

we assume that the layer spacing d is connected to an average mesogenic tilt angle θ and the 

mesogen length d0 by the relation d = d0cosθ, then considerable stretching induced tilt angles would 

be expected in order to account for the compression magnitudes observed in the experiment. This 

is highly improbable, because the orientation of the side-group mesogens is almost negligible after 

stretching as shown in Figure 2-7. Such an effect, if there is any, is far too small to account for the 

observed compression magnitudes. The second explanation would be the penetration of the 

mesogenic units between the adjacent smectic layers induced by stretching. This possible 

mechanism can also be ruled out. Normally, the penetration has little influence on the shape of the 

diffraction peak, which is inconsistent with the observed broadening of the peak upon stretching 

as can be seen in Figure 2-9. The last explanation is the disruption of the smectic layer structure 

through layer rupture and/or increased disorder of the mesogens. It seems that this mechanism best 

explains the experimental results. The disruption of the layer structure broadens the diffraction 

peak, which is consistent with the experimental observation. Therefore, the XRD results point out 

that upon stretching of the S-SCLCP film, the smectic layer structure of the side-group mesogens 

is disrupted, possibly due to the interfering effect of the anisotropic polymer main chains. The 

disruption of the smectic layers probably contributes to the low orientation degree of the mesogens 

upon stretching.  
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2.3.3. Linear Viscoelastic Behavior 

As mentioned above, SCLCPs with side-group mesogens covalently attached to the chain 

backbone cannot form stretchable films due to the lack of chain entanglements (revealed by 

unusually large average molecular weight between entanglements Me) (127). The ease to prepare 

stretchable films of the P4VP-7PAP complex with H-bonded mesogenic side groups implies that 

S-SCLCPs may have more chain entanglements likely due to the dynamic H-bonding between the 

main chain and side groups. Therefore, in order to get more insight into the behavior of S-SCLCPs 

upon mechanical stretching, we carried out dynamic mechanical analysis (DMA) for some P4VP-

7PAP samples. In all measurements, the samples were subjected to oscillating shear with small 

amplitudes to remain in the linear viscoelastic regime (shear strain = 0.01).  

the viscoelastic properties of four P4VP-7PAP complexes with molar ratios of 1:1, 1:0.9, 1:0.8 and 

1:0.7 were investigated. According to the DSC measurements (Figure 2-5 and Table 2-1), upon 

reducing the amount of 7PAP from 100% to 70% with respect to the pyridyl groups in P4VP, Tg of 

the complex increases slightly from about 56 to 62 oC and the clearing temperature Tlc-iso decreases 

quickly from 103 oC to superimpose on the glass transition region. Figure 2-10 reports the DMA 

results obtained with the four samples, plotting the storage modulus G’, as well as the ratio of the 

loss modulus G’’ to the storage modulus, termed tan δ = G’’/G’, as a function of temperature at a 

fixed frequency of 1 Hz.  
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Figure 2-10. Storage modulus G’ (●) and loss factor tan δ (●) versus temperature for the P4VP-

7PAP complexes at the molar ratios indicated. All experiments were performed at 1 Hz. 

Two observations can be made from the data in Figure 2-10. First, from the plots of G’ vs. T, it can 

be noticed that of all samples display a broad transition region around 60 oC where the storage 

modulus decreases by about 2-3 orders of magnitude. This transition should be the glass transition. 

However, a second drop in G’ at higher temperatures can be observed only for the two complexes 

of 1:1 and 1:0.9, which clearly corresponds to the smectic-isotropic phase transition in those 

samples. This transition occurred at around 102 oC for the complex of 1:1, at about 97 oC for the 

complex of 1:0.9 (accompanied by a smaller decrease in G’) and cannot be observed for the two 

other complexes. These results corroborate the observations made by DSC and basically can be 



 

85 

 

explained by the decreasing prominence of the smectic phase upon decreasing the amount of 7PAP 

in the complex, i.e., the content of the side-group mesogens.  

Secondly, the change in tan δ upon temperature increase appears more complex. On the one hand, 

for the two samples with a clear smectic phase (1:1 and 1:0.9), the smectic-isotropic phase 

transition resulted in a rise of tan δ to above 1, suggesting that the “melting” of ordered smectic 

layers renders the complex more “liquid-like”, which is reminiscent of the effect of melting on the 

loss tangent of crystalline polymers and amorphous polymers in flow region. On the basis of this 

observation, the complex of 1:0.8 shows also a small rise of tan δ indicating the existence of a 

“weak” smectic phase in this sample even though it cannot be detected from the change in G’. By 

contrast, this tan δ rise at the high-temperature side is much less prominent for the sample of 1:0.7 

and its tan δ remains well below 1 beyond 100 oC and gets closer to 1 at 120 oC. On the other hand, 

over the broad glass transition region, all the samples show different variations of tan δ vs. 

temperature, both in terms of shape and value. Starting with the complex of 1:1, there is clearly a 

“shoulder” transition peak appeared at lower temperatures, around 45 oC. Then, reducing the 

amount of 7PAP in the complex from 100% to 70% with respect to pyridyl groups, i.e., weakening 

the smectic phase, leads to two apparent changes: 1) the lower-temperature transition shifts to 

higher temperatures and merges with the major peak; and 2) the peak value of tan δ increases, 

which indicates more important damping (dissipation of energy) under reduced smectic layering. 

At this point, we have no explanation for the lower-temperature transition peak.  
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Figure 2-11. Storage modulus (G’) and loss factor (tan δ) master curves (Tref = 80 oC) for smectic 

and isotropic P4VP-7PAP at different molar ratios. 
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The viscoelastic behavior upon varying the oscillatory shearing frequency at a given temperature 

were then investigated. For each complex, the measurements were repeated for different 

temperatures covering the smectic phase, if there is one, and the isotropic state. The results are 

shown in Figure 2-11. Within either the smectic or isotropic phase, all complexes obey the time-

temperature superposition principal so that master curves of G’ and tan δ vs. frequency could be 

obtained by horizontally shifting the data using a translation factor (127). For all four complexes, 

the master relaxation curve of the storage modulus was obtained at a reference temperature of 80 

oC and it covers a wide frequencies range (almost 7 order of magnitude). The first observation is 

that all the complexes behave similarly. There appear to be three regions, in which the change in 

storage modulus follows a power law G’∝ωa, with, as labeled, the exponent a between 0.56-0.62 

for the dynamic glass transition region, 0.35-0.39 for the “plateau” region, and 0.58-0.79 for the 

very low frequency tail. No clear difference in the G’ relaxation behavior was observed for the 

smectic and isotropic phase, except maybe for the complex of 1: 1, for which the isotropic branch 

falls a bit below the smectic branch at the low frequencies (Figure 2-11a). 

Anyway, the viscoelastic behavior of the P4VP-7PAP complexes as shown in Figure 2-11 are very 

different from the report of Rubin et al. on covalent SCLCPs, where a significantly lower storage 

modulus appeared in the nematic phase reflecting a high average molecular weight between 

entanglements Me (127). The observation about covalent SCLCPs was explained by an enhanced 

mobility and faster diffusion of the side-group mesogens covalently linked to the polymer 

backbone in the nematic phase with respect to the isotropic state, leading to a dilation of the 

confining “tube” of the polymer backbone that corresponds to an increase in Me. For our S-SCLCP 

of P4VP-7PAP, considering the experimental uncertainty, the Me in the smectic phase appears to 

be the same as in the isotropic phase. Since there is no clear plateau in the master curve of G’ vs. 

frequency, the plateau modulus could only be estimated by using the value of the storage 
0

NG
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modulus at the frequency ωaT where tan δ is at its minimum (144). Using these moduli, the average 

molecular weight between entanglements can be calculated according to the following equation: 

         (6) 

in which R is the universal gas constant (R = 8.314 JK-1mol-1), T is the absolute temperature, and 

ρ is the polymer melt density (for the sake of simplicity we used ρ = 1.33 g·cm-1 in all of our 

calculation). The results are given in Table 2-2.  

Table 2-2. Reference Frequency (ωaT), Average Molecular Weight between Entanglements (Me) 

and Number of Repeating Units between Entanglements for the P4VP-7PAP Complexes.  

P4VP-7PAP ωaT (rad/s) Me,sm (10-3) Me,iso (10-3) Ne,iso 

1:1 0.069 91 118 300 

1:0.9 0.052 123 148 380 

1:0.8 0.018  153 390 

1:0.7 0.015  216 540 

 

As seen in Table 2-2, the apparent Me of the complexes, ranging from 118-216×103 g/mol, 

increases with reducing the amount of H-bonded 7PAP mesogens. On the basis of the Mw of the 

used P4VP sample, the highest average molecular weight, which is the one of the P4VP:7PAP 

complex of 1:1, would be Mw = 611×103g/mol. The estimated Me of the complexes are of high 

values, which means relatively few entanglements per polymer chain, and which probably explains 

the absence of a clear plateau in the curve of G’ vs. frequency. But in all cases, the results show 

that chain entanglements exist in these S-SCLCP samples and this is why stretchable films can 

0/ Ne GRTM 
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easily be prepared. It is known that one main factor that determines whether or not a polymer film 

is freestanding, flexible and deformable is the crosslink or entanglement density, and a high density 

of either chain crosslinking or entanglements permits the polymer film to sustain high 

mechanically induced strains (145). 

Basically the viscoelastic behavior of P4VP-7PAP, an S-SCLCP, are similar to non-liquid 

crystalline polymers. There are no less entanglements caused by the ordered side-group mesogens. 

This also is consistent with the more important decoupling of the mesogens from the polymer 

backbone originating from the dynamic dissociation of H-bonds linking them.  

2.4. Conclusions 

We have investigated the stretching induced orientation and the linear viscoelastic behavior of an 

S-SCLCP system, for the first time to our knowledge. The S-SCLCP is built up with mesogenic 

7PAP H-bonded to P4VP. A smectic phase over an appreciable temperature range is formed by 

the side-group mesogens at a high molar ratio of pyridyl to 7PAP (1:1 or 1:0.9). On the basis of 

the whole of the results obtained in this study, a clear picture emerges of major differences in the 

stretching induced orientation of S-SCLCP as compared to SCLCPs with side-group mesogens 

covalently attached to the polymer backbone. Below is what we learned from this study. 

For covalent SCLCPs, ordered side-group mesogens are strongly coupled with the polymer 

backbone due to the covalent bonding that links the two constituents, even though a decoupling 

effect depending on the length of the flexible spacer (alkyl chain) separating them can be more or 

less significant. As a result of this strong coupling, side-group mesogens and the chain backbone 

can mutually influence each other. The lack of chain entanglements in SCLCPs is a manifestation 

of this coupling effect, which accounts for the difficulty in obtaining freestanding and 
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mechanically stretchable films. Stretching SCLCP films on a supporting film, even a small 

elongation gives rise to a high degree of orientation of the side-group mesogens. When stretched 

in the smectic phase, the mesogens are oriented perpendicularly to the strain direction and the main 

chain orientation, which is of very low degree, appears to be imposed by the orientation of the 

side-group mesogens. In other words, for covalent SCLCPs, the applied mechanical force acts on 

the coupled polymer backbone and mesogenic side groups, and the latter orients cooperatively and 

efficiently, which, in turn, governs the anisotropic conformation of the chain backbone surrounded 

by the side-group mesogens.   

In the case of S-SCLCPs, as exemplified by the P4VP-7PAP complex, the coupling between the 

side-group mesogens and the chain backbone is much weakened owing to the dynamic 

dissociation/association of the H-bonding that links the two constituents. The consequence of this 

decoupling is readily observable from the viscoelastic behavior: the average molecular weight 

between entanglements in the S-SCLCP of P4VP-7PAP is basically unchanged in both the smectic 

and isotropic phase, and is similar to non-liquid crystalline samples (lower pyridyl/7PAP molar 

ratios). As a result, the S-SCLCP can easily form freestanding and stretchable films. Furthermore, 

the stretching induced orientation behavior of P4VP-7PAP is totally different from that of covalent 

SCLCPs. Stretching in the smectic phase results in very low degrees of orientation of the side-

group mesogens perpendicularly to the strain direction even with a large strain (500%). By contrast, 

the orientation of the main chain backbone develops steadily with increasing strain, in much the 

same way as amorphous polymers. The results imply that, upon stretching, the mechanical force 

is mostly coupled to the polymer backbone and leads to its orientation. But the main chain 

orientation exerts little effect on orienting the H-bonded mesogenic side groups. The likely 

explanation of this surprising finding is that during stretching in the smectic phase (at relatively 
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higher temperatures) the dynamic dissociation of the H-bonds allow the side-group mesogens to 

be decoupled from the chain backbone and relax. 

Finally, the finding of this study points out that mechanical stretching of S-SCLCP films may not 

be an effective means to induce a high degree orientation of the mesogens, especially for those 

systems in which the side-group mesogens and polymer backbone are severely decoupled in the 

range of stretching temperatures due to the dynamic dissociation of the non-covalent bonding. 

Other methods for orientation, such as electric or magnetic field or rubbed surface, are more 

effective for S-SCLCPs. However, the finding also suggests that it might be potentially interesting 

to revisit some possible applications with S-SCLCPs, such as display, initially thought of for 

covalent SCLCPs but hampered by the slow response of the mesogens polymer caused by the high 

viscosity. S-SCLCPs are easier to process than covalent SCLCPs (film casting for example) and, 

after orienting the side-group mesogens by an appropriate method, the more decoupled mesogens 

and chain backbone may result in a faster response of the former. This will be investigated in future 

studies on S-SCLCPs.  
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CHAPTER 3. LIGHT- AND THERMALLY ACTIVATED SHAPE MEMORY IN 

AZOBENZENE-CONTAINING SUPRAMOLECULAR LIQUID CRYSTALLINE 

POLYMERS 

3.1. Introduction 

Shape-memory polymers (SMPs) are a class of “smart” materials that are able to “memorize” an 

initial (permanent) shape by recovering it from a temporary shape when activated by stimuli, most 

often by heating (7, 9, 146, 147). The temporary shape is obtained by deforming the SMP above a 

transition temperature (Ttr), followed by cooling below this temperature to freeze in the deformed 

state. Generally, SMPs require a cross-linked network structure to prevent chain relaxation during 

the deformation, and the Ttr can be the glass transition (Tg) or the melting temperature (Tm) 

depending on whether they are amorphous or semi-crystalline polymers. The recovery to the 

permanent shape is usually thermally activated by heating the SMP of the temporary shape above 

Tg or Tm to allow chain relaxation and the release of stored elastic strain energy. Most SMPs are 

one-way systems meaning that the shape recovery occurs once and the temporary shape needs to 

be reprocessed to recreate the shape memory effect.  

Of the many polymer systems exploited as SMPs, liquid crystalline polymers (LCPs) are known 

to exhibit richer shape memory behavior (29, 92, 148-152). The most notable is the reversible, i.e., 

two-way, shape memory effect observed with some liquid crystalline elastomers (LCEs) or 

networks (LCNs) (29, 148). Those polymers can switch between a contracted and an extended 

shape upon heating above and cooling below the isotropization temperature Tlc-iso as a result of the 

order-disorder phase transition of the mesogens that imposes a conformational change of the chain 
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backbone between spherical and ellipsoidal coil. Even with one-way shape memory LCPs, studies 

showed that they could have two transition temperatures, Tg and Tlc-iso, for temporary shape 

fixation and permanent shape recovery (150, 151). In other words, when a LCP with a temporary 

shape is heated above Tg into the LC phase, only part of the shape recovery process takes place, 

resulting in a new temporary shape stabilized by the ordered phase; and the permanent shape is 

recovered only after further heating the LCP above Tlc-iso into the isotropic state. 

On another front, supramolecular side-chain polymers, generally referring to systems consisting 

of a polymeric backbone and pendant groups linked together through non-covalent chemical bonds, 

have attracted much attention for both their fundamental properties and their potential for 

applications (41, 153, 154). Compared to covalent side-chain polymers, they have many 

advantages, such as the ease of preparation and the tunability of side chain structure. In view of 

those advantages, non-covalent interactions, particularly hydrogen bonding, have been extensively 

exploited as a facile method for the preparation of supramolecular side-chain liquid crystalline 

polymers (SCLCPs) bearing mesogens as pendant groups (15, 46, 129, 155-158). Despite the high 

interest, shape memory in supramolecular SCLCPs has been rarely reported thus far (159, 160). 

The specific purpose of the present study is two-fold. First, by investigating a supramolecular 

SCLCP with mesogenic side groups linked to the chain backbone via H-bonds, we wanted to 

answer the question as to whether the shape memory behavior characteristic of the covalent 

SCLCPs are affected by the dynamic linking of the mesogenic side groups and chain backbone in 

the supramolecular SCLCP counterparts. Secondly, knowing that the trans-cis photoisomerization 

of azobenzene can induce an order-disorder transition in LCPs (24, 161), we chose to use 

azobenzene mesogens in building the supramolecular SCLCP to investigate the possible impact of 

photoisomerization on the shape memory effect. As shown below, our results point out that 
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azobenzene-based supramolecular SCLCPs can display a shape memory property similarly to 

covalent SCLCPs and that the shape recovery process can be activated either by heating or by UV 

light exposure inducing the photoisomerization of azobenzene.  

3.2. Experimental Section 

3.2.1. Preparation of Supramolecular SCLCPs 

Figure 3-1 shows how the supramolecular SCLCP was prepared by H-bonding two azobenzene 

mesogenic compounds to poly(4-vinyl pyridine) (P4VP), denoted as Azo-P4VP hereafter. To 

impart the shape memory property, a fraction of the pyridine groups were reacted with 1,4-

diiodobutane to crosslink the Azo-P4VP chains (162). The two azobenzene compounds, namely, 

4-(4’-heptylphenyl) azophenol (7PAP) and 4-(4'-ethoxyphenyl) azophenol (2OPAP), were 

synthesized using a literature method (163). All chemicals for the synthesis were purchased from 

Aldrich and used as received.  

The typical procedure for preparing the Azo-P4VP samples was as follows. P4VP (Mw:160 

kg/mol), 7PAP, 2OPAP, and 1,4-diiodobutane were dissolved in CH2Cl2 at chosen molar ratios to 

make a clear solution; and the reaction mixture was stirred at room temperature for 1 h. Then, after 

removal of most solvent by slow evaporation under ambient conditions, the solution was cast onto 

the surface of a clean glass plate and dried in a vacuum oven at 60 °C for several hours. The 

resulting film of the complex had a thickness of about 50 μm. 
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Sample  x (mol %) y (mol %) z (mol %) 

P0  95 0 5 

P1  85 10 5 

P2  65 30 5 

P3  45 50 5 

 

Figure 3-1. The chemical structures, compositions and acronyms of the Azo-P4VP samples 

prepared via self-assembly. 

3.2.2. Characterization 

The samples of Azo-P4VP were characterized using a number of techniques. A differential 

scanning calorimeter (Perkin-Elmer DSC-7) was used to measure the thermal phase transitions 

with a heating and cooling rate of 10 °C/min under continuous nitrogen flow. The viscoelastic 

properties were investigated using a dynamic mechanical analyzer (Perkin-Elmer DMA 8000) in 
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the shear mode. The samples were exposed to UV or visible light using a spot curing system 

(Novacure 2100) combined with interference filters (10 nm bandwidth, Oriel). The intensity of 

unpolarized UV light (λ = 365 nm) could be adjusted between 20 and 200 mW/cm2, while that of 

the visible light (450 nm) irradiation was about 5 mW/cm2. 

3.3. Results and Discussion.  

3.3.1. Characterization of Supramolecular SCLCPs 

Azo-P4VP samples of different compositions were prepared by varying the contents of 7PAP and 

2OPAP while fixing the content of diiodobutane at 5 mol% (Figure 3-1). The constant crosslinker 

concentration in principle ensures the same network crosslinking density for all samples. Before 

presenting the characterization results, the reason of making a random copolymer using both 7PAP 

and 2OPAP for the targeted supramolecular SCLCP should be explained. The issue is about the 

photoisomerization of azobenzene mesogenic groups. Although linking 7PAP to P4VP yielded 

supramolecular SCLCP with clear liquid crystalline phases as shown in previous chapter, the 

conversion of the trans azobenzene to the cis isomer upon absorption of UV light could not be 

observed. This is problematic if one wants to observe the effect of the photoisomerization on the 

shape memory behavior. To resolve this issue, 2OPAP was mixed with 7PAP for simultaneous H-

bonding to P4VP and it was found that the presence of 2OPAP allows the trans-cis 

photoisomerization to occur. This can be noticed from Figure 3-2 showing the UV-vis spectra for 

samples P0 bearing only7PAP and P3bearing 45% 7PAP and 50% 2OPAP, the spectra being 

recorded on two films of similar thicknesses and exposed to UV and visible light under the same 

conditions. In the case of P0, no spectral change was observable after 20 seconds of UV irradiation, 

followed by 200 seconds of visible light irradiation; the absorption band of trans azobenzene 

around 360 nm remained the same. By contrast, for P3 the occurrence of reversible trans-cis 
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photoisomerization is visible. After 20 seconds UV irradiation, the reduced absorption band of 

trans azobenzene, accompanied by the increasing absorption of the cis isomer at 450 nm, indicates 

about 50% completion of the trans-cis conversion in the film; the subsequent visible light 

irradiation induced cis-trans back-isomerization as the absorption band of trans azobenzene 

recovered almost the initial intensity. The apparent lack of the trans-cis photoisomerization with 

H-bonded 7PAP groups alone is intriguing and could be caused either by the absence of the 

photoisomerization or a fast cis-trans thermal relaxation. The concomitant assembly of 7PAP and 

2OPAP with P4VP “unblocks” the photoisomerization of azobenzene mesogens, which becomes 

increasingly prominent with increasing content of 2OPAP.  

 

Figure 3-2. UV-vis absorption spectra for films of P0 (a) and P3 (b) before, after UV (200 mW/cm2, 

20 s) and after subsequent visible light irradiation (5 mW/cm2, 200 s) at room temperature. 
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Figure 3-3. FTIR spectra in the 900-1150 cm-1 region for pure P4VP and self-assembled Azo-P4VP 

samples (P0-P3).  

The linking of 7PAP and 2OPAP to P4VP through H-bonding between the phenol and pyridine 

groups (Figure 3-1) is evidenced by infrared spectra recorded on thin films of the samples. As seen 

in Figure 3-3, while P4VP displays the characteristic ring mode absorption band of free pyridine 

at 993 cm-1, this band disappears and is replaced by a new absorption at 1010 cm-1 after assembly 

either with only 7PAP or with a mixture of 7PAP and 2OPAP, which is assigned to pyridine groups 

H-bonded to the phenol groups on the azobenzene mesogens (135). Figure 3-4 shows the DSC 

heating and cooling curves of the different Azo-P4VP samples. With only 7PAP linked to P4VP, 

on heating, the glass transition appears at Tg ~ 55 oC, and a clear LC to isotropic phase transition 

is visible at Tlc-iso ~ 105 oC. By introducing 2OPAP, which has a shorter alkyl tail than 7PAP, both 
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transitions are affected with the transition temperatures shifting towards lower temperatures. At 

the molar ratio 7PAP:2OPAP = 85:10 (sample P1), the mesophase transition peak is broadened but 

remains prominent, with Tlc-iso reduced by about 10 K. At 65:30 (sample P2), the transition peak 

becomes weak and the further decreased Tlc-iso approaches Tg. At 45:50 (sample P3), the mesophase 

transition peak is no longer discernible and appears to overlap the glass transition region. The same 

changes can be noticed on cooling, with a small supercoiling for the isotropic to LC phase 

transition. These observations are consistent with those reported by de Wit et al. who studied self-

assembled P4VP with a series of alkyl and alkoxy phenylazophenols and observed the formation 

of a smectic phase in all complexes (129).  

 

Figure 3-4. DSC heating and cooling curves (10 oC/min) for Azo-P4VP samples (P0-P3). P0: black 

line, P1: red line, P2: blue line and P3: pink line. 
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Figure 3-5. Storage modulus (G’, blue) and loss tangent (tan , red) vs. temperature at fixed 

frequency of 1 Hz forAzo-P4VP samples at different 7PAP/2OPAP ratios (P0-P3). 

The viscoelastic behavior of the supramolecular SCLCP samples were measured by DMA. Figure 

3-5 shows the storage modulus (G’) and the loss tangent (tan  = G’’/G’, G’’ being the loss modulus) 

for the different Azo-P4VP samples (P0-P3). The results basically confirm the observations made 

from the DSC measurements. From the peak maxima of tan , two transitions can be noticed for 

P0, P1 and P2, and apparently only one transition for P3. Varying the 7PAP:2OPAP ratio by 

increasing the 2OPAP content, the apparent Tg of the complex decreases, from 68 oC for P0 to 60 

oC for P2. The decrease in the LC to isotropic transition is more important, from about 110 oC for 
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P0, 98 oC for P1 and 75 oC for P2, and finally for P3, it merges with Tg into one peak at 65 oC. 

Another observation is that with increasing the amount of 2OPAP in the mesogenic side groups, 

the two peaks of tan , which are associated with the transition regions of Tg and Tlc-iso, not only 

approach each other but the peak related to the LC to isotropic phase transition also becomes more 

prominent with respect to that of the glass transition. This observation implies that as compared to 

7PAP, the presence of 2OPAP results in formation of the LC phase whose isotropization gives rise 

to a more liquid-like state for the Azo-P4VP complex. The addition of 2OPAP also decreases the 

stiffness of the film. At room temperature, P0 has G’ = 52 MPa, while that of P3 decreases to about 

8 MPa. 

3.3.2. Thermally Triggered Shape Memory Effect 

The shape memory behavior of Azo-P4VP films triggered by temperature change was first 

investigated using the following sequence. A film was heated above the clearing temperature Tlc-

iso (to 110 oC for P1, 90 oC for P2, and 70 oC for P3), stretched to a desired elongation (e.g., 80%) 

after thermal equilibrium, and cooled to room temperature (below Tg) immediately after stretching 

to freeze the elongated temporary shape, followed finally by removal of the external stress. The 

recovery of the permanent shape (the film before stretching/cooling) was monitored by measuring 

the change in strain upon heating the elongated film from room temperature to T > Tlc-iso at a slow 

heating rate of 2 oC/min. The results are shown in Figure 3-6 for the three Azo-P4VP samples with 

various 7PAP/2OPAP ratios.  
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Figure 3-6. Change in strain (%) vs. temperature upon heating at a rate of 2 oC/min, the initial 

strain (temporary shape) being near 80% for all films of Azo-P4VP samples. 

The first observation is that for all samples the initial shape could be totally recovered upon heating 

into the isotropic phase (T > Tlc-iso). This is the typical thermally induced shape recovery as a result 

of chain relaxation that releases the strain energy and, at the macroscopic level, the contraction of 

the film along the strain direction. What is more interesting is that both P1 and P2, two 

supramolecular SCLCPs, clearly exhibit a two-stage shape recovery process associated with the 

glass transition and the LC-isotropic phase transition upon heating. As can be seen, for either P1 

or P2, as the temperature rose, the strain decreased quickly as the sample went through Tg; however 

a significant amount of strain remained (about 40% of the initial strain for P1 and 50% for P2) and 

it was not until the sample entered the isotropic phase that all strain was gone; i.e., the film shrank 

to the initial length. These results are consistent with the fact that both P1 and P2 have two distinct 

transitions with the glass transition starting at about 50 oC and the LC-isotropic transition occurring 

at 95 and 70 oC respectively. By contrast, in the case of P3, apparently the shape recovery is dictated 

by only one phase transition from about 40 to 60 oC that corresponds to the glass transition, likely 

overlapped with the mesophase transition, of this sample. 
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Figure 3-7. Visual demonstration of the triple-shape memory property of P1: (a) initial state; (b) 

stretched at 110 oC and cooled to 70 oC for fixation of the first temporary shape; (c) twisted at 70 

oC and cooled to room temperature for retaining the second temporary shape; (d) reheated to 70 

oC; and (e) reheated to 110 oC. The minimum unit of the ruler is mm. 

The above results clearly show that the shape memory behavior of supramolecular SCLCPs, with 

mesogenic pendant groups linked to the chain backbone via dynamic H-bonds, is similar to the 

covalent SCLCPs. With polymer chains relaxing at T > Tg, part of the strain energy can still be 

preserved by the LC phase resulting in an intermediate shape between the permanent and 

temporary shape. A visual demonstration of this triple-shape memory effect (164)  is shown in 

Figure 3-7. A film of P1 (photo a) was first deformed at 110 oC and cooled to 70 oC in the LC phase, 

which retained part of the strain to yield the first temporary shape (photo b). Then, the film with 

the first temporary shape was twisted at 70 oC before cooling to room temperature to fix the second 

temporary shape (photo c). For the shape recovery, by heating the twisted film to 70 oC, the strain 

energy stored during the film twisting was released and the first temporary shape reappeared (photo 



 

104 

 

d). Finally, by further heating the film to 110 oC, the strain energy retained by the LC phase was 

released and the permanent shape was recovered (photo e) 

Moreover, the stability of the temporary shape retained, and the associated strain energy stored, by 

the LC phase was also investigated. Despite the dynamic nature of the order formed by the 

azobenzene mesogens H-bonded to the chain backbone, the deformation was found to be quite 

stable. For this experiment, two films of P1 were stretched at 110 oC, cooled to 70 and 80 oC, 

respectively, and the external stress was removed. The residual deformations retained by the LC 

phase were similar to those in Figure 3-7. The two films were subsequently annealed at 70 and 80 

oC, respectively, for 24h; a partial contraction of only about 20% was observed in both cases.  

3.3.3. Optically Triggered Shape Memory Effect 

The supramolecular SCLCP of Azo-P4VP bears azobenzene mesogenic side groups. In addition to 

the thermally induced shape recovery as discussed above, we wanted to know if the trans-cis 

photoisomerization of the azobenzene mesogens could also trigger or control the shape memory 

effect of the polymer. On the one hand, it is generally believed that the trans-cis isomerization 

generates additional free volume and, as such, exerts a plasticization effect. A recent infrared 

spectroscopic study found evidence of irradiation-induced change in the molecular environment 

surrounding azobenzene moieties that is similar to that caused by local temperature rise (165). This 

means that even with the trans-cis photoisomerization occurring below Tg, chain segments could 

still display a certain mobility corresponding to a lower effective glass transition temperature, 

which results in chain relaxation and thus contributes to the shape recovery. On the other hand, it 

is well known that in a LC phase formed by azobenzene mesogens, the trans-cis 

photoisomerization could induce an isothermal LC-isotropic phase transition by virtue of the 

destabilization effect of the bent-shaped cis azobenzene molecules that are incompatible with an 
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ordered LC phase formed by rod-like molecules like trans azobenzene (24, 161). This means that 

by making the trans-cis isomerization occur in the LC phase, the photoinduced order-disorder 

phase transition could be effective to release the stress preserved by the ordered phase and thus 

trigger the shape recovery of the polymer. As shown below, indeed the results confirm that the 

shape memory effect of Azo-P4VP could be controlled by UV light induced trans-cis 

photoisomerization.  

 

Figure3- 8. Change in strain as a result of either UV irradiation(365 nm, 200 mW/cm2) or heating 

for a film of P1 initially stretched to a strain of 80%. The three temperatures at which the 1-min 

UV irradiation was applied are indicated and the resulting UV light-induced strain change marked 

by a vertical arrow.  

The sample P1 was first used for investigation. A film was stretched to 80 % deformation at 110 

oC, and the deformed state was fixed at room temperature. UV light (365 nm, 200 mW/cm2) was 

applied to the film of temporary shape at temperatures below but close to Tg or Tlc-iso. As can be 
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seen in Figure 3-8, under UV irradiation at 40 oC (about 15 K below Tg) for 1 min, the film 

contracted significantly from 80% to 33 % strain. Subsequent heating of the film through Tg, from 

40 to 60 oC, only resulted in slight further contraction of the film along the strain direction. At 60 

oC, the UV irradiation was applied again for 1 min, but no further photoinduced contraction 

occurred. These observations imply that the UV irradiation at 40 oC had the same effect as heating 

the sample above Tg, allowing the strain energy stored in the glassy state to be released at 40 oC 

during the film contraction. Then, after the film was heated to 80 oC (about 20 K below the clearing 

temperature) where ~ 20% strain remained, a final UV irradiation was conducted for 1 min and a 

complete shape recovery occurred with the film contracting to almost the initial length (0% strain). 

This experiment shows that the two-stage shape recovery related to the glass and LC-isotropic 

phase transition can be activated by UV light irradiation. The photoinduced shape recovery is 

prominent even when the sample exposed to UV light is significantly below the two transition 

temperatures (Tg and Tlc-iso). By contrast, if the sample is far from the glass transition temperature 

(e.g., at room temperature), the trans-cis photoisomerization of azobenzene did not lead to effective 

shape recovery. 

The effect of the UV irradiation intensity on the shape memory was investigated using the sample 

P3 that displays only one phase transition at ~ 65 oC. The results are shown in Figure 9. The 

temporary shape was prepared in the same way as for P1 (Figure 3-7), but with a different stretching 

temperature set at 90 oC. When the elongated film of P3 was exposed to the high-intensity UV light 

(200 mW/cm2) at 38 oC for 1 min, a complete shape recovery took place, similar to the effect 

obtained by direct heating of the film through the phase transition to 70 0C (Figure 3-6). By contrast, 

reducing the UV light intensity by an order of magnitude, to 20 mW/cm2, the photoinduced shape 

change became much less prominent. As can be seen from the decrease in strain after 1 min low-

intensity UV irradiation, marked by vertical arrows in Figure 3-9, UV light only resulted in limited 
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shape recovery depending on the temperature of the sample. In the conducted experiment, after 

thermal equilibrium of the film at a given temperature, the film was exposed to the low-intensity 

UV light for 1 min, and the induced change in film length was monitored; the film was then heated 

to another temperature (5 oC step) before the irradiation was applied again. It can be noticed that 

the UV-induced shape recovery was small at 30-40 oC, relatively larger at 45-50 oC before 

becoming negligible at higher temperatures close to the phase transition where the thermally 

induced chain relaxation basically completed the shape recovery process. 

  

Figure 3-9. Change in strain as a result of either 1-min UV irradiation (365 nm) at two irradiations 

(200 mW/cm2 and 20 mW/cm2) or heating for a film of P3 initially stretched to a strain of 80%. 

The vertical arrows indicate UV irradiation-induced shape recovery  
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Figure 3-10. Photos showing the spatiotemporal control over the shape recovery process of a P3 

film stretched to 80% strain. Four separate and consecutive UV light exposures (200 mW/cm2) on 

four sections of the film at 30 oC (areas indicated by arrows, up from the bottom) resulted in 

recovery of the initial length, with three intermediate shapes upon turning off the UV light. 

The minimum unit of the ruler is mm. 

Since the shape memory of Azo-P4VP, a supramolecular SCLCP, can be activated by UV light, 

just like with other types of SMPs (94, 166-171), an optical trigger provides the spatiotemporal 

control over the shape recovery process. Figure 3-10 gives a visual demonstration of this feature. 

Separate UV light irradiations (200 mW/cm2) were applied selectively from the bottom to the 

upper part of a P3 film of temporal shape (80% strain) at 30 oC. The contraction of the film occurred 

only in the exposed area. The permanent shape was recovered after four exposures, while in the 

process three stable intermediate shapes were obtained after turning off the UV light. As discussed 

above, the observed UV light-induced shape recovery is likely originated from some sort of 

photoplasticization or photofluidization effect arising from the disordering or local heating (165) 

of azobenzene mesogens as a result of the trans-cis photoisomerization, which differs from the 

reversible bending/unbending (23, 26, 102, 107, 124, 167-171) or optical shape fixation (93) 
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known for azobenzene LC elastomers or networks. 

3.3.4. Thermally and Optically Generated Mechanical Force  

In the process of recovering the permanent shape, the stored strain energy is released from the 

SMP and the associated force can be used to execute a mechanical work (172). If the temporary 

shape is obtained by elongating the SMP, like in the present study, the generated force is a 

contraction force. By fixing an elongated film in a DMA apparatus, upon activation of the shape 

recovery process, the contraction of the film cannot proceed but the contractile force can be sensed 

and measured by the DMA apparatus. We carried out experiments on the supramolecular SCLCP 

of Azo-P4VP to investigate how the contraction force can be generated thermally or optically.   

 

Figure 3-11. The contractile force generated by the shape recovery for an Azo-P4VP film subjected 

to a heating and cooling cycle (rate = 2 oC/min): (a) P1 and (b) P3. The temporary shape of both 

films corresponds to 30% elongation of the initial length.   

Figure 3-11 shows the results obtained with elongated films of P1 and P3 (30% strain) subjected to 

a heating and cooling cycle. The contraction force is observed on heating the films from the glassy 

state to the isotropic phase. For P1, it appears that as the temperature is raised above Tg, the force 
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increases continuously. Nevertheless, the two-step strain energy release corresponding to the two 

transitions is evident since there is a more rapid rise of the contraction force over the LC-isotropic 

phase transition near 110 oC. On the subsequent cooling run, as the chain mobility is increasingly 

suppressed, less and less chain relaxation can be “felt” by the force sensor of the DMA and thus 

the contraction force decreases. From the cooling curve, the two populations of the polymer chains 

that are “frozen” by the isotropic-LC and the LC-glassy phase transitions, respectively, are even 

more visible. The kinetically determined supercooling of the phase transitions under the used 

heating and cooling rate causes the apparent hysteresis loop. In the case of P3, the same contraction 

force rise and decrease is visible. The absence of the two-step change like for P1 is related to the 

overlapped glass and LC-isotropic phase transition. These force measurement results are consistent 

with the thermally activated shape memory behavior of the Azo-P4VP samples.  

The results on optically generated contraction force are shown in Figure 3-12. In this case, only P3 

was used as an example because of the prominent trans-cis photoisomerization of azobenzene 

mesogens in this sample. Two films with 30% strain for the temporary shape were exposed to three 

cycles of UV light on-off at room temperature and 40 oC, respectively. At both temperatures, a 

contraction force appeared once the UV light was applied to the film. While the UV light was on, 

the force remained (easier to notice in Figure 3-12b). Interestingly, upon turning off the UV light, 

the contraction force dropped quickly within the first seconds and then further decreased slowly 

over a much longer period of time. This behavior suggests that at the relatively high UV light 

intensity used (200 mW/cm2), the irradiation could induce a photothermal effect that raises the 

temperature of the film, because in such a case, the film is cooled quickly once the UV light is 

turned off, which explains the drop of the contraction force following the removal of the irradiation. 

The slower decrease of the force should originate from the thermal cis-trans back-isomerization of 

the azobenzene mesogens, which occurs much more slowly and, by bringing the azobenzene 
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mesogens back to the initial trans state, halts the chain relaxation. There is another piece of 

information suggesting the photothermal effect. When the film was exposed to UV light at room 

temperature (Figure 3-12a), the measured force first dropped before rising. This drop preceding 

the generation of the contractile force might be caused by a thermal expansion of the film at the 

beginning of the photoinduced heating, before the chain relaxation starts to manifest. It is easy to 

imagine that such an expansion force at the beginning of the irradiation is then dominated by the 

contraction force that emerges as the chain relaxation develops within the film further softened by 

the trans-cis photoisomerization. Therefore, the results on optically triggered force generation and 

the subsequent force removal suggest that part of the light induced shape memory came from a 

photothermal effect and part of it was due to an effect of photoplasticization or order-disorder 

transition resulting directly from the trans-cis photoisomerization of azobenzene. In either case, 

the resonant absorption of UV light by the azobenzene mesogens is at the origin. 

 

Figure 3-12. The contractile force generated by UV light (200 mW/cm2) triggered shape recovery 

of an elongated P3 film (30% strain) subjected to three cycles of UV light on-off: (a) irradiation at 

room temperature, and (b) at 40 oC.  
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3.4. Conclusions 

We have investigated the shape memory behavior of a crosslinked supramolecular SCLCP 

obtained by linking two side-group azobenzene mesogens, 7PAP and 2OPAP, to P4VP through H-

bonds. The study has allowed us to conclude: 

1) The supramolecular SCLCP exhibits similar thermally triggered shape memory behavior to 

covalent SCLCPs (92, 150). With a temporary shape processed by deforming the polymer in the 

isotropic phase followed by cooling it into the glassy state, thermally triggered shape recovery 

proceeds through two steps determined by the glass transition and the LC-isotropic phase transition. 

On heating, while part of the strain energy is released at T > Tg, the remainder of strain energy can 

only be released at T > Tlc-iso.  The ability for the supramolecular SCLCP to store a portion of the 

strain energy in the LC phase enables the triple-shape memory property by allowing the polymer 

to possess two stable temporary shapes before complete shape recovery. This study revealed that 

the dynamic nature of the H-bonds linking the side-group mesogens and the polymer backbone 

does not impact the shape memory behavior. 

2) In addition to thermally controlled shape recovery, exposure of the supramolecular SCLCP with 

a temporary shape to UV light can also trigger the shape recovery process as a result of the trans-

cis photoisomerization of the side-group azobenzene mesogens. Using an elongated film under 

constant strain, the measurements of the generated contractile force and its disappearance upon 

turning on and off the UV light, respectively, suggest that the optically triggered shape recovery 

came from a combination of a photothermal effect and an effect of photoplasticization or order-

disorder phase transition arising from the trans-cis photoisomerization. The ability of using UV 

light to control the shape recovery process makes it possible to achieve the remote activation and 

spatiotemporal control.   
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CHAPTER 4. GENERAL DISCUSSION AND CONCLUSIONS 

4.1. General Discussion 

In Chapter 1, a systematic study was realized to investigate the influence of several different 

stimuli, including stress, light and heat, on the orientation of azobenzene mesogens in a SCLCP 

and a diblock copolymer comprising two SCLCPs bearing azobenzene and biphenyl side groups, 

respectively. It was found that the orientation behavior of the azobenzene in the homopolymer is 

different from that in the diblock copolymer, due to their different microdomain structures. For the 

homopolymer PAzMA, stretching a film in the smectic-A phase and in the nematic phase gives 

rise to macroscopic orientation of azobenzene that is perpendicular and parallel, respectively, to 

the stretching direction. After erasure of the orientation by unpolarized UV light, polarized visible 

light was able to reorient the azobenzene effectively at a desired temperature (smectic phase) as a 

result of the trans-cis photoisomerization. While further thermal annealing in the smectic phase 

affects little the photoinduced orientation degree or direction, annealing in the nematic phase can 

convert the photoinduced perpendicular orientation to parallel orientation along the strain direction. 

For a diblock copolymer, totally different results were obtained, where the stretching induced 

perpendicular orientation of azobenzene mesogens can be recovered by the cis-trans back-

isomerization along, regardless of the polarization state (polarized or unpolarized) or polarization 

direction or the phase subjected to irradiation (glassy or liquid crystalline), indicating a strong 

cooperative effect between the two SCLCPs through extensive interfacial interactions. 

As the first of the kind, this study provides insight into the different orientation mechanisms in 

stretched azobenzene SCLCP films and thus is of fundamental interest for understanding the 

control of orientation in SCLCPs. 
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In Chapter 2, a S-SCLCP film was prepared by linking a mesogenic azobenzene moiety 7PAP to 

P4VP via hydrogen bonding. In contrast with covalent SCLCP, thin films prepared from solution-

casting of the supramolecular polymer can readily be stretched. Its mechanically induced 

molecular orientation behavior was investigated for the first time, to the best of our knowledge. 

For the reasons explained previously, it is of fundamental importance to know and understand how 

the orientation of mesogens in S-SCLCPs can develop upon film stretching and how the behavior 

compares with “conventional” SCLCPs with side-group mesogens covalently linked to the chain 

backbone. As presented in this thesis, our study has revealed remarkably different orientational 

behavior for S-SCLCPs. In particular, unlike covalent SCLCPs, the stretching induced orientation 

of H-bonded mesogens is very weak even under a large elongation of the S-SCLCP film in the 

smectic phase. The results suggest that the dynamic association of the side-group mesogens with 

the chain backbone is likely what promotes the chain entanglements accounting for the excellent 

film stretchability. However, this dynamic association can reduce considerably the coupling of the 

side-group mesogens with the chain backbone, which, consequently, results in less efficient 

orientation of mesogens under the mechanical force and/or faster orientation relaxation during the 

film stretching. 

In Chapter 3, the shape memory behavior of a crosslinked supramolecular SCLCP obtained by 

linking two side-group azobenzene mesogens, 7PAP and 2OPAP, to P4VP through H-bonds was 

studied. It was found that azobenzene-based S-SCLCPs could display shape memory property 

similar to covalent SCLCPs, and the shape recovery could be activated either by heating or by UV 

light exposure as a result of the photoisomerization of azobenzene. 

With a temporary shape processed by deforming the polymer in the isotropic phase followed by 

cooling it into the glassy state, thermally triggered shape recovery proceeds through two steps 
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determined by the glass transition and the LC-isotropic phase transition. On heating, while part of 

the strain energy is released at T > Tg, the remainder of strain energy can only be released at T > 

Tlc-iso. This study revealed that the dynamic nature of the H-bonds linking the side-group mesogens 

and the polymer backbone does not impact the shape memory behavior.  

In addition to thermally controlled shape recovery, exposure of the supramolecular SCLCP with a 

temporary shape to UV light can also trigger the shape recovery process as a result of the trans-cis 

photoisomerization of the side-group azobenzene mesogens. A combination of a photothermal 

effect and an effect of photoplasticization or order-disorder phase transition arising from the trans-

cis photoisomerization is believed to explain the optically triggered shape recovery. The ability of 

using UV light to control the shape recovery process makes it possible to achieve the remote 

activation and spatiotemporal control. 

4.2. Future Studies 

Due to the high interest of developing and applying stimuli responsive polymers, research on these 

smart functional materials and their orientation behavior will remain intense for many years to 

come. Especially, future studies exploiting LCP-based SMPs are worth being conducted based on 

the results described in this thesis.  

4.2.1. Bilayer Shape Memory Liquid Crystalline Elastomers  

By realizing the LCP-based shape memory effect with different sample structures, such as bilayer 

LCPs, versatile 3D shape change can be achieved. One simple idea is to prepare a bilayer by two 

LCPs with different Tg and Tlc-iso, (e.g. Tg1 < Tg2 < Tlc-iso1 < Tlc-iso2). The synthesis can be divided 

into two parts; first we prepare the supporting LCP film and chemically crosslink it, and then 
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conduct the same procedure with the second layer. After drying the film, it will be stretched at a 

high temperature where both LCPs are in the isotropic phase, which is followed by fixation at 

room temperature. After all these preparations, it is anticipated that the bilayer LCP film might 

exhibit interesting shape recovery behavior when subjected to heating, as schematically illustrated 

in Figure 4-1. 

 

Figure 4-1. Illustration of a bilayer crosslinked LCPs (LCE) subjected to stepwise heating after 

being stretched in the isotropic phase: green film represents LCE1 and brown film represents LCE2. 

(a) Fixation of the elongated film at room temperature; (b) heating the film above Tg1, LCE1 

shrinks partially; (c) heating the film above Tg2, LCE2 shrinks partially, an inverse shape change 

may be observed if the contractile force of LCE2 is larger than that of LCE1; (d) heating the film 

above Tlc-iso1, LCE1 shrinks totally; (e) heating the film into isotropic phase, the film turns back 

to its permanent shape. 
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To find two LCPs with different Tg and Tlc-iso should not be a problem, because the phase transition 

temperatures of LCPs are determined by various structural parameters such as the mesogen, spacer 

length, etc. (129). Additionally, we can also incorporate azobenzene molecules into the designed 

system to enable light-controlled shape memory. 

4.2.2. Dual-Light Controlled Shape Memory Liquid Crystalline Elastomers  

We can also introduce gold nanoparticles (AuNPs) into the azobenzene-containing LCPs, in order 

to provide a photothermal effect as has been reported previously (173). By this, we can realize a 

dual-light triggered SME, i. e., through two mechanisms: one is the photoisomerization as 

discussed in Chapter 3, and the other is the photothermal effect with the aid of AuNPs. For this, 

AuNPs coated with an azobenzene-containing LCO can easily be prepared (Figure 4-2) and be 

added in an azobenzene LCP. In practice, we just need to disperse a small amount gold 

nanoparticles into the LCP matrix simply by dissolving these two components in an organic solvent 

followed by film casting.  
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Figure 4-2. Preparation of AuNPs coated with an azobenzene-containing polymer.   
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