
 

Université de Montréal 

 

 

Supramolecular Azo-Containing Polymers: Photo-

responsive Block Copolymer Elastomers and 

Homopolymers 
 

 

 

par 

Xin Wang 

 

 

Département de chimie 

Faculté des arts et des sciences 

 

 

 

Thèse présentée à la Faculté des études supérieures et postdoctorales 

en vue de l’obtention du grade de  

philosophiae doctor (Ph.D.) en chimie 

 

 

 

Décembre 2014 

 

 

 

© Xin Wang, 2014 



 

 

 

 

 

 



 

i 

 

Résumé 

Beaucoup d'efforts dans le domaine des matériaux polymères sont déployés pour 

développer de nouveaux matériaux fonctionnels pour des applications spécifiques, souvent 

très sophistiquées, en employant des méthodes simplifiées de synthèse et de préparation. Cette 

thèse porte sur les polymères photosensibles –  i.e. des matériaux fonctionnels qui répondent 

de diverses manières à la lumière – qui sont préparés à l'aide de la chimie supramoléculaire – 

i.e. une méthode de préparation qui repose sur l'auto-assemblage spontané de motifs 

moléculaires plus simples via des interactions non covalentes pour former le matériau final 

désiré. Deux types de matériaux photosensibles ont été ciblés, à savoir les élastomères 

thermoplastiques à base de copolymères à blocs (TPE) et les complexes d'homopolymères 

photosensibles. 

Les TPEs sont des matériaux bien connus, et même commercialisés, qui sont 

généralement composés d’un copolymère tribloc, avec un bloc central très flexible et des blocs 

terminaux rigides qui présentent une séparation de phase menant à des domaines durs isolés, 

composés des blocs terminaux rigides, dans une matrice molle formée du bloc central flexible, 

et ils ont l'avantage d'être recyclable. Pour la première fois, au meilleur de notre connaissance, 

nous avons préparé ces matériaux avec des propriétés photosensibles, basé sur la complexation 

supramoléculaire entre un copolymère tribloc simple parent et une petite molécule possédant 

une fonctionnalité photosensible via un groupe azobenzène. Plus précisément, il s’agit de la 

complexation ionique entre la forme quaternisée d'un copolymère à blocs, le 

poly(méthacrylate de diméthylaminoéthyle)-poly(acrylate de n-butyle)-poly(méthacrylate de 

diméthylaminoéthyle) (PDM-PnBA-PDM), synthétisé par polymérisation radicalaire par 

transfert d’atomes (ATRP), et l'orange de méthyle (MO), un composé azo disponible 

commercialement comportant un groupement SO3
-. Le PnBA  possède une température de 

transition vitreuse en dessous de la température ambiante (-46 °C) et les blocs terminaux de 

PDM complexés avec le MO ont une température de transition vitreuse élevée (140-180 °C, en 

fonction de la masse molaire). Des tests simples d'élasticité montrent que les copolymères à 

blocs complexés avec des fractions massiques allant de 20 à 30% présentent un caractère 

élastomère. Des mesures d’AFM et de TEM (microscopie à force atomique et électronique  à 
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transmission) de films préparés à l’aide de la méthode de la tournette, montrent une corrélation 

entre le caractère élastomère et les morphologies où les blocs rigides forment une phase 

minoritaire dispersée (domaines sphériques ou cylindriques courts). Une phase dure continue 

(morphologie inversée) est observée pour une fraction massique en blocs rigides d'environ 

37%, ce qui est beaucoup plus faible que celle observée pour les copolymères à blocs neutres, 

dû aux interactions ioniques. La réversibilité de la photoisomérisation a été démontrée pour 

ces matériaux, à la fois en solution et sous forme de film. 

La synthèse du copolymère à blocs PDM-PnBA-PDM a ensuite été optimisée en 

utilisant la technique d'échange d'halogène en ATRP, ainsi qu’en apportant d'autres 

modifications à la recette de polymérisation. Des produits monodisperses ont été obtenus à la 

fois pour la macroamorceur et le copolymère à blocs. À partir d'un seul copolymère à blocs 

parent, une série de copolymères à blocs partiellement/complètement quaternisés et complexés 

ont été préparés. Des tests préliminaires de traction sur les copolymères à blocs complexés 

avec le MO ont montré que leur élasticité est corrélée avec la fraction massique du bloc dur, 

qui peut être ajustée par le degré de quaternisation et de complexation. 

Finalement, une série de complexes d'homopolymères auto-assemblés à partir du PDM 

et de trois dérivés azobenzènes portant des groupes (OH, COOH et SO3) capables 

d'interactions directionnelles avec le groupement amino du PDM ont été préparés, où les 

dérivés azo sont associés avec le PDM, respectivement, via des interactions hydrogène, des 

liaisons ioniques combinées à une liaison hydrogène à travers un transfert de proton (acide-

base), et des interactions purement ioniques. L'influence de la teneur en azo et du type de 

liaison sur la facilité d’inscription des réseaux de diffraction (SRG) a été étudiée. L’efficacité 

de diffraction des SRGs et la profondeur des réseaux inscrits à partir de films préparés à la 

méthode de la tournette montrent que la liaison ionique et une teneur élevée en azo conduit à 

une formation  plus efficace des SRGs. 

Mots-clés: Complexes supramoléculaires, copolymères à blocs, azobenzène, propriétés 

optiques, élastomères thermoplastiques (TPEs), PDM, échange d'halogène, inscription des 

réseaux de diffraction (SRG), photoisomérisation. 
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Abstract 

Much effort in the area of polymer materials involves the development of new 

functional materials for specific, often highly sophisticated, applications using simplified 

methods of synthesis and preparation. This thesis focuses on photo-responsive polymers – i.e. 

functional materials that respond in various ways to light – that are prepared with the aid of 

supramolecular chemistry – i.e. a preparation method that relies on the spontaneous self-

assembly of simpler molecular building blocks via noncovalent interactions to form the final 

targeted material. Two types of photo-responsive materials were targeted, namely block 

copolymer thermoplastic elastomers (TPEs) and photo-responsive homopolymer complexes.  

TPEs are well-known, even commercial, materials that are typically based on triblock 

copolymers with a highly flexible middle block and rigid outer blocks that phase separate into 

isolated domains of the hard, outer block phase within a matrix of the soft block phase, and 

they have the advantage of being recyclable. For the first time, to our knowledge, we have 

prepared such materials with photo-responsive properties based on supramolecular 

complexation between a simpler parent triblock copolymer and a small molecule possessing 

the photo-responsive functionality via an azobenzene group. Specifically, this involved the 

ionic complexation of the quaternized form of a block copolymer, poly(dimethylaminoethyl 

methacrylate)-poly(n-butyl acrylate)-poly(dimethylaminoethyl methacrylate) (PDM-PnBA-

PDM), synthesized by atom transfer radical polymerization (ATRP), with methyl orange 

(MO), a commercially available SO3
--functionalized azo-containing compound. PnBA has a 

subambient glass transition (-46 °C) and the MO-complexed PDM outer blocks have a high 

glass transition (140-180 °C, depending on the molecular weight). Simple elasticity tests show 

that the complexed block copolymers with hard block weight fractions between about 20 and 

30% have elastomeric character. AFM and TEM (atomic force and transmission electron 

microscopies) of spin-coated films show a correlation between the elastomeric character and 

morphologies where the hard block forms a dispersed minority phase (spherical and/or short 

cylindrical domains). A continuous hard phase (inverted morphology) is observed for a hard 

block content of around 37 wt %, which is much lower than found for neutral block 
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copolymers due to ionic interactions. Reversible photoisomerization was demonstrated for 

these materials in both solution and in film form. 

The synthesis of the PDM-PnBA-PDM block copolymer was then optimized by using 

the halogen exchange technique in ATRP, along with other modifications to the 

polymerization recipe. Monodisperse products were obtained for both the macroiniaitor and 

the block copolymer. Based on a single parent block copolymer, a series of partially/fully 

quaternized and complexed block copolymers were prepared. Preliminary stretching tests on 

the MO-complexed block copolymers showed that their elasticity is correlated with the hard 

block content, which can be tuned by the degree of quaternization and complexation. 

Finally, a series of homopolymer complexes self-assembled from PDM and 

azobenzene derivatives bearing three different groups capable of directed interactions with the 

amino moiety of PDM (OH, COOH and SO3
-) were prepared, where the azo derivative 

associates with PDM via hydrogen-bonding interactions, by ionic bonding mixed with 

hydrogen bonding through proton-transfer (acid-base) interactions, and by purely ionic 

interactions via ion exchange procedures, respectively. The influence of the azo content and 

bonding type on surface relief grating (SRG) inscription was investigated. The SRG 

diffraction efficiencies and grating depths in spin-coated films show that ionic bonding and 

high azo content leads to more efficient SRG formation. 

Keywords: Supramolecular complexes, block copolymers, azobenzene, optical properties, 

thermoplastic elastomers (TPEs), PDM, halogen exchange, surface relief gratings (SRG), 

photoisomerization. 
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Chapter 1 Introduction and Literature Review 
 

When considering strain or deformation in materials, it is well known that liquids and 

gases are permanently deformable substances, whereas solids are typically poorly deformable. 

One class of solids that are quite deformable, generally to more than 150% of initial 

dimensions, are elastomeric materials, characterized also by the fact they can recover all or 

most of their original shape when the deforming force is released. This class of material is of 

great usefulness to mankind, as it combines the advantages of both solids and deformable 

materials, giving unique features that neither solids nor deformable materials alone can 

achieve.  

Elastomeric materials are a main topic of study in this thesis. A novel approach based 

on using supramolecular chemistry will be investigated, particularly for developing light-

responsive elastomeric materials. What is essential to the elastomers is having a molecular 

network structure. This can be built with covalent links or with noncovalent 

("supramolecular") links, as shown schematically in Figure 1.1. The latter can facilitate the 

synthetic procedures as well as give products having a variety of properties based on the same 

parent material.  

 

 

Figure 1.1 Schematic of an elastomeric network built from starting components. 

+
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These ideas will be discussed in greater detail in the following sections of this chapter. 

We will start with a review of elastomeric materials, discussing different types of elastomers, 

with some emphasis on azo-containing elastomers. This will include an explanation of why 

azobenzene-based materials are important as light-responsive materials. Following that, 

supramolecular complexes will be reviewed, in which supramolecular chemistry as a tool will 

be discussed in the design of functional polymers, particularly azobenzene-containing 

complexes. The chapter will conclude by presenting and motivating the research described in 

this thesis. 

1.1 Elastomers 
Elastomeric materials include natural rubber, synthetic thermoset elastomers and 

thermoplastic elastomers. They can withstand large deformation without rupture thanks to the 

molecular network (crosslinks) holding the chains together, and this deformation is reversible. 

The chain length between crosslinks must be sufficiently long and the chain flexible enough to 

allow such deformation. To be flexible, the polymer must have a glass transition (Tg) that is 

low compared to the use temperature. Crosslinks can be of different types. For thermoset 

elastomers, they are made with covalent bonds and are therefore permanent. For thermoplastic 

elastomers, hard domains resulting from microphase separation (see later) serve as crosslinks 

within the working temperature domain of the elastomer. The latter crosslinks are also known 

as physical crosslinks, as opposed to chemical or covalent crosslinks in thermoset elastomers. 

Elastomers are defined as polymers that display rubber-like elasticity, which is the 

capacity to undergo large, reversible deformation driven by entropy.1-3 The deformability of 

elastomers relies on the ability of randomly coiled long chains to adopt diverse conformations. 

When the elastomer is stretched by an external elongational force, its state of entropy 

decreases due to the resultant restriction on possible conformations. When the external force is 

released, the chains return to their random coil conformations to maximize the entropy.2 The 

elongation force that can be applied must not exceed what will stretch the chains beyond their 

full molecular extension. If so, the chains will break, leading to permanent deformation and 

rupture of the material. 
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1.1.1 Thermoset polymer elastomers 

Before the more modern term “elastomer” was used, polymeric materials with 

elasticity were widely called rubber or, later, rubberlike materials.4 Natural rubber is the oldest 

example of an elastomer. Chemically, it is a polyisoprene, mainly cis-1,4–polyisoprene, as 

shown in Figure 1.2a. The unsaturated double bonds in the polyisoprene chains can react with 

sulfur at high temperature and pressure, leading to sulfur crosslinks (Figure 1.2b). This curing 

process is known as vulcanization. Analogous processes are used to introduce covalent 

crosslinks in other thermoset elastomers.  

 

 

Figure 1.2 (a) Molecular structure of natural rubber (cis-1,4-polyisoprene) and (b) a schematic 
of the molecular structure after vulcanization by sulfur. 

 
 
 

Once cured, thermoset elastomers cannot be reshaped or reprocessed by heating, since 

the chemical network, which is permanent, prevents flow, i.e. the sliding of molecular chains 

past one another, when subjected to stress. Nor can they be dissolved, although they can swell 

in organic solvents. Thus, like all thermoset polymers, thermoset elastomers are not 

recyclable.  

S
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Presently, thermoset polymer elastomers are still the primary choice in many industrial 

areas such as automobile tires, seals, hose, energy absorbers, gloves, power cables, etc., where 

high chemical and thermal resistance are required.5 Widely used thermoset polymer elastomers 

include polyisoprene, styrene-butadiene rubber (SBR) and nitrile rubber (NBR). 

A recent development in elastomers is the incorporation of novel functionalities in the 

material. These include liquid crystal elastomers,6-11 stimuli-responsive elastomers,12-20 and 

bionic elastomers.7 These materials usually utilize covalent crosslinking between the 

functional molecular chains, and thus fall in the category of thermoset elastomers. 

1.1.2 Thermoplastic elastomers (TPEs) - generalities 

In contrast to thermoset elastomers, thermoplastic elastomers or TPEs have physical 

crosslinks that form thermoreversible networks.1 TPEs were first introduced by Shell 

Chemical Company (U.S.A.) in 1965.21 These were in the form of two products, poly(styrene-

butadiene-styrene) (SBS) and poly(styrene-isoprene-styrene) (SIS), that were polymerized by 

anionic techniques. This established the A-B-A type block copolymer TPE stereotype and 

quickly drew great attention. Soon after, with an increasing number of TPE applications, many 

companies undertook research and development of this new class of elastomers. According to 

some industry market research, global demand for TPEs is forecast to increase by 6.3 % in 

2015 and will continue to increase in the long term. Nowadays, TPEs are widely used in 

footwear, instrument panels, door skins, motor vehicles, sporting goods, etc.  

TPEs have stress-strain properties comparable to vulcanized rubbers, but can be 

formed into different shapes by thermoplastic processing techniques, such as extrusion and 

injection molding, without any vulcanization needed.21, 22 In addition, many TPEs are soluble 

in common solvents and regain their elastic properties when the solvent is removed,23 which 

also makes them solvoplastic. Since the physical crosslinks can be undone by thermal 

treatment or solvation without degrading the polymer, the materials are recyclable. Thus, the 

advantages of TPEs over traditional thermoset elastomers include 

thermoprocessibility/recyclability, a large choice of monomers, and relatively simpler 

synthesis. 

In general, TPEs are based on the principle of microphase separation between two 

phases, where a majority phase has a low Tg and a minority phase forms small, rigid domains 
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that are dispersed within the majority soft phase to form the physical crosslinks and thereby 

create an elastomeric network.24 Figure 1.3 shows a schematic of such a TPE where the 

rubbery chains are connected by the hard domains. The hard phase may be amorphous with a 

high Tg or it may be semicrystalline with a high Tm (melting point). The role of these hard 

domains is the same as the chemical crosslinks in thermoset elastomers, only they will lose 

their hardness and become flowable above Tg or Tm, where they can be reprocessed. This 

process is reversible, i.e. the minority domains acquire their hardness again when cooled 

below Tg or Tm.  

 

 

Figure 1.3 A schematic of the microstructure of block copolymer TPEs. 

 

 

Three types of such TPEs are described in the next sections. Most emphasis is given to 

the block copolymer type, which is of particular interest to the subject of this thesis. 

1.1.3 Block copolymer TPEs 

The most common type of block copolymer TPEs are triblock copolymers of the ABA 

type, where A and B are sequences of two different repeat units. These TPEs include the 

styrenic block copolymer elastomers commercialized by Shell, among which SBS and SIS 

hard block rubbery block
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elastomers are the most well known.25 To be elastomeric, the middle B block must be a long, 

flexible, low Tg (Tg << 25 °C) segment and the outer A blocks must be relatively short with a 

high Tg or Tm (melting point). This is the case for SBS and SIS, where S has a Tg of about 100 

°C and B and I have Tg 's of -9026 and -7227 °C, respectively. In addition, A and B must be 

thermodynamically immiscible in order to drive phase separation.28 Since the A and B blocks 

are chemically bonded to each other, block segregation is limited to a certain range, leading to 

separation only at the microphase level. The much greater length of the B block compared to 

the A blocks leads to microphase separation of isolated A domains within a matrix composed 

of B, thereby forming an elastomeric network structure.  

The domain size and polymer morphology in microphase-separated block copolymers 

are, in general, dependent on the overall molecular weight of the block copolymer and the 

volume fraction of each block.29-31 For TPEs, good elasticity can be achieved with spherical 

and cylindrical morphologies.32-34 For the latter, it was pointed out that elasticity is favoured 

upon stretching by the strain-induced plastic-to-rubber transition that is attributed to 

fragmentation of rigid cylindrical structures by large plastic deformation of the glassy PS 

block. In other words, the stretching breaks up the cylinders into short cylinders and reorients 

them.35, 36 

1.1.4 Synthesis of block copolymer TPEs 

Since this thesis involves the synthesis of a new type of block copolymer elastomer, it 

is useful to give an overview of the synthetic methods used to make block copolymer TPEs. 

To make well-defined block copolymers with precise block lengths and narrow dispersities, 

living polymerization methods, particularly anionic, are used. They have several 

disadvantages. One is that the selection of monomers is limited. As an example, poly(n-butyl 

acrylate) cannot be directly synthesized by anionic polymerization because of nucleophilic 

side reactions on the primary ester groups of n-butyl acrylate, and therefore it is obtained by 

first polymerizing tert-butyl acrylate, followed by transalcoholysis.37 Most important for 

commercial polymers, living polymerizations require very strict synthesis conditions, 

including a totally oxygen-free and humidity-free environment to stabilize the active anion or 

cation. The facilities to ensure these conditions are expensive and thus less amenable for 

commercialization.38-40 In the case of commercial TPEs like SBS and SIS, the reactor is 
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always protected by an inert gas such as ultra-high purity nitrogen. The products usually go 

through a rectification process afterwards and the production is generally in large quantity to 

lower the cost. 

With the development of controlled radical polymerization (CRP) techniques,41 the 

synthesis of block copolymer has become simpler and cheaper. These techniques include 

nitroxide mediated radical polymerization (NMP), atom transfer radical polymerization 

(ATRP) and reversible addition-fragmentation chain-transfer polymerization (RAFT). Of 

those, ATRP is the most used because of its convenience in synthesis.37 For example, NMP is 

not suitable for polymerizing methacrylate monomers due to β–proton abstraction by nitroxide 

radicals.42 RAFT requires special agents with specific types and structures needed for different 

monomers. Some of the RAFT agents have synthetic challenges and are difficult to 

commercialize. Besides, the thiol groups in RAFT agents are not suitable for some functional 

polymers because they can interfere with and largely suppress the functionality of these 

polymers.43, 44  

ATRP is used in this thesis. A schematic of the ATRP process is shown in Figure 1.4. 

It utilizes transition metal catalysts to control the free radical concentration during 

polymerization. The most commonly used are copper halides, such as copper (I) bromide and 

copper (I) chloride, for which the activity increases with increased atomic number. Such metal 

halides will complex with an amine ligand to act as a coordinator in the ATRP process. There 

are two major species in the ATRP process, the dormant species and the active species, the 

latter being the propagating radicals. The dormant species are the alkyl halides. They react 

intermittently with the metal complexes in their lower oxidation state to generate active 

radicals leading to chain propagation as well as metal complexes with a higher oxidation state. 

Because the rate constant for forming the radicals is much lower than that for forming alkyl 

halides, the dormant species are the predominant species present in the system. This ensures 

that the free radicals remain at a very low concentration during the polymerization process.45 

The equilibrium between the dormant species and the propagating radicals confers a “living” 

character to this technique, in contrast to dead polymer chains in conventional radical 

polymerization that result from chain termination and transfer reactions.46  
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Figure 1.4 General scheme of the ATRP process. Reprinted with permission from ref. 47. 
Copyright (2001), American Chemical Society. 
 

 

ATRP has proven to be an effective synthetic method for preparing block copolymer 

TPEs, with many successful examples.37, 48-58 A poly(methyl methacrylate)-poly(n-butyl 

acrylate)-poly(methyl methacrylate) (PMMA-PnBA-PMMA) block copolymer was 

synthesized by a two-step ATRP process using a difunctional initiator.37 The stress-strain 

curve of this polymer, with a maximum elongation of 545 % at break, is typical of TPEs. In 

another example, polymenthide was modified at the two chain ends to obtain an ATRP 

macroinitiator. Tulipanlin A was subsequently polymerized to give rise to a triblock 

copolymer TPE.53 Elongations in excess of 1300% without failure were observed at 

temperatures from 25 to 100 °C. Polymer products with different architectures can also be 

obtained by using appropriate ATRP initiators. Dufour et al. synthesized a three-arm star block 

copolymer TPE by using a three-arm bromo initiator, with PnBA as the inner blocks and 

PMMA as the outer blocks.51 The tensile mechanical properties of the obtained TPE were 

found to be slightly better than the linear equivalent. In these reports, dispersities between 1.1-

1.5 are generally obtained for the ATRP polymers, in contrast to more than 2 for conventional 

radical polymerization products.59  

1.1.5 Other examples of TPEs 

Another class of TPEs that has had commercial success are thermoplastic polyurethane 

elastomers (TPUs).60 An example is Lycra®, whose molecular structure is shown in Figure 

1.5. TPUs are segmental linear copolymers that are prepared by a polyaddition reaction 

between a diisocyanate and polyols with two hydroxyl end groups in the presence of a 

catalyst. The types of segments in the copolymer determines how tough or soft the elastomers 

are. The polyol segments provide the flexibility and softness, while the isocyanate segments 
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account for the toughness and rigidity of the material. The elasticity properties of TPUs derive 

from the phase separation of the thermodynamically incompatible hard copolymer segments 

from the soft segments. The hard phase, composed of isocyanate and chain extenders, is 

characterized by extensive hydrogen bonding that helps drive the phase separation and 

contributes to its hardness.61 The extent of microphase separation and the morphological 

characteristics strongly influence the properties of the final material. Due to their exceptional 

abrasion resistance, TPUs are largely used in footwear as sole material.62 

 

 

Figure 1.5 Molecular structure of Lycra® fibers. 

 

 

Ionomers, which are random copolymers composed of a majority organic repeat unit 

and a minority (less than 10 mol % typically) ionic repeat unit, can also form TPEs.63-68
  An 

example of an ionomer is given in Figure 1.6a. To be TPEs, the majority repeat unit must lead 

to a rubbery (i.e. low Tg) polymer. The ionic groups in the nonpolar organic matrix will 

aggregate in small nanophases (Figure 1.6b) to form what have been termed "multiplets". 

These multiplets are surrounded by a corona where the molecular mobility is reduced by the 

strong and stable ionic interactions, so that as the ionic content increases, the juxtaposition of 

the multiplets leads to a hard phase, called a "cluster" phase, that progressively increases in 

proportion (Figure 1.6c).69 The multiplets are considered to serve as physical crosslinks 

accounting for the low permanent set of ionomer elastomers, whereas the clusters act as a 

reinforcement filler giving high initial modulus during elongation. When a suitable polar 

additive is incorporated, the physical crosslinks are weakened and the elastomer becomes 

thermoplastic at elevated temperature, allowing melt processing.  
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(a)                                                                    

 
  

 

(b)                                                                     (c)  

 
 

Figure 1.6 (a) An example of a multiplet in an ionomer.70 (b) Representation of a multiplets in 
an ionomer. Reprinted with permission from ref. 69. Copyright (1990) American Chemical 
Society. (c) ionic cluster model. Reprinted with permission from ref. 69. Copyright (1990) 
American Chemical Society. 
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1.2 Azo-containing elastomers 

The responses of synthetic polymers to stimuli are inspired by the adaptive behaviour 

of substances in living systems to their surrounding environment.71 These stimuli-responsive 

materials have drawn extensive interest in the past decades and are becoming more and more 

important in the development of smart materials and molecular machinery. Of all the stimuli 

studied, light irradiation is a relatively straightforward and non-invasive way of inducing 

responsive behavior.71,72, 73 It is also advantageous over other stimuli because it is a non-

contact mode of control. Among photo-responsive polymers, azobenzene-containing polymers 

are the most widely studied.  

 

 

Figure 1.7 Polarizing optical micrograph of gratings recorded on an azo-containing elastomer 
film. Reprinted with permission from ref. 49. Copyright (2004) American Chemical Society. 
 

 

The idea of combining photoresponsiveness of azobenzene molecules with the shape 

change ability of elastomers gives rise to two benefits. First, the elastomers can respond to 

light by taking advantage of the photo-mechanical transformation. This gives the possibility of 

controlling the elastomeric materials remotely. Second, optical properties of materials can be 

modified/tuned as a consequence of shape changing. An example is the refractive index 

modulation grating recorded on an azo-containing elastomer film in the stretched state, as 

shown in Figure 1.7, which reduces their period when the film relaxes.49 Other optical 

properties, such as the diffraction angle and efficiency may also be changed and fine-tuned 
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reversibly on azo-containing elastic films.74 In the following sections, the interest of 

azobenzene-based systems, including elastomers, and several photo-responsive properties will 

be discussed. 

1.2.1 Azobenzene-based systems 

Azobenzene molecules are a photo-responsive motif of choice due to their fast and 

complete changes in many molecular aspects, such as their electronic structure, geometric 

shape and polarity, as well as due to the reversibility of their response and the relative 

simplicity of incorporation into a large variety of molecular systems.71, 75-79 Azobenzene 

materials have potential applications in many areas, such as optical communication, data 

recording, and photo-switchable devices.72, 76, 80, 81 Azobenzene derivatives were recently 

reported as materials for solar thermal cells that can significantly increase energy storage 

capacity.82, 83  

Because of the π–conjugation over the azo-linked aromatic rings and their ability to 

switch between two isomers, trans and cis (Figure 1.8), azobenzene-based molecules (or azos, 

for short) have strong electronic absorbance in the UV-visible region of the spectrum, the 

exact region depending on their aromatic substitution pattern.35 An example of such a 

spectrum is shown in Figure 1.9, indicating that it is composed of a strong π–π* band and a 

weaker n–π* band. Azobenzene molecules undergo photoisomerization from the trans form to 

cis form when irradiated with light of appropriate wavelengths. This process is reversible, i.e. 

the cis form can return to the trans form either with irradiation of light or with heat. A 

schematic of this process is shown in Figure 1.8, and the change in the UV-vis spectrum of an 

example azocompound is shown in Figure 1.9. Furthermore, under appropriate linearly 

polarized light, molecular-level photoisomerization can result in nanoscale domain orientation, 

and, under a light interference pattern, this can cumulatively develop into substantial 

movement at the macroscopic scale.75 The latter gives rise to so-called "surface relief 

gratings", which will be further discussed in Section 1.2.2. It is because of these unique 

features that azobenzene is widely used as the functional group in photo-responsive 

materials.84-95  
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Figure 1.8 Photoisomerization of azobenzene molecules. 

 

 

 

Figure 1.9 Representative UV-vis spectrum of an azobenzene derivative. Reprinted with 
permission from ref. 96. Copyright (2000) American Chemical Society. 
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1.2.2 Photo-chemical/optical properties 

Photo-induced changes in birefringence and dichroism are the consequence of trans-cis 

isomerization and alignment of azobenzene molecules in the direction perpendicular to the 

polarization of incident light.97 One of the applications of azobenzene-functionalized polymers 

is the creation of holographic gratings.98-103 Azobenzene-functionalized polymers are among 

the most effective materials for holography due to their high sensitivity and reversibility.104 

Various research groups have fabricated holographic gratings on azo-functionalized materials 

with high diffraction efficiency.98, 99, 105-108 There are three types of gratings that can form 

simultaneously: refractive index (RI) gratings induced by spatially selective cis/trans 

photoisomerization, birefringence gratings induced by molecular orientation, and surface relief 

gratings (SRGs) induced by micrometer-scale molecular motion at the surface.109-111 The first 

two are phase-type gratings, which result from a light-induced modulation in RI or 

birefringence, while SRGs are amplitude gratings, which result from a topographic modulation 

of the surface.110 An example of a typical SRG, recorded on an azo-containing crosslinked 

epoxy polymer,99 is shown in Figure 1.10. SRG formation on azobenzene functionalized 

polymer films is described as the consequence of mass migration of polymer chains, typically 

below (even far below) the bulk Tg of the material, upon exposure to light in the absorption 

band of the azo chromophore.112 The mechanism leading to such macroscopic polymer chain 

migration is still not well understood; several models, along with their assumptions, strengths 

and limitations are summarized in ref. 113. Experimentally, it has been established that the 

efficiency with which SRG's can be inscribed in azopolymer films depends on various 

molecular parameters, including the glass transition temperature (Tg), molecular weight (or the 

presence of entanglements) and azo content; however, the relationships described in the 

literature are contradictory and thus are not yet well understood in a general way.114  

SRGs of azo-containing polymers have already found various applications. Kang et al. 

fabricated a polymeric wavelength filter with a one-step approach by making use of SRGs 

formed on an epoxy-based azo-functionalized polymer as an etch mask.115 Similarly, a 

periodic gold nanostructure was fabricated by reactive ion etching of the metal with photo-

induced SRGs of poly(disperse red 1 acrylate) (pDR1A) as the mask.116 These techniques 

avoided using photoresists by taking advantage of the efficient SRG formation of azo 
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polymers, providing a cost-efficient and flexible form of lithography compared to 

conventional approaches. 

 

  

Figure 1.10 A three-dimensional AFM image of an SRG inscribed on an epoxy-based azo 
polymer. Reprinted with permission from ref. 99. Copyright (1995), AIP Publishing LLC. 

 

 

1.2.3 Photo-mechanical properties 

Materials that can respond to external stimuli are of great interest to polymer scientists. 

Like living systems, such “smart” materials can respond to very slight changes in the 

surrounding environment. Azo-containing materials are therefore such “smart” materials 

because of their ability to transform light into macroscopic deformation, leading to their so-

called photo-mechanical properties. Photo-mechanical transformations have been realized with 

various azo-containing materials in the form of plastic polymer films,89, 117, 118 polymer 

fibers,119 microcrystals120 and gels.42 The basis of photo-mechanical transformation is the 

photo-induced force/shape transition arising from the structural change of the azobenzene 

molecules. The azobenzene molecular length changes drastically, the distance between the 4 

and 4’ carbons in trans and cis azobenzene being 9.0 and 5.5 Å, respectively.121 Such a change 

may be expected to cause substantial photo-induced deformation in azobenzene-containing 

materials. Practical results are, however, as low as only 0.15%.122 Some attempts were made to 
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increase the photo-mechanical effect, including through the introduction of longer azo 

crosslinkers.123, 124 

It was found that crosslinking is necessary for improving the photo-mechanical effect 

in azo-containing materials. The crosslinking, which also needs to be azobenzene molecules, 

can facilitate the transfer of the subtle change at the molecular level to macroscopic 

deformation. The maximum extent of photo-induced deformation was reported to increase 

with increased crosslinking density.125 Furthermore, to achieve deformation in a preferential 

direction, anisotropic alignment of the azo molecules is required, usually through rubbing or 

the use of polarized light. Ikeda et al. reported that a crosslinked azo-containing gel film shows 

bending and unbending behavior with light exposure.89 This behavior was attributed to an 

unbalanced contraction of azobenzene molecules at the film surface compared to the bulk film 

not reached by the light. They also showed that it was possible to control the direction of 

bending on rubbed surfaces, corresponding to the preferential alignment of the azo molecules 

that was induced by the rubbing, as shown in Figure 1.11. If the azobenzene moieties are 

randomly oriented, the bending and unbending show no preferential direction. Precise control 

of the bending and unbending direction could also be achieved by using linearly polarized 

light.84  

Azo-containing elastomers are of great interest because of their potential application as 

artificial muscles126 in the class of smart stimuli-responsive materials, thanks to their large 

stretchability and reversibility, which plastic polymer films and other types of materials do not 

possess.127 The photo-mechanical transformation of azo-containing elastomers is a particular 

feature that makes them potentially useful as actuators. For example, an azobenzene-

containing elastomer, prepared by dissolving a commercial azo dye, Disperse Orange I, into a 

liquid crystalline elastomer, was shown to have a very large photo-mechanical response to 

light.18 In another study of azobenzene-containing elastomers, the mechanical force generated 

by photoirradiation reached a value close to the contraction force of human muscle.128 
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Figure 1.11 A schematic of the bending mechanism of an azobenzene-containing gel film. 
The molecular structure of the azo monomer and azo crosslinker are shown on the left. 
Reprinted with permission from ref. 89. Copyright (2003), John Wiley and Sons. 

 

 

Because of the rigid mesogenic shape of the azo unit, azo polymers are often liquid 

crystalline.78 Such elastomers are thus also known as liquid crystalline elastomers (LCEs).78 

LCEs are unique in that they combine the anisotropic aspects of the LC phase and the rubbery 

elasticity of polymer networks. The liquid crystallinity can also be beneficial to elasticity of 

azo elastomers. For example, Cui et al. prepared an azo-containing thermoplastic block 

copolymer elastomer, as shown in Figure 1.12, whose hard block is an azobenzene-containing 

side-chain liquid crystalline polymer (azo-SCLCP), and demonstrated that it keeps part of its 

elasticity even above the Tg of the hard blocks as long as it remained below the nematic-
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isotropic transition temperature (Tni). This was attributed to the liquid crystalline domains 

slowing down the relaxation of the elastic chains during deformation.49  

 

Figure 1.12 Molecular structure of an azobenzene-containing block copolymer elastomer.49 

 

 

1.3 Supramolecular complexes 

1.3.1 Supramolecular chemistry 

Supramolecular chemistry has been defined by J. M. Lehn, who received the Nobel 

Prize (chemistry) in 1987 for his pioneering work in this area, as “a field of science covering 

the chemical, physical, and biological features of chemical species held together and organized 

by means of intermolecular (noncovalent) binding interactions”.129 In other words, it focuses 

on chemical systems assembled from a discrete number of molecular subunits or components 

using specific intermolecular forces. Traditional molecular chemistry, in contrast, focuses on 

the formation of covalent bonds between atoms to build molecules. The increasing interest in 

supramolecular chemistry in the last few decades is reflected by the large number of reviews, 

papers and books, making it one of the most widely studied topics in chemistry and materials 
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science.130, 131 As an area in chemistry that utilizes secondary force between molecules to drive 

molecular self-assembly, it allows scientists to efficiently prepare many novel types of 

materials of which the functionality and many other features can be readily tuned.  

There are two types of molecular self-assembly, intermolecular and intramolecular. 

Intermolecular self-assembly refers to interactions between individual molecules, while the 

latter involves interactions within the same molecule, such as in the folding of proteins.132, 133 

A well-known example of molecular self-assembly in nature is DNA, involving both inter- 

and intramolecular interactions. The chemical structure of DNA consists of complementary 

base pairs that perfectly match up with each other in particular sequences in a double helix 

structure,134 thereby carrying genetic codes. A schematic of the DNA double-helix structure is 

shown in Figure 1.13. In this system, hydrogen bonds form between cytosine (C) and guanine 

(G) and between adenine (A) and thymine (T). 

 

Figure 1.13 The schematic of DNA double-helix structure. Reprinted with the permission of 
Scribner, a Division of Simion & Schuster, Inc, from ref. 135. Copyright (1968) by Elizabeth L. 
Watson. Copyright renewed (1996) by James D. Watson. 
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Not only is DNA a consequence of self-assembly, but the helix itself can further self-

assemble into larger complexes, by using the supramolecular forces between DNA chains. As 

schematically shown in Figure 1.14, more complex structures of DNA can be obtained from 

small DNA bricks by the self-assembly of large LEGO-like bricks. This illustrates another 

advantage of molecular self-assembly, namely that supramolecularly constructed items can be 

the constituent components of still higher-level assemblies. 

 

 

 

Figure 1.14 Design of the DNA brick structure by self-assembly of LEGO-like bricks. 
Reprinted with permission from ref. 136. Copyright (2012), American Association for the 
Advancement of Science. 
 

 

Supramolecules often possess unique character and functions that a single molecule or 

lower-level supramolecules do not possess. For example, supramolecular polymers, which are 

polymeric arrays of complementary molecules held together by secondary forces such as 

hydrogen bonds,137 have very different properties from the individual components. The 
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ordering of the different components into the larger assembly can be controlled by the proper 

design of the individual molecules and their interacting groups. Thus, supramolecular 

polymers can be designed to have alternating, random, and block sequences, for example. 

Supramolecular polymers with both main chain and side chain architecture have been 

designed.138 Main chain supramolecular polymers are constructed from complementary 

molecules that assemble together end-to-end (i.e., the noncovalent interactions are part of the 

polymer backbone), as shown schematically in Figure 1.15. This is analogous to step 

polymerization in covalent polymers. Side chain supramolecular polymers are made from the 

noncovalent binding of recognition groups of small molecules to complementary groups on an 

all-covalent polymer, thus forming side groups, as shown in Figure 1.16. The noncovalent 

interactions include hydrogen bonding, complementary ionic bonding, and halogen bonding. 

 

 

Figure 1.15 Schematic illustration of linear main chain supramolecular polymer formed from 
two different molecules, Ri and Rj, having complementary groups that form a noncovalent 
bond. Reprinted with permission from ref. 138. Copyright (2002), John Wiley and Sons. 
 

 

  

Figure 1.16 Schematic representation of a side chain supramolecular polymer formed from an 
all-covalent polymer to which small molecules bind through noncovalent interactions between 
complementary groups of the two components. 
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Main chain supramolecular polymers are of particular interest due to reversibility 

arising from intrinsic properties of secondary force interactions.139, 140 Recent research on  

main chain supramolecular polymers include the employment of metal-ligand interactions, 

alone or with other secondary forces.141 An advantage of such a supramolecular polymer is 

that the switchability of the complex bondings is readily achievable.141 High molecular weight 

supramolecular main chain polymers were prepared by using alternating metal coordination 

and quadruple hydrogen bonding interactions, giving mechanical properties comparable to 

covalent polymers.142 Addition of a competing ligand to this supramolecular polymer leads to 

the reversible opening of the metal complex, giving rise to a potential “switchable” functional 

polymer. In still another example, a main chain supramolecular polymer was prepared via one-

pot mixing of three moieties, a heteroditopic monomer, a secondary ammonium salt and a 

metal ion, that self-assembled through orthogonal recognition.143 Supramolecular main chain 

polymers can also act as an intermediate to form covalent polymers; for example, Roy et al. 

reported the generation of a main chain polymer by oxidative C-C bond formation between 

several hydrogen-bonded supramolecular monomers.144 In general, due to the usually 

relatively weak nature of secondary forces and incomplete interactions, the ultimate stability 

and strength of main chain supramolecular polymer are limited.  

Side chain supramolecular polymers draw extensive research attention because of their 

ease of synthesis, easy tuning of functionality, the availability of a large variety of parent 

covalent polymers, as well as the greater robustness provided by the parent polymer.145 Side 

chain supramolecular polymers also provide an important advantage that multiple 

functionalities can be achieved based on the same polymer backbone. While hydrogen 

bonding is a frequently used interaction in these supramolecular polymers, other interactions 

such as ionic bonds are also employed to increase the interaction strength. Furthermore, 

although the parent polymer used is most often a prepolymerized polymer on which the 

functional small molecules self-assemble, there have also been examples of the polymerization 

of supramolecularly pre-assembled monomers. For example, Gooch et al. have reported side 

chain supramolecular polymers obtained by copolymerizing styrene and several hydrogen-

bonded pyridine derivatives.146   

A large number of side chain supramolecular polymers have been reported.147-153 Most 

are in the form of longitudinal sidegroups with the aim of obtaining supramolecular liquid 
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crystal systems, as illustrated in Figure 1.16. Systems with side chain architecture where the 

small molecule is attached sideways have also been developed.152 A supramolecular assembly 

between a negatively-charged amphiphilic polymer and reactive side chain functional groups 

of peptides was reported to be able to selectively label peptides of interest.154 Cooke et al. 

prepared a tunable side chain supramolecular polymer through host-guest complexation 

between an electron-deficient polymeric side chain and an electron-rich cavity shaped 

molecule, which can be disrupted by the addition of a competing guest or electrochemical 

reduction of the electron-rich molecule.155 By changing the interaction force between the 

polymer and functional moieties, the resultant properties of the supramolecular polymer can be 

changed.  

In a different type of application, the supramolecular approach has been used to tune 

morphologies and surface patterns in block copolymer films obtained by spin-coating, dip-

coating and Langmuir-Blodgett techniques.156-162  As one of the examples, Roland et al. 

demonstrated that the morphology of dip-coated films of supramolecular polymer complexes 

self-assembled from PS-P4VP and hydrogen-bonding small molecules depends on the 

hydrogen-bonding strength, among other factors, and can be controlled by the relative small 

molecule content.163 

1.3.2 Azo-containing supramolecular polymer complexes 

As mentioned earlier, azo-containing polymers are widely used in photo-responsive 

materials. To incorporate azobenzene molecules into polymers, supramolecular chemistry is 

much more versatile than synthesizing all-covalent azo polymers. This simple approach of 

preparing photo-responsive polymers facilitates the easy tailoring and optimization of 

properties. Here, we briefly review azo-containing supramolecular polymer complexes 

characterized by hydrogen and ionic bonding, although other types of bonding are also 

possible,164-166 as mentioned earlier. 

Hydrogen bonding interactions allow simple and fast preparation of such 

supramolecular complexes, where it is easy to vary the azo content and type. This allows good 

flexibility in preparing different series of complexes, where the effect of specific variables can 

be investigated. Gao et al. have reported a supramolecular polymer prepared by complexing a 

series of carboxylic acid-functionalized azobenzene compounds to poly(4-vinylpyridine) 
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(P4VP).167 The molecular structure of one such complex is shown in Figure 1.17. Good SRG 

patterns could be inscribed in films of this material, and it was shown that the type and relative 

content of the azo compound led to different modulation depths. Similarly, azobenzene 

derivatives bearing a hydroxyl group were complexed with P4VP, and it was shown that the 

para-substituent has a strong influence on the SRG formation.168 It was also found that the 

azobenzene compounds that gave efficient photo-alignment led to less efficient SRG 

formation. There are various other hydrogen-bonded azo-containing supramolecular polymers, 

including rosettes,169 gels,170 and supramolecular membranes,171 that have been reported. 

 

 

Figure 1.17 Molecular structure of a side chain hydrogen bonding and azo-containing 
supramolecular polymer.167 
 

 

Ionic bonding generally leads to stronger complexation than hydrogen bonding and has 

thus also been used to construct azo-containing supramolecular polymers.149, 150, 172-176 Figure 

1.18 shows a schematic of such a complex, self-assembled from a polyelectrolyte and an 

azobenzene salt, onto which thermally stable SRGs can be inscribed.177 Other examples of 

ionic azo-containing supramolecular polymers can be found in optically anisotropic 

materials,178 gels,179 electrospinning180 and complex ionomers.181   
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Figure 1.18 Schematic presentation of an ionic side chain supramolecular polymer complex. 
Reprinted with permission from ref. 177. Copyright (2007) American Chemical Society. 

 

 

Of particular interest to this thesis is a complex that is self-assembled from quaternized 

P4VP, a polyelectrolyte, and a commercially available azobenzene sulfonate, methyl orange 

(MO or azoSO3).172 This complex is very rigid, possessing no flexible alkyl chain spacer, yet 

is liquid crystalline with a smectic A type structure. It also shows high and thermally stable 

photo-induced birefringence (PIB) and efficient SRG inscription that was attributed to its 

rigidity and very high Tg. Other similar complexes, as shown in Figure 1.19, were also 

prepared.173 These complexes all have very high Tg's, above 180 oC, as indicated by the DSC 

curves in Figure 1.19, but they have varying degrees of flexibility in their molecular structure. 

It was found that the greater the degree of molecular rigidity, the higher the photo-induced 

birefringence was and the more efficient the SRG inscription was. Thus the best response was 

shown by the P4VP/MO complex. 

 



Chapter 1 

 

26 

 

   

Figure 1.19 Chemical structure and DSC thermograms of the homopolymer complexes self-
assembled from polyelectrolytes and various azobenzene sulfonates. Reprinted with 
permission from ref. 173. Copyright (2009) American Chemical Society. 
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1.4 Objectives and scope of this thesis 

The main objective of this thesis is the design of a new type of photo-responsive 

elastomeric material that is also recyclable (thermo and/or solvoplastic). To simplify the 

synthesis and ease the preparation of specific series, a supramolecular strategy is incorporated. 

The inspiration for this idea arose from the complexes shown in Figure 1.19 that were 

developed in the Bazuin laboratory by Zhang et al.172, 173  These complexes were synthesized 

using a supramolecular methodology based on ion-exchange procedures, they are azo-

containing and therefore photo-responsive, and they have very high Tg's (close to 200 oC) so 

that they are good candidates as a hard block component in a TPE. The all-covalent TPE 

model used is the azo-containing triblock copolymer developed in the Zhao laboratory 

(Université de Sherbrooke) and shown in Figure 1.12,49  where the middle block is poly(n-

butyl acrylate) (PnBA). PnBA has a Tg close to -40 oC and can be synthesized easily by ATRP.  

Of the complexes shown in Figure 1.19, the one based on poly(dimethylaminoethyl 

methacrylate) (PDMAEMA or PDM) is a good choice, since P4VP faces some synthetic 

challenges when polymerized by ATRP due to its strong coordination with metal catalyst182 (It 

may also be noted that the hard block in Figure 1.12 is also methacrylate-based.). It is then 

relatively easy to quaternize the PDM block for subsequent ionic complexation with sulfonate-

functionalized azo molecules. The choice of methyl orange (MO or azoSO3) as the small 

molecule component relies on the fact that it is commercially available and that it is the most 

rigid of the small molecules in Figure 1.19, thus having the greatest potential for good 

photocontrol. The targeted supramolecular complex is shown in Figure 1.20 and the overall 

strategy for obtaining them is illustrated in Figure 1.21. 
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Figure 1.20 Molecular structure of the target supramolecular PDM/MO complex. 

 

 

 

 

Figure 1.21 Schematic of the strategy used to prepare supramolecular photo-responsive block 
copolymer thermoplastic elastomers self-assembled from a charged block copolymer and an 
oppositely charged azo small molecule. 
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We utilize living radical polymerization, specifically ATRP, to prepare, first, a series 

of parent PDM-PnBA-PDM triblock copolymers. These copolymers are then fully quaternized 

followed by full complexation with MO, giving a series with different hard block contents. 

Their thermal, elastomeric, structural and photoisomerization properties are then characterized. 

It will be shown that adding a methacrylate to an acrylate block (macroinitiator) using ATRP 

actually involves a mismatch in initiation efficiency leading to diblock impurities in the 

product. This is addressed with the aid of the so-called halogen exchange technique50, 51, 183-185 

for preparing a more perfect block copolymer. In this case, the parent block copolymer, which 

is synthesized in large quantity, is then divided into different batches to prepare a series of 

samples having different degrees of quaternization and different degrees of complexation, as 

shown in Figure 1.22. This emphasizes the possibility of tuning the properties desired in a 

relatively simple manner using a single starting block copolymer.  

 

 

Figure 1.22 Schematic illustration of a single parent block copolymer and its quaternized 
(second row) and complexed (third row) forms. The values represent the target degrees of 
quaternization and complexation with respect to the outer block of the parent block copolymer. 
 

 

In addition to the main objective of designing and investigating a supramolecular 

photo-responsive TPE, a secondary objective that is a continuation of the previous work of 

Zhang et al.172, 173, 186  on homopolymer complexes was undertaken. As mentioned above, this 

work demonstrated the high potential of the less flexible ionic complexes in Figure 1.19 as 
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photo-responsive materials. As also mentioned above, other groups have shown good 

photoresponsiveness with hydrogen-bonded complexes, particularly involving P4VP. With 

this in mind, and since there has previously been very little research on azo-containing 

complexes involving PDM, a study was made to compare the effectiveness for SRG 

inscription of hydrogen bonded and ionically bonded complexes with PDM. Specifically, an 

OH and a COOH-functionalized azo molecule, along with the PDM/MO (PDM/azoSO3) 

complex, were used for this comparison (Figure 1.23). It is noteworthy that, while azoOH and 

azoCOOH both lead to hydrogen-bond complexes with P4VP, although with different 

strengths, the greater basicity of the tertiary amine in PDM is expected to cause proton transfer 

from azoCOOH to the amine. 

 

 

 

Figure 1.23 Molecular structure of two hydrogen-bonded complexes in comparison with an 
ionically bonded analogous. 
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1.5 Composition of thesis 

Chapter 2: A Supramolecular Approach to Photo-responsive Thermo/solvoplastic 

Block Copolymer Elastomers.  

Published as a full paper in Macromolecules 2014, 47, 7099-7108.  

Authors: Xin Wang, Jaana Vapaavuori, Yue Zhao, C. Geraldine Bazuin. 

Description of content: This chapter introduces our supramolecular approach for 

obtaining photo-responsive thermo/solvoplastic block copolymer elastomers by ionic 

complexation of a commercial azobenzene dye (methyl orange) with a novel triblock 

copolymer consisting of quaternized PDMAEMA outer blocks and a poly(n-butyl acrylate) 

middle block. 

Role of coauthors: Jaana Vaapavuori, a postdoctoral fellow in the Bazuin group, 

suggested and supervised the photoisomerization and UV-visible experiments and write-up 

involving light-irradiated samples (represents less than 10% of the total work). Yue Zhao is a 

professor in the Department of Chemistry at Université de Sherbrooke, in whose laboratory I 

learned the ATRP synthesis strategy of the block copolymers, as part of a CSACS-supported 

interuniversity collaboration. He also reviewed the manuscript before submission, and gave 

useful suggestions, particularly on the elasticity part. 

Chapter 3: Tuning Photoresponsiveness and Elasticity in Azo-Containing 

Thermo/Solvoplastic Block Copolymer Elastomers. 

Manuscript in preparation.  

Authors: Xin Wang, C. Geraldine Bazuin. 

Description of content: This chapter investigates how partial quaternization and 

complexation can vary the elasticity and thermoresponsiveness of the novel block copolymer 

complexes, starting from a single parent block copolymer. It also resolves some synthetic 

issues that arose in Chapter 2. 

Chapter 4: Azobenzene-Containing Supramolecular Poly(dimethylaminoethyl 

methacrylate) Complexes: Influence of Bonding Type on Surface Relief Grating Formation 

and Photomobility. 

Almost ready for submission (subject to completion of some infrared orientation 

experiments under photoirradiation by Dr. Jaana Vaapavuori). 
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Authors: Xin Wang, Jaana Vapaavuori, R. Georges Sabat, Christian Pellerin, C. 

Geraldine Bazuin.  

Description of content: This chapter investigates the influence of the supramolecular 

bond type (hydrogen bond vs. proton transfer bond vs. purely ionic bond) on the surface relief 

grating (SRG) formation of supramolecular homopolymer complexes involving three series of 

azo/PDM [poly(dimethylaminoethyl methacrylate)] complexes at different molar ratios.  

Role of coauthors: Jaana Vapaavuori, a postdoctoral fellow in the Bazuin group, 

oversaw and verified the SRG/photomobility characterization and participated in the writing 

up of that part as well as the revisions and discussion. R. Georges Sabat is a professor in the 

Department of Physics at Royal Military College who provided the facility for SRG 

characterization as well as supervised that part of the study. Christian Pellerin is a professor in 

the Department of Chemistry at Université de Montréal who was involved in the 

characterization and discussion of the IR characterization of this study. 

Chapter 5: This chapter summarizes the main achievements of the research of the 

thesis and indicates how they contributed to original knowledge. Perspectives and ideas for 

continued research and possible applications are also proposed. 
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Chapter 2 A Supramolecular Approach To Photo-

responsive Thermo/Solvoplastic Block Copolymer 

Elastomers* 

 

Abstract: 

With the aim of preparing supramolecular photoresponsive block copolymer 

elastomers, a series of ABA triblock copolymers with a poly(n-butyl acrylate) (PnBA) middle 

block and poly(dimethylaminoethyl methacrylate) (PDMAEMA or PDM) outer blocks were 

synthesized by atom transfer radical polymerization (ATRP), followed by PDM quaternization 

(giving PDMQ-PnBA-PDMQ) and then by ionic complexation with methyl orange (MO), an 

azo-containing and sulfonate-functionalized commercially available compound (giving 

PDMQ/MO-PnBA-PDMQ/MO). The PnBA block, which has a subambient glass transition, 

and the quaternized and complexed blocks, which have high glass transitions, form phase-

separated soft and hard blocks, respectively. Simple elasticity tests of solvent-cast films show 

that the PDMQ/MO-PnBA-PDMQ/MO with hard block content between 18 and 29 wt % (as 

well as PDMQ-PnBA-PDMQ with 18 wt % hard block content) have significant elastomeric 

character. AFM and TEM (atomic force and transmission electron microscopies) of spin-

coated films show a correlation between the elastomeric character and morphologies where the 

hard block forms a dispersed minority phase (spherical and/or short cylindrical domains). 

Reversible photoisomerization, with relatively high cis isomer content in the photostationary 

state, was also demonstrated. 

 

                                                

 
* Published as a full paper: Xin Wang, Jaana Vapaavuori, Yue Zhao, C. Geraldine Bazuin, 
Macromolecules 2014, 47, 7099-7108. 
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2.1 Introduction 

Synthetic strategies that incorporate supramolecular assembly are highly useful in the 

construction of functional materials.1-3 Supramolecular chemistry consists of utilizing 

noncovalent bonds, particularly hydrogen or ionic bonding, to bind two or more components 

together, such as a small molecule to a polymer.4, 5 In the latter, it is then convenient to 

introduce added functionality to the material by incorporating easily synthesized small 

molecules that possess the desired function. Here, we apply the supramolecular approach to 

the design of a reprocessable (thermo/solvoplastic) elastomeric material with photo-responsive 

functionality. 

Thermoplastic elastomers (TPE's), of which commercially available polystyrene-

polybutadiene-polystyrene (PS-PB-PS or SBS) triblock copolymers are the best known 

examples, are composed of two phases; namely, a soft matrix phase within which are 

dispersed hard phase domains that act as physical crosslinks. In SBS TPE's, PS, which has a 

high glass transition temperature (Tg), forms isolated, relatively small, hard phase domains and 

PB, which has a low Tg, forms the matrix, thereby allowing elastomeric character at room 

temperature along with thermal processability above the PS Tg.6, 7 The TPE concept has been 

applied to a variety of ABA type block copolymers, which are typically synthesized using 

ring-opening metathesis polymerization (ROMP),8, 9 atom transfer radical polymerization 

(ATRP)10-13 or anionic polymerization methods.14-16 

A wide variety of photo-responsive materials have been synthesized and investigated 

for their ability to respond to a noncontact mode of external control, light, which permits a 

host of potential high-technology photonic applications, such as optical storage, switching, and 

lithography.17-25 Most often, the photo-responsive group used is azobenzene, due to its 

reversible trans-cis-trans photoisomerization cycle that leads to photo-orientation under 

linearly polarized light.17 Among azobenzene-containing polymers, photo-active liquid 

crystalline elastomers with tunable photo-mechanical responses are promising as light-driven 

actuators and artificial muscles.26-28 Such elastomers are usually chemically crosslinked, 

including by difunctional azo molecules, but have also been investigated in the form of 

TPE's.13, 29-31 Although a variety of parameters that potentially influence how photo-active 

polymers respond to polarized light have been investigated, they are generally limited in scope 
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due to the difficulty in synthesizing a large series of appropriate polymers. This problematic 

can be ameliorated by using a supramolecular approach, where easily synthesized polymers 

are complexed with azo-containing small molecules. It is a simple matter to vary the amount 

and type of these small molecules, or even incorporate a mixture of them. We have previously 

ionically complexed various azo dyes possessing a sulfonate functionality to cationic 

polyelectrolytes, notably quaternized poly(4-vinyl pyridine) (P4VP) and quaternized 

poly(dimethylaminoethyl methacrylate) (PDMAEMA, or PDM for short).32 These ionic 

complexes were shown to be liquid crystalline (smectic A) and, for those with the least 

molecular mobility, to provide high and stable photo-induced birefringence and efficient 

surface relief grating inscription. Furthermore, they possess high Tg
’s, greater than 180 °C. 

This latter property makes them ideal hard block materials for constructing photo-responsive 

reprocessable elastomers or TPE's. 

Thus, the aim of the present work is to describe the ATRP synthesis and basic 

characterization, including an evaluation of elasticity, of a series of the triblock copolymers 

shown in Scheme 2.1. The endblocks are composed of PDM, which are quaternized and then 

complexed via ion exchange with the commercial sulfonate-functionalized azo dye, methyl 

orange (MO), as in ref. 32. The middle block is the same as used in ref. 13, namely poly(n-

butyl acrylate) (PnBA), which has a sub-zero Tg. 
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Scheme 2.1 Complexed triblock copolymers, PDMQ/MO-PnBA-PDMQ/MO, obtained by 
self-assembly between methyl orange, MO, and the quaternized form, PDMQ-PnBA-PDMQ, 
of the parent triblock copolymer, PDM-PnBA-PDM, synthesized by ATRP. 

 

 

2.2 Experimental 

2.2.1 Materials 

All materials were obtained from Sigma-Aldrich unless otherwise specified. 

Aluminum oxide (Al2O3, activated neutral), N,N,N',N',N-pentamethyldiethylenetriamine 

(PMDETA), anhydrous anisole, nitromethane, iodomethane, sodium hypochlorite, methyl 

orange (MO), spectrograde DMF and ruthenium chloride hydrate were all used as received. 

N,N’–dimethylaminoethyl methacrylate (DM) and n-butyl acrylate (nBA) were passed through 

an Al2O3 column just before polymerization to eliminate the inhibitor. Copper (I) bromide 

(CuBr) was washed with boiling acetic acid before use to remove any soluble oxidized 

species. An SBS TPE, used as received, was reported by the supplier to have a total Mw of 

184,000 and 28 wt % PS content. Deionized water was obtained from a Millipore Gradient 

A10 Milli-Q system. Silicon wafers ({1,0,0}, University Wafer) were cleaned with boiling 

piranha solution [3/1 v/v (concentrated H2SO4)/(30 wt % H2O2)] for 1 h, thoroughly rinsed 
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with Milli-Q water, and dried with nitrogen flow. Freshly cleaved high-grade mica sheets (Ted 

Pella), cut to 1.2×1.2 cm2, were coated with carbon using a Cressington 108 Carbon/A coater. 

2.2.2 Synthesis of block copolymers 

The macroinitiators and parent block copolymers were synthesized by appropriate 

modifications of a literature procedure.13 The dibromo initiator, 1,1’-biphenyl-4,4’-bis(2-

bromoisobutyrate), was synthesized as described in ref. 10. The amount of each block 

copolymer sample available for testing (i.e. each parent, quaternized and complexed 

copolymer) ranged from 300 to 600 mg. 

a. Poly(n-butyl acrylate) Macroinitiators (Br-PnBA-Br), abbreviated Hx (H for 

homopolymer), x=1, 2 for two different molecular weights. The preparation of H1 is given as 

an example. In a 10 mL Schlenk flask, nBA (3.2 g, 25 mmol), CuBr (17 mg, 0.12 mmol), 

PMDETA (21 mg, 0.12 mmol) and anhydrous anisole (2 mL) were stirred for 10 min. The 

dibromo initiator (19 mg, 0.04 mmol) was then added, followed by three freeze-thaw cycles. 

The flask was then sealed under vacuum and put in an oil bath at 65 °C for 20 h. The 

polymerization was stopped (determined subsequently to be at 61% conversion) by the 

addition of a small amount of cold THF, and the solution was passed through an Al2O3 

column. After concentrating the solution, the product was precipitated once in methanol 

cooled by dry ice/acetone. The sample was dried in a vacuum oven at 60 °C for 2 d. 1H NMR 

(400 MHz, CDCl3), δ (TMS, ppm): 4.03 (2H, t, J=6.5 Hz, O–CH2), 2.27 (H, br, CH), 1.90 

(2H, p, J=3.4 Hz, CH–CH2), 1.59 (2H, t, J=6.5 Hz, O–CH2–CH2), 1.37 (2H, h, J=7.3 Hz, 

CH3–CH2), 0.93 (3H, t, J=7.3 Hz, CH3). 

b. Poly(dimethylaminoethyl methacrylate)-b-poly(n-butyl acrylate)-b-

poly(dimethylaminoethyl methacrylate) (PDM-PnBA-PDM), abbreviated Bxy (B for block 

copolymer), where x is a number referring to the middle block (1 or 2) and y is a letter (a - e) 

referring to the outer block in order of increasing length for a given x, as listed in Table 2.1. 

The preparation of B1a is given as an example. In a 10 mL Schlenk flask, CuBr (17 mg, 0.12 

mmol), PMDETA (21 mg, 0.12 mmol) and anhydrous anisole (2 mL) were stirred under N2 

for 10 min, then H1 (2.7 g, 0.04 mmol) and the monomer DM (600 mg, 3.8 mmol) were 

added, followed by three freeze-thaw cycles. The flask was then sealed under vacuum and put 

in an oil bath at 65 °C for the time needed (30 min to 2 h) to obtain the desired PDM/PnBA 
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ratio (monitored by 1H NMR). The polymerization was stopped (at 62% conversion) by the 

addition of cold THF, and the solution was passed through an Al2O3 column. After 

concentrating the solution, the product was precipitated twice in hexane cooled by dry 

ice/acetone. The sample was dried in a vacuum oven at 80 °C for 2 d. 1H NMR (400 MHz, 

CDCl3), δ (TMS, ppm): 4.03 (4H, t, J=6.5 Hz, O–CH2), 2.56 (2H, s, N–CH2), 2.34 (H, br, 

CH), 2.28 (6H, s, N–(CH3)2), 1.91 (2H, p, J=6.3 Hz, CH–CH2), 1.82 (2H, p, J=3.45 Hz, C-

CH2), 1.59 (2H, t, J=6.9 Hz, O–CH2–CH2), 1.37 (5H, h, J=7.3 Hz, CH3–CH2), 1.05 (3H, br, 

C–CH3), 0.93 (3H, t, J=7.3 Hz, CH2–CH3). 

c. Quaternization of Block Copolymers (PDMQ-PnBA-PDMQ), abbreviated Qxy (Q 

for quaternized block copolymers, x and y as in Bxy). The block copolymers were quaternized 

according to a literature procedure.32,33 The preparation of Q1a is given as an example. A 

turbid solution of B1a (150 mg, eq. DM=0.13 mmol) in nitromethane (10 mL) was stirred for 

10 min in a 50 mL Schlenk flask. Then iodomethane (50 eq., 925 mg), dissolved in 10 mL of 

nitromethane, was slowly added under nitrogen. The solution became clear shortly after the 

addition of iodomethane, followed by the appearance of a gel-like or viscous precipitate kept 

in suspension by stirring. The reaction was continued under reflux for 3 d. The mixture was 

then concentrated and precipitated once in hexane at room temperature, followed by drying in 

a vacuum oven at 70 °C for 24 h. 1H NMR (400 MHz, DMF-d7), δ (TMS, ppm): 4.68 (2H, br, 

N+–CH2–CH2), 4.28 (2H, br, N+–CH2), 4.10 (2H, t, J=6.3 Hz, O–CH2), 3.63 (9H, s, N+–

(CH3)3), 2.37 (H, br, CH), 1.93 (4H, q, J=6.6 Hz, C–CH2), 1.65 (2H, t, J=6.8 Hz, CH3–CH2–

CH2), 1.43 (2H, d, J=7.3 Hz, CH3–CH2), 1.12 (3H, br, C–CH3), 0.97 (3H, t, J=7.3 Hz, CH2–

CH3). 

d. Complexation Between MO and PDMQ-PnBA-PDMQ (PDMQ/MO-PnBA-

PDMQ/MO, Scheme 2.1), abbreviated Cxy (C for complexed block copolymers, x and y as 

above). The preparation of C1a is given as an example. Following a literature procedure,32 

PDMQ-PnBA-PDMQ was dissolved in DMF in a Schlenk flask, to which 1.1 eq. of methyl 

orange (MO) dissolved in DMF was then added. This solution was stirred at 50 °C for 2 h, and 

then dialyzed against Milli-Q water for at least 3 d to eliminate NaI, DMF and excess MO. 

The Milli-Q water was refreshed at least 3 times each day. The water/sample mixture was then 

freeze-dried for 2 d and vacuum-dried at 80 °C for another 2 d. Energy dispersive analysis 

(EDS) was used to detect any Na+ and I–, their absence being indicative of essentially 
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complete (stoichiometric) complexation with no excess MO. 1H NMR (400 MHz, DMF-d7), δ 

(TMS, ppm): 7.94 (2H, d, J=7.9 Hz, C(6)H), 7.83 (4H, dd, J=16.4, 8.5 Hz, C(6)H), 6.87 (2H, 

d, J=9.0 Hz, C(6)H), 4.62 (2H,  br, N+–CH2–CH2), 4.25 (2H, br, N+–CH2), 4.09 (2H, t, J=6.0 

Hz, CH3–(CH2)2–CH2), 3.50 (9H, br, N+–(CH3)3), 3.10 (6H, s, N–(CH3)2), 2.52–2.27 (H, m, 

CH), 2.01–1.85 (4H, m, C–CH2), 1.80–1.55 (2H, m, CH3–CH2–CH2), 1.42 (2H, d, J=7.0 Hz, 

CH3–CH2), 1.13 (3H, br, C–CH3), 0.97 (3H, t, J=7.2 Hz, CH2–CH3). 

2.2.3 Instrumentation 

An FTS Systems FD-3-85A-MP freeze-dryer working at 1–3 mT, with the condenser 

at -90 °C, was used for freeze-drying. 1H NMR spectra were recorded on a Bruker Avance 

spectrometer (400 MHz). Molecular weights and polydispersities were measured at room 

temperature by size exclusion chromatography coupled with quasi-elastic light scattering 

(SEC-LS), using a Wyatt QELS system equipped with a Waters 600E pump, two PLgel 

300×7.5 mm columns with a particle size of 5 µm and pore sizes of 103 Å and 105 Å, 

respectively, a refractive index detector and a photodiode array detector. THF with 2% 

triethylamine (TEA) was used as the eluent, the flow rate was 1 mL/min, and the solution 

concentration was about 3 mg/mL. Elemental analysis of the C, H and N content was 

performed with a Fisons EAS1108 analyzer. A FEI Quanta 200 FEG environmental scanning 

electron microscope equipped with an energy dispersive spectrometer (EDS) was used to 

verify the presence or absence of Na+ and I– in the complexes. 

Thermogravimetric analysis (TGA) was performed using a TA Instruments Hi-Res 

TGA 2950 analyzer under nitrogen atmosphere at a heating rate of 10 °C/min. Differential 

scanning calorimetry (DSC) of 2-5 mg of sample placed in standard aluminum DSC pans was 

performed at heating and cooling rates of 10 °C/min using a TA Instruments Q2000 DSC. 

Elasticity was evaluated by stress-relaxation-recovery tests using a Rheometrics Scientific 

DMTA MKV in strain-controlled mode at room temperature. Cast films, with a free distance 

between the clamps of 3–5 mm, were stretched at a rate of 1 mm/s to specified strains, then 

relaxed at this strain for 1 min, followed by recovery for 5 min at zero external force. Small 

angle X-ray diffraction (SAXS) analysis on cast films (folded when possible to give stacked 

thicknesses of 0.5-0.8 mm) was performed at room temperature at a sample-to-detector 

distance of 107.15 cm using a Bruker NanoStar instrument equipped with a Bruker Vantec-
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2000 area detector, a 50-kW 600-µA generator, an Incoatec IµS copper X-ray radiation source 

(λ=1.54 Å) with high-flux pinhole configuration, and a vacuum sample chamber at a pressure 

below 0.2 mbar. UV-visible spectra were recorded on an Agilent Cary Series UV-Vis-NIR 

spectrophotometer. The solution spectrum was taken from a 0.015 wt % DMF solution in a 

quartz cuvette (path length of 1 cm). Preparation of the spin-coated film samples is described 

below. Photoisomerization was induced by irradiating the samples with an OmniCure Series 

2000 200-W mercury lamp, using a 400-500 nm filter. The light intensity at the sample surface 

was set to 50 mW/cm2.  

Spin-coating was done with a Headway Research EC101D spinner at room 

temperature. Atomic force microscopy (AFM) on spin-coated films was conducted in tapping 

mode under ambient atmosphere using a Multimode microscope, a Nanoscope V controller 

(Bruker) and the Nanoscope V7.30 software. The tips (Arrows NC model, spring constant 42 

N/m, oscillation frequency 285 kHz, tip radius <10 nm) were obtained from Nanoworld. Plan-

view transmission electron microscopy (TEM) was done using a Philips/FEI Tenai 12 

operating at 80 kV in bright-field mode.  

2.2.4 Film preparation 

Cast films for elasticity testing were prepared by putting 3–10 wt % DMF solutions 

(THF for SBS) in a Teflon mold, protected from dust by a Petri dish. After evaporation under 

ambient conditions of most of the solvent, the films were further dried in a vacuum oven at 

120 °C for 2 d, and then cooled in a desiccator. The dried films (0.3 mm thick, 7 mm wide, 50 

mm long) were carefully peeled from the Teflon mold avoiding deformation. 

Films for AFM and TEM observations were spin-coated from 5 wt % DMF solutions at 

6000 rpm for 30 s (THF for SBS) onto silicon wafers for AFM and onto carbon-coated mica 

for TEM, followed by vacuum drying at 120 °C for 3 h. As verified by AFM images across 

scalpel scratches on one film, film thicknesses of about 200 nm were obtained. The films for 

TEM were floated by immersion of the mica substrate in Milli-Q water at an angle of about 

45°, then picked up with TEM copper grids (Square 400 mesh; Soquelec) using tweezers. The 

grids with film were placed on filter paper to absorb excess water, followed by vacuum-drying 

at 60 °C for 2 h. Block copolymer complexes were then exposed for 30 min to ruthenium 

tetroxide (RuO4) vapour,34 produced in situ just prior to use.35 RuO4 is known to preferentially 
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stain the aromatic azobenzene rings,13,34,36 and therefore only the PDMQ/MO block is stained. 

The film used to investigate room temperature photoisomerization kinetics was spin-coated 

from a 10 wt % DMF solution at 5000 rpm for 30 s onto a quartz slide (giving a film thickness 

of about 350 nm), followed by drying at room temperature in a vacuum oven for a few hours. 

2.3 Results and discussion 

2.3.1 Synthesis and characterization 

Although charged monomers can be directly copolymerized by RAFT37,38 or NMP,39 

leading to polyelectrolyte block copolymers, we chose to polymerize neutral block 

copolymers40,41 to facilitate molecular weight determination, and then, in two subsequent 

steps, to quaternize the outer blocks and complex them with methyl orange. We utilized atom 

transfer radical polymerization (ATRP) to obtain relatively monodisperse block copolymers, 

since, compared to other controlled radical polymerization techniques, ATRP favors higher 

molecular weight polymers.42 Two series of block copolymers were synthesized, using two 

different macroinitiators. Their molecular weight characteristics are given in Table 2.1, where 

the total Mn’s and polydispersities of the macroinitiators (Hx) and block copolymers (Bxy) 

were determined by SEC-LS (Figure A2.1 of the Appendix to Chapter 2) and the outer block 

Mn’s of the Bxy were determined from 1H NMR (described in greater detail below) using the 

SEC-LS measured Mn's of Hx for the middle block. The total Mn's of the copolymers 

determined by SEC-LS are systematically higher by 15-35% than the NMR-based total Mn's. 

The elemental analysis of the nitrogen content, particularly considering the necessarily higher 

experimental error for the lowest PDM contents, is consistent with the theoretical values based 

on the NMR data (Table A2.3). The block Mn's indicate that the PDM content in the Bxy 

copolymers covers a range from 7 to 19 wt % (correspondingly higher for the Qxy and Cxy 

copolymers). The SEC-LS curves (Figure A2.1) show some bimodality, with a low intensity 

component (representing 1-13% of the total peak; Figure A2.1) appearing on the shorter 

elution time (higher molecular weight) side of the principal peak, including in the Hx 

macroinitiators. This was found also for the triblock copolymers (based on the same 

macroinitiator) reported in ref. 13, and was considered to be a consequence of coupling or 

disproportionation of growing polymer chains that can occur at high conversion.13, 43-45 
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Nevertheless, the data in Table 2.1 indicate that the polydispersities, measured taking both 

peaks, are low for the macroinitiators (1.1) and only a little higher for the block copolymers 

(1.2-1.3). 

 

Table 2.1 Molecular weights and compositions of the polymers synthesized 

polymer a 
 

dn/dc b 

(mL/g) 
Mn×10-3 
(SEC-LS) 

PDI 
 

Mn×10-3 

 (NMR) c 

wt % outer block content d 

Bxy Qxy Cxy 
H1 0.066   49 1.08     

B1a 0.069   65 1.17 3.4-49-3.4  12  21  29 

B1b 0.071   69 1.28 5.6-49-5.6  19  30  39 

H2 0.066   75 1.07     

B2a 0.068   93 1.15 2.8-75-2.8    7  12  18 

B2b 0.068 106 1.18 3.5-75-3.5    9  15  22 

B2c 0.069 116 1.22 4.5-75-4.5  11  18  27 

B2d 0.070 114 1.29 6.9-75-6.9  16  26  36 

B2e 0.071 113 1.30 7.5-75-7.5  17  28  38 
a Hx, x=1,2: PnBA homopolymer precursors (macroinitiators); Bxy, y=a,b,c: PDM-PnBA-
PDM block copolymer series. b For Bxy, calculated46,47 according to the block weight fractions 
as determined by 1H NMR and using the dn/dc values measured for the corresponding 
homopolymers (Hx in the table and 0.093 mL/g for PDM with Mn=46,700) in THF with 2% 
TEA. c Using the Hx Mn determined by SEC-LS. d Refers to weight percent PDM in Bxy, 
PDMQ in Qxy and PDMQ/MO in Cxy, where quaternization in Qxy and complexation in Cxy 
are considered to be 100%, except for C1b (~80% complexed, wt % hard in this case refers to 
20%PDMQ+80%PDMQ/MO). 

 

 

Because quaternization and complexation of the outer blocks drastically modify the 

solubility characteristics of the block copolymers, the choice of solvent for these reactions is 

critical. We found that when quaternization is done in THF, which is a good solvent for both 

the PDM and PnBA blocks, only partial quaternization can be achieved despite the presence of 
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a high excess of CH3I (over 50-fold). However, nitromethane, which is a poor solvent for 

PnBA, leads to essentially complete quaternization (see below), as found previously for the 

PDM homopolymer.32,48 Possibly, the lower degree of quaternization in THF is related to the 

poorer solubility of PDMQ in THF, such that partly quaternized PDM-PnBA-PDM may form 

micelles with PDM/PDMQ cores that become isolated from the reaction solution by the PnBA 

shell. Nitromethane, in contrast, being a better solvent for PDM leads to turbid (colloidal) Bxy 

solutions, where the (relatively short) PDM/PDMQ chains remain exposed to the iodomethane 

throughout the quaternization reaction. Similarly, DMF is a good solvent for achieving 

essentially complete complexation of MO to the PDMQ block, as found previously for the 

homopolymer complex.32,48 

Representative NMR spectra of one of the copolymers (B1b, in CDCl3) and its 

quaternized and complexed counterparts (in DMF-d7), with the signal assignments, are shown 

in Figure 2.1. The spectra for all of the Bxy, Qxy and Cxy as well as for the PnBA and PDM 

homopolymers, along with tables giving compositions determined by comparative peak 

integrations and complementary explanations, are given in the Appendix to Chapter 2 (Figures 

A2.2-2.7, Tables A2.1 and A2.2). The integrations of the homopolymer signals are self-

consistent, taking into account that the backbone signals b, g and h (and possibly a) are split 

due to tacticity (Figure A2.2).49, 50 In particular, one part of the PnBA signal b overlaps the 

PnBA signal d and, in the Bxy, one part of the PDM signal g overlaps the PnBA signal f. The 

only block copolymer signals that are completely free of overlap from other signals in the Bxy 

are the PDM signal j and the PnBA signal e (taken as twice the right half, since the baseline 

does not reach zero on the left side). Thus, these two signals were ideal for determining the 

block ratios. The latter were validated by appropriate comparisons with various overlapped 

signals (see Table A2.1 for details). The compositions given in Table 2.1 are based on the 

average of three of these block ratio determinations in two different solvents (Table A2.1). 

In the Qxy, the absence of the unquaternized PDM signals, k at 2.27 ppm and j at 2.59 

ppm, indicate highly quaternized samples. The degrees of quaternization were determined by 

comparison of the PnBA signal e (twice the right half, as above) with the quaternized PDM 

signal k' at 3.64 ppm (twice the left half, to avoid a shoulder from an unknown source on the 

right side); values of 90-100% are generally obtained (Table A2.2). These high values indicate 
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essentially complete quaternization, and thus the hard block contents for the Qxy in Table 2.1 

were calculated assuming 100% quaternization. 

 

 

 

Figure 2.1 1H NMR spectra of a representative block copolymer (B1b) and its quaternized 
(Q1b) and complexed (C1b) derivatives, with the peak assignments indicated. Solvent: CDCl3 
for B1b and DMF-d7 for Q1b and C1b. 
 

 

Finally, for the Cxy, the degree of complexation was determined by comparison of the 

PnBA signal e (twice the right half) with the well isolated MO signals, r and s at 6.87 and 3.10 

ppm, respectively. This analysis shows that there is close to equimolar MO:PDM 

stoichiometry (Table A2.2), indicative of essentially full complexation and no excess MO, for 

all of the samples except C1b, for which about 80% complexation was determined. This is 

consistent with EDS analysis, which showed no residual I-, except for C1b (estimated at about 

20 mol %), and no residual Na+ for any of the complexes. Elemental analysis of four of the 
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complexes indicated N and S contents that are in satisfactory agreement with the NMR data 

(Table A2.4). 

2.3.2 Thermal properties 

The block copolymers prepared in view of obtaining elastomeric materials have 

relatively short outer blocks, resulting in thermal properties, as measured by DSC, that are 

dominated by the low-Tg PnBA block. This is shown in Figure 2.2 for a representative series 

(the others are shown in Figures A2.8-2.10), where a well-defined Tg can be observed at low 

temperature. Its value is identical, at -46±1 °C (Table A2.5), for the homopolymers (Hx) and 

for all three block copolymer forms (Bxy, Qxy, Cxy). This indicates essentially no block 

miscibility, even for the nonionic Bxy series, given that miscibility should lead to a Tg 

dependence on the block ratio. As an example, in the Bxy series, if the two blocks were 

completely miscible, the Fox equation predicts that B2a, with the shortest PDM block, would 

have a Tg of -42 °C compared to -34 °C for B1b, which has the longest PDM block (assuming 

a Tg of -46 °C for PnBA and 18 °C for PDM47, although considering the low molecular weight 

of the PDM block the calculated values might be lower). Nevertheless, no PDM Tg is evident 

in the Bxy thermograms. 

For the Qxy series, although the ionic character of PDMQ must certainly result in a 

biphasic material with well-separated Tg's, there is similarly no clear Tg-like event that might 

be related to a PDMQ phase. However, in general, polyelectrolyte Tg's are difficult to observe 

and, for well-dried samples, tend to be high (even above their degradation temperatures).51 As 

for the complexes, most show a low-intensity Tg-like event between about 140 and 180 °C, 

which compares reasonably well with the Tg of 182 °C determined for the equivalent 

homopolymer complex of much higher molecular weight.32 It should be added that TGA 

thermograms (Figure A2.11) indicate that the Bxy and Cxy are thermally stable to well above 

200 °C (5 wt % losses at about 300 °C and 270 °C for Bxy and Cxy, respectively), whereas the 

Qxy begin to degrade at lower temperatures (5 wt % losses at about 220 °C). 
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Figure 2.2 DSC thermograms of a PnBA homopolymer (H2), a PDM-PnBA-PDM block 
copolymer (B2e), and the corresponding quaternized (Q2e) and complexed (C2e) block 
copolymers. The arrow points to the Tg of the complexed block that is clearly observable in 
C2e. 

 

 

The PDMQ/MO homopolymer complex had previously been found by X-ray 

diffraction to have liquid crystal order of the smectic A type (from room temperature to above 

the Tg).32 In principle, this should also be present in the hard block phase of the present block 

copolymer complexes (Cxy). Although neither DSC nor polarizing optical microscopy 

provided any evidence of such order, small angle X-ray scattering confirms that it is indeed 

present. This is shown in Figure A2.12 for selected complexes in comparison with the 

homopolymer complex.   

2.3.3 Elasticity tests 

Elasticity was evaluated only for the quaternized and complexed block copolymers, 

which have outer block Tg's well above room temperature. It was first evaluated qualitatively 

by manual tests. This eliminated from further testing Q2a and Q2b, which were too soft, Q1b, 

C1b, C2d and C2e, which were too brittle, and Q2d and Q2e, which appeared very weakly 

elastomeric. For a more quantitative comparison of elasticity in the remaining samples, the 

procedure used in ref. 13 was followed: room temperature measurements were made of the 

lost recovery, defined as 100×(Lr−Lo)/(L−Lo) (%), after stretching to fixed strains, defined as 
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100×(L−Lo)/Lo (%), where Lo is the length of the film prior to stretching, L is the length to 

which the film was stretched, and Lr is the final length after relaxation (representative raw data 

are shown in Figure A2.13). Due to limited sample, the range of strains tested was restricted 

(sometimes to just one strain, usually 100% to avoid possible breakage) and each strain was 

tested only once per sample. Although these restrictions limit the accuracy of the values 

obtained, the overall results are self-consistent and provide a good overview of the 

composition range giving significant elasticity. Strains to break were not measured, but the 

manual tests indicated that the elastomeric Cxy and Q2c could not be stretched to as high 

strains as the SBS. This might be related in part to the possible presence of homopolymer or 

diblock copolymer impurity related to the above-mentioned shoulder in SEC-LS.52  

The lost recoveries are shown in Figure 2.3 for all samples that could be stretched 

without breaking to strains of at least 100% (C2a to a strain of 50%). Samples of Q1a, Q2d 

and Q2e broke at 50, 50 and 30% strains, respectively, and are thus not shown. Only one of 

the quaternized samples, Q2c, and four of the complexed samples, C1a and C2a-c, showed 

significant elasticity, recovering more than 70% of their initial length (less than 30% lost 

recovery) following relaxation. Q2c appears to have particularly good elastic response, 

recovering 90-100% of the original length, as tested for strains up to 250%, approaching the 

nearly 100% recovery for SBS. However, the one-time only testing for each sample and strain 

may dissimulate the true quality of other samples with significant elasticity. The Young's 

modulus, estimated from the steep region of the stress-strain curves in the early part of 

stretching, is 1-2 orders of magnitude lower for Q2c and the complexes (lowest for Q2c at 

about 0.2 MPa and highest for C2c at about 1.5 MPa) than for the SBS tested (about 15 MPa), 

in accordance with the qualitatively greater force required to stretch the latter in the manual 

tests. 
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Figure 2.3 Lost recovery for films of SBS, a quaternized block copolymer and four 
complexed block copolymers, stretched to various strains where they were held for 1 min and 
then allowed to relax at 0 external force for 5 min (room temperature throughout). Samples not 
included either showed no significant elasticity in qualitative manual tests or broke at strains ≤ 
50%. 
 

 

The samples with significant elastic response all have hard block contents in the range 

of 18-29 wt %, in comparison to 28% for the SBS used. Thus, the lack of elasticity in C1b, 

C2d and C2e can be related to their too high hard block content, and in Q2a and Q2b to their 

too low hard block content. Interestingly, no significant elasticity was found for the 

quaternized samples, Q1a, Q2d and Q2e, despite their having hard block contents in the 21-28 

wt % range. Other TPE’s reported in the literature have hard block contents ranging from as 

low as 9 to as high as 45 wt %,9,53,54 although the best elasticity in terms of maximum strain 

and recovery appears to be for about 25 wt %.6,7, 55 Above this, the ultimate elongation 

decreases with increasing hard block content.9,56-58 The molecular weight of the soft block, if 

all else is the same, also has importance for the elastic response, at least up to the average 

molecular weight between chain entanglements (Me), estimated to be about 28,000 for 

PnBA.59 This might be a possible reason for the poorer recovery of C1a compared to C2c at 

the strain of 1.0 (the poorer recovery for C2c at the strain of 50% is unlikely to be 
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representative of the real recovery possible given the results for this complex at the two higher 

strains). 

2.3.4 Block copolymer morphology 

To achieve good elasticity with ABA triblock copolymer-based TPE’s, the hard end 

blocks must be phase-separated from the soft middle block in the form of relatively small, 

isolated regions that act as physical crosslinks interconnecting the chains forming the 

continuous soft phase.60 In this respect, the spherical morphology, where the spheres are 

composed of the hard block, most resemble the conventional covalent elastomeric networks.61 

However, the cylindrical morphology, where the cylinders are short or can break up into short 

cylinders during stretching, can also be advantageous.62-64 

In the light of this knowledge, we attempted to determine the morphology of our 

materials, focusing on the complexed block copolymers in view of the objective of obtaining 

light-responsive materials. For comparison, the only Qxy member that showed good elasticity, 

Q2c, was also investigated. Due to easy accessibility and ease of sample preparation, AFM 

observations of thin films spin-coated from DMF solutions were first made, and were 

supplemented by TEM of selected films prepared in the same way. Although restricted to the 

film surface and although the substrate and air interfaces can strongly influence thin film 

morphologies, AFM images of thin film surfaces can nevertheless give at least partial 

morphological information by the type of surface pattern produced.65 For example, 

considering the most common morphologies only, a surface pattern of dots may reflect a 

spherical or a perpendicularly oriented cylindrical morphology, whereas a surface pattern of 

stripes may reflect a horizontally oriented cylindrical or a side-on oriented lamellar 

morphology. Furthermore, while spin-coated films normally result in frozen-in morphologies 

and require annealing to obtain equilibrium morphologies, it must be noted that the elasticity 

tests were also done on unannealed samples (although, since DMF evaporates slowly, there is 

some degree of effective solvent annealing; some preliminary solvent annealing results are 

mentioned below). The results below indeed appear to show a a correlation between elasticity 

in the thick (bulk-like) solvent-cast films and the surface morphologies observed by AFM and 

TEM in the thin spin-coated films for the present system. 
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Representative AFM images of the Cxy are displayed in Figure 2.4. Phase images were 

chosen due to their often better contrast compared with topography images. The samples that 

have significant elasticity according to Figure 2.3 show a surface morphology that is 

composed at least in part of stripes, suggestive of cylindrical structures. C2a and C2b (18 and 

22 wt % hard block content, respectively) show mainly short stripes interspersed with dots. 

C2c (27 wt % hard block content) has a less well-defined surface morphology that appears to 

be a mixture of short stripes, small dots (comparable in diameter to the stripe widths), and 

larger dots. C1a (29 wt % hard block content) shows  predominantly stripes that are generally  

 

 

 

Figure 2.4 AFM phase images (2×2 m) of the Cxy films (in order of hard block content) and 
the Q2c film, and representative TEM images of selected films (scale bar 100 nm), all spin-
coated from DMF solutions. 
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somewhat longer and thicker as well as more variable in thickness than those of C2a and C2b 

and that are interconnected to some extent with broader, flatter areas (possibly indicative of 

nascent flat-on lamellar structures). The remaining three complexes, C2d, C2e and C1b (36-39 

wt % hard block content), which have weak or no elasticity, show mainly dots that are 

relatively large and variably sized, as well as a small fraction of short stripes for C2d.  

To complement the AFM data, TEM images of representative samples stained with 

RuO4, which selectively binds to the aromatic groups of MO, were obtained (Figure 2.4). For 

C2a, a mixture of well-defined, dark, narrow and partly interconnected short stripes and of 

small dots, surrounded by a light-colored matrix, indicate that the stripes and dots are 

composed of the hard PDMQ/MO phase and the matrix is composed of PnBA. Similarly, the 

TEM image of C2c shows dark, mostly unconnected, short stripe-like regions (thicker than the 

stripes for C2a), surrounded by a highly interconnected, light-colored network, indicating that 

the PnBA soft phase is still the matrix phase. Based on the AFM and TEM images, it can be 

concluded that PnBA is the matrix phase for all of C2a-c and C1a, consistent with the fact that 

they all show significant elasticity. The TEM image of C1b, which is not elastomeric 

according to our tests, is quite different. In this case, the grayer parts are in the form of a 

highly interconnected network surrounding isolated lighter regions in the form of quasi-

spheres or short vertically oriented cylinders, suggesting a phase-inverted morphology of 

PnBA spheres or short cylinders in a PDMQ/MO interconnected network or matrix. Based on 

the AFM images and the similar hard block content, the same morphology can be assumed for 

C2d and C2e. This morphology is consistent with the rigidity of these samples, leading to 

breakage at low strains during elasticity tests. 

It is noteworthy that the hard phase in C1b, C2d and C2e forms the continuous phase 

despite the fact that the hard block content (36-39 wt %) is in the minority compared to PnBA. 

This has been observed in other systems with an ionic block,66 due to the ionic interactions 

distorting, sometimes severely, the normal phase diagram for neutral block copolymers, an 

effect that has recently been described theoretically.67   

For comparison with the complexes, the one quaternized block copolymer that shows 

significant elasticity (Q2c) was also investigated by AFM and TEM, as shown in Figure 2.4. 

The AFM image shows a surface morphology composed of dots and short stripes and the 

corresponding TEM image shows that these dots and stripes are the PDMQ phase (effectively 
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stained by the I- counterions) isolated within the (light-colored) soft PnBA matrix phase, again 

in accordance with what is required for elastomeric character.  

Small angle X-ray scattering was attempted on some of the complexes. However, as 

shown and discussed in greater detail in the Appendix (Figure A2.12 and accompanying text), 

the scattering peaks were ill-defined and thus poorly revealing of the morphology, even after 

thermal annealing. Despite the poor definition, the SAXS curves appear to be consistent with a 

spherical morphology for C1b and C2e and therefore with the AFM and TEM observations, 

and to contrast with two other complexes for which AFM and TEM indicated a non-spherical 

morphology or a mixed phase. 

It should be mentioned here that thermal annealing of the complexes is difficult to 

accomplish due to the high Tg of the complexed block and due to the high viscosity of the 

materials above the Tg given the ionic character of the blocks. Solvent annealing is no doubt a 

better option. Preliminary tests using DMF have shown that solvent annealing must be 

combined with thermal annealing to obtain morphology changes (over days), but also that the 

changes over time appear to be quite complex. This can be related, at least in part, to the fact 

that DMF, although a solvent for both blocks, dissolves the complexed material more readily 

than PnBA. It will be an object of future work to attempt to correlate mechanical/elastic 

responses (e.g. by nano-indentation experiments) with morphological changes. 

2.3.5 Photoisomerization 

Photoresponsiveness was investigated by UV-visible spectroscopy for C1b only, 

chosen because it is the complex in the series with the highest azo content (39 wt % 

PDMQ/MO). Figure 2.5 compares absorption spectra of this sample in DMF solution (A) and 

as a thin spin-coated film (B), recorded before and after irradiation by broadband 400-500 nm 

light. In solution (Figure 2.5A), the spectrum before irradiation exhibits a π-π* absorption 

maximum of the MO trans isomer at 425 nm, very similar to that reported for pure MO in 

DMF68, 69 and for complexes of MO with a sulfobetaine ionomer in DMF.68 The band is 

somewhat asymmetric due to a weak shoulder around 470 nm (observed also in the spectrum 

of pure MO in DMF, shown in Figure A2.14), which may be related to n-π* absorption. In the 

spin-coated film (Figure 2.5B), the maximum is blue-shifted to 409 nm, presumably related to 

increased chromophore-chromophore interactions in the solid state, and the shoulder is more 
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prominent, similar to the spectrum for the MO complex with P4VP.32 Upon irradiation, the 

spectra change and reach a (near-)photo-stationary state in less than a minute in both solution 

and the film (Figure 2.5; see also Figure A2.14). In this state in solution (Figure 2.5A), two 

bands of similar intensity are displayed, with their maxima at 377 and 437 nm, respectively. 

This spectrum resembles the estimated spectrum for the cis isomer of irradiated MO-

functionalized dendrimers in solution.70 In the film, the same two peaks appear to be present, 

but are superposed by a significant trans contribution, giving a peak maximum at about 428 

nm. Clearly, the proportion of cis-isomer relative to trans-isomer in the photo-stationary state 

is smaller in the film than that in solution.  

Following the cessation of irradiation, thermal cis-trans isomerization was observed to 

take place, and the initial all-trans state was recovered within the 30 min during which the 

samples were held at 60 and at 100 °C for the solution and the film, respectively. The photo-

induced cycling between the all-trans and photo-stationary states was shown to be repeatable 

(Figure 2.5 and Figure A2.14), indicating that no significant photodegradation at these 

illumination conditions occurs. For the solution, the recovered all-trans spectrum is essentially 

identical to the initial spectrum. For the film, the trans state maximum is shifted from 409 nm 

before irradiation to 418 nm after irradiation and thermal recovery, which is probably related 

to changes in the chromophore-chromophore interactions. Thermal annealing of a spin-coated 

film at 80 °C for 30 min similarly resulted in a red shift (maximum at 415 nm) compared to 

the initial spin-coated film (Figure A2.15). Furthermore, the slightly lower intensity of the 

thermally recovered irradiated sample compared to the initial spin-coated sample can be 

explained by a small proportion of out-of-plane photoorientation that typically occurs in solid-

state films.17 By computing the absorbance of the curve for the 30-min irradiated sample at the 

wavelength corresponding to the maximum in the initial curve (or, in the case of the film, the 

30-min thermally relaxed curve) relative to the absorbance of the initial (or thermally relaxed) 

curve at the same wavelength, an estimate of the maximum trans content, and hence minimum 

cis content, in the irradiated samples can be obtained.70 This indicates a cis content of at least 

65% and 40% for the solution and film, respectively. 

The cis to trans relaxation kinetics were investigated at room temperature (21 °C) over 

a time range of 2 and 8 h for the solution and film, respectively (spectra shown in Figure 

A2.16). The rate constants, calculated from first-order kinetics plots71-73 (see Figure A2.16), 
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were determined to be 3.3×10-2 min-1 in solution and 1.4×10-2 min-1 in the film, giving half-

lives of 21 min for the solution and 50 min for the film. Thus, the kinetics for this complex 

appears to be slower in the solid state than in solution. The relatively long half-life of the cis 

isomer combined with the relatively high cis content that can be reached in the solid films 

paves the way for comparing the photo-responsive mechanical behavior of these films in the 

all-trans and the photo-stationary states, such as along the lines described in ref. 74. It may be 

possible, furthermore, to manipulate the photo-mechanical behavior by combined 

thermal/solvent annealing. 

 

Figure 2.5 UV-visible absorption spectra of C1b before and after irradiation (400-500 nm) for 
the times indicated, as well as after thermal relaxation for 30 min at the temperature indicated, 
followed by 1 min of irradiation in a second cycle. A: in solution; B: as a spin-coated film. 
Additional spectra are given in Figure A2.14. 
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2.4 Conclusions  

The supramolecular approach has been shown to be an effective way to design thermo- 

and/or solvo-plastic elastomers having photo-responsive functionality. Specifically, we 

synthesized a triblock copolymer with a low-Tg PnBA middle block and PDM outer blocks of 

different lengths by ATRP. The PDM block was then quaternized in order to ionically 

complex it with a commercially available sulfonate-functionalized azo dye, methyl orange 

(MO). The PDMQ/MO block is ideal for forming a hard phase, given its high Tg as determined 

previously for a PDMQ/MO homopolymer. The success of this design was shown by the fact 

that the complexed block copolymers with 18-29 wt % hard block content display significant 

elastomeric character according to simple stress relaxation tests. In accordance with this, their 

morphologies were shown by AFM and TEM analysis to be composed of spherical or short 

cylindrical PDMQ/MO isolated domains within a PnBA matrix. Reversible trans-cis-trans 

isomerization was shown to take place under visible light irradiation. The high Tg of the hard 

block makes thermoplasticity of the materials synthesized here problematic in practice; 

however, they are easily recuperated by solvation (solvoplastic) and might be recyclable also 

by plasticizing them with a solvent like DMF combined with heating (thermo/solvoplastic). 

These supramolecular copolymers are highly versatile in that a variety of sulfonate-

functionalized azo molecules can replace the MO group to optimize desired photo-responsive 

properties. Elasticity and other properties can be easily adapted by varying the extent of 

quaternization and/or complexation (in addition to block molecular weights). 
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Appendix to Chapter 2 

 

 

SEC Data 

 

Figure A2.1 SEC elution curves. Top: H1 and B1y. Bottom: H2 and B2y. Values in 
parenthesis indicate the percentage of the high molecular weight shoulder relative to the total 
peak area.  Inset at bottom shows an expansion of the upper portion of the peaks. 
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1H NMR Data 

 

 

Figure A2.2 1H NMR spectra of the PnBA macroinitiator, H1, in CDCl3 and in DMF-d7, and 
of a PDM homopolymer and the copolymer, B1b, in CDCl3. The peak assignments and 
integrations are also given. 
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Figure A2.3 1H NMR spectra of the PDM-PnBA-PDM block copolymers (Bxy) in CDCl3. 
From bottom to top: increasing PDM content. 
 

 

 

Figure A2.4 1H NMR spectra of the PDM-PnBA-PDM (Bxy) block copolymers in DMF-d7. 
From bottom to top: increasing PDM content. 
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Figure A2.5 1H NMR spectra of the quaternized block copolymers, PDMQ-PnBA-PDMQ 
(Qxy), in DMF-d7. From bottom to top: increasing PDMQ content.  

 

 
Figure A2.6 1H NMR spectra in DMF-d7 of a PDM homopolymer (Mn=8 000) and its partially 
(PDMQ-partial) and fully (PDMQ-full; with solvent impurities) quaternized derivatives. The 
disappearance of peak j at 2.59 ppm for PDMQ-full is indicative of essentially complete 
quaternization and was used for the qualitative analysis of the degree of quaternization in the 
Qxy.  
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Figure A2.7 1H NMR spectra of the complexed block copolymers, PDMQ/MO-PnBA-
PDMQ/MO (Cxy), in DMF-d7. From bottom to top: increasing PDMQ/MO content. 
 
 
Table A2.1 The composition of the block copolymers from 1H NMR peak integrations of Bxy 
in different solvents. The values used for composition calculation are from the first three 
columns. PnBA/PDM molar ratios were taken as the averages of the value from the two 
solvents. 

 
Bxy 

 
Solvent 

nBA/DM molar ratio from peak integrations 

   2er/j a (i+c-j)/j 
[2(g+f)/3

-j]/j 
(b+h+d-

j)/2j 
 2(a+k 
 -3j)/j 

Avg b Avg c 

B1a 
 

CDCl3   8.60   8.92   8.93   9.50   7.58   8.82   8.9 DMF-d7   8.78   9.17   9.00   8.72   8.36   8.99 
B1b 

 
CDCl3   5.20   5.23   5.15   5.22    5.20   5.20   5.4 DMF-d7   5.50   5.51   5.49   5.31   5.38   5.50 

B2a 
 

CDCl3 15.96 16.04 16.09 16.36 15.16 16.03 16.6 DMF-d7 17.00 16.94 17.44 16.98 15.56 17.13 
B2b 

 
CDCl3 12.18 13.13 12.43 13.94 11.92 12.58 13.1 DMF-d7 13.46 13.57 13.65 13.13 13.96 13.56 

B2c 
 

CDCl3 10.18 10.03 10.74 10.02   9.40 10.32 10.3 DMF-d7 10.12 10.08 10.73   9.74   9.76 10.31 
B2d 

 
CDCl3   6.46   6.59   6.48   6.20   6.10   6.51   6.6 DMF-d7   6.54   6.80   6.90   6.72   6.68   6.75 

B2e 
 

CDCl3   6.08   6.12   6.10   5.34   6.02   6.10   6.1 DMF-d7   6.10   6.16   6.10   5.84   5.98   6.12 
a er indicates the right half of peak e.  b Average of columns 3-5.  c Average of columns 3-5 for 
both solvents. 
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Table A2.2 NMR determination of the percentage of quaternization (Quater.) for Qxy and the 
percentage of complexation (Complex.) for Cxy 

PnBA/PDM 
ratio for Bxy a 

Qxy 
 

  4.5er /k'l b 
 

  
Quater.c 

 (%) 
Cxy 

 
2er /r b 

 
6er/s b 

    
Complex.d 

 (%)  
  8.90 Q1a   9.68   91.9 C1a   9.64   9.54   92.8 
  5.35 Q1b   5.40   99.1 C1b   6.76   6.63   79.9 
16.58 Q2a 18.86   87.9 C2a 17.60 17.14   95.4 
13.07 Q2b 13.00 100.5 C2b 13.84 14.12   93.5 
10.32 Q2c 11.02   93.6 C2c 11.08   9.86   98.6 
  6.63 Q2d   6.79   97.6 C2d   6.46   6.50 102.3 
  6.11 Q2e   6.44   94.9 C2e   6.22   6.14   98.9 

a From Table A2.1.  b er and k'l indicates the right half of peak e and the left half of peak 
k', respectively.  
c The degrees of quaternization were determined by comparing 4.5er/k'l with the 
PnBA/PDM ratio of the corresponding Bxy. d The degrees of complexation are the 
average determined using the ratios, 2er/r and 6er/s, compared with the PnBA/PDM ratio 
of the corresponding Bxy. 

 

 

Elemental analysis 

Table A2.3 Elemental analysis of Hx and Bxy 

N (wt %) C (wt %) H (wt %) 
obtd calc* obtd calc* obtd calc* 

H1 64.58 65.60 9.50 9.44 
H2 65.50 65.60 9.66 9.44 
B2a 0.41 0.61 65.14 65.29 9.55 9.45 
B2b 0.88 0.76 65.05 65.22 9.65 9.46 
B2c 1.04 0.95 64.60 65.12 9.68 9.46 
B1a 0.83 1.08 64.97 65.06 9.70 9.46 
B2d 1.27 1.40 65.02 64.90 9.74 9.47 
B2e 1.53 1.49 64.62 64.85 9.42 9.47 
B1b 1.56 1.65 64.36 64.77 9.75 9.47 

* The theoretical values for Bxy were calculated using the 
PnBA/PDM ratios determined by 1H NMR (Table A2.1, rightmost 
column). The differences in the calculated values of C and H for the 
various Bxy range from 0.1-2%, which is within experimental 
uncertainty; therefore, the experimental values of C and H cannot 
be used to distinguish the copolymers.  
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Table A2.4 Elemental analysis results of selected Cxy 

N (wt %) C (wt %) H (wt %) 

obtd calc* obtd calc* obtd calc* 

C1a 2.82 3.47 62.99 63.35 8.97 8.65 

C2d 3.96 4.24 61.27 62.84 8.53 8.48 

C2e 4.14 4.46 60.62 62.70 8.43 8.43 

C1b 3.86 4.21 60.62 61.47 8.68 8.36 

* Using the average PnBA/PDM molar ratios given in Table 
A2.1 and assuming complete quaternization and complexation 
except for C1b which is estimated to be complexed to 80%. 

 

 

Thermal Data 

 

Figure A2.8 DSC thermograms of PnBA homopolymers (H1, H2) and PDM-PnBA-PDM 
block copolymers (Bxy) in order of hard block content. 
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Figure A2.9 DSC thermograms of PDMQ-PnBA-PDMQ quaternized block copolymers (Qxy) 
in order of hard block content. 

 

 
Figure A2.10 DSC thermograms of PDM/MO-PnBA-PDM/MO complexed block copolymers 
(Cxy) in order of hard block content.   

Q2d

Q1b

Exo up

Q2a

Q2e

Q2c

Q1a

Q2b

-50 0 50 100 150
Temperature (°C)

C1a

C2e

C2d

C2a

C1b

C2b
Exo up

C2c

-50 0 50 100 150 200
Temperature (°C)



Chapter 2 

 

78 

 

Table A2.5 Glass transition temperatures of the PnBA homopolymers (H1, H2), PDM-PnBA-
PDM block copolymers (B1a-B2e), quaternized block copolymers (Q1a-Q2e) and complexed 
block copolymers (C1a-C2e), obtained by DSC 
 

 Tg (°C) a 

 Hx/Bxy Qxy Cxy b 

H1 -47   

H2 -47   

2a -46 -46     -46 

2b -45 -46     -45 

2c -46 -47     -46/160 

1a -46 -46     -47/154 

1b -47 -47     -47/157 

2d -46 -46     -47/163 

2e -46 -46     -47/167 

a Determined from the midpoint of the heat capacity jump.   
b The higher Tg was estimated from a weak, broad peak in 
the first derivative curve; not visible for C2a and C2b. 
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Figure A2.11 TGA thermograms (in order of hard block content) of the Hx and Bxy (bottom), 
Qxy (middle), and Cxy (top).  
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Small angle X-ray Scattering Data 

 

           

Figure A2.12 Small angle X-ray scattering curves at room temperature of selected Cxy block 
copolymer complexes after thermal annealing at 160 oC in a vacuum oven for three days, 
followed by quenching to room temperature. Left: numbers indicate values in nm of the 
spacings predicted for close-packed spherical (scp) and hexagonal (hex) morphologies (using 
the most visible of the weak peaks as reference values); the boxes around the sample 
identification indicate the two samples with spherical morphologies according to AFM and 
TEM (see text for detail). Right: enlargement of the region around the peak related to the 
smectic A packing (see Zhang, Q.; Wang, X.; Barrett, C. J.; Bazuin, C. G. Chem. Mater. 2009, 
21, 3216-3227) of the hard block, in comparison with that for the homopolymer complex 
(Homo); it indicates a lamellar layer thickness of 2.9 nm (29 Å). 
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Small angle X-ray scattering data were obtained for only some of the complexes due to 

very limited supply of sample (these were the last data obtained on the current set of samples, 

given “last-minute” availability of the technique). The scattering peaks related to block 

copolymer morphology are very poorly defined for several reasons. The first is that thermal 

annealing is ineffective due to the high hard block Tg of the complexes. One complex, C1b, 

was annealed at 210 °C for 12h, which changed the curve but without improving the definition; 

the change is most likely due to degradation during the annealing period, since the sample 

turned dark. In any case, thermal annealing above the Tg is more difficult for ion-containing 

polymers compared to neutral polymers due to ionic interactions increasing the viscosity. In 

addition to the intrinsic difficulty of thermal annealing, the small quantities of sample 

available limited the intensity of the peaks and the polydispersities of 1.2-1.3, combined with 

the contaminant related to the high molecular weight shoulder in the SEC elugrams, detract 

from well-defined phase separation. 

Despite the poor resolution of the peaks, the packing models indicated in Figure A2.12 

(left) suggest that the SAXS curves for C1b and C2e can be fitted by a model for close-packed 

spheres (body-centered cubic), which supports the AFM and TEM observations for these two 

samples, from which it was concluded that the spheres are composed of the soft phase (i.e. 

inverted morphology). This is indicated in particular by the second peak of the series (outlined 

by a box), which cannot be accounted for by either a hexagonally packed cylindrical model or 

a lamellar model. In contrast, such a peak cannot be clearly seen in the two other SAXS curves, 

which is consistent with the AFM and TEM observations that suggest that C2a has a 

cylindrical morphology and C2d has a mixed cylindrical and spherical morphology (or a 

cylindrical morphology where the cylinders are both normal and parallel to the substrate). 
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Elasticity tests 

 
Figure A2.13 Stress-relaxation recovery test curves at the maximum strain imposed for the 
samples indicated.  
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UV-Visible Data 

 

 

Figure A2.14 UV-visible absorption spectra of C1b in solution (A) and as a thin solid film (B) 
during several trans-cis-trans isomerization (irradiation-recovery) cycles and of pure methyl 
orange in DMF (concentration=0.037 mg/mL) (C), all at room temperature.  
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Figure A2.15 UV-visible absorption spectra tracking (bottom to top) the cis to trans 
isomerization of C1b at room temperature (21 °C) in DMF solution (left, 1 min intervals, 
maximum relaxation time 2 h) and as a thin solid film (right, 5 min intervals, maximum 
relaxation time 9.7 h), starting immediately after the cessation of 30 min of irradiation. The 
spin-coated film was annealed at 80 °C for 30 min prior to irradiation. 

 

 

   

Figure A2.16 First-order kinetics plots for cis to trans isomerization of C1b in DMF solution 
(left) and as a spin-coated thin film (right). AE corresponds to the maximum absorbance of the 
pure trans isomer spectrum before irradiation and At to the maximum absorbance of the 
various spectra taken during isomerization (Figure A2.15). The rate constants and half-lives 
were calculated from the linearly fitted slopes. 
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Chapter 3 Tuning Photoresponsiveness and Elasticity in 

Azo-containing Thermo/Solvoplastic Block Copolymer 

Elastomers* 

 

Abstract 

With the idea of controlling the elasticity and photoresponsiveness of 

thermo/solvoplastic elastomers using supramolecular block copolymers in a relatively simpler 

manner, a single parent triblock copolymer of PDM-PnBA-PDM was synthesized by ATRP 

and then was partially quaternized and complexed with methyl orange, giving a series of block 

copolymers whose outer block content ranged from 20 to 37 wt %. The ATRP synthesis made 

use of the halogen exchange technique to obtain a well-defined, monodisperse triblock. 

Manual tests of solvent-cast films indicate that softness decreases with increasing hard block 

content. Phase separation in the complexed block copolymers was confirmed by DSC, AFM 

and SAXS. The morphology at the highest hard block content appears to be an inverted 

spherical morphology where the hard block, despite being in the minority, is the continuous 

phase, which is in agreement also with the loss of elastomeric character. The study shows that 

varying the degrees of quaternization and subsequent complexation is a workable and 

relatively facile approach for fine-tuning the properties of the targeted supramolecular 

materials.  

  

                                                

 
* Manuscript in preparation. 
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3.1   Introduction 
Supramolecular chemistry has enabled the capability of scientists to manipulate 

functionality on a macromolecular scale.1, 2 In particular, the self-assembly of functional 

molecules onto polymeric parent molecules facilitates the fabrication of new materials with a 

variety of functionalities.3 One of the advantages of this approach is that the functionality of 

the final products can be readily tuned by controlling the type and proportion of functional 

small molecules associated with the polymer chain.  

In Chapter 2,4 a series of novel supramolecular azo-containing triblock polymers, 

intended as recyclable photo-sensitive elastomers, was synthesized by atom transfer radical 

polymerization (ATRP). The hard outer blocks were composed of a supramolecular complex 

between quaternized poly(dimethylaminoethyl methacrylate) (quaternized PDM or PDMQ) 

and a commercial azo dye, methyl orange (MO), which was shown previously to have a high 

Tg of 180 oC,5 making it suitable as a hard block. The soft middle block was composed of 

poly(n-butyl acrylate) (PnBA).6 They showed promising elastomeric properties for hard block 

weight fractions between about 20 and 30 wt %. However, the properties were possibly 

compromised by the presence of a high molecular weight impurity (possibly diblock) as 

indicated by a shoulder on the high molecular side of the block copolymer elugram. As will be 

explained further later, this was attributed, at least in part, to known complications arising 

from ATRP polymerization of more active monomers (methacrylate here) onto a less active 

macroinitiator (polyacrylate here).7, 8 

The present chapter therefore has two aims. One is to address the problem of the high 

molecular weight contaminant by using the so-called “halogen exchange” procedure.9 The 

second is to design a series of the above novel block copolymer based on a single parent 

PDM-PnBA-PDM. To this end, the parent copolymer will be quaternized to three different 

degrees (one-third, two-thirds, full), each of which will then be complexed with MO to the 

same three extents, as shown in Scheme 3.1 along with the synthetic procedure. Hard block 

contents in the range of elasticity determined in the previous chapter will be targeted. The 

thermal and morphological properties of the resulting complexes, along with preliminary 

manual elasticity tests, will then be presented, to determine if partial quaternization and 
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complexation is suitable for fine-tuning the elasticity and other properties of this 

supramolecular material.   

 

 

 

Scheme 3.1 Synthetic route for obtaining the dibromo PnBA macroinitiator and PDM-PnBA-
PDM block copolymer by ATRP, followed by quaternization and complexation of the PDM to 
varying degrees, as illustrated by the bottom diagram.  

3.2 Experimental section 

3.2.1 Materials 

All materials were obtained from Sigma-Aldrich unless otherwise specified. 

Aluminum oxide (Al2O3, activated neutral), anhydrous anisole (99.7%), N,N,N',N',N-

pentamethyldiethylenetriamine (PMDETA, 99%), iodomethane (99.5%), nitromethane (ACS 

PDM-PnBA-PDM

1/3 comp.

2/3 quat. 3/3 quat.1/3 quat.

1/3 comp. 2/3 comp. 1/3 comp. 2/3 comp. 3/3 comp.
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grade, J. T. Baker), triethylamine (≥99%), methyl orange (MO, Reag. Ph. Eur.), THF (HPLC 

grade, Fisher Scientific), methanol (ACS grade, Fisher Scientific), hexane (ACS grade, Fisher 

Scientific) and DMF (ACS grade, Fisher Scientific) were all used as received. N,N’–

dimethylaminoethyl methacrylate (DMAEMA or DM, 98%) and n-butyl acrylate (nBA, ≥

99%) were passed through an Al2O3 column just before polymerization to eliminate the 

inhibitor. Copper (I) bromide (CuBr, 98%) and copper (I) chloride (CuCl, purified 99+%) 

were washed with boiling acetic acid before use to remove any soluble oxidized species. 

Deionized water with 2-3 ppb of TOC was obtained from a Millipore Gradient A10 Milli-Q 

system. The dibromo initiator, 1,1'-biphenyl-4,4'-bis(2-bromoisobutyrate), was synthesized 

according to a literature procedure.6 Dialysis bags (SpectroPor, M.W. cutoff 3500) were 

obtained from Spectrum Laboratories. Silicon wafers ({1,0,0}, University Wafer) were 

cleaned with boiling piranha solution [3/1 v/v (concentrated H2SO4)/(30 wt % H2O2)] for 30 

min, thoroughly rinsed with Milli-Q water, and dried with nitrogen flow. 

3.2.2 Synthesis of the parent block copolymer (Scheme 3.1) 

Atom transfer radical polymerization (ATRP) of the macroinitiator, Br-PnBA-Br, and 

the parent block copolymer, PDM-PnBA-PDM, was described in a previous publication.4 

Here, the same basic procedure was followed, but with some modifications to ameliorate the 

outcome, as specified in what follows and discussed in the results section. To obtain the 

macroinitiator, ATRP of nBA in anisole was effected at a slightly higher temperature (70 °C 

compared to 65 °C) using a lower catalyst and a higher monomer fraction relative to the 

initiator (monomer/initiator/CuBr/PMDETA molar ratio of 1016/1/0.5/0.5 compared to 

625/1/3/3 previously) as well as a more concentrated solution (34 g/mL of monomer relative 

to solvent compared to 1.6 g/mL previously), and it was taken to a lower degree of conversion 

(44% compared to 61% previously, monitored by SEC-LS).  

ATRP chain extension of Br-PnBA-Br by DMAEMA was accomplished by making 

use of the halogen exchange procedure, along with a lower catalyst and higher monomer 

fraction relative to the initiator (131/1/0.8/0.8 with CuCl compared to 63/1/2/2 with CuBr 

previously), a lower macroinitiator concentration relative to the solvent (0.9 g/mL compared to 

1.3 g/mL previously; but the same DM concentration at 0.3 g/mL), and lower monomer 

conversion (52% compared to 62% previously). In detail, Br-PnBA-Br (18 g, Mn = 57k by 
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SEC-LS, 0.32 mmol), CuCl (25 mg, 0.25 mmol) and 20 mL of deoxygenated anhydrous 

anisole were stirred under argon in a 100-mL Schlenk flask for about 10 min. PMDETA (53 

µL, 0.25 mmol) was then added under argon by syringe. After about 5 min, deoxygenated 

DMAEMA (6.6 g, 42 mmol) was added under argon. The mixture was bubbled with argon at 

room temperature for another 10 min and then the flask was transferred to an oil bath at 70 °C 

for ATRP. The polymerization was monitored by 1H NMR by comparing the integration of a 

PDM proton (signal j, Figure A3.5) with a PnBA proton (signal e, Figure A3.5). After the 

target block ratio was reached (target 0.57:10:0.57, found 0.78:10:0.78 DM:nBA:DM molar 

ratio, 3.3 h of polymerization), the polymerization was arrested by exposure to air and the 

addition of cold THF. The product solution was then passed through an Al2O3 column and 

precipitated thrice in hexane. After drying by air flow, the polymer was dissolved in THF at a 

concentration of about 100 mg/mL until further use (storage in a dry state tended to make 

subsequent dissolution difficult if not impossible). The precise concentration of the solution 

was determined just before subsequent quaternization by drying 50 μL (as measured by an 

Eppendorf pipettor) of polymer solution in a vacuum oven at room temperature for 2 h and 

weighing.  

3.2.3 Quaternization and complexation (Scheme 3.1) 

The desired degree of quaternization of the parent block copolymer was achieved as 

described previously,4, 10 by controlling the feed ratio of the reagent, CH3I, to PDM. For partial 

quaternization, 1.15 eq (relative to the target degree of quaternization) of iodomethane was 

added slowly to a THF solution of the block copolymer (50 mg/mL), whereas, for full 

quaternization, 100 eq of iodomethane was added to the block copolymer THF solution (10 

mg/mL). [Previously, when targeting completely quaternized PDM, the more concentrated 

THF solution used (200 mg/mL) was found to lead to a low degree of quaternization, and 

therefore nitromethane was used instead with success.4 Since THF is a better solvent for the 

copolymer and is more easily removed, it was tried again, this time at lower concentration, 

which turned out to be successful.] The reaction proceeded at room temperature for 3 d, the 

mixture was then concentrated and precipitated once in hexane, and the product was dried in a 

vacuum oven at 50 °C for 24 h and then stored under vacuum at room temperature until use. 

Complexation, as previously,4, 5, 11 was accomplished by dialyzing DMF solutions of the 
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(partially) quaternized block copolymers with the appropriate amounts of methyl orange (1.1 

eq relative to the quaternized PDM) against Milli-Q water (refreshed 4 times a day) for 5 days, 

followed by freeze-drying of the water/sample mixture for 4 days and vacuum-drying at 80 °C 

for 1 day. Silicon wafers ({1,0,0}, University Wafer) were cleaned with boiling piranha 

solution [3/1 v/v (concentrated H2SO4)/(30 wt % H2O2)] for 30 min, thoroughly rinsed with 

Milli-Q water, and dried with nitrogen flow  

3.2.4 Instrumentation 

An FTS Systems FD-3-85A-MP freeze-dryer working at 1–3 mT, with the condenser 

at -90 °C, was used for freeze-drying. 1H NMR spectra were recorded on a Bruker Avance 

spectrometer (400 MHz). Molecular weights and polydispersities were measured at room 

temperature by size exclusion chromatography coupled with quasi-elastic light scattering 

(SEC-LS), using a Wyatt QELS system equipped with a Waters 600E pump, two PLgel 

300×7.5 mm columns with a particle size of 5 µm and pore sizes of 103 Å and 105 Å, 

respectively, a refractive index detector and a photodiode array detector. THF with 2 vol % 

triethylamine (TEA) was used as the eluent, the flow rate was 1 mL/min, and the solution 

concentration was about 2 mg/mL.  

Thermogravimetric analysis (TGA) was performed using a TA Instruments Hi-Res 

TGA 2950 analyzer under nitrogen atmosphere at a heating rate of 10 °C/min. Differential 

scanning calorimetry (DSC) of 4-10 mg of sample placed in standard aluminum DSC pans 

was performed at heating and cooling rates of 10 °C/min using a TA Instruments Q2000 DSC. 

Atomic force microscopy (AFM) on films spin-coated on silicon substrates was conducted in 

tapping mode under ambient atmosphere using a Multimode microscope, a Nanoscope V 

controller (Bruker) and the Nanoscope V7.30 software. The tips (TSPA model, force constant 

42 N/m, oscillation frequency 320 kHz, tip radius 8 nm) were obtained from Bruker. Small-

angle X-ray diffraction (SAXS) analysis on cast films (thicknesses of 1-2 mm for the parent 

block copolymer and the quaternized forms and of 0.5 mm for the complexed forms) was 

performed at room temperature at a sample-to-detector distance of 107.15 cm using a Bruker 

NanoStar instrument equipped with a Bruker Vantec-2000 area detector, a 50 kW 600-μA 

generator, an Incoater IμS copper X-ray radiation source (λ = 1.54 Å) with high-flux pinhole 

configuration, and a vacuum sample chamber at a pressure below 0.2 mbar. 
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3.2.5 Film preparation 

Films for AFM observations were spin-coated from 5 wt % DMF solutions at 3000 

rpm for 120 s onto silicon wafers, followed by vacuum drying at room temperature for 2 h. 

Subsequently, these same films were annealed at 120 °C for 17 h in a vacuum oven. Films for 

SAXS measurements were prepared from 10 wt % DMF (THF for the parent block 

copolymer) solutions placed in a Teflon mold, protected from dust by a Petri dish. After 

evaporation under ambient conditions of most of the solvent, the films were further dried in 

vacuum at 50 °C for 2 d (3 d for the parent block copolymer).  

3.3 Results and discussion 

3.3.1 Synthesis 

Our previous publication describing the synthesis procedures for the present materials 

reported some bimodality, as observed from the presence in the SEC-LS curves of a low 

intensity shoulder on the higher molecular weight side of the main peak (less than 10% of the 

total curve in most cases), including for the PnBA macroinitiators (1-2%). Here, this was 

addressed by certain modifications to the procedures. First of all, for the macroinitiator, 

considering that the shoulder may be a consequence of a small amount of coupling termination 

of propagating chain radicals, which tends to occur at insufficiently low radical concentration 

and high conversion,12, 13 the catalyst content was reduced to 0.5 instead of 3.0 relative to the 

initiator and the rate of conversion was decreased to less than 50% (the relative monomer 

content was increased to obtain a reasonably high molecular weight in these conditions). Prior 

to polymerization of a large batch of sample, a test polymerization was done to check if the 

undesirable shoulder was present or not. A very slight shoulder appeared in the SEC-LS 

elugram for a polymer whose molecular weight was about 65 700 (Figure A3.1), which was 

therefore taken as the upper limit of molecular weight not to be exceeded. A kinetics curve 

was then established (Figure A3.4 in Appendix to Chapter 3) to estimate the time needed for 

the batch polymerization, targeting a molecular weight of about 60 000. The actual molecular 

weight obtained was determined to be just a little lower (55 000), and no undesired shoulder 

could be observed in the SEC-LS elugram for this polymer. 
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The bimodality of the block copolymers can, in addition to coupling termination, be a 

consequence of chain-extending a less active macroinitiator using a much more active 

monomer. This can lead to less efficient initiation and to chain extension on one end of the 

macroinitiator, an effect that is known when initiating methacrylates with acrylates in ATRP.7 

The difference in the activity of the two monomers is illustrated by the fact that the 

polyacrylate macroinitiator synthesized in the present work took 55 h at 70 °C, whereas the 

PDM block using our previously published procedure was polymerized within 50 min. To 

address this mismatch in activity, the so-called halogen exchange process can be used, where a 

less efficient metal halogen compound is used in the chain extension step to decrease the chain 

propagation rate and thereby increase the initiation efficiency.7,14,15 Thus we used CuCl in the 

place of CuBr in the chain extension of Br-PnBA-Br by DMAEMA, given that the C-Cl bond 

has about an order magnitude lower equilibrium constant than the C-Br bond, leading to its 

slower reactivation during chain extension compared to the bromo macroinitiator chain end. 

This important modification, coupled with similar changes as used for polymerizing the 

macroinitiator (particularly less catalyst and lower conversion rate), led to the desired 

improvement. The SEC-LS curves shown in Figure A3.3 for both the macroinitiator and the 

target triblock copolymer now appear monomodal and the dispersity (Table 3.1) is very low 

(1.05 compared to the previously reported 1.2-1.3).  

The block ratios and the degrees of quaternization and complexation were determined 

by NMR, as previously.4 The results are given in Table 3.1 and the details in the Appendix to 

Chapter 3 (Figure A3.5, A3.6, Table A3.1). The targeted degrees of quaternization (33, 67 and 

100%) and complexation (33, 67 and 100%) were closely met in each case. On the other hand, 

the parent block copolymer was targeted to have a PDM/PnBA block molar ratio of 0.12, in 

order to have a hard block weight fraction range for the complexed derivatives of 20 to 31%, 

which is in the range giving elastomeric character according to Chapter 2. This ratio was 

overshot a little, giving a block ratio of 0.16 and therefore a hard block weight fraction of 25 

to 37% for the complexed block copolymers. 
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Table 3.1 Nomenclature and characteristics of the parent PDM-PnBA-PDM block copolymer, 
and the quaternized and complexed derivatives. 

Parent block copolymer Quaternized forms Complexed forms 

Mn×10-3
 

(NMR) a 
Mn×10-3

 
(SEC-LS) b Mw/Mn Qx c 

Quat. 
(%) 

Outer 
block 

(wt %) d Cx-y e 
Comp. 

(%) 

Outer 
block 

 (wt %) f 

5.5-57-5.5 72.3 1.05 Q34   34 20 C34-34   34 25 

Q67   67 24 
C67-33   33 28 

C67-67   67 31 

Q100 100 27 

C100-32   32 30 

C100-64   64 34 

C100-100 100 37 

a For the PnBA macroinitiator, Mn = 57 000 and PDI = 1.02, as determined by SEC-LS 
using dn/dc = 0.064 mL/g in THF. The Mn of the end block was derived by 1H NMR 
using integrations of isolated protons from each block.4  b Using dn/dc = 0.070 mL/g in 
THF with 2 v % TEA.  c Qx refers to the quaternized block copolymers, where x 
represents the percent quaternization of the PDM block.  d Includes both unquaternized 
PDM and quaternized PDM.  e Cx-y refers to the complexed block copolymers, where x 
and y represent the percent quaternization and complexation, respectively, of the PDM 
block.  f Includes the entire PDM-based block for partially quaternized and/or complexed 
samples; i.e. unquaternized PDM, quaternized PDM (PDMQ) and complexed PDM 
(MO/PDMQ). 
 

 

To assure that the final complexation step to achieve the target complexes were done 

with properly quaternized block copolymers, it was necessary to chemically characterize the 

result of the quaternization step as well as the complexation step. In what follows, 

involvingphysical characterization (thermal, morphological), the investigations concentrate on 

the target complexes with less attention paid to the quaternized precursors.  

3.3.2 Thermal properties  

DSC thermograms of the complexes are shown in Figure 3.1 and the Tg values are 

listed in Table 3.2. Since the block copolymer has a relatively short outer block, the 
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thermograms are dominated by the middle block Tg at -46±1 °C, as found previously.4 The fact 

that this Tg is invariant for the different complexes indicates that the PnBA block is well 

phase-separated, which is unsurprising given its nonionic nature in comparison to the ionic 

character of the PDM-based block making the two blocks highly immiscible. The Tg that is 

visible at much higher temperature, ranging from 130 to 175 °C, is attributed to the (partially) 

complexed block. Interestingly, this Tg is approximately constant for a given degree of 

quaternization whatever the degree of complexation and it decreases with decreasing degree of 

 

 

Figure 3.1 DSC heating thermograms of the complexed block copolymers. The arrows 
indicate the high temperature transition (see text). 
 

quaternization, being about 170-175 °C for 100% quaternized, about 150 °C for 67% 

quaternized and 130 °C for 33% quaternized. The Tg of 175 °C for the fully quaternized and 

complexed block is similar to the previously reported value of 180 °C for the fully quaternized 

and complexed homopolymer complex (Mn=8,000).5 There appears to be another Tg -like 

transition at 87 °C that does not vary in temperature with composition but decreases in 
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intensity with decrease in hard block weight fraction so that it is barely visible for the two 

lowest hard block fractions. This is possibly related to water molecules adsorbed to the ionic 

groups, as was found for DSC measurements of samples of Chapter 2 (not published) when 

the nitrogen purge was not passed through a drierite column and which disappeared when 

dried nitrogen gas was used. 

 

Table 3.2 Glass transition temperatures of the block copolymer complexes. 

Sample Tg(PnBA) (°C) Tg(PDM-C a) (°C) 

PDM-PnBA-PDM -46  

C100-100 -45 175 

C100-64 -46 171 

C67-67 -45 156 

C100-32 -45 175 

C67-33 -45 147 

C34-34 -46 130 

a PDM-based block that is (partially) quaternized and complexed 

 

3.3.3 Elasticity  

The elastomeric character of the complexes was tested only very qualitatively by 

manual stretching/bending. Overall, there was a tendency for decreasing elasticity with 

increase in hard block content. Films of C34-34 and C67-33 showed the best elastomeric 

character. Films of C67-67, C100-32 and C100-64 were more plastic-like though still 

bendable, whereas C100-100 films broke with bending. These qualitative observations must be 

followed up by more quantitative measurements in future work. 

3.3.4 Block copolymer morphology 

In the preceding chapter, it was found that elastomeric character is correlated with 

morphologies where the hard block does not form a continuous phase, which was found to be 

the case for up to about 30 wt % hard block content. This was deduced mainly from the 
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apparent surface morphologies of spin-coated films observed by AFM and complemented by 

TEM for selected samples. SAXS data did not provide clear morphological information. AFM 

and SAXS were again used on the present complexes. 

Representative AFM phase images are shown in Figure 3.2, both on spin-coated films 

dried at room temperature and the same films annealed at 120 °C for a day. The annealed 

samples do not show greater morphological definition than the non-annealed ones, and, in 

some cases, appear even less well defined, particularly for the partially complexed samples. 

This may be related in part to the lower hard block Tg in these samples or perhaps to some 

phase mixing at the annealing temperature.16 Although the morphologies appear particularly 

ill-defined for the films of lower hard block content, complexes C34-34 and C67-33 appear to 

show mainly cylindrical structures, which, according to the tendencies observed in the 

previous chapter, are correlated with better elastomeric character. This is in accordance with 

the manual stretching tests mentioned above. 

Cylindrical structures are also evident in the image of C100-32, but accompanied by 

dot structures. The cylindrical structures appear much less present for C67-67 and hardly at all 

for C100-64, which show mainly dots. The predominance of dot structures can be correlated 

with the greater plastic character of these films according to the manual tests, while the 

presence of some cylindrical structures might be associated with their still being bendable. 

The AFM image of C100-100 shows dots exclusively, in accordance with the greater rigidity 

of this sample. Although confirmation by TEM would be necessary, it can be presumed, based 

on the hard block content of this sample (37 wt %) and the results of the previous chapter, that 

the dots are composed of the PnBA phase with the hard phase forming the continuous phase. 

That this occurs  below  the  50/50  composition  is  caused by  the  ionic character of the hard 

phase that distorts the normal block copolymer phase diagram,17, 18  as discussed briefly in the 

previous chapter. 

The fact that the parent copolymer of this paper (and hence its derivatives) is better 

defined, with very low dispersity compared to the copolymers in the previous chapter, might 

help improve the definition of SAXS data. This was therefore also investigated. The results, 

using dried solvent-cast films, are shown in Figure 3.3 for the parent copolymer, the 

quaternized derivatives and the complexes. In all cases, the peaks are not intense, as in the 

previous  chapter,  although  somewhat  better  defined.  The  parent  block  copolymer  clearly 
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Figure 3.2 AFM phase images of the complexed block copolymers before and after thermal 
annealing. Image size is 2 × 2 µm2. 
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shows phase separation of the two blocks, as is evident from the presence of two diffraction 

peaks (their corresponding d-spacings are 35 nm and 13 nm). There is insufficient information 

to assign these two peaks to a specific morphology, although it could be spherical with the 

minority PDM block composing the spheres. The three quaternized derivatives have a d-

spacing that is a little larger, which may be caused by the additional volume added to the hard 

block phase by the methyl group and by some chain expansion due to the polyelectrolyte 

nature of the block leading to repulsive forces. The two peaks visible for the least quaternized 

sample are in a 1:2 ratio that is suggestive of a lamellar morphology. Peaks in the other two 

quaternized samples are barely visible. 

In the complexes, it is the higher degrees of quaternization and complexation that give 

somewhat better defined SAXS data (although the peaks are still very weak). In the previous 

chapter, the presence of two peaks that are too closely spaced to represent hexagonal or 

lamellar morphologies was associated with a (body-centered) cubic morphology. This appears 

to apply to the present copolymers as well, since the ones showing two peaks (at 33 and 23 Å) 

are also the ones with predominantly or exclusively spherical morphology according to the 

AFM images, in this case the spheres corresponding to the PnBA phase, as mentioned above. 

Like for the films observed by AFM, thermal annealing at 80 and 120 oC does not lead to any 

significant changes (Figure A3.7 in Appendix to Chapter 3). Since the polymers themselves 

are well-defined, the fact that thermal annealing does not lead to better defined SAXS peaks 

related to the block copolymer morphology can be attributed to the high Tg of the hard phase 

that does not allow annealing in a melt phase without degradation in order to achieve well-

defined phase separation (probably, even in the melt phase, the ionic character of the polymer, 

which increases the melt viscosity, will impede reorganization).  In future work, combined 

solvent and thermal annealing might be applied to obtain improved phase separation thanks to 

the plasticization effect of solvation that reduces the Tg
19, 20 (although the solvent, if more 

favourable for one of the blocks, will unlikely lead to morphologies that reflect the equilibrium 

bulk morphologies of the system without solvent). 
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Figure 3.3 Small angle X-ray scattering curves of (A) the parent block copolymer and the 
three quaternized derivatives and (B) the complexed block copolymers. The numbers indicated 
are Bragg spacings corresponding to observed peaks. 
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On the other hand, the liquid crystal (smectic A) first-order scattering peak of the 

complexed block at 29 Å, as determined for the MO/PDMQ homopolymer complex,4 is 

clearly defined in C100-100 (better than for the complexes in the previous chapter). Its 

definition decreases for C100-64 and even more for C67-67, thus with decreasing hard block 

content. For the complexes with less quaternization and complexation, the peak is no longer 

visible, indicating that the liquid crystal character of the phase is perturbed, unsurprisingly, by 

the presence of mixed unlike motifs, as typically observed for random liquid crystalline 

copolymers.4, 21 

Although further work is necessary, the results obtained here illustrate in a preliminary 

way that it is possible to vary the elasticity, and no doubt the potential photoresponsiveness, in 

the present supramolecular triblock copolymers by controlling the degree of quaternization 

and complexation based on one parent block copolymer. To demonstrate this more clearly, 

systematic mechanical tests and photo-mechanical experiments will be undertaken in future 

work. The adaptability of the approach taken can be extended by using functional small 

molecules other than methyl orange, and can also include the addition of hydrogen-bonding 

species to the partially quaternized materials for hydrogen-bond complexation of 

unquaternized PDM units. The next chapter will show examples of such complexes with 

unquaternized PDM (involving hydrogen bonds and proton transfer interactions), but in the 

form of homopolymer complexes for a study of a particular photo-responsive property.   

3.4 Conclusion 

With the aim of investigating the possibility of tuning elasticity and 

photoresponsiveness through varying the degree of quaternization and complexation, a series 

of azo-containing triblock copolymers with a low Tg middle block and short outer blocks were 

prepared by self-assembly of methyl orange with a parent PDM-PnBA-PDM block copolymer. 

This copolymer was prepared by ATRP, making use of the halogen exchange technique to 

obtain a well-defined, monodisperse triblock that is a notable improvement compared to the 

polymers in the previous chapter. Phase separation in the complexed block copolymers was 

confirmed by DSC, AFM and SAXS. As in the previous chapter, the morphology at the 

highest hard block content appeared to be an inverted spherical morphology where the hard 
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block, despite being in the minority, was the continuous phase, which is in agreement also 

with the loss of elastomeric character. The study shows that varying the degrees of 

quaternization and subsequent complexation is a workable and relatively facile approach for 

fine-tuning the properties of the targeted supramolecular materials. 
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Appendix to Chapter 3 

 

Figure A3.1 SEC elugrams of poly(n-butyl acrylate) at different times of polymerization, as a 
test of the upper limit of the molecular weight for avoiding the high molecular weight 
shoulder. The arrow indicates the appearance of this shoulder for Mn = 65,700. 

 

Figure A3.2 SEC elugrams of poly(n-butyl acrylate) at different times of polymerization. 
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Figure A3.3 SEC elugrams of the poly(n-butyl acrylate) macroinitiator and the PDM-PnBA-
PDM block copolymer. 
 

 

Figure A3.4 First-order kinetics plot for ATRP of n-butyl acrylate initiated by 1,1'-biphenyl-
4,4'-bis(2-bromoisobutyrate) with CuBr/PMDETA as catalyst. The linear fit of ln([M0]/[Mt]) 
was used to obtain an estimate of the polymerization time necessary to obtain the targeted 
PnBA Mn (60,000), indicated by a star.  
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Figure A3.5 1H NMR spectra of the PDM-PnBA-PDM parent block copolymer in CDCl3 and 
the quaternized derivatives, Qx, in DMF-d7. Peaks k and k’ represent the methyl group next to 
the amine in the unquaternized and quaternized block copolymers, respectively. 
 

 

 

Figure A3.6 1H NMR spectra of the complexed block copolymers, Cx-y, in DMF-d7 in order 
of hard block content. The region between 5 and 6 ppm, where no peaks are present, is cut out 
for clarity. The intensities of the spectra are manually normalized relative to peak e. 



Chapter 3 

 

107 

 

Table A3.1 NMR determination of the percentage of quaternization (Quat.) of the quaternized 
block copolymers (Qx) and the percentage of complexation (Comp.) of the complexed block 
copolymers (Cx-y). 

Parent BCP Quaternized forms Complexed forms 

(i+c)/j 
 

2er/j 
 

Avga 

 
Qx 

 
3er /kr 

b   4.5er /k'l b 
  

Quat.c 
 (%) 

Cx-y 
 

2er /r b 
 

    
Comp.d 

 (%)  
6.35 6.42 6.4 Q34 9.72  34.2 C34-34 17.2 34 

   Q67 21.19 9.86 67.3 C67-33 19.6 33 
   Q100  6.66 96.1 C67-67 9.6 67 
       C100-32 19.8 32 
       C100-64 10.1 64 
       C100-100 6.3 100 

 a Stands for PnBA/PDM block molar ratio in parent block copolymer taken as the 
average of column 1 and 2.  b er, kr and k'l indicates the right half of peak e, the right 
half of peak k and the left half of peak k', respectively. c The degrees of 
quaternization were determined by comparing 3er/kr or 4.5er/k'l with the PnBA/PDM 
ratio of the parent block copolymer. For Q67 in which both kr and k’l are isolated, the 
percentage was taken as the average of the results that respectively derived from the 
two peaks. d The degrees of complexation are determined by comparing 2er/r with the 
PnBA/PDM block ratio of the parent unquaternized block copolymer. Peak s was not 
used because its integration often appeared to be too small, possibly due to interaction 
with uncomplexed quaternized PDM that shifts part of this peak to lower field. 
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Figure A3.7 Small angle X-ray scattering curves of C100-100 at different thermal annealing 
temperatures and times (from bottom to top).  
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Chapter 4 Azobenzene-Containing Supramolecular 

Poly(dimethylaminoethyl methacrylate) Complexes: 

Influence of Bonding Type on Surface Relief Grating 

Formation and Photomobility* 

 

Abstract 

The influence of the supramolecular bond type, in particular hydrogen, proton transfer 

and pure ionic bonding, on surface relief grating inscription and photomobility, using a 

polymer with an intrinsically low glass transition temperature (near ambient) is investigated. 

To this end, poly(dimethylaminoethyl methacrylate) (PDMAEMA or PDM) was complexed 

with azobenzene-based molecules functionalized by hydroxyl (azoOH) and by carboxylic acid 

(azoCOOH) groups at various azo/polymer molar ratios, as well as by a sulfonated group 

(methyl orange or azoSO3) at equimolar ratio (in this case with quaternized PDM), leading to 

purely hydrogen-bonded, proton transfer and purely ionic supramolecular systems, 

respectively. In spin-coated films, the azoOH and azoCOOH reacted to a high extent with 

PDM, but, in drop-cast films, significant phase separation and azo crystallization was found, 

most strongly for azoCOOH. Surface relief grating (SRG) inscription on spin-coated films was 

significantly more efficient and led to greater depths for the ionically bonded system than for 

the H-bonded system. 

  

                                                

 
* Close to submission. 



Chapter 4 

 

110 

 

4.1 Introduction 
Azobenzene motifs are widely used in photo-responsive materials.1, 2 The 

photoresponsiveness is achieved by the photoisomerization of the azobenzene group between 

cis and trans isomers upon irradiation of light in the UV and visible regions. These materials 

have a variety of applications, one of them being the formation of surface relief gratings or 

SRGs. SRGs are formed upon exposure to light having wavelengths in the absorption band of 

the azo group, which creates a force that moves polymer chains on a macroscopic scale.1, 3-5 

Because the periodicity and form of the gratings can be controlled by the optical setup, they 

have potential applications in, for example, optical information storage.  

Although a large amount of research has been conducted on SRG formation in many 

different materials, the mechanism underlying it and the various material parameters that 

influence it are still not understood well. To reach a better experimental understanding, several 

research groups have used the supramolecular approach to design new materials. This 

approach greatly facilitates the preparation of series of photo-responsive materials where 

particular material parameters are varied systematically and can be studied, since there are a 

large selection of functional small azobenzene-based molecules and suitable polymers that can 

be complexed together in various proportions. Among the parameters that are crucial in the 

design of supramolecular materials is the type of supramolecular interaction. Complexes for 

SRG studies have included hydrogen-bonding,6-10,11 ionic bonding12-15 and halogen-bonding16 

materials. A number of these have been shown to lead to very efficient SRG formation.  

Most of the supramolecular systems studied for SRG are based on high glass transition 

(Tg) polymers, especially poly(4-vinyl pyridine)6, 9, 10, 12, 16, 17  and sometimes polyphenol.8, 18  

For the former, OH- and COOH-functionalized azo molecules have been typically used, 

whereas for the latter pyridine-functionalized azo molecules are useful. These all lead to 

hydrogen-bonded complexes, albeit with different strengths. A sufficiently high Tg, to 

minimize polymer chain relaxation, is known to be one of the important parameters for 

effective and stable SRG formation.1 It is also known that complexation generally modifies the 

Tg of the system; for example, OH- and COOH-functionalized azo molecules generally reduce 

the Tg of P4VP.9, 17  In this context, it is of interest to investigate if complexes based on 

poly(dimethylaminoethyl methacrylate) (PDM), which has a low (near ambient) Tg, can 
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usefully form SRGs and how this might depend on the type of bond formed. It is of additional 

interest that OH- and COOH-functionalized azo molecules in this case lead to different types 

of bonding with PDM – hydrogen-bonding for the former and ionic bonding through proton 

transfer for the latter, since the amino moiety in PDM is more basic than the pyridine in P4VP. 

Polymer/small molecule proton transfer complexes have been investigated previously in our 

group, notably between poly(acrylic acid) and a tertiary amine-functionalized mesogenic 

molecule.19, 20  

The aim of the present work is thus to prepare, characterize, and investigate SRG 

formation in the complexes shown in Scheme 4.1. The third complex was investigated in a 

previous publication from our group on ionic complexes, where the influence of the  degree  of  

 

 

 

Scheme 4.1 Targeted azo-containing complexes self-assembled from the azo-containing 
molecules, (a) azoOH, (b) azoCOOH and (c) azoSO3, and the polymer, 
poly(dimethylaminoethyl methacrylate) (PDM; PDMQ when quaternized). Three types of 
interactions are compared: (a) hydrogen bonding, (b) ionic bonding through proton transfer, 
and (c) ionic bonding through ion exchange. 
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molecular flexibility on photo-induced birefringence and SRG formation was compared. To 

prepare this complex, PDM is fully quaternized (methylated) and complexation with the 

sulfonate-functionalized small molecule (methyl orange, termed hereafter azoSO3) is achieved 

by ion exchange procedures. In contrast to the complex with azoCOOH, where the proton 

transfer is reversible and is likely to involve H-bonding as well, the azoSO3 complex is purely 

ionic and the complexation is equimolar and stable. The three types of complexes are referred 

to hereafter as azoCOOH/PDM(y), azoOH/PDM(y) and azoSO3/PDMQ(1.0), where y refers to 

the azo/polymer molar ratio. 

4.2 Experimental 

4.2.1 Materials 

All materials were obtained from Sigma-Aldrich unless otherwise specified. 

Aluminum oxide (Al2O3, activated neutral), ethylene bis(2-bromoisobutyrate), N,N,N',N',N-

pentamethyldiethylenetriamine (PMDETA, 99%), anhydrous anisole (99.7%), anhydrous 

DMF (99.8 %), DMSO (ACS grade, American Chemical), THF (HPLC grade, Fisher 

Scientific), hexane (ACS grade, Fisher Scientific), nitromethane (ACS grade, J. T. Baker), 

iodomethane (99.5 %), triethylamine (≥99.0%), 4-hydroxy-4’-dimethylaminoazobenzene 

(azoOH, >98.0%, Tokyo Chemical Industry), 4-dimethylaminoazobenzene-4'-carboxylic acid 

(azoCOOH or p-methyl red, >97.0%, Tokyo Chemical Industry) and sodium 4-[(4-

dimethylamino)phenylazo]benzenesulfonate (azoSO3Na, also called methyl orange) were all 

used as received. N,N’–dimethylaminoethyl methacrylate (DMAEMA or DM, 98%) was 

passed through a neutral Al2O3 column just before polymerization to eliminate the inhibitor. 

Copper (I) bromide (CuBr, 98%) was washed with boiling acetic acid before use to remove 

any soluble oxidized species. Deionized water was obtained from a Millipore Gradient A10 

Milli-Q system. 

4.2.2 Synthesis and preparation of polymers and azo/polymer complexes 

a. Synthesis of PDM. The PDM homopolymer was prepared by atom transfer radical 

polymerization (ATRP) following a literature procedure.21, 22 Briefly, the polymerization was 

carried out in anhydrous anisole at 50 °C at an initiator/catalyst/monomer molar ratio of 

1/1/380, where the initiator is ethylene bis(2-bromoisobutyrate) and the catalyst is 
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CuBr/PMDETA. The product was purified by precipitating twice in hexane, drying under 

vacuum at room temperature for at least two days, and then storing in a desiccator with 

drierite. The molecular weight, Mn, and the dispersity were determined by SEC-LS to be 41 

850 and 1.38, respectively. The refractive index curve showed unimodal distribution. The 

relatively high dispersity can be attributed to the amine function in DM that competes weakly 

with the ligand to coordinate with the copper catalyst, reducing it to inactive Cu(II), as 

observed also for 4-vinyl pyridine.23 

b. Preparation of the complexes. The components for the azoCOOH/PDM and 

azoOH/PDM complexes were dissolved separately in anhydrous DMF (100 mg/mL for PDM, 

50 mg/mL for azoOH, and 10 mg/mL for azoCOOH, the solubility of azoCOOH in DMF 

being more limited than that of azoOH). To obtain complex solutions of various molar ratios, 

appropriate quantities of azoCOOH and azoOH solutions were added to fixed quantities of 

PDM solutions in a vial. The resulting (transparent) solutions were shaken for 12 h at room 

temperature.  

An equimolar complex of azoSO3Na and quaternized PDM (PDMQ) was prepared as 

described previously,12 where PDM was fully quaternized by iodomethane to give PDMQ, 

then complexed with azoSO3Na in DMSO, followed by dialysis in Milli-Q water to eliminate 

the Na+ and I- counterions and any excess azoSO3Na, freeze-drying for two days and vacuum-

drying at 80 °C for another 2 days.  

Samples for NMR verification were prepared by adding 650 µL of DMF-d7 to 70 µL of 

complex solution. Solid, powder-like samples for TGA, DSC, polarizing optical microscopy 

(POM), ATR-IR and XRD measurements were prepared by casting the complex solutions in 

DMF onto clean glass slides (VWR) followed by vacuum drying at 50 °C for 2 d (unless 

otherwise specified). The solids were then carefully removed from the slides using a razor, and 

stored under vacuum at room temperature until further use. In some cases (pure azoOH and 

azoCOOH), samples for IR spectra were made by grinding with KBr powder. Films for UV-

visible, infrared and surface relief grating (SRG) experiments were spin-coated at 3000 rpm 

for 30 s from DMF solutions onto glass slides, KBr pellets (ø25×4 mm thick, PIKE 

Technologies) and glass slides, respectively, followed by vacuum drying at 50 °C for 2 d. The 

glass slides were cleaned prior to spin-coating using Kimwipes and acetone, followed by 

drying with compressed air. To obtain sufficiently thick films of the azoCOOH/PDM 
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complexes for the SRG experiments (the azoCOOH/PDM solutions being more dilute than the 

azoOH/PDM solutions due to lesser solubility of azoCOOH), the glass slides were heated to 

some extent – most strongly for the higher molar ratios – using a heat gun just prior to placing 

a drop of solution. The solutions used to spin-coat films for the UV-visible experiments were 

diluted 2-5 times compared to those used to spin-coat films for the IR and SRG experiments. 

4.2.3 Instrumentation 

Molecular weights and polydispersities were measured at room temperature by size 

exclusion chromatography coupled with quasi-elastic light scattering (SEC-LS), using a Wyatt 

QELS system equipped with a Waters 600E pump, two PLgel 300×7.5 mm columns with a 

particle size of 5 µm and pore sizes of 103 Å and 105 Å, respectively, a refractive index 

detector and a photodiode array detector. THF with 2 vol % triethylamine (TEA) was used as 

the eluent, the flow rate was 1 mL/min, and the solution concentration was about 3 mg/mL. 

Freeze-drying was effected using a FTS Systems FD-3-85A-MP freeze-dryer working at 1-3 

mT with the condenser at -90 °C. Spin-coating was done with a Headway Research EC101D 

instrument at room temperature. The thickness of the spin-coated films on glass slides was 

measured using a Bruker DektakXT profilometer with Vision64 software across a scratch 

made close to the inscribed SRG using a bamboo toothpick dipped in DMF.  
1H NMR spectra were recorded on a Bruker Avance spectrometer (400 MHz). Fourier 

transform infrared (FTIR) spectra were recorded on a Thermo Scientific Nicolet spectrometer 

system in transmission mode. UV-visible spectra were recorded using an Agilent Cary Series 

UV-vis-NIR spectrophotometer. IR of solvent-cast powder samples was recorded on a Tensor 

27 FT-IR spectrometer (Bruker Optics) equipped with a HgCdTe detector and a MIRacle (Pike 

Technologies) attenuated total reflectance (ATR) accessory with a silicon element, with a 

resolution of 4 cm-1 by averaging 200 scans. 

Thermogravimetric analysis (TGA) was performed using a TA Instruments Hi-Res 

TGA 2950 analyzer under nitrogen atmosphere at a heating rate of 10 °C/min. Differential 

scanning calorimetry (DSC) of 3-9 mg of samples placed in standard aluminum DSC pans was 

performed at heating and cooling rates of 10 °C/min using a TA Instruments Q2000 DSC. 

Second and third heating scans were essentially identical. POM observations were made using 

a Zeiss Axioskop2 Plus microscope with a Plan NEOFLUAR 40x/0.85 lens.  
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Wide angle X-ray diffraction (XRD) analysis on bulk samples in glass capillary tubes 

(O.D. 1.0 mm, length 80 mm, thickness 0.01 mm, Charles Supper) was performed with a 

Bruker Microstar operated at 45 kV and 20 mA using Cu Kα radiation at a sample-to-detector 

distance of 50 mm. The temperature was controlled by the Oxford cryosystem. The acquisition 

time for each sample was 60 s. Complementary measurements on selected samples in the same 

glass capillary tubes at ambient temperature was performed at room temperature at a sample-

to-detector distance of 107.15 cm using a Bruker NanoStar X-ray instrument equipped with a 

Bruker Vantec-2000 area detector, a 50 kW 600-µA generator, an Incoatec IµS copper X-ray 

radiation source with a high-flux pinhole configuration, and a vacuum sample chamber at a 

pressure below 0.2 mbar. Grazing incidence wide-angle X-ray diffraction (GIWAXD) at an 

incidence angle of 0.2° were conducted on spin-coated films (the same as used for SRG, thus 

with similar thicknesses and on glass slides) with this same instrument at a sample-to-detector 

distance of 15 cm. 

Surface relief grating (SRG) formation was achieved by guiding a circularly polarized 

beam of an Ar+ laser operating at 488 nm (46 mW/cm2) to a Lloyd’s mirror interferometer for 

producing an interference pattern incident to the thin film of the sample. The inscription of the 

gratings was monitored by measuring the 1st order diffraction of a 633-nm HeNe laser 

recorded by a photodiode. The gratings were imaged by tapping mode atomic force 

microscopy (AFM) under ambient atmosphere using a Digital Instruments (Bruker) 

Multimode microscope, a Nanoscope V controller, Nanoscope V7.30 software and Nanoworld 

tips (Arrows NC model, spring constant 42 N/m, oscillation frequency 285 kHz, tip radius <10 

nm). The images were taken 2-20 days after SRG inscription and, again, three months later. 

4.3 Results and discussion 

4.3.1    Spectroscopic characterization of the azoCOOH and azoOH complexes 

First of all, the stoichiometries of the complexes were verified by solution NMR 

(Figure AA4.1, Table AA4.1 in the Appendix A to Chapter 4) and found to be within about 

10% of the target values. It was also verified that the drying procedures used did not cause any 

significant loss of small molecule, by comparing the IR spectra of azoOH/PDM(0.10) and 

azoOH/PDM(1.0) complexes dried under vacuum at 50 °C for 2, 5 and 10 days (Figure 
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AA4.3) and the NMR spectra of the same complexes vacuum-dried at 50 oC for 2 days, then 

stored under vacuum for about two months (Table AA4.1). No samples were dried at 

temperatures higher than 50 °C (except for one situation, to be mentioned later). 

 

 

 

Figure 4.1 Ambient temperature infrared spectra of the azoCOOH/PDM complexes spin-
coated on KBr windows at the azo/polymer molar ratios indicated, in comparison to those of 
pure PDM (also spin-coated) and azoCOOH (ground with KBr powder and pressed). The 
spectra are approximately normalized in intensity relative to the azo band at about 1600 cm-1. 
The dotted lines refer to selected bands mentioned in the text. 
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Next, it is desirable to determine the extent of interaction between azoOH/azoCOOH 

and PDM at the different molar ratios, which can generally be done, at least qualitatively, by 

infrared analysis. Since the final aim is to investigate optical properties of the materials, which 

are in the form of spin-coated films, IR analysis is also done on spin-coated films, in this case 

on KBr pellets (solvent-cast films give different results, as will be shown later). 

Concentrating on azoCOOH-containing films first, Figure 4.1 shows that pure 

azoCOOH has an intense band at 1681 cm-1, which is assigned to absorption by the acid 

carbonyl. In the azoCOOH/PDM complexes, there is no such sharp band, but only a low-

intensity, broad absorbance in the same region and appearing as a shoulder on the low 

wavenumber side of the intense PDM ester carbonyl band (located at 1728 cm-1 for pure PDM 

as well as for the complexes). This is consistent with a significant fraction of the acid groups 

having been transformed into carboxylate groups as a result of the transfer of the acid proton 

to the PDM amino moiety (transfer to the azoCOOH amino tail is also a possibility, but is 

probably less likely since this amino group is less basic due to its being a substituent on an 

aromatic moiety). One would then expect to see evidence of the asymmetric and symmetric 

carboxylate vibrations, typically found in the mid-to-high 1500 and low-to-mid 1400 cm-1 

regions, respectively.24, 25 Indeed, a new, albeit low intensity, peak appears visible at about 

1578 cm-1 that might be attributed to the former vibration (it might also be due to a bending 

mode of the tertiary amine salt19). The latter vibration is not clear due to azoCOOH absorption 

in the 1400-1450 cm-1 region and broad PDM absorption in the 1420-1500 cm-1 region. Other 

evidence for interaction is given by the low intensity, broad peaks at about 2450 and 2600 cm-1, 

which may be related to (hydrogen-bonded) protonated tertiary amine absorption bands.19  

In principle, if it is assumed that the 1680 cm-1 shoulder is due to azoCOOH for which 

proton transfer did not take place, the extent of proton transfer can be inferred by taking the 

intensity or absorbance ratio of this shoulder (after subtracting out the PDM carbonyl band 

contribution) relative to the azoCOOH aromatic band at 1595 cm-1 in comparison with the 

ratio of these two bands in pure azoCOOH. However, there are several complications. One is 

that pure azoCOOH is crystalline, whereas the complexed azoCOOH is not, which can cause 

lower intensity and broader peaks as well peak shifts in the latter compared to the former. 

Another complication is that proton transfer interactions can give rise to (possibly ill-defined) 

acid-salt structures that can obscure carboxylate bands and result in broad bands implicating 
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the acid carbonyl.19, 25-28 In blends of poly(acrylic acid) and a tertiary amine-functionalized 

surfactomesogen, for example, a complexation interaction between one amine and two acid 

groups involving proton transfer from one of the two acids was proposed.19, 20, 29 The 1680 cm-

1 shoulder, which is clearly broad, is probably related to such structures rather than to only 

uncomplexed azoCOOH. It must be emphasized that acid-salt structures are indeed a form of 

complexation, although their presence implies that the nature of the complexation is not well 

defined and probably involves both ionic and hydrogen bonding in variable local structures. 

There can also be different distributions between proton transfer and acid-salt structures 

among samples, depending on the precise details of sample preparation.19, 25 A third possible 

complication is that residual DMF may remain in the films due to its high boiling point, and its 

most intense peak is found at 1668 cm-1, meaning that the shoulder could be related at least in 

part to residual DMF instead of to uncomplexed azoCOOH. Although these complications 

make it impossible to quantify the extent of azoCOOH/PDM complexation, the changes in the 

infrared spectra do suggest that it is high. 

Regarding azoOH/PDM (Figure 4.2), a notable difference between the infrared 

spectrum of pure azoOH and those of the complexes is in the pair of bands at about 1600 and 

1585 cm-1, where the latter (not present in azoCOOH) is attributed to the phenol ring. Their 

relative intensities are not the same in the former compared to the latter, which may be related 

to phenol-PDM H-bonding and/or to the crystalline vs. amorphous (melt) state of azoOH. 

Malik et al. reported evidence for phenol-PDM H-bonding with phenol-functionalized small 

molecules (including one azo derivative) from a shift in the hydroxyl stretching vibration at 

3600 cm-1 for the pure small molecules to about 3400 cm-1 in the mixtures with PDM.30 In our 

case, the latter band can be detected in the spectra of the high molar ratio azoOH/PDM 

mixtures, but the former does not appear in the spectrum of pure azoOH. Malik et al. also 

ascribed observed shifts in the PDM ester carbonyl from 1737 to 1724 cm-1 and in the tertiary 

amino C-N band from 1068 to 1053 cm-1 to H-bonding of phenol to both the amino and 

carbonyl groups in PDM. In our case, the PDM C=O band shows no shift in the complexes 

compared to pure PDM, although there is some broadening. The closest band to 1068 cm-1 in 

the pure azoOH is located at 1059 cm-1 and it also does not shift, but there are changes in other 

bands, notably the azoOH bands at 1524, 1373 and 1202 shift to 1518, 1362 and 1194, 

respectively, and there are changes in the broad PDM band or bands around 1456 cm-1. It is 
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noteworthy that the 1.0 complex shows bands at both 1373 and 1362, which suggests the 

presence of both crystallized and uncrystallized (and presumably complexed) azoOH in this 

sample. However, like for the azoCOOH complexes, it is not clear if the various changes 

observed are due to azo-PDM interactions or to the amorphous vs. crystalline state of the azo. 

It must be concluded that, like for azoCOOH/PDM, it is difficult, even impossible, to quantify 

the extent of H-bonding in the azoOH/PDM spin-coated films.  

 

 

Figure 4.2 Ambient temperature infrared spectra of the azoOH/PDM complexes spin-coated 
on KBr pellets at the azo/polymer molar ratios indicated, in comparison to those of the pure 
PDM (also spin-coated) and azoOH (ground with KBr powder and pressed). Spectra are 
approximately normalized in intensity relative to the azo bands at 1600 and 1362 cm-1. The 
dotted lines refer to selected bands mentioned in the text. 
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The shifting of IR peaks provides useful information on the degree and force of 

interaction in hydrogen-bonded supramolecular systems. Figures AA4.8 and AA4.9 

summarize the shifting of different IR peaks of azoCOOH/PDM and azoOH/PDM complexes 

compared to the corresponding peaks in pure azo and PDM. Overall, the shifting shows 

systematic changes with change in azo/polymer molar ratio, indicating different degrees of 

interaction. For example, for azoOH/PDM complexes, the C-N band of PDM at 1059 cm-1 

shifts increasingly with increase in azo/PDM molar ratio, suggesting increasing hydrogen-

bonding between the PDM amino and the phenol.  

UV-visible spectra can also provide information about the extent of complexation. 

These spectra are shown in Figure 4.3 for spin-coated films on glass, in comparison with the 

pure azo compounds in dilute DMF solution. The principal band in the spectra is assigned to 

the π-π* absorption of the trans isomer on which is superposed the n-π* absorption in the form 

of a shoulder at roughly 470 nm.12, 31, 32 The blue shift of the π-π* absorption maximum of 

dilute azoOH in DMF compared to that of azoCOOH (and azoSO3) is related to the greater 

polarity of the COOH and SO3 groups relative to the OH group. This appears to lead to greater 

separation from the n-π* band near 460 nm, which is therefore more visible for the azoOH 

complexes (and pure azoOH in solution17) than for the azoCOOH complexes. The apparent 

increase in intensity of the n-π* compared to the π-π* absorption with increase in azo content 

can be explained by broadening of the π-π* band with increasing azo content due to a wider 

distribution in local environments, leading to greater overlap of the n- π* band.  

Again focussing first on the azoCOOH complexes (Figure 4.3A), it can be observed 

that the spectra are all very similar, with the maxima of all but the 1.0 complex at 425(±3) nm. 

For comparison, a closely-related azo COOH-functionalized azo molecule (with a 

methylamino instead of dimethylamino tail) that is complexed by hydrogen-bonding to P4VP 

in equimolar ratio shows a maximum at 433 nm, like the DMF solution spectra of both the 

complex and the pure azo, and was taken to indicate good dispersion of the azo in the spin-

coated film.6 Thus, the spectra of the azoCOOH/PDM complexes also imply generally well 

dispersed (non-aggregated and therefore non-crystallized) azoCOOH. Only the spectrum of 

the 1.0 complex shows a distinct, although not large, blue shift (maximum at 420 nm), 

suggestive of some H-aggregation indicative of a relatively small amount of crystallized 

azoCOOH. In numerous examples in the literature for P4VP-based hydrogen-bonded 
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complexes, hydrogen bonding was found to correlate with good dispersion of the dyes, thereby 

suggesting a high extent of supramolecular bonding in the spin-coated complexes.  

 

 

 

Figure 4.3 UV-visible absorption spectra of spin-coated films of (A) azoCOOH/PDM, (B) 
azoOH/PDM and (C) azoSO3/PDM complexes at the molar ratios indicated, in comparison to 
the spectra of their respective azo molecules in dilute DMF solution (0.01mg/mL, 0.006 
mg/mL and 0.037 mg/mL, respectively). The absorbance maxima were normalized to 1. The 
arrows point to the wavelength at which the SRG's were inscribed. 

 

 

The UV-visible spectra for the azoOH/PDM complexes (Figure 4.3B) are similarly 
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including equimolar this time as well as azoOH in dilute DMF solution, are very similar at 

412(±4) nm. In comparison, the maximum for azoOH hydrogen-bonded to P4VP at various 

molar ratios in films spin-coated from DMF is also at this wavelength,17 thus indicating 

unaggregated (i.e. non-crystallized) azoOH.  

4.3.2    Structural characterization of the azoCOOH and azoOH complexes  

While spin-coated films of the complexes are used for the optical experiments and are 
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these latter analyses, solution-cast samples were prepared, giving thicker films that can be 

relatively easily recuperated (by scratching off the substrate) for powder-type analyses. It was 

found from XRD investigations that significant crystallization of azoCOOH and azoOH 

occurred for all molar ratios, albeit weakly for 0.1, in the solution-cast azoCOOH complexes 

and for molar ratios of 0.5 and greater (compared to none for 0.25 and 0.1) in the solution-cast 

azoOH complexes (see Figure AA4.2). This extensive crystallization seemed surprising in 

view of the SRG results (see later). Indeed, comparison of the IR spectra for solution-cast 

versus spin-coated films, shown in Figure 4.4 for 0.5 molar ratio, indicates significantly more 

crystallization for the former, for which the spectrum is much more similar to the additive 

spectra of the pure (crystallized) azo and PDM compared to the spectrum of the spin-coated 

films. For example, the acid carbonyl band of the azoCOOH is much more visible and the 

band attributed to the asymmetric carboxylate stretch is barely evident in the spectrum of the 

solution-cast complex compared to that of the spin-coated film. Similarly, for the azoOH 

complex, the band at 1583 cm-1 is well-defined and has similar intensity to the 1601 cm-1 band 

 

 

  

Figure 4.4 Infrared spectra of spin-coated films and solvent-cast powder of (A) 
azoCOOH/PDM(0.50) and (B) azoOH/PDM(0.50), in comparison with the pure components 
(ground with KBr for the azo compounds and spin-coated for PDM). The powder samples 
were measured by ATR. 
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for the solvent-cast film, like for the pure azoOH, contrasting with what is observed for the 

spin-coated film. 

The difference in azo crystallization is probably related to the fact that DMF 

evaporation from thicker solution-cast films is much slower than from thinner spin-coated 

films, allowing greater opportunity for phase separation and hence crystallization of the small 

molecules. Macrophase separation and crystallization has not generally been reported in the 

existing literature for similar supramolecular complexes involving P4VP and short azo 

molecules, whether prepared by spin-coating or solution-casting (or related techniques 

involving slow solvent evaporation), including when using DMF.17, 33 A possible reason for 

the crystallization in the PDM complexes is the much lower Tg of PDM (20 °C) compared to 

P4VP (140 °C at relatively high molecular weights), so that the system is not frozen in before 

crystallization occurs.  

It may be added that, when spin-coated films were dried at 70 °C, phase separation 

with crystallization was also observed, which must be related to greater mobility in the system 

at the higher temperature. For azoCOOH complexes, this crystallization appeared for all of the 

molar ratios studied (thus as low as 0.1), whereas for azoOH complexes, it appeared only for 

molar ratios of 0.75 and 1.0. This difference in the two types of azo’s might be related to the 

greater driving force for crystallization of azoCOOH due to (relatively strong) acid 

dimerization in an essentially linear compound, compared to much weaker OH-OH 

interactions. It is of interest to mention, in this connection, that phase separation and 

crystallization was noted in complexes of hydrogen-bonded azo compounds and P4VP-

containing block copolymers during solvent annealing (by 1,4-dioxane vapour) of spin-coated 

films,34 solvent annealing also greatly increasing the mobility of the system. It has also been 

observed in supramolecular systems of P4VP and COOH-functionalized molecules with 

longer linear alkyl substituents (as tail and/or spacer),35, 36 the linear alkyl chain no doubt 

increasing the driving force for crystallization (with dimerization) of the small molecule. OH-

functionalized molecules with alkyl substituents, in contrast, can be complexed more easily to 

equimolar proportions with P4VP,37 again highlighting the role of acid dimerization as a 

driving force for crystallization. 

To obtain direct information concerning the state of crystallization in the spin-coated 

films, the grazing incidence (GIWAXD) technique was attempted. First, it was applied to a 
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spin-coated 1.0 azoOH/PDM film of about 0.9 µm thickness that was intentionally crystallized 

by heating at 80 oC for 12 h, which clearly demonstrated that the major crystalline reflections 

were detectable and compared well with a conventional WAXD diffractogram (see Figure 

AA4.4). With this assurance, the technique was applied to the spin-coated films, shown in 

Figure 4.5. It indicates some crystallization in the 1.0 azoCOOH/PDM film, but much less 

than in the intentionally crystallized sample, whereas a slight amount is detectable for the 0.25 

to 0.75 molar ratios and none is detectable in the 0.1 complex nor in any of the azoOH/PDM 

films. This is consistent with the UV-visible data above. Two experimental observations 

should be mentioned in connection with this data. One is that the glass slides were heated a 

little prior to spin-coating of the azoCOOH/PDM complexes, most strongly for the 1.0 

complex; this might, at least in part, account for the partial crystallinity of this sample. Second, 

some crystallized material, possibly uncomplexed azo, appeared at the edges of the spin-

coated films, which might also be detected in these measurements.  

 

 

 

 

Figure 4.5 GIWAXD diffractograms of spin-coated films of (A) azoCOOH/PDM and (B) 
azoOH/PDM complexes. The arrows indicate the evident crystallinity. 
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Complementary information can be obtained from POM images of the same spin-

coated films (Figure AA4.6). These show spots of birefringence in the azoCOOH/PDM films 

that are dense for the 1.0 sample, dispersed in more isolated form in the 0.50 and 0.75 samples, 

almost absent in the 0.25 sample, and absent in the 0.1 sample. They are also essentially 

absent in all of the azoOH/PDM films. The birefringent spots, which correlate with the 

GIWAXD data if small crystallite sizes are taken into account, are probably related to the 

slight crystallinity in the samples. In this case, it can be further deduced that the azoCOOH 

and azoOH complexes show no detectable liquid crystallinity. 

4.3.3    Thermal characterization of the azoCOOH and azoOH complexes 

It is of interest to note that, for the azoOH/PDM complexes (Figure 4.6A), the Tg, 

clearly defined for y=0.10 to 0.50, increases significantly with increasing azo content from 25 

to 53 °C, compared to the lower Tg of 18 °C21 for pure PDM. It is much higher still, at about 

105 °C, for y=0.75, where it is also particularly broad, and then decreases to about 80 °C for 

y=1.0. This suggests that, despite significant crystallization as observed by XRD, there is also 

increasing complexation with increase in molar ratio up to 0.75.  

 

 

 

Figure 4.6 DSC thermograms at 10 °C/min of (A) azoOH/PDM and (B) azoCOOH/PDM at 
the azo/polymer molar ratios indicated. 
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An increase in Tg with complexation has also been observed in other supramolecular 

azo systems, particularly for an OH-functionalized azo with a nitro tail;33 in this case, although 

the Tg was observed to increase with increasing azo content (from 78 to 105 °C for y=0.05 to 

1.0), they were always below the intrinsic Tg of the polymer used (P4VP). This increase might 

be explained by the greater density of H-bonded rigid azo side groups that expand the polymer 

chains and decrease their flexibility. In other systems involving P4VP and OH-functionalized 

azo molecules, no particular tendency in the Tg with azo content was reported (the Tg’s were 

stated to be between 60 and 80 °C),17 whereas in a system with an OH-functionalized bisazo 

molecule (Disperse Yellow 7), it was reported to decrease from 125 (pure P4VP of Mw=5400) 

to 60 °C with increasing azo content up to equimolar.9 There appears to be no rule established 

yet as to why there are different tendencies for the Tg–molar ratio relationship in different 

azo/polymer systems. It must be mentioned that in all cases, the Tg’s are determined on 

materials prepared by solvent-casting or slow solvent evaporation from the solution state. In 

order to find more direct relationships between the Tg and optical properties (SRG's here), it 

might be feasible to determine the relative softness/hardness of spin-coated films as a function 

of temperature by, for example, nanoindentation methods.38 

For the azoCOOH complexes in Figure 4.6B, the DSC curves show that the Tg’s are 

constant at about 25 °C for y=0.1-0.5, then increases for y=0.75 to about 55 °C (again over a 

much broader region), followed by a decrease to about 35 °C for y=1.0. This suggests that the 

degree of complexation is low (probably about the same as for the 0.1 azoOH complex, given 

their very similar Tg’s) and constant for the lowest three molar ratios. If this is so, then it is 

unreasonable to think that the complexation can suddenly increase for y=0.75. Instead, it is 

speculated that the drastic increase for this molar ratio compared to lower molar ratios (in both 

systems) might be related to an effective crosslinking effect of uncomplexed nanoscale azo 

aggregates (possibly nanocrystallites) that are also physically linked to the polymer chains via 

interactions with complexed azo. Such a scenario resembles the effect of so-called "multiplets" 

(ionic aggregates) in ionomer systems.39, 40 The lower Tg for y=1.0 might then be related to a 

greater amount of uncomplexed azoCOOH aggregates and/or crystallites of larger size that 

exert a plasticizing effect on the system, or, alternatively, it could reflect decreased 

complexation due to an entraining effect of crystallized azoCOOH.  
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4.3.4    Characterization of the azoSO3 complex 

The azoSO3/PDM complex is a simpler system compared to the azoOH and azoCOOH 

systems. By virtue of its preparation using ion exchange procedures that lead to oppositely 

charged ionic links with every PDM repeat unit and of the absence of other detectable ions 

that might allow re-equilibration, there is complete and stable complexation. The equimolar 

stoichiometry was verified by NMR (Table AA4.1). Structurally, it never shows any sign of 

crystallization. However, it has a liquid crystal structure, notably of the smectic A type, as 

established previously for this and other similar complexes12 and as indicated in Figure 

AA4.2C by the amorphous halo at wide angles (in contrast to pure azoSO3 with its many 

crystalline reflections) and in Figure AA4.2D by the sharp peak at 2.9 o (2θ) that corresponds 

to a layer thickness of 30.5 Å. This structure is also visible by GIWAXD (Figure AA4.5), 

which further verifies the effectiveness of this technique to detect ordered structures in spin-

coated films. It is of further interest to mention that a second-order diffraction peak, not 

observed in ref. 12, is weakly visible in Figure AA4.2D (inset) at twice the angle of the first-

order peak (5.8 o), confirming the lamellar structure. DSC shows that this complex has a very 

high Tg of about 180 oC,12 as confirmed in Figure AA4.11. 

4.3.5    Surface relief gratings 

The thicknesses of the spin-coated films made for SRG inscription are given in Table 

1. Most of the films are about 200±40 nm in thickness, while a few are thicker, particularly the 

OH complexes of higher azo content due to the higher solution concentrations used (as 

mentioned in the Experimental section, the azoCOOH is less soluble in DMF than azoOH, and 

therefore more dilute solutions had to be made). Although not studied in detail, the formation 

of surface patterns is not expected to be influenced greatly by the differences in film 

thicknesses as long as they are above about 200 nm and/or well above the grating depths 

achieved.41, 42 In the present case, the SRG's were recorded at a relatively low writing intensity 

for only 10 min, since the interest of this study was to establish the effect of bonding type and 

azo content on the polymer mass transport, and clear differences were already visible under 

those conditions. In this short time, the saturation of the grating writing was not reached, but at 

the same time, average depths of the gratings were always well below the film thicknesses 

thus facilitating the material comparison. SRG modulation depth is observed to increase as a 
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function of increasing degree of complexation, as shown in Table 4.1. An example of a three-

dimensional height image of the SRG inscribed on the azoCOOH/PDM(0.75) film is given in 

Figure 4.8. Besides, the deepest gratings were observed in the thinnest films, which would not 

be expected if the effect of film thickness was dominant. To more clearly see the difference in 

grating depth caused by difference in bonding strength, SRGs were made on new spin-coated  

 

 

Table 4.1 Film thicknesses and surface relief grating depths of the spin-coated films. 

Complex 
(molar ratio) 

Thickness 
(nm) 

Grating depth a 
(nm) 

azoCOOH/PDM   
1.0 161 49 (41, b) 
0.75 199 45 (39, 25) 
0.50 238 37 (32, 17) 
0.25 180 9 (8, 4) 
0.10 414 1 (1, 1) 

azoOH/PDM   
1.0 932 31 (25, 22) 
0.75 1399 26 (22, 20) 
0.50 385 17 (12, 9) 
0.25 227 5 (3, c) 
0.10 202 c 

azoSO3/PDMQ 518 53 (51, 51) 
azoSO3/PDMQ 590 155 d 

azoCOOH/PDM(1.0) 177 35 d 
azoOH/PDM(1.0) 210 23 d 

 

a Measured within 2 days of SRG inscription (in parenthesis, 3 
months later and 6 months later). b Rough surface with no uniform 
periodic height variation. c No SRG visible. d Formed on new spin-
coated films with a higher laser power, and measured 3 weeks after 
inscription. Periodicity is 791 nm for SRG's recorded at the higher 
power compared to 754 nm at lower power. 
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films of the three equimolar complexes at a higher laser power. Their AFM images are 

summarized in Figure AA4.10 and their gratings are included in Table 1. It is observed that 

the grating depth of the azoSO3/PDM complex is significantly greater than that of the 

azoCOOH/PDM and azoOH/PDM complexes, which can be related to the high strength of the 

oppositely charged ionic interactions. The relatively low grating depth of azoCOOH/PDM and 

azoOH/PDM compared to those recorded at a lower laser power may be related to a lower 

thickness of the film and the fact that their AFM images were recorded three weeks after SRG 

inscription. The development of DE upon grating writing, shown in Figure 4.9, follows the 

same tendency as the grating depths, in particular, it drops rapidly below the degree of 

complexation of 0.5. 

It is noteworthy that the SRG inscription was effected at 488 nm, which is within the n-

π* band of all the chromophores studied. AFM height and amplitude images of the SRG's 

written on the various samples are shown in Figure AA4.12, and a three-dimensional height 

image of the SRG inscribed on the azoCOOH/PDM(0.75) film is given in Figure 4.7. The 

average grating depths obtained from the images taken almost immediately, 3 months and 6 

months after SRG inscription are summarized in Table 4.1 and the first order diffraction 

efficiencies as a function of writing time are compared in Figure 4.8. It may be noted that the 

grating depths were relatively stable over time, generally being lower by less than 20% three 

months later.  

To more clearly observe the tendencies and comparisons of the grating depths and 

diffraction efficiencies as a function of molar ratio, the former are plotted in Figure 4.9A and 

the average slope of the latter (not including the initial uprise) are plotted in Figure 4.9B. The 

depths of the SRG's are seen to approximately parallel the diffraction efficiency slopes. For the 

azoOH complexes, they both increase approximately linearly with molar ratio, whereas, for 

the azoCOOH complexes, they tend to flatten at about 0.75 molar ratio. Nevertheless the 

values for the azoCOOH complexes are always higher than those for the azoOH complex at 

any given molar ratio, which can be related to the different strengths of interaction, 

particularly ionic vs. hydrogen-bonding. This follows the general tendency reported in the 

literature that stronger bonding supramolecular bonding strength, whether it is a question of 

hydrogen- or halogen-bonding strength, leads to more efficient driving of SRGs.43 
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Figure 4.7 AFM three-dimensional height image of the SRG formed on 
azoCOOH/PDM(0.75). 
 

 

 

Figure 4.8 Diffraction efficiency recorded during SRG inscription on the various azo-
containing films. The rightmost graph shows the diffraction efficiency for the three equimolar 
complex at a higher laser power. A vertical scale that is ten times larger is used for clarity for 
the rightmost graph. 
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The AFM image of the 1.0 azoCOOH complex shows a large number of irregularities 

on top of the SRG (Figure AA4.12), which is related to crystallized azoCOOH, as indicated by 

the GIWAXD result. This concords with the indications in the IR and UV-visible spectra that 

there is some (a small amount of) crystallization in this complex. Little or no irregularity 

indicative of crystallization was observed for the 0.75 sample. The practically overlapping 

diffraction efficiencies of the 1.0 and 0.75 complexes, along with their similar grating depths, 

suggest that the degree of complexation of PDM is also similar in both, probably close then to 

75%. This is supported by the GIWAXD result of azoCOOH/PDM(1.0), where obvious 

crystallinity was observed, as discussed in the structural aspects section.  

 

  

Figure 4.9 Plots of (A) grating depth and (B) average slope of the diffraction efficiency (DE) 
curves as a function of azo/PDM molar ratio; * indicates the SRGs of the three equimolar 
complexes inscribed at a higher power. 
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efficiency compared to the equimolar azoCOOH complex. Secondly, the azoSO3/PDM 

complex forms a smectic A liquid crystal, and in general, liquid crystalline materials are 

hypothesized to undergo a different SRG formation mechanism compared to isotropic 

amorphous materials.  

Considering that phase separated/crystallized azo is likely to be ineffective in 

contributing to SRG formation due to its immobility, our results suggest that the type of ionic 

complex (sulfonate and/or purely ionic versus carboxylate and/or mixed acid/salt structures) is 

less important than the nature of the bonding in terms of its intrinsic effectiveness, which 

might be verified or not by future studies where the azoSO3 content is reduced (by partially 

complexing fully quaternized polymer or fully complexing partially quaternized polymer). 

Nevertheless, the sulfonate-based ionic interaction achieved by ion exchange is clearly 

superior to proton transfer interactions since its stoichiometry can be exactly controlled, 

whereas proton transfer interactions can be accompanied by crystallization due to their 

reversibility.  

Importantly, this work shows that temporally stable SRGs can be written on 

supramolecular complexes with PDM, even using relatively weak H-bonding azo molecules, 

despite the intrinsically low Tg of PDM (18 oC). In contrast, most such supramolecular 

complexes that have been investigated are based on P4VP, which has an intrinsically high Tg. 

In this context, the effect of complexation on the Tg must be an important factor, since SRGs 

are not usually temporally stable in amorphous materials with low Tg’s, particularly near or 

below ambient temperature. Thus, the fact that the Tg’s of the PDM complexes are increased to 

well above ambient is important. In contrast, in complexes with P4VP, the Tg’s are generally 

much lower than pure P4VP, though still higher than ambient and, in fact, are in a comparable 

range as those of the PDM complexes. On the other hand, if complexes of PDM and P4VP are 

compared under the same conditions using the same azo molecule, azo content, molecular 

weight and bonding type, it may be expected that the P4VP will lead to more efficient SRG 

formation due to its greater rigidity. This was shown by Zhang et al. for ionic complexes of 

methyl orange (azoSO3) with quaternized P4VP and PDM, but should also be verified in 

hydrogen-bonded complexes in future work. 
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4.4 Conclusions 
A series of azo-containing supramolecular polymer complexes of various azo/polymer 

molar ratios were prepared with the aim of comparing the nature of the supramolecular bond 

on SRG formation, notably hydrogen bonding using azoOH and PDM, ionic bonding via 

proton transfer using azoCOOH and PDM, and pure ionic bonding via ion exchange using 

azoSO3 and quaternized PDM. SRG formation was the most efficient with azoSO3, which 

gives a strictly equimolar complex with quaternized PDM with a strong ionic bond. SRG 

formation is also more efficient in the azoCOOH complexes than in the azoOH complexes at 

comparable complexation ratios, despite a certain degree of phase separation and 

crystallization at higher ratios for the azoCOOH complexes. SRG efficiency increases 

monotonically with azo content for the azoOH complexes, but reaches its maximum at 0.75 

molar ratio for the azoCOOH complexes, attributed to crystallization in the equimolar 

complex. This work adds to the increasing body of knowledge of optical properties of 

supramolecular complexes. In addition, it emphasizes the ease with which different molecular 

characteristics can be readily modified and compared using the supramolecular strategy, but 

also highlights some disadvantages of the strategy, notably the possibility of phase separation 

depending on the molecular nature as well as sample preparation technique. 
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Appendix A to Chapter 4 

 

 

Figure AA4.1 1H NMR spectra of representative azo-containing polymer complexes: (a) 
azoOH/PDM (1.0), (b) azoCOOH/PDM (1.0) and (c) azoSO3/PDMQ (1.0) in DMF-d7. There 
are no peaks in the region between 8.5 and 10.0 ppm. 
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Table AA4.1 The peak integrations from the 1H NMR spectra of the complexes indicated, and 
the average azo/PDM molar ratios (AVG) determined from these peaks. 

 Peak integrationsd  

COOHa  a b c d e  i jr k  AVGe 
0.10 calc 0.30 0.10 0.10 0.10 0.10  1.00 0.50 3.00  0.10 

obtd 0.30 0.10 0.10 0.11 0.11  1.00 0.48 2.98  0.10 
0.25 calc 0.75 0.25 0.25 0.25 0.25  1.00 0.50 3.00  0.25 

obtd 0.75 0.26 0.24 0.24 0.26  1.00 0.52 3.04  0.25 
0.50 calc 1.50 0.50 0.50 0.50 0.50  1.00 0.50 3.00  0.50 

obtd 1.52 0.51 0.50 0.50 0.51  1.00 0.53 2.97  0.50 
0.75 calc 2.25 0.75 0.75 0.75 0.75  1.00 0.50 3.00  0.75 

obtd 2.27 0.78 0.75 0.78 0.74  1.00 0.54 3.04  0.74 
1.00 calc 3.00 1.00 1.00 1.00 1.00  1.00 0.50 3.00  1.00 

obtd 3.08 1.01 0.99 1.03 1.04  1.00 0.58 3.04  0.98 
OHb  a b c d e f i jr k  AVGf 
0.10 calc 0.30 0.10 0.10 0.10 0.10 0.10 1.00 0.50 3.00  0.10 

obtd 0.33 0.12 0.12 0.17 0.12 0.05 1.00 0.49 3.00  0.12 
 dryg 0.37 0.12 0.12 0.13 0.12 0.04 1.00 0.52 2.96  0.12 

0.25 calc 0.75 0.25 0.25 0.25 0.25 0.25 1.00 0.50 3.00  0.25 
obtd 0.78 0.30 0.30 0.39 0.30 0.17 1.00 0.51 3.04  0.28 

0.50 calc 1.50 0.50 0.50 0.50 0.50 0.50 1.00 0.50 3.00  0.50 
obtd 1.55 0.54 0.55 0.67 0.55 0.29 1.00 0.51 3.03  0.53 

0.75 calc 2.25 0.75 0.75 0.75 0.75 0.75 1.00 0.50 3.00  0.75 
obtd 2.35 0.80 0.79 0.90 0.79 0.44 1.00 0.50 2.97  0.79 

1.00 calc 3.00 1.00 1.00 1.00 1.00 1.00 1.00 0.50 3.00  1.00 
obtd 3.04 1.12 1.15 1.29 1.13 0.64 1.00 0.49 2.94  1.08 

 dryg 3.28 1.12 1.07 1.11 1.10 0.49 1.00 0.50 3.05  1.08 
   b  (d+c)r   (i+j)/2    AVGh 

SO3/PDMQc calc  1.00  1.00   1.00    1.00 
obtd  1.08  1.15   1.00    1.11 

a azoCOOH/PDM complexes for the target azo/polymer molar ratios indicated.  
b azoOH/PDM complex for the target azo/polymer molar ratios indicated.  
c Equimolar azoSO3/PDMQ complexes.  
d The peak letters, indicated in red for the azo molecule and in blue for the polymer, are 
identified in Figure AA4.1 The letters/numbers in bold serve as the reference peaks. 
e AVG is determined by [(e+d+c+b+a)/7]/[(i+2jr+k)/5].  
f AVG is determined by [(e+c+b+a)/6]/[(i+2jr+k)/5], since peak d is overestimated due to 
right-coupling of DMF. g from cast powder after drying in vacuum for about 2 months.   
hAVG is determined by {[(d+c)r+b]/2}/[(i+j)/2]. 
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Figure AA4.2 Ambient temperature wide angle X-ray diffractograms of the (A) azoOH/PDM, 
(B) azoCOOH/PDM and (C) azoSO3/PDMQ complexes in powder-like form (prepared by a 
solvent-cast procedure), in comparison with the pure azos (powder used as received), as well 
as (D) smaller angle data for the complexes indicated (inset shows the blue circled area at 
higher magnification to observe the second order diffraction peak). 
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Figure AA4.3 Infrared spectra of the azoOH/PDM complexes at 0.10 and 1.0 molar ratios 
after drying for different periods of time, in comparison to those of the pure PDM and azoOH. 

 

The presence of crystallized azo is shown in Figures AA4.2A and AA4.2B for the 

azoOH and azoCOOH systems, respectively, where it can be observed that the diffraction 
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azo. The only exceptions are for 0.10 and 0.25 azoOH/PDM, which show two broad halos, 

indicative of their amorphous structure and, presumably, of fully complexed azo at these 

compositions. The lower angle halo is also present in the higher molar ratio azoOH/PDM 

complexes, but more and more weakly with increasing azoOH content, presumably because 

the phase-separated crystalline component becomes greater in proportion. This data suggests 

that the maximum extent of azoOH complexation to the PDM repeat units is somewhere 

between 25% and 50% of the PDM repeat units. For the azoCOOH solvent-cast complexes, on 

the other hand, crystalline azo is present even at 0.1 molar ratio. Nevertheless, a weak lower-

angle halo is also present in these complexes, which can be taken to be indicative of some 

complexed azoCOOH. Given the weakness of the crystallization peaks in the 0.1 sample, it 
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higher molar ratio. No significant changes were observed in the diffraction patterns of the 

complexes up to the highest temperature that could be investigated with the equipment on 

hand (127 °C). To determine if any layer structure is present in the samples, smaller angle data 

(Figure AA4.2D) were taken on the two 0.5 molar ratio samples, where both complexed and 

crystalline azo coexist. No diffraction peaks were found (in contrast to the azoSO3 system). 

 

 

Figure AA4.4 Comparison of the GIWAXD curve for the spin-coated azoOH/PDM(1.0) 
complex film, after heating at 80 °C for 12 h to provoke azoOH crystallization, with the 
WAXD curve for the solution cast powder of the same complex. The GIWAXD curve was 
shifted by 0.4° to the left to match the peaks on the better calibrated WAXS curve. 

 

 

Figure AA4.5 GIWAXD diffractogram of the spin-coated azoSO3/PDMQ. The arrow 
indicates the first-order liquid crystalline (smectic A) diffraction peak, located here at 3.3 o 
(2θ). 
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Figure AA4.6 Room temperature POM images of spin-coated azoCOOH/PDM and 
azoOH/PDM complex films that were used for SRG. Images were taken at the regions that are 
close to the SRGs. The image of the azoSO3/PDMQ film (not shown) appears dark. 
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Figure AA4.7 The ratios of the IR peak height of the azoCOOH/PDM complexes and the 
azoCOOH pure compound at the wavenumbers indicated. 

 

Figure AA4.8 The IR peak shifts of the azoCOOH/PDM complexes with respect to azoCOOH 
and PDM. 
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Figure AA4.9 The IR peak shifts of the azoOH/PDM complexes with respect to azoOH. 

 

 

Figure AA4.10 AFM height images of the SRGs formed on the three equimolar complexes. 
Grating depth is 155 nm (azoSO3/PDM), 35 nm (azoCOOH/PDM) and 23 nm (azoOH/PDM), 
respectively. Image size is 10×10 µm and the z-scale is -100 nm to 100 nm. 
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Figure AA4.11 DSC thermogram of azoSO3/PDM complex. 

 

 

 

Figure AA4.12 AFM height images of SRGs formed on azoOH/PDM and azoCOOH/PDM 
complexes at the azo/polymer molar ratios indicated. For azoCOOH complexes at molar ratios 
of 1.0, 0.25 and 0.10, and azoOH complexes at molar ratios of 0.25 and 0.10, images are 
composed of height images (top half) and amplitude images (bottom half) for better visibility. 
Image size is 10×10 µm and the z-scale of the height images is 100 nm. 

 
  



Chapter 4 

 

146 

 

Appendix B to Chapter 4 

In an attempt to investigate the influence of molecular weight on SRG formation 

efficiency, a series of complexes based on a PDM homopolymer with a Mn of 9,100 (PDM9k), 

synthesized by ATRP in the same way as the PDM of Mn 42,000 (PDM42k), were prepared, 

particularly at molar ratios of 0.75 and 1.0 (equimolar for azoSO3/PDMQ), chosen since they 

give the deepest SRG gratings for the PDM42k complexes. It was reported in the literature 

that for an azo-containing complex based on PMMA polymer, the SRG formation efficiency 

decreases with increasing molecular weight of PMMA and even reaches total inhibition at 

molecular weights of 25,000 and more, which was explained by the increased entanglement of 

the PMMA polymer at high molecular weight, which inhibits mobility and thus suppresses 

grating growth.1 In another study, however, highly efficient SRG's were obtained with a 

polymer complex with a molecular weight of over 500,000, though it was less efficient than 

lower molecular weight ones.2 A later study reported a less pronounced influence of the 

molecular weight on SRG formation than that reported in ref. 1, but the same general trend 

was observed, i.e. the higher molecular weight, the lower modulation depth.3 We obtained 

preliminary results with PDM9k complexes, summarized below, that seem to contradict this 

general trend. Further investigations are therefore to be made to rationalize these results.  

 

 

Figure AB4.1 SEC-LS refractive index elugrams of PDM9k (Mn=9100, PDI=1.22) 
synthesized by ATRP. 
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Figure AB4.2 1H NMR spectra of the two azoCOOH/PDM9k in DMF-d7 with azo/polymer 
molar ratio indicated. 

 

 

Figure AB4.3 1H NMR spectra of the two AzoOH/PDM9k with azo/polymer ratios indicated. 
Region between about 10.0 ppm to 8.5 ppm with no peaks was cut. 
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Figure AB4.4 1H NMR spectra of PDMQ9k in D2O. The integration k/j is 4.45, indicating full 
quaternization. 
 

 

 

Figure AB4.5 1H NMR spectra of azoSO3/PDMQ9k 
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Table AB4.1 The peak integrations from the 1H NMR spectra of the complexes indicated, and 
the average azo/PDM molar ratios (AVG) determined from these peaks. 

   Peak integrationsd  

COOH/9ka  a b c d e  i jr k  AVGe 

0.75 
calc 2.25 0.75 0.75 0.75 0.75  1.00 0.50 3.00  0.75 

obtd 2.23 0.72 0.72 0.72 0.73  1.00 0.50 2.98  0.73 

1.00 
calc 3.00 1.00 1.00 1.00 1.00  1.00 0.50 3.00  1.00 

obtd 3.15 1.08 1.08 1.05 1.08  1.00 0.46 2.15  1.11 

OH/9kb  a b c d e f i jr k  AVGf 

0.75 
calc 2.25 0.75 0.75 0.75 0.75  1.00 0.50 3.00  0.75 

obtd 2.20 0.73 0.72 0.75 0.72 0.39 1.00 0.54 3.20  0.70 

1.00 
calc 3.00 1.00 1.00 1.00 1.00  1.00 0.50 3.00  1.00 

obtd 3.07 1.03 1.03 1.03 1.04 0.50 1.00 0.47 3.05  1.06 

   b  (d+c)r   (i+j)/2    AVGg 

SO3/9kc 
calc  1.00  1.00   1.00    1.00 

obtd  1.10  1.07   1.00    1.08 
a azoCOOH/PDM9k complexes for the target azo/polymer molar ratios indicated.  
b azoOH/PDM9k complex for the target azo/polymer molar ratios indicated.  
c Equimolar azoSO3/PDMQ9k complexes.  
d The peak letters, indicated in red for the azo molecule and in blue for the polymer, are 
identified in Figure AB4.2, 4.3 and 4.5. The letters/numbers in bold serve as the reference 
peaks. 
e AVG is determined by [(e+d+c+b+a)/7]/[(i+2jr+k)/5] except for azoCOOH/PDM9k(1.00) 
where the integration of k was neglected, making the denominator [(i+2jr)/2].  
f AVG is determined by [(e+c+b+a)/6]/[(i+2jr+k)/5], since peak d is overestimated due to 
right-coupling of DMF. g AVG is determined by {[(d+c)r+b]/2}/[(i+j)/2]. 
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Figure AB4.6 TGA thermograms of azoCOOH/PDM9k complexes with azo/polymer molar 
ratios indicated on the graph. 
 

 

 

 

Figure AB4.7 TGA thermograms of azoOH/PDM complexes with azo/polymer molar ratios 
indicated on the graph. 
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Figure AB4.8 TGA thermograms of equimolar azoSO3/PDMQ9k complex. 

 

 

 

Figure AB4.9 Infrared spectra of azoCOOH/PDM9k complexes at the molar ratios indicated. 
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Figure AB4.10 Infrared spectra of azoOH/PDM9k complexes at the molar ratios indicated. 

 

 
Figure AB4.11 Ambient temperature X-ray diffractograms of the (A) azoOH/PDM9k, (B) 
azoCOOH/PDM9k and (C) azoSO3/PDMQ9k complexes at the molar ratio indicated. 
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Figure AB4.12 AFM images of SRGs on films of azo-containing complexes with PDM9k at 
the molar ratios indicated. The z-scale of the height images is 100 nm. 
 
 

  

Figure AB4.13 Grating depth as a function of azo/PDM molar ratio for the complexes 
indicated. 
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Figure AB4.14 Diffraction efficiency recorded during SRG inscription on the various azo-
containing films based on PDM9k. 
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Table AB4.2 Film thicknesses and surface relief grating depths of the spin-coated films. 

Complex 
(molar ratio) 

Thickness 
(nm) 

Grating depth 
(nm) 

azoCOOH/PDM9k   
1.0 177 18 
0.75 172 17 

azoOH/PDM9k   
1.0 268 31 
0.75 252 25 

azoSO3/PDMQ9k   
1.0 105 21 

 

 

For further rationalization and possible explanations related to the PDM9k complexes, 

first, their purity needs to be verified, starting from the two components, PDM9k and azoSO3. 

For the latter, Figure AB4.5, for instance, shows some extraneous peaks in the region of the 

benzene proton, which should be further verified. Next, the film thickness, though believed to 

play a less significant role in the current study, may influence the diffraction efficiency when 

it approaches 100-200 nm, which is believed to be a lower limit for efficient SRG formation. 

Several azoCOOH complexes for both PDM42k and PDM9k, as well as the azoSO3/PDMQ9k 

complexes are within this range. A more rigorous study could focus on the effect of polymer 

molecular weight, where the spin-coated films have a more comparable thickness (of 200 nm 

or greater).  

Assuming that the quality of the products is acceptable, some plausible explanation 

may be made with further experiments required. In the 9k complexes, azoOH complexes lead 

to more effective and deeper SRGs than azoCOOH, which is opposite to the finding on 42k 

complexes. This might be due to greater crystallization of the latter that is facilitated by the 
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lower Tg of the low MW PDM. To verify this, spin-coated films need to be quantitatively 

checked for their degree of crystallization, which could be done using grazing-incidence wide-

angle X-ray diffraction (GIWAXD) and infrared techniques. 

The azoSO3 9k complex also has a lower SRG efficiency and depth than the azoOH 9k 

complex (but a little higher than azoCOOH 9k complex), probably due to too thin a film (105 

nm). It is necessary to make thicker film similar to that of high MW PDM complex to make 

for better comparisons; if effect of film thickness is confirmed, it could be of interest to do all 

three series at various film thicknesses between 50 and 500 nm to see if the minimum 

thickness necessary, if there is one, depends on type of interaction. The latter effect is possible 

via, e.g. the effect of interaction strength with substrate on the Tg in thin films; it could also be 

interesting to do other azoSO3 complexes where the azo content is varied both with complete 

and partial quaternization. 
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Chapter 5 Conclusions and Perspectives 

 

5.1 Conclusions 

5.1.1  Azo-containing ionic reprocessable block copolymer elastomers 

A primary objective of this thesis was to use a supramolecular approach to develop 

reprocessable photo-responsive block copolymer elastomers. Photo-active elastomers with 

tunable photo-mechanical responses are promising as light-driven actuators and artificial muscles. 

Preparing these materials through supramolecular assembly has significant advantages 

compared to the preparation of all-covalent analogues: (1) The synthesis of simpler parent 

block copolymers is much easier. (2) Various properties, including the morphology and 

elasticity, can be tuned using the same parent block copolymer by the simple addition of 

suitable amounts and types of complexing small molecules. (3) Functionality such as 

photoresponsiveness can be introduced from a wide selection of small molecules.1 

Furthermore, some types of supramolecular bonding, such as ionic bonds, can introduce 

greater chemical differences between the two constituent blocks, leading to improved phase 

separation in the supramolecular block copolymer TPEs. To the best of our knowledge, there 

are no prior reports of the preparation of thermo/solvoplastic block copolymer elastomers in 

such a supramolecular way. However, a very high Tg ionic homopolymer complex that is 

photoresponsive2 and a covalently bonded ABA type thermoplastic elastomer synthesized by 

ATRP3 were previously studied and served as the inspiration for this research work, as 

specified in introduction.  

Thus, we have prepared a series of PDM-PnBA-PDM block copolymers using ATRP, 

which are not elastomeric due to the low Tg of both blocks, and subsequently quaternized and 

ionically complexed the PDM block with iodomethane and MO (methyl orange), respectively. 

Methyl orange, an azobenzene-containing small molecule with a sulfonate head group, was 

chosen to introduce the photo-responsive property. The successful preparation of a series of 

parent block copolymers with different block ratios was indicated by 1H NMR and SEC-LS. 

The final hard block content of the complexed block copolymers varied from 12 to 39 wt %, 
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which covers a range where the material might be too soft to be elastomeric to too rigid to be 

elastomeric. Indeed, mechanical tests of these samples indicated elastomeric character for the 

hard block weight fraction range of 18 to 29 %. 

Thermal analysis, due to its ease of measurement, was the first method used to 

characterize the synthesized block copolymers, in particular to determine if they possess one 

or two Tg's, the latter proving the presence of microphase separation of the blocks, which is 

critical for such polymers to be elastomeric. It was found that all of the block copolymers 

(parent, quaternized and complexed) show a Tg for the soft block that is invariant, indicating 

that it is not mixed with the PDM block in its various forms. The Tg of the unquaternized and 

quaternized PDM block phase was difficult to observe, which may be related to strong 

adsorption by H2O that results in significant broadening of the Tg's as often observed for 

polyelectrolyte materials. The complexed material, however, showed a visible Tg at high 

temperature (140-180 °C, depending on the block length) that is comparable with what was 

observed for the analogous homopolymer complex (180 °C).2 This thus confirmed a well-

phase separated block copolymer system for the target complexed materials, as required for A-

B-A type block copolymer elastomers. 

Morphological studies by AFM and TEM of spin-cast films of the complexed block 

copolymers allowed making correlations between the morphology and elasticity. AFM 

observations of the film surface revealed that those that were elastomeric tend to show a 

surface pattern consisting of stripes and dots, which is suggestive of cylindrical or mixed 

cylindrical and spherical structures, whereas the non-elastomeric ones show small dots (low 

hard phase content) or large, variably sized dots (high hard phase content), suggestive of a 

spherical morphology. In the first case, the sample was too soft to show elasticity, indicating 

insufficient hard phase content, where the hard phase dots do not provide sufficient 

crosslinking stability to allow for elastomeric character. In the second case, TEM observations 

indicated that the material has an inverted phase where the large dots are composed of the soft 

blocks in a hard phase matrix, which prevents elasticity. An interesting aspect of this finding is 

that the inverted phase occurs at a block content for that phase that is well below 50%, which 

is surprising, since in normal block copolymers, an inverted cylindrical phase is not usually 

observed below about 70-80% for the continuous phase. However, a few recent reports have 

shown that ionic interactions can cause such a distortion of the normal block copolymer phase 
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diagram. One quaternized block copolymer, whose hard block content is 18 wt %, was also 

found to show significant elasticity and to have a morphology, as revealed by AFM and TEM, 

that is similar to those of the elastomeric complexed block copolymers. 

SAXS can also normally provide useful information on phase-separated block 

copolymer morphologies. However, for our complexes, the diffraction peaks turned out to be 

ill-defined, which most likely originates mainly from the fact that these samples could not be 

thermally annealed above their Tg due to degradation, as is commonly required for well 

characterizable phase separation. (The samples also were not highly monodisperse and very 

little was available for analysis, which can also compromise SAXS data). A combination of 

thermal annealing with solvent annealing was tried for some of the complexed block 

copolymer thin films, which appeared to show potential to lead to better phase separation; 

however, this could not be followed up due to insufficient sample.  

5.1.2 Property-controllable ionic azo-containing block copolymer complexes 

To follow up the investigations described in Chapter 2, it was necessary first to 

improve the synthesis of the parent PDM-PnBA-PDM block copolymer. For, although the 

preparation of the acrylate (middle block)- and methacrylate (outer blocks)-based block 

copolymer by ATRP in Chapter 2 was successful, the resulting block copolymers were not 

ideally monodisperse. This was related in part to a high molecular weight contaminant, as 

revealed by the appearance of a shoulder on the high molecular weight side of the SEC-LS 

elugrams. This shoulder was weakly present even for the macroinitiators but was more intense 

for the block copolymers, and tended to increase with molecular weight. It was also present in 

the triblock copolymers of ref. 3, which served as our model for the synthesis. It was later 

understood that this is often the case for acrylate-based A-B-A type block copolymers 

intended as TPEs, where the mid-block must be a soft (rubbery) segment and the outer blocks 

hard (glassy) segments. The latter generally requires the polymerization of a less polar and 

flexible mid-block monomer such as acrylates with a much more polar and rigid outer block 

monomer such as methacrylates, which generates a difference in reactivity in ATRP chain 

extension. This was encountered, for example, in the ATRP of PMMA-PnBA-PMMA block 

copolymer TPE's. 4, 5 The mismatch in initiation efficiency and propagation rate constant can 

cause unequal initiation of the macroinitiator chain ends and therefore preferential growth of 
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the outer block at the initiated sites. This leads to increased dispersity and possibly also chain 

coupling termination, leading to a high molecular weight shoulder in SEC-LS. 

A way to solve the mismatch in reactivity in ATRP polymerization is to use the 

halogen exchange technique.5, 6 This was the main aim of Chapter 3 and was shown to be 

successful; that is, using this technique along with other modifications to the ATRP 

conditions, we successfully obtained a quite monodisperse PDM-PnBA-PDM triblock 

copolymer (1.05 compared to 1.2-1.3 for the products in Chapter 2) with no high molecular 

weight shoulder present in the SEC-LS elugram. Specifically, the macroinitiator was 

synthesized using a more active bromide initiator, with chain extensions accomplished using a 

less active chloride initiator. Since the rate constant of the chloride initiator is about an order 

of magnitude less than that of the bromide analogue, initiation of the macronitiator will occur 

more quickly than chain propagation of the outer block. This ensures equal probability for 

chain growth, and thus living-like polymerization leading to narrow dispersity.   

The second aim of Chapter 3 was to demonstrate that a single parent PDM-PnBA-

PDM block copolymer can be used to generate a series of triblock copolymers by applying 

different degrees of quaternization and complexation to the outer block, which is easy to do, 

thus demonstrating the advantages of the supramolecular approach. Thus, separate 

polymerizations of different triblocks are avoided, while still allowing the tuning of properties 

(elasticity and photoresponsiveness in the present materials) as well as their comparison at 

constant block lengths. In particular, the degrees of quaternization and complexation change 

the hard block content (ranging from 25 to 37 wt %) and therefore morphology of the material, 

as shown by AFM observations of spin-cast films. Furthermore, DSC measurements showed 

that the Tg of the hard block also varies (between 130 and 175 °C), but was found to depend 

only on the degree of quaternization, not on the degree of complexation. Qualitative elasticity 

tests by manual extension indicated that only the complexed triblocks with lower hard block 

fractions (i.e. partially quaternized and/or complexed) show elastic character, which was 

correlated, as in Chapter 2, with morphologies that showed some cylindrical structure and that 

were not inverted morphologies. These tests must be followed up by rigorous stress-strain 

experiments, including in cycling mode. 

Having highly monodisperse products in hand, thermal annealing (up to 120 °C) on the 

complexed block copolymers was again applied. However, phase separation as observed by 
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AFM and SAXS was hardly improved compared to before annealing. This confirms that the 

problem is the high Tg of the hard block, which prevents thermal annealing in a range where 

there will be no degradation. A promising resolution is to combine thermal and solvent 

annealing of spin-coated films, as also mentioned in Chapter 2. The choice of solvent must be 

carefully considered since this will certainly affect the final morphology, depending on its 

preference for one block or the other. This should be the object of a separate project, where 

different solvents, including DMF (a solvent for both blocks, but with a preference for the 

complexed PDM block) and THF (which is a solvent for only the PnBA block) will be 

compared regarding their influence on the film morphology. It would be interesting, for 

example, to follow the morphology evolution over time until a constant morphology is 

achieved. This is mentioned in particular, since preliminary tests with some of the products in 

Chapter 2 suggest that the morphologies vary slowly over a 2-day period when annealed at 

120 °C under DMF vapour, as shown in Figure 5.1, but it was concluded that further work was 

required to understand the evolution observed. 

 
Figure 5.1 AFM phase images (2×2 m) of representative PDMQ/MO-PnBA-PDMQ/MO 
(Cxy) complexed block copolymer films in Chapter 2, as spin-coated ('unannealed') and after 
1 d and 2 d of solvent annealing in DMF vapour at 120 ºC. Samples that showed significant 
elasticity in their solvent-cast form (Figure 2.3) are outlined in red. 
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5.1.3 SRG formation in films of PDM complexes having different supramolecular bonds 

As a continuation of the previously published work describing the thermal, structural 

and optical (photo-induced birefringence, SRG inscription) properties of the homopolymer 

complexes2 that inspired the supramolecular thermo/solvoplastic elastomer project, Chapter 4 

focuses on the study of the influence of bonding type on complexation and 

photoresponsiveness, in particular the SRG formation. Three analogous azo small molecules 

where only the head group varied, namely COOH, OH and SO3
- (the latter being methyl 

orange), were selected to form proton-transfer (acid-base) bonding, hydrogen bonding and 

pure ionic bonding complexes with a PDM homopolymer (quaternized in the case of MO) at 

five different azo/PDM molar ratios. Besides the comparison of bonding type on SRG 

inscription, the use of a low Tg polymer (about 18 °C for PDM) is of interest, given that most 

other supramolecular systems investigated in the literature involve high Tg polymers, the most 

common being poly(4-vinyl pyridine), which has a Tg near 140 °C.  

IR was used to analyze the extent of proton transfer and hydrogen bonding in the 

azoCOOH and azoOH complexes, respectively (the azoSO3
- complex is rigorously equimolar 

due to its preparation through ion exchange procedures). However, it was not possible to 

quantify the extent of interaction, due to extensive peak overlap of the bands of interest and, in 

the case of proton transfer, to the formation of acid-salt structures (giving an undefined mix of 

hydrogen and ionic bonding). It was found, however, that, qualitatively, the extent of 

interaction differs significantly depending on the sample preparation method; that is, it is 

much greater in spin-coated films where solvent evaporation is very fast compared to films 

such as drop-cast ones from which solvent evaporates slowly. This was confirmed by XRD 

results of powder samples obtained by slow solvent evaporation, which indicated azo 

crystallization, particularly for azoCOOH. In contrast, UV-visible spectra of spin-coated films 

indicated very high complexation for both types of complexes, with some aggregation only for 

the equimolar azoCOOH complex. This finding is important because optical studies like SRG 

and UV-vis are always done on spin-coated films, whereas thermal and structural studies 

(DSC, XRD) are done on samples prepared by slow solvent evaporation, which can lead to 

erroneous correlations if the degrees of complexation are not the same for the two techniques. 
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It may also be noted that many studies in the literature do not involve XRD analysis, which 

was the technique that first alerted us to the problem. 

SRGs were successfully formed on spin-coated films of all three types of azo-

containing complexes. All gratings are homogeneous as observed by AFM, except for the 

equimolar azoCOOH/PDM where phase separation/crystallinity of the azo molecules was 

observed. The three types of complexes, however, behave quite differently in SRG formation. 

Two factors were evaluated in this sense, the grating depth and the first order diffraction 

efficiency (DE). The azoSO3/PDMQ complex, which has the strongest complexation, gives 

the largest SRG depth and highest DE, whereas the azoOH/PDM complexes, which have the 

weakest complexation, give the lowest SRG depths and DE's. Both factors increase with molar 

ratio for both the azoOH/PDM and azoCOOH/PDM complexes, except for equimolar 

azoCOOH/PDM, attributed to azo crystallinity, though the values remain higher than those for 

equimolar azoOH/PDM. In addition, the kinetics of the SRG diffraction efficiency, as given 

by the slopes of the DE/time curves, is also consistent with the strength of bonding. This 

indicates that stronger complexation not only contributes a larger SRG depth and higher 

diffraction efficiency, but the time needed to obtain a certain depth and efficiency is shorter 

than for complexes with weaker bonding. 

The influence of molecular weight of PDM on the SRG formation was also attempted 

by comparing the complexes based on PDM42k with those of PDM9k at 1.0 and 0.75 molar 

ratios. The results obtained indicated that the PDM9k complexes give lower SRG depth and 

diffraction efficiency, which is opposite to what is generally believed results, as indicated in 

Appendix B of Chapter 4. Given that the products were pure and the photo experiments were 

well conducted, additional investigation is required to better understand and interpret these 

results. 

The study on homopolymer complexes provides useful information as to what extent 

the azobenzene small molecules can complex to polymers using different bonding types. This 

information, along with the information from the thermal study that allows an evaluation of 

the glass transitions, can also be useful to reveal which complexes are potential candidates as 

the hard block in future supramolecular thermo/solvoplastic block copolymer elastomers. As 

one example, a partially quaternized/complexed system with methyl orange may be combined 

with an OH or COOH-functionalized azo molecule that may interact with the nonquaternized 
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PDM repeat units, and thereby provide another way to tune the resultant morphological and 

photo-responsive properties. 

5.2 Perspectives and future work 

In this section, we will present some ideas on what directions would be interesting to 

explore with supramolecular photo-responsive thermo/solvoplastic block copolymer and 

homopolymer elastomers, which have many potential applications. 

5.2.1 Measurement of elastic properties by nano indentation AFM 

It is well known that the elastic modulus is related to the nature of the material and can 

be measured by applying a force and detecting the deformation induced. AFM is a powerful 

tool for surface determination that is widely used in nano materials. By selecting different 

modes, AFM can be used to give different types of information about the material.7 One of 

them is the contact mode where the mechanical force can be quantified by analyzing the force 

applied and the indentation depth.8 Such a nano indentation method in AFM has been widely 

used to determine the elastic modulus in biological materials where large amounts of sample 

are nearly impossible to prepare for conventional tests.9, 10 

In the process of measuring the elasticity of our supramolecular elastomers, we were 

hindered by the fact that a large amount of sample is needed for conventional mechanical tests. 

Moreover, mechanical tests usually require systematic and repeated measurements which set 

the bar of sample quantity even higher. We propose here to obtain mechanical property and 

elasticity information by AFM nano-indentation, which can be done on a small amount of 

sample. The samples will be on a substrate in thin film form, either by spin-coating or solvent-

casting. In principle, the nano indentation can also be done on free standing films, as was 

reported for a monolayer graphene membrane.11 By measuring the applied force on the tip, the 

elastic modulus can be derived with appropriate selection of model and calculation. An 

example is given in Figure 5.2, where a material with and without filler can be distinguished 

and the results are comparable with those from dynamic mechanical analysis.  

Another advantage of doing nano-indentation with AFM is that the elasticity of the 

supramolecular block copolymer elastomers, where the hard block phase has too high a Tg to 

be thermally annealed, can potentially have its elasticity character increased by doing 
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combined thermal/solvent annealing. As mentioned above, preliminary experiments of 

combined thermal/solvent annealing can change the morphology of spin-coated thin films, and 

it would be interesting to correlate these changes with changes in elasticity. It will be difficult 

if not impossible to measure the elasticity of such thin films in a conventional way. However, 

with the nano-indentation method, the annealed samples can be measured readily to 

investigate their elasticity improvement. 

 

 

Figure 5.2 An example of the measurement of the elastic modulus using AFM nano 
indentation. Reprinted with permission from ref. 8. Copyright (2012) Elsevier. 

 

 

It may be added that, although nano-indentation is advantageous in measuring 

elasticity of small amounts of sample, the proper selection of tips, force applied, as well as 

necessary mathematic considerations, need to be paid attention to for achieving results that are 

equivalent to those by conventional tests.12 

5.2.2 Simplification/optimization of polymerization 

One of the advantages of using supramolecular approach in building up elastomers is 

its simplicity, as mentioned earlier. Our study in Chapter 3 has shown that the 

copolymerization of methacrylate to a polyacrylate macroinitiator can be very successful in 
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terms of its dispersity, by using the halogen exchange technique in ATRP. This technique, 

however, comes at the price of a relatively longer polymerization time due to the less active 

chloride catalyst employed in the chain extension step. A relatively efficient polymerization of 

the parent block copolymer that can also give monodisperse product is highly desirable. An 

idea to achieve this objective is proposed in the following paragraph. 

As stated in Chapter 3, the mismatch in initiation efficiency of the Br-PnBA-Br 

macroinitiator and propagation efficiency of the methacrylate monomers is the origin of 

preferential growth of the methacrylate monomer on certain acrylate chain ends rather than all 

chain ends uniformly. A simple way to suppress/avoid such a mismatch is to find a 

methacrylate monomer with a low Tg whose respective polymer can be used to replace PnBA 

as the central block in ABA block copolymer TPEs. Lauryl methacrylate (LMA) is a suitable 

potential candidate, since the long, flexible n-dodecyl sidechain gives it a very low Tg through 

an internal plasticization effect (longer alkyl sidechains will tend to crystallize at its ends, 

which would be counterproductive). LMA has been used previously as a central soft block in 

the preparation of a TPE with poly(tert-butyl methacrylate) as the outer hard block.13 The 

block copolymer elastomer shows very good elasticity according to mechanical tests. Thus, 

the same bromide halide catalyst can be used in chain extension without any mismatch in 

chain initiation and propagation and will not decrease the polymerization rate as caused by a 

less active chloride halide if the halogen exchange technique has to be used. Thus, we propose 

synthesizing the PDM-PLMA-PDM triblock copolymer, as shown in Scheme 5.1, for 

subsequent quaternization and complexation as done in Chapters 2 and 3. 

 

 

Scheme 5.1 Molecular structure of PDM-PLMA-PDM 
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5.2.3 Elasticity as a means of controlling SRGs − pushing the lower limit of periodicity 

SRGs based on supramolecular polymer complexes have shown many potential 

applications for their simplicity and complete transitions. While such polymer complexes are 

mainly based on the photoresponsiveness of azobenzene molecules, the wavelengths of the 

incident beam that are appropriate for efficient SRG writing are limited to that of the 

azobenzene used. Generally, azobenzene molecules have their absorbance wavelength in the 

UV and visible light region of the spectrum. This restricts the periodicity of SRGs that can 

form on supramolecular polymer complexes based on such azobenzene molecules, although a 

certain degree of periodicity change is possible by changing the incident angle.14 It is of great 

usefulness to explore new ways of tuning such periodicity to broaden their application with 

more flexibility. 

Elastomers possess elasticity that allows reversible stretchability of such materials. 

Azo-containing elastomers couple the elasticity of elastomers and the photoresponsiveness of 

azobenzene molecules, giving materials that have advantages of both components. Thus, the 

idea of recording SRGs on azo-containing elastomers in their stretched state emerged. The 

SRGs recorded on stretched films of elastomers are expected to reduce their periodicity when 

the films recover their original dimension. The degree of the decrease depends on the degree 

of elongation to which the films were stretched during the SRG formation. A schematic of this 

process is shown in Figure 5.3.  

 

 

Figure 5.3 A schematic illustration of SRGs recorded on azo-containing films when stretched 
by 50 % strain. After recovery, the periodicity of the gratings is reduced from d to d’. 

50% strain recovered
SRG formed

d d'
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The tuning of the periodicity of other forms of gratings, notably refractive index 

gratings and birefringence gratings was reportedly achievable on azo-containing elastomers.3, 

15, 16 The grating periodicity changes as a result of stretching and recovery of the azo-

containing elastic films. This provides an excellent proof of principle on the possibility of 

using elasticity as a mean of tuning the periodicity of the very practically useful SRGs.  

5.2.4 Improvement of elasticity – introduction of ionic crosslinking 

Much of the work in this thesis is focused on developing supramolecular elastomers. 

As inspired by the elastic network of rubber, we can introduce supramolecular crosslinks into 

the molecular network even of random copolymers. With this in mind, bifunctional 

azobenzene molecules are proposed to replace monofunctional ones to complex with a low Tg 

random copolymer consisting of a low fraction of complexable units. One example is to 

prepare a PDM-PnBA random copolymer and complex it with Acid Blue, a bifunctional 

azobenzene sulfonate, as shown in Scheme 5.2. The ionic crosslinker bridges the quaternized 

PDM units, establishing a strong supramolecular (ionic) network among the polymer chains. A 

schematic of such a supramolecular elastomer is shown in Figure 5.4. Unlike covalent bonding, 

ionic bonding can potentially undergo hop on/off between different counterion locations at 

higher temperatures, making these crosslinks openable and therefore allowing the material to 

be reprocessable (recyclable). Moreover, the ionic azobenzene crosslinkers introduces 

photoresponsiveness into the system, as reported previously by Ikeda et al.17 

 

 

Scheme 5.2 Molecular structures of a PDM-PnBA random copolymer and Acid Blue that can 
be used to ionically crosslink the polymer. 
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Figure 5.4 Schematic illustration of a photo-responsive supramolecular elastomer with ionic 
azobenzene crosslinkers. 
 

 

The idea can also be expanded to the block copolymer system studied in this thesis, 

where the bifunctional azobenzene molecules can be added to supplement, if not replace, the 

monofunctional azobenzene molecules complexed to the quaternized PDM blocks. By varying 

the amount of bifunctional azo relative to monofunctional ones to the block copolymer, the 

degree of crosslinking and therefore elasticity can be further tuned. The bifunctional azo is 

expected to add robustness to system, which may allow the use of shorter PDM blocks and/or 

lower hard block content while still maintaining elastic character. 

5.2.5 Improvement of elasticity – multi-armed central block 

One of the challenges for ABA type block copolymer TPEs is that the chain ends need 

to be intact to be able to form physical crosslinks. In the case of chain breaking on one end, 

either due to imperfection in synthesis or other external factors, the rubbery central block is 

connected to a free chain that can no longer sustain a deforming force, thereby decreasing the 

recoverability (increasing the plasticity or yield) of the elastomer. To overcome this 

disadvantage, a central block with multiple arms instead of a linear chain can be used, as 

illustrated in Figure 5.5. For example, the central block with a three-armed core can form a 

macroinitiator that bears three initiation locations and can grow the hard block on three 

branches. When one chain fails to copolymerize or breaks, the two other branches still hold 

the rubbery block in place like a linear chain. The probability that two branches on the same 
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core are defective is extremely low. Thus, the three-arm elastomer has superior elasticity than 

an analogous two-arm (linear) elastomer. 

 

 

 

Figure 5.5 Schematic illustration of a block copolymer with three-armed core compared with 
linear chains. 
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