
 

 

 

  



 

 

STRUCTURE-PROPERTY RELATIONSHIPS IN SUSTAINABLE 

THERMOPLASTIC ELASTOMERS 

 

 

 

 

A Dissertation 

Presented to 

the Faculty of the Department of Chemical & Biomolecular Engineering 

University of Houston 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Doctor of Philosophy 

in Chemical Engineering 

 

 

 

by 

Wenyue Ding 

August 2019 



 

 

STRUCTURE-PROPERTY RELATIONSHIPS IN SUSTAINABLE 

THERMOPLASTIC ELASTOMERS 

 

 

 

____________________ 

Wenyue Ding 

 

 

 

Approved: __________________________________ 

 Chair of the Committee 

 Megan L. Robertson, Associate Professor, 

 Chemical & Biomolecular Engineering 

 

 

 

Committee Members:  __________________________________ 

   Jacinta C. Conrad, Associate Professor, 

 Chemical & Biomolecular Engineering  

 

 

 

 __________________________________ 

 Jeffrey D. Rimer, Professor 

 Chemical & Biomolecular Engineering  

 

 

 

 __________________________________ 

 Eva M. Harth, Professor, 

 Chemistry  

 

 

 

 __________________________________ 

 Yan Yao, Associate Professor, 

 Electrical & Computer Engineering  

 

 

 

____________________________ __________________________________ 

Suresh K. Khator, Associate Dean,  Michael P. Harold, Professor and Chair, 

Cullen College of Engineering  Chemical & Biomolecular Engineering  

 



iv 

 

Acknowledgment 

Firstly, I would like to express my sincere gratitude to my advisor Prof. Megan L. 

Robertson for introducing me to the world of polymer science and the continuous support 

of my Ph.D. study. She always encourages me and provides me opportunities to attend 

conferences and workshops to develop professional skills such as presentation and 

networking. She has been supportive and has given me the freedom to pursue various 

projects without objection. She has also provided an insightful discussion about the 

research. I truly appreciate her patience, enthusiasm and immense knowledge. 

Besides my advisor, I would also like to express my deepest thanks to my 

dissertation committee members: Prof. Jacinta C. Conrad, Prof. Jeffrey D. Rimer, Prof. 

Eva M. Harth and Prof. Yan Yao. I’m grateful for their time and effort on the dissertation, 

their great support and invaluable advice. I would especially thanks to Prof. Jacinta C. 

Conrad and Prof. Jeffrey D. Rimer who have also been my committee members for my 

qualification exam and proposal defense. Their insightful comments and crucial remarks 

have kept me thinking throughout my Ph.D. journey. 

I’m also grateful to my collaborators, Prof. Chuanbing Tang and his student Mitra 

S. Ganewatta from University of South Carolina for helpful discussion on the synthesis of 

rosin derived methacrylic monomers, Prof. Wesley R. Burghardt form Northwestern 

University for his kind help on setting up the in-situ SAXS equipment and sharing his 

knowledge on the detail of experiments, Carlos R. López-Barrón from ExxonMobil 

chemical company for performing FT-rheology experiments. 

I would like to thank my current and former group members for their continued 

support: Dr. Shu Wang, Dr. Vivek Yadav, Dr. Guozhen Yang, Dr. Brian Rohde, Tyler 



v 

 

Cooksey, Jialin Qiu, Tzu-Han Li, Minjie Shen, Josiah Hanson, Dr. Xuejian Chen, Dr. 

Hongda Cao, Dr. Fahimeh Khakzad and Rosalie Berg. This dissertation would not have 

been possible without their intellectual contributions. Especially thanks to Dr. Shu Wang 

who have shared all her knowledge regarding the project of sustainable thermoplastic 

elastomers when I first joined this group. 

Last but not least, I would like to express my dearest thanks to my family for their 

support and encouragement. Thanks to my parents, Min Zhang, Yunzhi Ding, my parents 

in law, Yuzhen Zheng, Wenying Zhang who have always been there for me. My deepest 

thanks go to my husband, Lingfeng Zhang and my lovely son, Leon who give me such a 

warm family. This dissertation would not have been possible without their warm love, 

continued patience and endless support.  



vi 

 

STRUCTURE-PROPERTY RELATIONSHIPS IN SUSTAINABLE 

THERMOPLASTIC ELASTOMERS 

 

An Abstract 

of  

A Dissertation 

Presented to 

the Faculty of the Department of Chemical & Biomolecular Engineering 

University of Houston 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Doctor of Philosophy 

in Chemical Engineering 

 

 

 

by 

Wenyue Ding 

August 2019 

 

  



vii 

 

Abstract 

Thermoplastic elastomers (TPEs), predominantly composed of ABA triblock 

copolymers containing glassy polystyrene endblocks and rubbery polydiene midblocks, 

are widely used in electronics, adhesives and automotive components. Sustainable TPEs 

derived from renewable resources can be attractive alternatives to petroleum-based TPEs 

when sustainability requirements are met without compromising material performance. 

Vegetable oils and their fatty acids are promising replacements for petroleum sources as 

polymer feedstocks due to their abundance, lack of toxicity and ease of functionalization. 

However, fatty acid-derived TPEs exhibit inferior mechanical properties to petroleum-

based products due to lack of entanglements, stemming from the presence of long alkyl 

chains on the fatty acids. To facilitate the adoption of polymers derived from vegetable 

oils and fatty acids, we aim to develop approaches to enhance the mechanical properties 

of this class of materials. 

In this study, two approaches were evaluated as means to enhance the mechanical 

properties of sustainable TPEs with fatty acid-derived midblocks: incorporation of 

hydrogen bonds or ionic interactions. In the first approach, the hydrogen bond-containing 

comonomer acrylamide was incorporated into midblock. The triblock copolymers 

exhibited not only greatly improved mechanical properties, but also accessible processing 

temperatures. In the second approach, ionic interactions were introduced into midblock 

by neutralizing the comonomer methacrylic acid. The tensile strength and modulus were 

significantly enhanced by the incorporation of ionic interactions and the strain at break 

was improved at low degrees of neutralization.  
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In addition, the fatty acid-derived triblock copolymers exhibited a closed packed 

spherical (CPS) morphology under oscillatory shear, attributed to the presence of the 

higher dispersity midblock. The presence of CPS morphology in the bulk block 

copolymers has rarely been reported, which motivated the investigation of the kinetics 

and mechanisms through in-situ small-angle X-ray scattering and Fourier transform-

rheology. The orientation of CPS layers was found to be affected by the strain amplitudes. 

For the first time, we observed shear deordering at high strain amplitude for the sphere-

forming block copolymers in the bulk. 

Finally, to expand the library of renewable building blocks for TPEs, a rosin-

derived polymer possessing a high glass transition temperature was evaluated as the 

endblocks in sustainable TPEs. The triblock copolymers exhibited elastomeric behavior 

at room temperature and accessible order-disorder transitions, appropriate for 

thermoplastic elastomer applications.  
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 Introduction Chapter 1

Polymers play a vital and ubiquitous role in everyday life. Due to their broad 

range of properties, the applications range from daily necessities such as clothing, 

packaging and toys to more sophisticated applications such as medicine, electronics and 

automotive components.
1
  The vast majority of the polymers are sourced from petroleum 

with six percent of the oil produced worldwide being used for their production every 

year.
2
 The well-known concerns of oil depletion and potential environmental hazards 

have motivated researchers to develop sustainable polymers.
3, 4

 Many efforts have been 

made on replacing fossil raw materials with renewable alternatives, leading to a variety of 

renewable polymers developed in laboratory research.
2
 However, for renewable polymers 

to find commercial applications, not only favorable economics are required but also 

material properties comparable to their petroleum based counterparts, such as thermal 

resistance, mechanical strength, processability and compatibility. Such tough criteria 

prevent most of studied renewable polymers from finding commercial applications. 

Therefore, it is crucial to understand the structure-property relationships in these 

sustainable polymers and seek potential opportunities to enhance their performance. 

Elastomers or rubbers are polymers with generally low Young’s modulus and 

high failure strain. They find a variety of applications in automotive parts, medicine, 

adhesives and consumer goods with a market size valued at more than 70 billion USD at 

2017.
5
 Conventional elastomers are crosslinked polymers produced by vulcanization that 

present particular challenges of lack of processability and recyclability. Thermoplastic 

elastomers (TPEs), on the other hand, have both advantages of conventional crosslinked 

elastomers (e.g., softness, flexibility and resilience) and thermoplastics (e.g., 



2 

 

processability and recyclability). Due to their unique properties, the market demand has 

kept increasing in recent years, and the market value is anticipated to reach $24 billion in 

2019.
6
 Nonetheless, the commercial TPEs on the market are exclusively sourced from 

petroleum. Due to above-mentioned concerns of oil depletion and environmental hazards, 

there is an emerging need to find bioderived building blocks to develop sustainable TPEs 

with desirable physical properties. 

Enormous efforts have focused on the development of sustainable TPEs. A 

diverse collection of renewable building blocks has been created and spans an assortment 

of feedstocks, including (but not limited to) fatty acids,
7
 essential oils,

8
 plant sugars,

9, 10
 

rosin,
11

 lignin
12

 and turpentine
13

. However, the creation of such a library of building 

blocks is only the first step towards the development of sustainable TPEs. The 

widespread adoption of sustainable TPEs requires both sustainability and promising 

material performance, especially mechanical properties. Unfortunately, the majority of 

the sustainable TPEs reported so far exhibited inferior mechanical properties to 

petroleum-based products.
7, 11, 14, 15

  Such a phenomenon is ascribed to the lack of 

entanglements in the sustainable TPEs stemming from the presence of bulky moieties in 

the renewable components.
7, 16, 17

 Thus, developing methods to overcome this common 

issue in sustainable TPEs becomes imperative. 

In this study, we aim to overcome the lack of entanglements in fatty acid-derived 

sustainable TPEs and enhance their mechanical properties by incorporating 

supramolecular networks. Two types of networks were evaluated: networks through 

hydrogen bonds and ionic bonds. Then we explored the kinetics and mechanism of shear 

alignment of fatty acid-derived TPEs forming a closed packed spherical morphology. The 
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formation of a closed packed spherical morphology by a bulk block copolymer has rarely 

been reported in literature, and in this study is observed due to the presence of a higher 

dispersity midblock. Finally, we evaluated rosin derived polymer with a high glass 

transition temperature as a building block for sustainable TPEs. 

1.1 Block copolymer-based thermoplastic elastomers 

Block copolymers (BCPs), which consist of two or more chemically distinct 

homopolymers tethered to each other, can phase separate at nanometer scales when the 

strength of repulsive interaction between blocks is sufficiently large. Based on the 

composition of each blocks and the strength of interaction, several types of morphologies 

can be achieved: spheres, cylinders, gyroids and lamellae.  BCPs can be classified based 

on the number of blocks (e.g., diblock, triblock and multiblock) and the architecture of 

polymer (linear, star, comb and bottle brush). Among them, ABA triblock copolymers in 

which A represents glassy endblocks and B the rubbery midblock has been proven to be 

desirable for application as TPEs. At low temperatures (typically room temperature), the 

glassy endblocks self-assemble into spherical or cylindrical domains, dispersed into the 

rubbery midblock matrix. The dispersed glassy domains act as physical crosslinkers that 

firmly bound the rubbery matrix together, which gives the material elastomeric behavior 

(Figure 1.1). When heated above the order-disorder transition temperature (TODT), the 

phase separated domains disappear such that the triblock copolymers become disordered 

and behave like liquid which is convenient for processing. The most commonly used 

commercial TPEs are styrenic block copolymers such as poly(styrene-b-butadiene-b-

styrene) (SBS) or poly(styrene-b-isoprene-b-styrene) (SIS).  
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Figure 1.1 Physical crosslinked network formed by microphase separation in ABA 

triblock copolymers 

The overall molecular weights and composition of each block play important 

roles in the properties of ABA triblock copolymers. There is always a tradeoff between 

material performance and processability. For example, higher molecular weight BCPs 

gives better mechanical properties, but also results in higher processing temperatures and 

melt viscosities that pose challenges in processing. Thus, for commercial TPEs, the 

molecular weights of the polystyrene (PS) blocks are generally in the range of 10 kg/mol 

to 15 kg/mol, while the polydiene midblocks have molecular weights from 50 kg/mol to 

70 kg/mol.
18

 The PS fraction is about 20~30%, at which the equilibrium morphology of 

the SBS or SIS triblock copolymer is PS spheres or cylinders dispersed in the soft 

matrix.
18

 Such molecular design gives SBS and SIS superior mechanical properties. They 

have tensile strengths up to about 30 MPa and elongation at break of up to 800%, 

comparable to the mechanical properties of vulcanized rubbers.
18

  

However, the diene-based TPEs have a major drawback. They have poor 

oxidative stability and UV resistance due to the unsaturated midblocks.
19-21

 This 

drawback could be overcome by the hydrogenation of the midblock, but this adds to the 

cost. Several researchers developed saturated TPEs with poly(alkyl acrylate) center 

blocks and short-chain poly(alkyl methacrylate) end blocks which are potential 

substitutes for traditional diene-based TPEs.
22-24

 Unfortunately, they are found to be 
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inferior to the diene-besed TPEs with regards to mechanical properties. The cause of this 

deficiency was traced to the high molecular weight between entanglements of the 

polyacrylates compared to the polydienes.
22

 Although the mechanical properties are not 

comparable to the diene-based TPEs, the stability has been improved and they find 

application in pressure-sensitive adhesives.
25

  

1.2 Thermodynamics and phase behaviors 

The physical properties and mechanical performance of BCPs are highly related 

to their phase behavior. In order to design a BCP-based TPE with desirable properties 

(e.g., accessible order-disorder transition temperatures, high tensile strength and strain at 

break), it is crucial to understand the thermodynamics and therefore its phase behaviors. 

The phase behavior of bulk BCPs is determined by three factors: the overall 

degree of polymerization N, the composition f and segment-segment interaction 

parameter χ. Both N and f can be tuned by design of synthetic protocols while χ is 

determined by the choice of block components. Smaller χ values indicate more favorable 

interactions between components. For most combinations of components, χ decreases 

with increasing temperature that 𝜒 =  𝛼𝑇−1 + 𝛽 , where α and β are constants. In the 

system with upper critical solution temperature, at equilibrium, the block copolymer 

chains will adopt minimum free energy configurations. At low temperature, the large 

interaction parameter χ favors a reduction in monomer-monomer contact by inducing 

local compositional ordering, which is microphase separation.
26

 On the other hand, at 

high temperatures, when χ is small enough that entropic factors will dominate, a 

disordered phase is favored.
26

 



6 

 

The value of χ can be either theoretically calculated using the solubility parameter 

method or experimentally determined. Numerous experimental methods have been 

developed on the determination of χ including small angle neutron scattering or cloud 

point measurements on polymer blends, the PVT methods of pure components to 

determine solubility parameters, and order-disorder transition temperature measurements 

on block copolymers. Among them, cloud point measurements have been proven to be 

not only effective but also relatively straightforward to carry out.  

The determination of χ by cloud point measurements is based on Flory-Huggins 

theory. The free energy of mixing of two homopolymers A and B is given by
27, 28

 

where ∆𝐺𝑚 is the free energy change on mixing per unit volume, k is the Boltzmann 

constant, T is the absolute temperature, 𝜙𝑖  is the volume fraction of each blend 

component (i=A or B), 𝑣𝑚𝑜𝑛,𝑖  is the volume of each monomer on chain i, 𝑣𝑟𝑒𝑓 is the 

reference volume (100 Å
3
), 𝑁𝑚𝑜𝑛,𝑖 is the number of monomer repeat units in chain i, and 

𝜒 is the Flory-Huggins interaction parameter (based on the reference volume 𝑣𝑟𝑒𝑓). 

The binodal curve can be constructed by deriving expressions for the chemical 

potentials of each component in the blend using Flory Huggins theory (Equation 1.1) and 

equating the chemical potentials for each component in phases I and II: 

𝑙𝑛
𝜙𝐴

𝐼

𝜙𝐴
𝐼𝐼 + (𝜙𝐴

𝐼𝐼 − 𝜙𝐴
𝐼 ) (1 −

𝑁𝑤,𝐴

𝑁𝑤,𝐵
) + 𝜒𝑁𝑤,𝐴[(1 − 𝜙𝐴

𝐼 )2 − (1 − 𝜙𝐴
𝐼𝐼)2]

= 0 and 

 Equation 1.2 

𝑙𝑛
1 − 𝜙𝐴

𝐼

1 − 𝜙𝐴
𝐼𝐼 + (𝜙𝐴

𝐼 − 𝜙𝐴
𝐼𝐼) (1 −

𝑁𝑤,𝐵

𝑁𝑤,𝐴
) + 𝜒𝑁𝑤,𝐵[(𝜙𝐴

𝐼 )2 − (𝜙𝐴
𝐼𝐼)2] = 0. Equation 1.3 

∆𝐺𝑚

𝑘𝑇
=

𝜙𝐴𝑙𝑛𝜙𝐴

𝑣𝑚𝑜𝑛,𝐴𝑁𝑚𝑜𝑛,𝐴
+

𝜙𝐵𝑙𝑛𝜙𝐵

𝑣𝑚𝑜𝑛,𝐵𝑁𝑚𝑜𝑛,𝐵
+ 𝜒

𝜙𝐴𝜙𝐵

𝑣𝑟𝑒𝑓
, Equation 1.1 
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Simultaneously solving  Equation 1.2 and Equation 1.3 leads to the determination of 

𝜙𝐴
𝐼 and 𝜙𝐴

𝐼𝐼as a function of χ. Finally, χ(T) relationship can be determined by comparing 

the cloud points with the binodal curve. 

In recent years, many efforts have been made on developing BCP phase diagrams. 

Various theoretical phase diagrams for different types of BCPs (e.g., symmetric,
29

 

nonsymmetric,
30

 polydisperse,
31

 monodisperse,
32

 linear, star
33-37

 and graft
38, 39

) have been 

determined using self-consistent field theory. The most common morphologies for linear 

block copolymers include bcc spheres (S), hexagonally closed packed spheres (Scp), 

cylinders (C), gyroid(G) and lamellar (L). Such theoretical phase diagrams along with the 

Flory-Huggins interaction parameter 𝜒, function as essential tools allowing the design of 

block copolymers with desirable morphologies.  

1.3 Sustainable triblock copolymer-based thermoplastic elastomers 

In the past few decades, interest in renewable polymers has witnessed continuous 

growth in both academia and industry. A variety of biobased feedstocks have been 

developed for renewable TPEs, Recently, enormous research efforts have focused on 

sustainable triblock copolymer-based TPEs. For example, fatty acid or vegetable oil-

derived polyacrylates,
7, 40

 plant-based poly(δ-decalactone)
41, 42

 plant-oil derived 

polymyrcene,
9
 amino acid-derived polyesters,

43
 and mint-derived poly(menthide)

8, 44
 

were found to be appropriate replacements for the rubbery midblock due to their low Tg. 

The development of sustainable glassy endblocks has emphasized lactide and lactone 

derivatives.
10, 45-49

 Some other studies include glassy endblocks composed of tulip-

derived poly(α-methylene-γ-butyrolactone),
50

 bicyclic sugar-derived poly(methacrylic 

isosorbide),
51

 salicylic acid-derived poly(acetylsalicylic ethyl methacrylate),
12

 terpene-
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derived poly(α-methyl-p-methylstyrene),
13

 and glucose-derived poly(glucose-6-acrylate-

1,2,3,4-tetraacetate).
52

  

Plant oils and their fatty acids are a particularly attractive source, due to their low 

toxicity, biodegradability, availability and relatively low price.
53-59

 The carbon-carbon 

double bond in the vegetable oils enables the epoxidation that opens up opportunities for 

a variety of functionalization and subsequent polymerization. Vegetable oils can firstly be 

epoxidized then followed by polymerization result in epoxy resins.
60, 61

 Also, the 

epoxidized vegetable oils can not only be converted to polyols for polyurethanes but also 

can be acrylated through a ring-opening reaction with acrylic acid, leading to 

polyacrylates.
62-67

 Furthermore, vegetable oils can be functionalized with cyclic 

structures, and then polymerized through ring-opening metathesis polymerization 

(ROMP).
68-71

 The vegetable oils can be hydrolyzed to be fatty acids. The carboxylic acid 

end-group of a fatty acid can be converted to a hydroxyl end-group
72, 73

 and subsequently 

converted to an acrylate or methacrylate group,
74

 convenient for controlled radical 

polymerization techniques. 

Rosin, comprised of abietic acid and many other isomers, with an annual 

production of more than 1 million tons, has been widely used in adhesives, coatings, inks, 

detergents, lubricants, fuel additives, and food additives.
75

 These hydrocarbon rich 

diterpene resin acids provide high glass transition temperature, hydrophobicity and 

rigidity to polymeric materials. Recently, a variety of rosin-derived polymeric materials 

have been developed, including amphiphilic block copolymers for application as inter-

cellular carriers,
76

 and cationically modified rosin acids as biomaterials.
77-80

  Two notable 

studies investigated thermoplastic elastomers derived from rosin: copolymers developed 
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from rosin and fatty acids were grafted to cellulose,
81

 and polynorbornene derivatives 

containing rosin-based moieties were synthesized through ring-opening metathesis 

polymerization and used as the end-blocks of ABA triblock copolymers.
16

 To our 

knowledge, no prior studies have utilized controlled radical polymerization to prepare 

well-defined ABA triblock copolymers incorporating pendant rosin-containing polymers 

as the glassy blocks. 

1.4 Lack of entanglements in sustainable TPEs 

However, a common issue with bioderived polymers is that they usually contain 

bulky moieties as side-chain that results in high entanglement molecular weight which 

attributes to poor mechanical performance. For example, our group has previously 

reported replacing the polydiene midblock in conventional TPEs with sustainable 

polyacrylates derived from fatty acids.
7
 The thermal, rheological, and mechanical 

properties of the polymers were tunable through variation of the length of the alkyl side-

chain of the polyacrylate.
7
 However, their tensile strength and strain at break were found 

to be inferior to commercial TPEs.
7
 These undesirable mechanical properties are 

attributed to lack of entanglement in the rubbery matrix due to the high entanglement 

molecular weight (Me) of polymers with long alkyl side-chains (e.g., Me of poly(lauryl 

methacrylate) is 225 kg/mol
23

). Other studies on sustainable TPEs with poor mechanical 

performance also have utilized polymers with bulky moieties and resulting high Me, such 

as glucose-derived poly(glucose-6-acrylate-1,2,3,4-tetraacetate),
52

 salicylic acid-derived 

poly(acetylsalicylic ethyl methacrylate),
14

 rosin derived poly(dehydroabietic ethyl 

methacrylate)
11

 and dehydroabietic-containing polynorbornene.
16

 Thus, it is highly 
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important to develop a method to overcome the lack of entanglements in these materials 

for the broad application of sustainable polymers.  

1.5 Supramolecular networks 

The elastomeric properties of traditional ABA triblock copolymers rely 

exclusively on the thermodynamic incompatibility between different segments to form 

physically crosslinked networks. Incorporation of additional crosslinks (covalent or 

noncovalent) to the ABA triblock copolymer system, either in soft B matrix or hard A 

domains, has been proven to enhance the mechanical properties. Wang et al. incorporated 

covalent crosslinks, using click chemistry, into soybean oil-derived ABA triblock 

copolymers.
15

 By carefully controlling the coupling density, the triblock copolymers 

remained soluble in organic solvents and showed improved tensile strength. However, 

polymers with covalent crosslinks usually exhibit poor processibility, which prevent their 

use for certain applications.  

By contrast, supramolecular networks that introduce dynamic interactions to 

polymer system through reversible crosslinks are more attractive. The dynamic nature of 

the bonds not only is beneficial to enhance mechanical properties but also enables 

additional features such as stimuli responsibility and shape memory properties.
82-85

 

Various types of supramolecular interactions, such as ionic interaction,
86-88

 hydrogen 

bonding, 
89-91

 π-π stacking
92-95

 and metal-ligand coordination
96, 97

, have been incorporated 

into TPEs to prepare advanced materials. In this study, we are particularly interested in 

using ionic interaction and hydrogen bonding. 

Hydrogen bonds have been widely used in enhancing the mechanical properties of 

TPEs. Yang and coworkers prepared triblock copolymers containing a polynorbornene 
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midblock that exhibited improved mechanical properties with the incorporation of a 

secondary amide group.
89

 Hayashi et al. improved the mechanical properties of TPEs 

containing a poly(butyl acrylate) midblock through incorporation of acrylamide.
90, 91

 

Additionally, hydrogen bonds can be incorporated into endblocks to reinforce the hard 

domains.
98

 Many questions remain, however, on the morphological, thermal, and 

mechanical behavior of ABA triblock copolymers which contain a transient network.  

The presence of hydrogen bonding has been examined in a limited number of 

studies on biobased polymers, such as in nanocomposites composed of soybean oil and 

cellulose nanocrystals,
99

 shape-memory materials synthesized from soybean amide 

methacrylate,
100

 self-healing and thermoreversible rubber synthesized from vegetable oil-

derived fatty dimer acid,
101

 nanosheets derived from conjugated linoleic acid,
102

 high 

performance polyimide containing biobased adenine,
103

 and nanofibers derived from rice 

flour.
104

 To our knowledge, the incorporation of hydrogen bonding has not been 

previously examined as a means of improving mechanical behavior in biobased 

thermoplastic elastomers with bulky constituents such as those derived from vegetable oil 

feedstocks. 

Ionic interactions, as another type of dynamic interactions, have also been 

incorporated into TPEs for enhancement of mechanical properties. The incorporation of 

ionic interaction to endblocks has mainly focused on using sulfonated polystyrene. Storey 

and coworkers prepared ionomer based poly(styrene-block-isobutylene-block-styrene) by 

partially sulfonating the aromatic blocks.
105

 The sulfonated ionomers exhibit higher 

mechanical properties than those of the unsulfonated parents. Ghosh et al. sulfonated the 

maleated SEBS block copolymer and neutralized by different metal acetates to form 
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ionomers containing both carboxylate and sulfonate anions on the same polymer 

backbone.
106, 107

 The tensile strength, tear strength, hardness, and thermal stability 

increase with increasing degree of neutralization, but the elongation at break decrease. In 

one study, instead of using sulfonated polystyrene as endblocks, Long prepared ABA 

triblock copolymer through NMP with the phosphonium ion in endblocks.
88

 The storage 

modulus increased as the mole percentage of ions was increased.  

However, only a few studies incorporated ionic interactions into soft midblock. In 

one noticeable study, Wang incorporated 2 wt% of imidazole into B block of ABA 

triblock copolymer and evaluated the influence of different level of ionic crosslinking in 

B block on the mechanical properties.
86

 They found the tensile stress and elastic recovery 

were significantly enhanced though the elongation at break was sacrificed. Similarly, the 

same group also prepared BAB triblock copolymers with imidazole containing elastic B 

block as the end blocks.
87

 Even though the block sequence was reversed, typical stress-

strain behavior for thermoplastic elastomers was observed, which might be attributed to 

the presence of ionic association in the B block. To the best of our knowledge, no prior 

studies have incorporated acid based ionic interactions (e.g., neutralized methacrylic acid) 

to the midblock of an ABA triblock copolymer.  

1.6 Overview of the thesis 

In the following chapters the dissertation is organized as outlined below. 

Chapter 2 describes the experimental methods used in this study. Detailed 

information on chemicals used, synthesis techniques and characterization procedures will 

be discussed. 
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Chapter 3 discusses the enhancement of mechanical properties of fatty acid 

derived TPEs through incorporation of supramolecular network by hydrogen bonds. The 

effects of hydrogen bonds content on physical properties are evaluated. 

Chapter 4 investigates the enhancement of mechanical properties of fatty acid 

derived TPEs through incorporation of supramolecular network by ionic interactions. The 

effects of degree of neutralization and total acid content on the physical properties of 

TPEs are studied. 

Chapter 5 presents the shear alignment of fatty acid derived ABA triblock 

copolymer with closed packed spherical morphology. The in-situ SAXS and FT-rheology 

were used to monitor the kinetics of the alignment process. The effect of strain 

amplitudes on the kinetics and final orientation are discussed.  

Chapter 6 discusses the development of sustainable TPEs with rosin derived 

endblocks. The morphological, thermal and mechanical properties of the triblock 

copolymers are characterized. 

Chapter 7 gives a summary and conclusions of this research. An outlook of the 

challenges and future work is also discussed. 
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 Experimental Methods Chapter 2

This chapter describes synthesis and characterization methods for the 

development of sustainable thermoplastic elastomers. Atom transfer radical 

polymerization (ATRP) was used for the synthesis of rosin derived sustainable TPE 

poly(dehydroabietic ethyl methacrylate-b-n-butyl acylate-b-dehydroabietic ethyl 

methacrylate) (DnBD) and the fully (meth)acrylate-based TPE poly(methyl methacrylate-

b-n-butyl acylate-b-methyl methacrylate) (MnBM). Reversible addition fragmentation 

chain transfer (RAFT) polymerization was used for the preparation of fatty-acid derived 

polymers, including poly(lauryl acrylate-co-acrylamide) (PLAM) copolymers, 

poly(styrene-b-(lauryl acrylate-co-acrylamide)-b-styrene) (SLAS) triblock copolymers, 

poly(lauryl methacrylate-co-tert butyl methacrylate) (PLtB) copolymers and poly(methyl 

methacrylate-b-(lauryl methacrylate-co-tert butyl methacrylate)-b-methyl methacrylate) 

(MLtM) triblock copolymers. 

The structure of the polymers was characterized by proton nuclear magnetic 

resonance (
1
H-NMR) and gel permeation chromatography (GPC). The thermal properties 

were measured by differential scanning calorimeter (DSC) and thermogravimetric 

analysis (TGA). The master curves and order-disorder transition temperature were 

characterized with rheology. The morphology was probed by small angle x-ray scattering 

(SAXS). The mechanical properties of the triblock copolymers were characterized 

through tensile testing. Specific details pertaining to the synthesis and characterization 

methods are presented here.  
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2.1 Polymer synthesis 

2.1.1 Synthesis of poly(dehydroabietic ethyl methacrylate) (PDAEMA) 

Dehydroabietic acid was purified by repeated recrystallization of ethanolamine 

salt.
108

 Dehydroabietic acid (100 g) was dissolved in 250 mL of ethanol, and the solution 

was heated up to 70 °C. Ethanolamine (18 g) was then added to the solution, and stirred 

for several minutes followed by addition of 250 mL of deionized water. The solution was 

slowly cooled down to room temperature and filtered to collect the ethanolamine salt. 

The ethanolamine salt was recrystallized in an ethanol/water mixture (5/5 v/v) 5 times 

and acidified by diluted hydrochloride to afford white crystals. The product was then 

dried under vacuum at 80 °C overnight. Dehydroabietic ethyl methacrylate (DAEMA) 

was synthesized according to reported procedures,
75

 with slight modification, shown in 

Scheme 2.1. Dehydroabietic acid (10.00 g, 33.3 mmol) was dissolved in 60 mL of DCM; 

then, 10 mL of oxalyl chloride (8.45 g, 66.6 mmol) and two drops of dry DMF were 

added. The reaction was stirred at 0 °C under N2 for 3h. Excess oxalyl chloride and DCM 

were removed using a rotary evaporator, and the prepared dehydroabietic chloride was 

dissolved in 60 mL of dichloromethane. 2-HEMA (4.80 g, 36.9 mmol) and 

trimethylamine (5.00 g, 49.4 mmol) were subsequently added dropwise at 0 °C. The 

reaction mixture was gently warmed to room temperature and stirred under N2 for 48 h, 

and then neutralizing through washing with 5% sodium bicarbonate solution followed by 

drying over anhydrous sodium sulfate and evaporated to dryness, forming a white powder. 

The product was further purified by silica gel chromatography (ethyl acetate/hexane: 1/9 

v/v) to afford a white powder. 
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Scheme 2.1 Synthesis of DAEMA monomer 

PDAEMA homopolymer was synthesized by atom transfer radical polymerization 

(ATRP) following a reported procedure.
75

 In a nitrogen glove box, CuBr, DAEMA, 

Me6Tren, EBriB and THF were added to a pressure vessel. Once sealed, the vessel was 

taken out of glovebox and heated in an oil bath at 90 °C for 16 h. The polymerization was 

stopped by diluting the reaction mixture with THF. The crude product was passed 

through a neutral alumina column, concentrated by rotary evaporator, precipitated in 

methanol three times and dried under vacuum at room temperature overnight. 

2.1.2 Synthesis of poly(dehydroabietic ethyl methacrylate-b-n-butyl acylate-b-

dehydroabietic ethyl methacrylate) (DnBD) triblock copolymer 

The DnBD triblock copolymers were synthesized through two-steps ATRP 

(Scheme 2.2). Poly(n-butyl acrylate) (PnBA) was firstly synthesized as a macroinitiator 

following reported procedures.
109

 In a nitrogen glovebox, diethyl meso-2,5-

dibromoadipate, n-butyl acrylate and  NiBr2(PPh3)2 were added to a pressure vessel. Once 

sealed, the vessel was taken out of glovebox and heated in an oil bath at 85 °C for 

polymerization. After reaction for 17 h, the contents in the pressure vessel were dissolved 

in THF, passed through a neutral alumina column to remove the metal complex, 

concentrated by rotary evaporator, and then precipitated in cold methanol. The precipitant 

was collected and dried under vacuum at room temperature overnight. 
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PnBA was used as the macroinitiator to produce the triblock copolymer, DnBD. A 

typical procedure for synthesis of the triblock copolymers is described as follows. In the 

glovebox, PnBA (1.0 g) and DMF (4.0 g) were added to a pressure vessel in a nitrogen 

glove box. The mixture was stirred for 30 min to form a homogenous solution. CuCl (2.6 

mg), PMDETA (4.5 mg) and DAEMA (1.5 g) were added to the pressure vessel 

subsequently. Once sealed, the vessel was taken out of the glovebox and heated in an oil 

bath at 90 °C for 8 h. The reaction mixture was quenched by diluting with THF, passed 

through a neutral alumina column, concentrated using rotary evaporator and precipitated 

into methanol three times. DnBD was collected and dried under vacuum at 110 °C 

overnight. DnBD triblock copolymers are referred to as DnBDX, where X is the vol% 

PDAEMA in the polymer. 

 

Scheme 2.2 Synthesis of DnBD triblock copolymer 
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2.1.3 Synthesis of poly(methyl methacrylate-b-n-butyl acylate-b-methyl methacrylate) 

(MnBM) triblock copolymer 

The MnBM triblock copolymers were synthesized by two-steps ATRP. The 

PnBA was firstly prepared by a difunctional initiator as previously described. Then, 

PnBA was used as the macroinitiator to produce the triblock copolymer, MnBM. In the 

glovebox, PnBA (1.0 g) and toluene (4.0 mL) were added to a pressure vessel with a stir 

bar in a nitrogen glove box. The mixture was stirred for 30 min to form a homogenous 

solution. CuCl (2.6 mg), dNbpy (22.6 mg) and methyl methacrylate (1.11 g) were added 

to the pressure vessel subsequently. Once sealed, the vessel was taken out of the 

glovebox and heated in an oil bath at 85 °C for 24 h. The reaction mixture was quenched 

by diluting with THF, passed through a neutral alumina column, concentrated using 

rotary evaporator and precipitated into methanol three times. MnBM was collected and 

dried under vacuum at 110 °C overnight. MnBM triblock copolymers are referred to as 

MnBMX, where X is the vol% methyl methacrylate in the polymer. 

2.1.4 Synthesis of Poly(styrene-b-(lauryl acrylate-co-acrylamide)-b-styrene) 

(SLAS)Triblock Copolymers 

The SLAS triblock copolymers were synthesized through two-steps RAFT 

polymerization (Scheme 2.3). Firstly, the midblock poly(lauryl acrylate-co-acrylamide) 

(PLAM) copolymers were synthesized by reversible addition-fragmentation chain 

transfer (RAFT) polymerization. The chain transfer agent 1,4-

bis(thiobenzoylthiomethyl)benzene (BTBTMB) was synthesized according to literature 

procedures.
110

 Briefly, phenylmagnesium bromide was firstly prepared by reaction 

between  bromobenzene and magnesium turnings, and then reacted with carbon disulfide 
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and α,α-dibromoxylene, followed by purification to yield the product. Our full synthetic 

procedures have been previously reported.
111

 2,2’-Azobis(2-methylpropionitrile) (AIBN) 

was recrystallized in reagent alcohol prior to use, and lauryl acrylate (LA) was passed 

through a silica gel column to remove monomethyl ether hydroquinone inhibitor. 

Acrylamide (AM) and 1,4-dioxane were used as received. As an example, a copolymer 

containing 4 wt% polyacrylamide was prepared as follows: in a round bottom flask, 

lauryl acrylate (20 g, 0.083 mol), acrylamide (0.84g, 0.012 mol), BTBTMB (0.07 g, 0.17 

mmol), AIBN (5.6 mg, 0.03 mmol) and 1,4-dioxane (40 mL) were added.  The flask was 

then sealed with a rubber septum, purged with argon for 30 min and immersed into an oil 

bath at 70°C. After stirring for 2 days, the reaction was quenched with water and the 

PLAM copolymer was precipitated into methanol three times followed by drying in a 

vacuum oven at 40 °C overnight. PLAM copolymers with different acrylamide content 

were synthesized by changing the feed ratio of LA and AM. PLAM copolymers are 

referred to as PLAMX, where X is the weight percent of polyacrylamide in the polymer. 

Then, the SLAS triblock copolymers were synthesized by chain extension of 

PLAM copolymers. Styrene was passed through a basic aluminum oxide column to 

remove 4-tert-butylcatechol inhibitor. Toluene was purified using a SG Waters solvent 

purification system. A typical procedure is as follows: in a round bottom flask, PLAM 

copolymer (2 g, 0.023 mmol), styrene (0.7 g, 6.7 mol), AIBN (1mg, 0.006 mmol) and 

toluene (6ml) were added. The flask was then sealed with a rubber septum, purged with 

argon for 30 min and immersed into an oil bath at 70°C. After stirring for 2 days, the 

reaction was quenched with water and the SLAS triblock copolymer was precipitated into 

methanol three times followed by drying in a vacuum oven at 100°C overnight. SLAS 
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triblock copolymers with different polystyrene content were synthesized by changing the 

feed ratio of PLAM and styrene. SLAS triblock copolymers are referred to as SLASX-Y, 

where X is the weight percent of polyacrylamide in the midblock, and Y is the volume 

percent of polystyrene in polymer. 

 

 

Scheme 2.3 Synthesis of SLAS triblock copolymers. Assignment of NMR peaks is 

indicated in red. 

2.1.5 Synthesis and Characterization of Poly(styrene-b-(lauryl acrylate-co-methyl 

acrylate)-b-styrene) (SLMS) Triblock Copolymer 

A poly(lauryl acrylate-co-methyl acrylate) (PLM) copolymer was synthesized by 

reversible addition-fragmentation chain-transfer (RAFT) polymerization using BTBTMB 

as chain transfer agent, The synthesis procedure is similar to that of poly(styrene-b-

(lauryl acrylate-co-methyl acrylate)-b-styrene) copolymers. Methyl acrylate was passed 

through a basic aluminum oxide column to remove monomethyl ether hydroquinone 

inhibitor. A copolymer containing 3.5 vol % poly(methyl acrylate) was prepared as 

follows: in a round bottom flask, lauryl acrylate (20 g, 0.083 mol), methyl acrylate (0.9 g, 
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0.010 mol), BTBTMB (0.07 g, 0.17 mmol), AIBN (5.6 mg, 0.03 mmol) and 1,4-dioxane 

(40 mL) were added.  The flask was then sealed with a rubber septum, purged with argon 

for 30 min and immersed into an oil bath at 70°C. After stirring for 2 days, the reaction 

was quenched with water and the PLM copolymer was precipitated into methanol three 

times followed by drying in a vacuum oven at 40°C overnight. Then, PLM copolymer 

was chain extended with styrene to synthesize the poly(styrene-b-(lauryl acrylate-co-

methyl acrylate)-b-styrene) (SLMS) triblock copolymer. PLM copolymer (5 g, 0.065 

mmol), styrene (0.7 g, 6.7 mol), AIBN (1mg, 0.006 mmol) and toluene (15 ml) were 

added. The flask was then sealed with a rubber septum, purged with argon for 30 min and 

immersed into an oil bath at 70°C. After stirring for 2 days, the reaction was quenched 

with water and the SLMS triblock copolymer was precipitated into methanol three times 

followed by drying in a vacuum oven at 100°C overnight. The SLMS triblock copolymer 

is referred to as SLMS3-21, with 3 vol% poly(methyl acrylate) in the midblock, and 21 

vol% polystyrene in triblock copolymer. 

2.1.6 Synthesis of Low Molecular Weight Poly(lauryl acrylate-co-acrylamide) and 

Polystyrene  

Low molecular weight poly(lauryl acrylate-co-acrylamide) copolymers (PLAMX-

L, X is the weight percent of polyacrylamide in the polymer) and polystyrene (PS-L) 

were synthesized for cloud point measurements. A typical procedure for PLAMX-L is as 

follows: In a round bottom flask, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic 

acid (0.158 g, 0.43 mmol), lauryl acrylate (1 g, 4.16 mmol), acrylamide (0.04 g, 0.51 

mmol), AIBN (3.6 mg, 0.021 mmol) and 1,4-dioxane (2 ml) were added. The flask was 

then sealed with a rubber septum, purged with argon for 30 min and immersed into an oil 
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bath at 70°C. After stirring for 16 hours, the reaction was quenched with water and the 

PLAM-L copolymer was precipitated into methanol three times followed by drying in a 

vacuum oven at 40°C overnight. PS-L was synthesized as follows: in a round bottom 

flask, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (0.158 g, 0.43 mmol), 

polystyrene (1.5 g, 14.4 mmol) and AIBN (3.6 mg, 0.021 mmol) were added. The flask 

was then sealed with a rubber septum, purged with argon for 30 min and immersed into 

an oil bath at 90°C. After stirring for 4 hours, the reaction was quenched with water and 

the PS-L copolymer was precipitated into methanol three times followed by drying in a 

vacuum oven at 100°C overnight. 

2.1.7 Synthesis of Poly(lauryl methacrylate-co-methacrylic acid)(PLMA) Copolymers 

The PLMA copolymers were synthesized by hydrolysis of poly(lauryl 

methacrylate-co-tert butyl methacrylate) (PLtB) copolymers with trifluoroacetic acid 

(Scheme 2.4). Fistly, PLtB copolymers were synthesized by reversible addition-

fragmentation chain-transfer (RAFT) polymerization using chain transfer agent 4-cyano-

4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid. Lauryl methacrylate and tert-

butyl methacrylate were passed through a basic aluminum oxide column to remove 

monomethyl ether hydroquinone inhibitor. As an example, a copolymer containing 10 

mol% poly(tert-butyl methacrylate) was prepared as follows: in a round bottom flask, 

lauryl methacrylate (40 g, 0.16 mol), tert-butyl methacrylate (2.4 g, 0.017 mol), 4-cyano-

4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (126 mg, 0.31 mmol), AIBN 

(10.4 mg, 0.06 mmol) and 1,4-dioxane (26 mL) were added.  The flask was then sealed 

with a rubber septum, purged with argon for 30 min and immersed into an oil bath at 

70°C. After stirring for 16 hours, the reaction was quenched by cooling with cold water 



23 

 

and the PLtB copolymers were precipitated into methanol three times followed by drying 

in a vacuum oven at 40 °C overnight. PLtB copolymers with different tert-butyl 

methacrylate content were synthesized by changing the feed ratio of lauryl methacrylate 

and tert-butyl methacrylate. PLtB copolymers are referred to as PLtBX, where X is the 

molar percent of poly(tert-butyl methacrylate) in the copolymer.  

The PLtB copolymers were further hydrolyzed with trifluoroacetic acid to be 

PLMA copolymers. In a round bottom flask, PLtB copolymers (36g) were dissolved in 

280 mL dichloromethane. Under vigorous stirring, 20 mL trifluoroacetic acid was added 

dropwise into the solution and the reaction was carried out at room temperature for 36 

hours. The solution was then concentrated and precipitated into methanol followed by 

drying in a vacuum oven at 40°C overnight. PLMA copolymers are referred to as 

PLMAX, where X is the molar percent of poly(methacrylic acid) in the copolymer. 

 

Scheme 2.4 Synthesis of PLMA copolymers 
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2.1.8 Synthesis of Poly(methyl methacrylate-b-(lauryl methacrylate-co-methacrylic acid)-

b-methyl methacrylate)(MLAM) Triblock Copolymers 

The MLAM triblock copolymers were synthesized by hydrolysis of poly(methyl 

methacrylate-b-(lauryl methacrylate-co-tert butyl methacrylate)-b-methyl methacrylate) 

(MLtM) triblock copolymers. The MLtM were synthesized through two-steps RAFT 

polymerization (Scheme 2.5). Firstly, the midblock poly(lauryl methacrylate-co-tert-butyl 

methacrylate) copolymers were synthesized using difunctional RAFT agent ethane-1,2-

diyl bis(4-cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoate). The difunctional 

RAFT agent was synthesized according to literature procedures. As an example, a 

copolymer containing 10 mol% poly(tert-butyl methacrylate) was prepared as follows: in 

a round bottom flask, lauryl methacrylate (40 g, 0.16 mol), tert-butyl methacrylate (2.4 g, 

0.017 mol), difunctional RAFT agent (264 mg, 0.31 mmol), AIBN (10.4 mg, 0.06 mmol) 

and 1,4-dioxane (26 mL) were added.  The flask was then sealed with a rubber septum, 

purged with argon for 30 min and immersed into an oil bath at 70°C. After stirring for 16 

hours, the reaction was quenched by cooling with cold water and the difunctional PLtB 

copolymers were precipitated into methanol three times followed by drying in a vacuum 

oven at 40 °C overnight. 

Then, the MLtM triblock copolymers were synthesized by chain extension of 

difunctional PLtB midblock with methyl methacrylate. Methyl methacrylate was passed 

through a basic alumina oxide column to remove monomethyl ether hydroquinone 

inhibitor. A typical procedure is as follows: in a round bottom flask, methyl methacrylate 

(16 g, 0.159 mol), difunctional PLtB copolymer (38 g, 0.37 mmol), AIBN (12 mg, 0.07 

mmol) and 1,4-dioxane (120 mL) were added.  The flask was then sealed with a rubber 
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septum, purged with argon for 30 min and immersed into an oil bath at 70°C. After 

stirring for 20 hours, the reaction was quenched by cooling with cold water and the 

copolymers were precipitated into methanol three times followed by drying in a vacuum 

oven at 100 °C overnight. MLtM copolymers are referred to as MLtMX, where X is the 

molar percent of poly(tert-butyl methacrylate) in the midblock. 

The MLtM copolymers were further hydrolyzed with trifluoroacetic acid to be 

MLAM copolymers. In a round bottom flask, MLtM copolymers (42 g) were dissolved in 

280 mL dichloromethane (BDH, ACS grade). Under vigorous stirring, 20 mL 

trifluoroacetic acid (98%) was added dropwise into the solution and the reaction was 

carried out at room temperature for 36 hours. The solution was then concentrated and 

precipitated in to methanol followed by drying in a vacuum oven at 100 °C overnight. 

MLAM copolymers are referred to as MLAMX, where X is the molar percent of 

poly(methacrylic acid) in the midblock. 

 

Scheme 2.5 Synthesis of MLtM triblock copolymers 
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2.1.9 Neutralization of PLAM copolymers and MLAM triblock copolymers 

The PLAM copolymers and MLAM triblock copolymers were neutralized with 

NaOH with different degrees of neutralization. As an example, the PLAM10 copolymer 

with 50% degree of neutralization was prepared as follow: in a round bottom flask, 

PLAM10 copolymer (6 g) was dissolved in 20 ml THF. 1.3 mL of NaOH/methanol 

solution (39 mg/mL) were added to the flask under vigorous stirring. The neutralization 

was then carried out at room temperature for 24h. After that, the mixture was poured into 

a Teflon mold, left in fume hood for 24h and dried in vacuum oven at 40 °C overnight. 

2.2 Polymer characterizations 

2.2.1 Nuclear Magnetic Resonance (NMR) 

1
H NMR experiments were performed on JEOL ECA-400 instrument using 

deuterated chloroform (99.96 atom % D) as the solvent. Chemical shifts were referenced 

to the solvent proton resonance 7.24 ppm. 

13
C NMR experiments were performed on JEOL ECA-600 II instrument using 

deuterated chloroform ((99.96 atom % D) as the solvent. The relaxation delay was set to 

be 10s and nuclear overhauser effect (NOE) was turned off in order to get quantitative 

13
C NMR spectra.  

2.2.2 Gel Permeation Chromatography 

Number-average molecular weight (Mn) and molecular weight distribution (the 

dispersity, Đ) were measured by a Viscotek gel permeation chromatography (GPC) 

instrument, with two Agilent ResiPore columns, using THF (OmniSolv, HPLC grade) as 

the mobile phase at 30 °C. The flow rate was 1 mL/min, and the injection volume was 
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100 μL. A triple detection system, including light scattering, a viscometer, and 

refractometer, was employed to characterize the absolute molecular weight. 

2.2.3 Density measurement 

The density of PDAEMA was measured using a density gradient column which 

was constructed in-house. The polymer was dissolved in DCM and cast on a microscope 

slide. The sample was air-dried for several hours and then dried under vacuum at 120 °C 

overnight to remove all solvent and air from within the sample. Two solutions were 

prepared: 1) an aqueous sodium chloride solution (24 wt% sodium chloride) and 2) a 

methanol/water solution (35% vol% methanol). A tall graduated glass column was placed 

in a water bath maintained at 23 °C. A density gradient of the two solutions was created 

within the column. The prepared column was stabilized in the water bath overnight prior 

to use. Calibration beads of known density were placed in the column to generate a 

density-height calibration curve. Finally, the degassed polymer thin film (around 0.5 mm) 

was placed in the column and the density was determined using density-height calibration 

curve, after equilibration for 1-2 days. Measurements on three separate specimens were 

taken to ensure reproducibility. The density of PDAEMA was determined to be 1.1224 ± 

0.0003 g/mL. 

The density of PLAM copolymers were measured using a density gradient 

column which was constructed in-house. The polymer was put on a microscope slide, and 

then heated in a vacuum oven at 40 °C to remove any air bubbles. Two solutions were 

prepared: 1) methanol/ethylene glycol (40/60 by volume) and 2) methanol/water (90/10 

by volume). A tall graduated glass column was placed in a water bath maintained at 

23 °C. A density gradient of the two solutions was created within the column. The 
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prepared column was stabilized in the water bath overnight prior to use. Calibration beads 

of known density were placed in the column to generate a density-height calibration 

curve. Finally, the polymer was frozen by liquid nitrogen, sliced into small pieces while 

still below its glass transition temperature, and placed in the column. The density was 

determined using density-height calibration curve, after equilibration for 1-2 days. 

Measurements on three separate specimens were taken to ensure reproducibility. The 

density of PLAM0, PLAM4 and PLAM8 were measured to be 0.9384 ± 0.0004, 0.9477 ± 

0.0008, and 0.9595 ± 0.0004 g/mL, respectively. 

2.2.4 Thermal characterization 

The glass transition temperature (Tg) was characterized with a TA Instruments 

Q2000 differential scanning calorimeter (DSC), calibrated with an indium standard, using 

a nitrogen flow rate of 50 mL/min. The sample was placed in the calorimeter (using a 

Tzero aluminum pan) and successive heating-cooling-heating ramps were carried out at a 

rate of 10 °C/min from -70 °C to 200 °C. The Tg was determined from the second heating 

ramp. 

The thermal degradation properties were probed by thermogravimetric analysis 

(TGA), using a TA Instruments Q500 analyzer. The sample was heated from 25 °C to 

600 °C at a rate of 10 °C/min in a nitrogen environment (the balance nitrogen purge flow 

was 40 mL/min and the sample purge flow was 60 mL/min). 

2.2.5 Fourier-Transform Infrared Spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) spectra of PLAM copolymers at 

various temperatures were obtained using a Thermo Scientific Nicolet 4700 spectrometer, 

with a heating cell. Thin films of polymers were prepared by solvent casting from 1% 
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(w/v) solution in dichloromethane (J.T. Baker, OmniSolv, HPLC grade) onto potassium 

bromide (KBr) windows (32 mm diameter, 3 mm thickness). The sample was air-dried 

for an hour and then transferred to vacuum oven to remove residual solvent. After drying, 

the sample was mounted to a heating cell and the spectra were recorded with 64 scans at 

a resolution of 4 cm
-1 

in
 
transmission mode from 23 to 170 °C. 

2.2.6 Rheological Properties 

The viscoelastic behavior of PLAM, PLtB and PLMA copolymers was evaluated 

using a TA instruments DHR-2 rheometer with 25 mm diameter parallel plates, and a 

sample thickness of 1 mm. The linear viscoelastic region was first determined through 

measurement of the storage (G’) and loss (G”) moduli in a sweep from 1% to 10% strain 

at a frequency (ω) of 10 rad/s. The moduli were then measured at a strain within the 

linear region, over a range of frequencies (ω = 0.1  100 rad/s), measured every 10 °C. 

time temperature superposition at a reference temperature of 30 °C was performed using 

TA Instruments TRIOS software to generate master curves. 

The order disorder transition temperatures of DnBD, MnBM, SLAS triblock 

copolymers was evaluated using a TA instruments DHR-2 rheometer with 25 mm 

diameter parallel plates, and a sample thickness of 1 mm. The linear viscoelastic region 

was first determined through measurement of the storage (G’) and loss (G”) moduli in a 

sweep from 1% to 10% strain at a frequency (ω) of 10 rad/s. The ω dependencies of G’, 

and G” were characterized at various temperatures at a chosen value of strain within the 

linear region. Then G’ and tan δ (G”/G’) were plotted as a function of temperature at ω = 

1 rad/s. 
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2.2.7 Cloud Point Measurements 

The cloud point measurements were conducted to characterize the Flory-Huggins 

interaction parameter of PS/PLAMX-L binary blends following previously reported 

procedures.
112

 Sample films of PS-L/PLAMX-L blends were cast on microscope slides 

from a solution in dichloromethane (10 wt%) followed by drying in a vacuum oven at 

150 °C for 4 h. The films were covered by a microscope cover glass and sealed using 3M 

Scotch-Weld Epoxy Adhesive to avoid the thermal degradation of the polymers at 

elevated temperatures. The cloud point temperatures were determined through observing 

the optical character of the sample in a microscope (Olympus BX51TRF) equipped with 

a heating cell (Instec HCS302-01). The sample was first heated to a temperature at which 

the blend was homogeneous, and then the sample was cooled down slowly by 2 °C 

increments and stabilized at each temperature for 10 min before observation of the 

sample with the microscope. The temperature at which the sample started showing 

inhomogeneity was identified as the cloud point temperature.  

2.2.8 Small Angle X-ray Scattering 

The morphology of was probed using a Rigaku S-MAX 3000 small-angle X-ray 

scattering (SAXS) instrument, equipped with CMF optic incident beam (λ = 0.154 nm), 3 

pinhole collimations, a 2-dimensional multiwire area detector with 1024 × 1024 pixels. 

The sample to detector distance was 3 m. The two-dimensional scattering patterns were 

azimuthally integrated to a one-dimensional profile of intensity versus scattering vector, q 

= 4π sin(θ/2)/λ [θ is the scattering angle; λ is the wavelength]. For SLAS triblock 

copolymer, SAXS data fitting was performed with SasView using combined functions of 

SphereModel and HardsphereStructure. The effect of size distribution of hard spheres 
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was also incorporated into curve fitting by enabling the polydispersity function in 

SasView. The size distribution was characterized using  PD = 𝜎 𝑅sp⁄ , where σ is the 

standard deviation and Rsp is the hard sphere radius. 

2.2.8 Mechanical testing 

Tensile testing was conducted using an Instron 5966 universal testing system with 

a 100 N load cell at a grip speed of 10 mm/min. Dog bone-shaped testing bars (following 

ASTM D638, bar type 5, thickness 1.5 mm) were prepared by compression molding on a 

Carver Hotpress at an applied load of 4200 lbs at 180 °C. Pneumatic grips (maximum 2 

kN) were used to affix the sample in the testing frame, at a compressed air pressure of 35 

psi. The measurements were repeated with 5 test specimens. 
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 Improving Mechanical Properties of Fatty Acid-Derived Triblock Chapter 3

Copolymers by Incorporation of Hydrogen Bonds 

In this chapter, we explore the presence of hydrogen bonding in the long-chain 

polyacrylate midblock of a thermoplastic elastomeric triblock copolymer as a method of 

improving its mechanical behavior. Poly(styrene-b-(lauryl acrylate)-b-styrene) triblock 

copolymers, previously reported by our group to exhibit low tensile strength and 

elongation at break due to the lack of entanglements in the poly(lauryl acrylate 

midblock,
111

 were modified through the addition of acrylamide to the midblock, which 

undergoes hydrogen bonding. Poly(styrene-b-(lauryl acrylate-co-acrylamide)-b-styrene) 

(SLAS) triblock copolymers, containing a poly(lauryl acrylate-co-acrylamide) random 

copolymer as the midblock and polystyrene endblocks, were synthesized. The extent of 

hydrogen bonding was quantified with Fourier-transform infrared spectroscopy. The 

morphological, thermal and mechanical properties of SLAS triblock copolymers were 

explored. The impact of the formation of a transient network on the polymer physical 

properties was evaluated. 

3.1 Synthesis of poly(styrene-b-(lauryl acrylate-co-acrylamide)-b-styrene) triblock 

copolymers 

Poly(styrene-b-(lauryl acrylate-co-acrylamide)-b-styrene) (SLAS) triblock 

copolymers were synthesized following a previously reported procedure with 

modification.
111

 First, the PLAM random copolymers were synthesized using a 

bifunctional chain transfer agent, BTBTMB. Next, the PLAM random copolymers were 

chain extended with polystyrene to form SLAS triblock copolymers. Three series of 

SLAS triblock copolymers were synthesized (Table 3.1), each containing a different 
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midblock acrylamide (AM) content (0, 4 and 8 wt% AM). Within each series, the vol% 

polystyrene (PS) in the triblock copolymer was varied (from 14-33 vol%). All SLAS 

triblock copolymers contained midblocks of similar molecular weight (around 80-85 

kg/mol).  

Table 3.1 Molecular characteristics of SLAS triblock copolymers 

a 
Midblock characteristics: PLAM0: Mn = 81.8 kg/mol, Đ = 1.31, wt% AM = 0%, dn/dc = 

0.067 mL/g; PLAM4: Mn = 84.5 kg/mol, Đ = 1.32, wt% AM = 4%, dn/dc = 0.067 mL/g; 

PLAM8: Mn = 79.6 kg/mol, Đ = 1.28,  wt% AM = 8%, dn/dc = 0.068 mL/g. PLM3: Mn = 

77.4 kg/mol, Đ = 1.35, wt% methyl acrylate = 3%, dn/dc = 0.068 mL/g. 
b 

Midblock number-average molecular weight Mn characterized with GPC with light 

scattering, endblock Mn characterized using overall Mn (GPC) and block copolymer 

composition (NMR). 
c
 Triblock copolymer dispersity Đ characterized with GPC with light scattering 

d 
Triblock copolymer composition characterized by NMR along with the density of 

PLAM (characterized by density gradient column) and PS (1.04 g/mL
113

), calculated 

using Equation 3.2 
e
 Number of repeat units, N, of the midblock, based on vref  = 100 Å

3
 

f
 Number of repeat units, N, of each PS endblock, based on vref  = 100 Å

3
 

Polymer 

Name 
Midblock

a
 

Mn (PS-PLAM-

PS) (kg/mol)
b
 

Đ
c
 

vol% 

PS
d
 

N of 

midblock
e
 

N of each 

endblock
f
 

SLAS0-17 PLAM0 7.9-81.8-7.9 1.61 17 1450 120 

SLAS0-24 PLAM0 12.8-81.8-12.8 1.57 24 1450 210 

SLAS0-31 PLAM0 20.3-81.8-20.3 1.65 31 1450 320 

SLAS4-16 PLAM4 9.3-84.5-9.3 1.69 16 1480 150 

SLAS4-23 PLAM4 14.1-84.5-14.1 1.67 23 1480 220 

SLAS4-33 PLAM4 22.3-84.5-22.3 1.58 33 1480 350 

SLAS8-14 PLAM8 6.8-79.6-6.8 1.59 14 1380 110 

SLAS8-23 PLAM8 10.8-79.6-10.8 1.71 23 1380 170 

SLAS8-30 PLAM8 18.7-79.6-18.7 1.61 30 1380 300 

SLMS3-21 PLM3 11.4-77.4-11.4 1.75 21 1340 160 
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The compositions of PLAM copolymers were examined with 
1
H NMR (Figure 

3.1). Peaks corresponding to the backbone (-CH- at 2.25 ppm, -CH2- at 1.87 and 1.59 

ppm) and side chains (-OCH2- at 4.00 ppm, -CH2-CH2- at 1.59 and 1.26 ppm, and -CH3 

at 0.87 ppm) indicate the incorporation of lauryl acrylate (LA) in the midblock. Peaks 

corresponding to the backbone (-CH- at 2.25 ppm, -CH2- at 1.87 and 1.59 ppm) and side 

chains (-NH2 at 6.04 and 5.31 ppm) confirm the successful incorporation of AM. The wt% 

AM in the midblock was calculated from the areas of peaks d (4.00 ppm) and j (6.04 and 

5.31 ppm) by Equation 3.1 (peak labels provided in Scheme 2.3):  

 
𝑤𝑡 %𝐴𝑀 =

𝐴𝑗 × 71.08

𝐴𝑑 × 240.38 + 𝐴𝑗 × 71.08
× 100, Equation 3.1 

in which Aj and Ag are the integration of peaks corresponding to -NH2- in acrylamide and 

-CH3- in lauryl acrylate. GPC analysis characterized the midblock Mn and Đ (Table 1).  

We note that although the LA monomer was only 90% pure as received, the impurities 

present did not interfere with the polymerization and were removed following 

precipitation of the polymer.  
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Figure 3.1 
1
H NMR data obtained from SLAS8-23. Chemical structure and peak labeling 

are shown in Scheme 2.3 . 

Aliquots were obtained during the copolymerization of LA and AM to examine 

Mn and Đ as a function of LA conversion (data obtained on PLAM8 shown in Figure 3.2). 

Mn increased linearly with LA conversion and Đ was around 1.2-1.3, confirming the 

reaction was well controlled (Figure 3.2a). Dashed line indicates theoretical Mn. The wt% 

AM was constant throughout the reaction and consistent with the feed composition 

(dashed line, Figure 3.2b), indicating comparable reactivities of LA and AM and lack of 

composition drift, similar to the previously reported case for copolymerization of butyl 

acrylate and AM, which form a random copolymer.
91

 Furthermore, differential scanning 

calorimetry analysis revealed that the presence of AM did not impact the melting 

temperature of PLAM. 
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Figure 3.2 a) Mn (▼) and Đ (□) vs. conversion for polymerization of PLAM8. b) Wt% 

of AM in the PLAM8 copolymer as a function of conversion of LA.  

Following chain extension of PLAM copolymers with PS, 
1
H NMR confirmed 

incorporation of PS endblocks in SLAS triblock copolymers, with peaks at 7.04 and 6.58 

ppm corresponding to the aromatic =CH (Figure 3.1). The vol% PS in the triblock 

copolymers was calculated from the areas of peaks a (7.04 and 6.58 ppm), d (4.00 ppm) 

and j (6.04 and 5.31 ppm) using Equation 3.2 (peak labels in Scheme 2.3): 

 
𝑣𝑜𝑙% 𝑃𝑆 =

2

5
×

𝜌𝑃𝐿𝐴𝑀

𝜌𝑃𝑆
×

𝐴𝑎 × 104.15

𝐴𝑑 × 240.38 + 𝐴𝑗 × 71.04
, 

Equation 3.2 
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in which ρPLAM is the density of PLAM copolymer (measured by density gradient column, 

reported in main text) , ρPS is the density of polystyrene, 1.04 g/ml, Aa, Ad and Aj are the 

integration of peaks a, d and j. The endblock Mn was determined through knowledge of 

the midblock Mn and vol% PS in the triblock copolymer using Equation 3.3: 

 
𝑀𝑛,𝑃𝑆 =

2

5
× 𝑀𝑛,𝑃𝐿𝐴𝑀 ×

𝐴𝑎 × 104.15

𝐴𝑑 × 240.38 + 𝐴𝑗 × 71.04
, Equation 3.3 

in which Aa is the integration of peak corresponding to aromatic ring in styrene, Mn,PLAM  

is the molecular weight of PLAM midblock determined by GPC. All SLAS triblock 

copolymer characteristics are summarized in Table 3.1. In all cases, GPC data for SLAS 

triblock copolymers show trimodal distributions, and dispersity values higher than 1.5 

(Table 3.1, Figure 3.3 and Figure 3.4a). The presence of a weak low molecular weight 

shoulder that overlaps with the peak associated with the PLAM midblock might indicates 

the presence of a small fraction of unreacted midblock. In order to probe this further, 

fractional precipitation was carried with a selective solvent (acetone/THF, 6/1, v/v), 

which is a good solvent for the PLAM midblock and a poor solvent for the PS endblocks. 

The fractionation procedure isolated the main triblock copolymer peak (Figure 3.4b). The 

isolated triblock copolymer did not exhibit a significant low molecular weight shoulder. 

Thus, we conclude the fraction of unreacted PLAM is very small. The more pronounced 

high molecular weight shoulder is most likely due to chain coupling.
14, 114, 115

 Bimolecular 

termination is a commonly reported issue in RAFT polymerization of styrene due to its 

low propagation rate (kp).
115-117

 To confirm the presence of chain coupling, a kinetic 

study was performed upon chain extension of PLAM4 with styrene. A pseudo-first order 

kinetic plot is shown in Figure 3.4a. The deviation from linearity of ln([M]0/[M]) vs time 

was observed after 50% conversion, indicating a reduced radical concentration over time 
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due to bimolecular radical-radical termination.
118

 Figure 3.4b shows the evolution of the 

GPC traces during the chain extension of PLAM4 with styrene. The higher molecular 

weight shoulder became more and more pronounced during the course of reaction, 

indicating a significant extent of bimolecular termination, consistent with the deviation 

from linearity of ln([M]0/[M]) vs time. 

 

Figure 3.3 GPC data obtained from PLAM4 (black solid curve) and SLAS4-16 (red 

dashed curve). 
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Figure 3.4 a) GPC data obtained from PLAM copolymers and SLAS triblock copolymers. 

b) GPC results from fractionation of triblock copolymer SLAS4-16 with 

acetone/THF mixture (6/1, v/v). 

 

Figure 3.5 a) Pseudo-first order kinetic plots of chain extension of PLAM4 with styrene 

and b) GPC traces showing the evolution of the molecular weight distribution 

with reaction time. 

The thermal properties of SLAS triblock copolymers were characterized with 

differential scanning calorimetry. The glass transition temperature (Tg) of the PS 

midblock and melting temperature (Tm) of the PLAM midblock are presented in Table 

3.2 and Figure 3.6 (the resolution of the DSC experiment was not sufficient to observe 

the Tg of the PLAM midblock). The incorporation of acrylamide did not impact the Tg 
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and Tm of the blocks of the SLAS triblock copolymers. Furthermore, we anticipate little 

impact of the higher dispersity of the block copolymer on the thermal properties.  Prior 

studies have shown that the glass transition temperature is not affected by higher 

dispersity.
119

 The Tg values of the PS endblocks are consistent with that of homopolymer 

PS (after accounting for depression in Tg at low molecular weight
120

), and the Tm values 

of the PLAM midblocks are consistent with our prior characterization of poly(lauryl 

acrylate) homopolymer.
7
  

 

Figure 3.6 a) Representative DSC curves from SLAS triblock copolymers and b) melting 

temperature as a function of weight percentage of lauryl acrylate in the 

copolymer of poly(lauryl acrylate-co-stearyl acrylate-co-acrylamide). 

Table 3.2 Tg and Tm of SLAS triblock copolymer 

Polymer Name Tg of PS (°C) Tm of PLAM (°C) 

SLAS0-17 87  -1 

SLAS0-24 95 1 

SLAS0-31 93 -2 

SLAS4-16 89 -2 

SLAS4-23 98 -3 

SLAS4-33 97 -2 

SLAS8-14 86 -4 

SLAS8-23 100 -3 

SLAS8-30 97 2 
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3.2 Quantification of extent of hydrogen bonding 

FTIR spectroscopy was used to assess the state of hydrogen bonding (quantifying 

presence of bonded and free hydrogen bonding groups) in both PLAM copolymers (i.e., 

the midblocks of the SLAS triblock copolymers) and SLAS triblock copolymers.  FTIR 

spectra were obtained as a function of temperature on PLAM copolymers of varying AM 

content (Figure 3.7a) and peak deconvolution was used to identify peaks associated with 

various chemical groups (Figure 3.7b). Peaks associated with carbonyl groups were 

observed at 1735, 1716, 1693, and 1671 cm
-1

, corresponding to free carbonyl groups on 

LA repeat units, hydrogen bonded carbonyl groups on LA repeat units, free carbonyl 

groups on AM repeat units, and hydrogen bonded carbonyl groups on AM repeat units, 

respectively. Furthermore, a peak at 1615 cm
-1

 was identified as the amide II band (major 

contribution from N-H in plane bending). 
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Figure 3.7 a) Temperature-dependent FTIR spectra obtained from PLAM4. b) 

Deconvolution of FTIR spectrum of PLAM4 at 40 °C. 

Spectra were obtained at various temperatures (Figure 4 in the main text) in order 

to measure the molar absorptivity ratio between bonded and free carbonyl bands, 

calculated using Equation 3.4 (ref. 
121) (relevant peak areas are reported in Table 3.3): 

 
𝑘m =

𝑎HB,m

𝑎F,m
=

𝐴HB,m
𝑇2 − 𝐴HB,m

𝑇1

𝐴F,m
𝑇1 − 𝐴F,m

𝑇2
, Equation 3.4 

where 𝑘m is molar absorptivity ratio of species m (m is either LA or AM), 𝑎HB,m and 

𝑎F,m are the molar absorptivities of hydrogen bonded and free carbonyl groups of species 

m, 𝐴HB,m
𝑇1  and 𝐴F,m

𝑇2  are the peak areas of the hydrogen bonded carbonyl groups of species 
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m at temperatures T1 and T2, and 𝐴F,m
𝑇1  and 𝐴F,m

𝑇2  are the peak areas of the free carbonyl 

groups of species m at temperatures T1 and T2. A plot of 𝐴F,m vs. 𝐴HB,m was constructed 

from data obtained at various temperatures, and 𝑘m was quantified (i.e., the slope of this 

plot was taken as −𝑘m, Figure 3.8). Thus, 𝑘LA and 𝑘AM were determined to be 1.57 and 

1.34, respectively.  

Table 3.3 Peak area differences at  𝑎HB,AM, 𝑎F,AM, 𝑎HB,LAand 𝑎F,LA various temperatures 

for PLAM4 (𝑎 are defined in Equation 3.4) 

Temperature 

(°C) 
𝑎F,LA 𝑎HB,LA 𝑎F,AM 𝑎HB,AM 

40 8.05 1.30 1.45 2.09 

50 8.12 1.16 1.57 1.92 

60 8.15 1.07 1.61 1.86 

70 8.15 0.92 1.70 1.77 

80 8.19 0.88 1.80 1.59 

90 8.24 0.80 1.84 1.57 

100 8.28 0.72 1.93 1.41 

110 8.41 0.59 1.97 1.29 

120 8.47 0.50 2.03 1.22 

130 8.53 0.44 2.16 1.13 

140 8.65 0.31 2.26 1.07 

 

 

Figure 3.8 Area of hydrogen bonded carbonyl band vs. area of free carbonyl band for a) 

LA and b) AM at various temperatures. The slopes provided the molar 

absorptivity ratios for LA and AM (the slope is –km). 
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The peak area 𝐴HB,m  was adjusted by  𝑘m  (Equation 3.5), and the fraction of 

hydrogen bonded carbonyl groups of species m, total number of active hydrogen bonded 

groups per chain, and dynamic crosslinking density were determined using Equation 3.6 -

Equation 3.9 

 𝐴HB,m
′ (𝑇) =

𝐴HB,m(𝑇)

 𝑘m
, Equation 3.5 

 𝐴total,m
′ (𝑇) = 𝐴HB,m

′ (𝑇) + 𝐴F,m(𝑇), Equation 3.6 

 𝑓HB,m(𝑇) =
𝐴HB,m

′ (𝑇)

𝐴Total,m
′ (𝑇)

, Equation 3.7 

 𝑁HB (𝑇) = 𝑁AM𝑓HB,AM(𝑇) + 𝑁LA𝑓HB,LA(𝑇) and  Equation 3.8 

 ν(𝑇) =
𝜌𝑃𝐿𝐴𝑀(𝑇)[𝑁HB (𝑇) + 1]

𝑀𝑛,𝑃𝐿𝐴𝑀
, Equation 3.9 

where 𝐴HB,m
′ (𝑇) is the adjusted area of hydrogen bonded carbonyl band for species m, 

𝐴total,m
′ (𝑇)  is the adjusted total area of carbonyl band for species m, 𝑓HB,m(𝑇) is the 

fraction of hydrogen bonded carbonyl group for species m, 𝑁HB (𝑇) is the total number of 

active hydrogen bonds per chain, 𝑁AM and 𝑁LA are the number of AM and LA repeat 

units per chain, ν(T) is the crosslink density and 𝜌𝑃𝐿𝐴𝑀(𝑇) is the density of PLAM 

copolymer. The temperature-dependent density of PLAM copolymers were estimated 

using thermal expansion coefficient of poly(lauryl methacrylate)
122

, ρ(T) =

ρ(25℃)/[1 + 6.8 × 10−4(𝑇 − 25)]. The temperature-dependent densities were found to 

have a small effect on of value of crosslink density. The areas of carbonyl bands (𝐴HB,m
′ , 

𝐴F,m  and 𝐴total,m
′ ), 𝑓HB,m, 𝑁HB  and ν are plotted as a function of T in Figure 3.9 and 

Figure 3.10. 
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Figure 3.9 Areas of FTIR peaks associated with carbonyl bonds in a) AM and b) LA 

obtained from PLAM4. Areas of FTIR peaks associated with carbonyl bonds 

in c) AM and d) LA obtained from PLAM8. 

For both AM and LA repeat units, the adjusted total area of the carbonyl band 

(𝐴total,m
′ ) was constant over the full temperature range (Figure 3.9). An increase in the 

area of the peaks associated with free carbonyl groups (𝐴F,m) with increasing temperature 

was accompanied by a decrease in the area associated with hydrogen bonded groups 

(𝐴HB,m
′ ) (Figure 3.9).  The quantified fraction of hydrogen bonded repeat units (𝑓HB,m), 

shown in Figure 3.10a, thus decreased with increasing temperature for both LA and AM 

repeat units, indicating conversion of carbonyl groups from hydrogen bonded to free as 

temperature increased. AM repeat units showed a significantly higher fraction of 

hydrogen bonded groups as compared to LA repeat units at all temperatures (Figure 
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3.10a). The total number of active hydrogen bonded groups ( 𝑁HB ) and crosslinked 

density (ν) also decreased with increasing temperature (Figure 3.10 b and c).   

 

Figure 3.10 a) Fraction of hydrogen bonded carbonyl groups of LA (blue symbols) and 

AM (green sumbols) repeat units, b) total number of active hydrogen bonds 

per chain, and c) dynamic crosslink density as function of temperature for 

PLAM4 (●) and PLAM8 (▽).  
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The effect of the AM content in PLAM on the fraction of hydrogen bonded 

carbonyl groups was also examined (Figure 3.11). An increase in AM content resulted in 

a larger fraction of hydrogen bonded carbonyl groups (Figure 3.10a), larger total number 

of hydrogen bonds per chain (Figure 3.10b), and larger crosslink density (Figure 3.10c).  

FTIR data were also obtained for the triblock copolymer SLAS8-14 to evaluate 

the effect of the triblock copolymer architecture on the fraction of hydrogen bonds. 

Spectra obtained from PLAM8 and the triblock copolymer SLAS8-14 were directly 

compared (Figure 3.11b), as SLAS8-14 contains the midblock PLAM8. The spectra 

overlap well with each other, indicating chain extension to triblock copolymer did not 

have great impact on the dynamic crosslink density. Thus, the temperature dependency of 

dynamic crosslink density of SLAS triblock copolymers is anticipated to be same as that 

of PLAM copolymers. At low temperatures, the high crosslink density indicates the 

formation of a transient network. At elevated temperatures, the decrease in crosslink 

density is anticipated to be beneficial for melt processing.  
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Figure 3.11 Comparison of FTIR spectra obtained from a) PLAM4 and PLAM8 

(containing different AM content) and b) PLAM8 and SLAS8-14 (SLAS8-14 

contains PLAM8 as the midblock). The absorbance of the peaks are 

normalized to the absorbance of carbonyl group of LA repeat unite at 1735 

cm
-1

. 

3.3 Impact of hydrogen bonding on the viscoelastic behavior of PLAM copolymers 

The presence of hydrogen bonding in the PLAM copolymers (i.e., the midblocks 

of the SLAS triblock copolymers) is anticipated to impact their rheological properties. 

The frequency (ω)-dependent dynamic moduli (G’, G”) were characterized at various 

temperatures, and time-temperature superposition was employed to extend the range of 

accessible frequencies (Figure 3.12). Time-temperature superposition was effective for 

all samples across the accessible temperature range (PLAM0: 30°C; PLAM4: 30-70°C; 
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PLAM8: 30-90°C), indicating a single relaxation mechanism of dynamic moduli (shift 

factors are shown in Figure 3.13). We first examine the behavior of poly(lauryl acrylate) 

(labeled PLAM0), which does not contain AM and therefore should not undergo 

hydrogen bonding. The dynamic moduli of PLAM0 showed characteristic liquid behavior 

in the terminal region, with slopes of 2 and 1 for G’ and G” vs. ω (on a log-log plot), 

respectively, throughout the measured temperature range. With the addition of AM to the 

midblock, the curves shifted to lower frequency. Both PLAM4 and PLAM8, containing 4 

and 8 wt% AM in the midblock, respectively, showed a rubbery region at high 

frequencies (with G’ and G” superimposed), and then transitioned to the terminal flow 

region at lower frequencies. The relaxation of PLAM8 to the terminal flow region 

occurred at a lower frequency than that of PLAM4, and both occurred at a lower 

frequency than PLAM0. In the rubbery region, the dynamic moduli of PLAM8 were 

greater than that of PLAM4, attributed to the higher crosslinking density characterized 

with FTIR (facilitated by the presence of AM groups which undergo hydrogen bonding). 

In the terminal flow region, the power law exponents of G’ and G” for PLAM4 and 

PLAM8 deviated from that typically observed. The exponent for G’ decreased from 1 to 

0.97 and 0.91 for PLAM4 and PLAM8, respectively. Similarly, the exponent for G’ 

decreased from 2 to 1.7 and 1.33 for PLAM4 and PLAM8, respectively. Similar 

deviation of power law exponents in the terminal flow region has been previously 

observed in poly(n-butyl acrylate) in the presence of different types of hydrogen 

bonding.
84
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Figure 3.12 Storage (G’, open symbols) and loss (G”, closed symbols) moduli as 

functions of frequency for PLAMX copolymers with a reference temperature 

of 30 °C. 

 

Figure 3.13 Shift factor aT (●) as a function of temperature for a) PLAM4 and b) 

PLAM8. Red curves show the fit of the WLF equation to the data. 

3.4 Impact of acrylamide content on thermodynamic interactions and order-

disorder transition of SLAS triblock copolymers 

The order-disorder transition temperature (TODT) of the SLAS triblock copolymers 

was characterized through observation of the temperature-dependence of G’ (measured at 

ω = 1 rad/s). Rheology data obtained from SLAS triblock copolymers with PS content in 

the range of 14-17 vol% are shown in Figure 3.14. At low temperatures (< 100 °C), 
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increasing the AM content increased G’, due to higher crosslink density (Figure 3.14a). 

For both SLAS0-17 and SLAS4-16 (containing 0 and 4 wt% AM, respectively), an initial 

decrease of G’ is observed, corresponding to the first maximum of tan δ in Figure 3.14b, 

attributed to the glass transition (Tg) of the PS block. The feature is less distinguishable in 

the data obtained from SLAS8-14 (containing 8 wt% AM), likely due to the proximity of 

the TODT and Tg. As the temperature was increased, a drastic decrease in G’ was observed, 

a signature of TODT. TODT, determined from the intersection of two extrapolated lines 

(shown in Figure 3.14a), showed a drastic decrease with increasing AM content in the 

midblock (Table 3.4). SLAS triblock copolymers with 23 vol% PS did not undergo a 

TODT in the measurable temperature range (up to 270 °C) (Figure 3.15).  
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Figure 3.14 G’ (log scale) (a) and tan δ (b) obtained at ω = 1 rad/s as functions of 

temperature for SLASX-Y triblock copolymers containing similar vol% PS 

(Y = 14-17). 

Table 3.4 Flory-Huggins interaction parameter χ between poly(lauryl acrylate-co-

acrylamide) and polystyrene (vref  = 100 Å
3
) predicted from the TODT and 

theoretical block copolymer phase diagram 

Triblock 

copolymer 

wt% AM in 

midblock 
TODT

 
(°C)

a 
Theoretical 

N at TODT
b
 

Theoretical  

at TODT 
b
 

SLAS0-17 0 248±1 37 0.022±0.0011 

SLAS4-16 4 216±1 38 0.021±0.0010 

SLAS8-14 8 148±3 42 0.026±0.0013 
a 
Measured with rheology 

b
 N and  determined from the theoretical phase diagram from Matsen et al 31, using the 

values of N and vol% PS reported in Table 3.1 
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Figure 3.15 a) G’ (log scale) vs. temperature for SLAS0-23, SLAS4-23 and SLAS8-23 

and b) tan δ vs. temperature for SLAS0-23, SLAS4-23 and SLAS8-23. 

To understand the decrease in TODT with increasing AM content, the Flory-

Huggins interaction parameter  between the midblock (a random copolymer of AM and 

LA) and PS was characterized. The interaction strength of a block copolymer is defined 

by χN, where N is the total number of repeat units of the triblock copolymer. χN at the 

order-disorder transition (ODT) depends on the block copolymer composition (vol% of 

each block), and can be determined from a theoretical phase diagram (such as Matsen et 

al.
31, 32

, applicable to a triblock copolymer). Recall from the previous discussion that all 

the SLAS triblock copolymers exhibited high dispersities; increase in dispersity is 

anticipated to decrease χN at the order-disorder transition (ODT).
123

 In this study, a phase 

diagram for a triblock copolymer containing a higher dispersity block (reported in ref.
31

) 
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was employed to determine χN at the ODT. With known values of N, χ at TODT was thus 

determined for each block copolymer (Table 3.4 and open symbols in Figure 3.16). In the 

series of SLAS triblock copolymers with comparable vol% PS (14-17 vol%) and N 

(Table 3.1), similar values were predicted for χ at the ODT (Table 3.4). However, the 

drastic differences in the measured TODT of these polymers indicate the temperature 

dependence of χ varies with varying AM content in the midblock. 

 

Figure 3.16 χ as a function of 1/T for PS/PLAMX. Closed symbols designate values 

obtained from cloud point measurements on binary blends; open symbols 

designate values obtained from the order-disorder transition temperature of 

the triblock copolymers.  
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Figure 3.17 TODT as a function of wt% AM in the midblock. a) Measured using rheology 

(●).b) Predicted from theoretical block copolymer phase diagram 
31

 and 

measured (T) behavior (○).  

To explore this further, cloud point measurements were employed to characterize 

χ between PLAM (the midblock of the triblock copolymer) and PS (the endblocks of the 

triblock copolymer). The low molecular weight polymers PLAMX-L (where X is the wt% 

of acrylamide) and PS-L were synthesized (Table 3.5). Four PS-L/PLAM4-L blends and 

four PS-L/PLAM8-L blends were prepared at various compositions. Cloud point 

temperatures for each blend were determined using optical microscopy (Table 3.6). 

Theoretical binodal curve were generated with Flory-Huggins Theory, following 

previously reported procedures (Figure 3.18).
112

 Finally, comparing the cloud point data 

and theoretical binodal curves provided relationships between χ and T (Table 3.6). χ as a 

function of 1/T for PS/PLAM0 (taken from ref. 
112

), PS/PLAM4 and PS/PLAM8 are 

shown in Figure 3.16. As the AM content increased in the PLAMX copolymer, a distinct 

decrease in χ was observed. This trend is consistent with the experimental observation of 

decreasing TODT in the SLAS triblock copolymers with increasing AM content in the 

midblock (Figure 3.17).  
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Table 3.5 Molecular characteristics of low molecular weight PS and PLAM-L 

Sample 
Mn 

(kg/mol) 

Mw 

(kg/mol) 
Đ Nw 

PS 3.1 3.5 1.11 56 

PLAM4-L 3.9 4.1 1.06 72 

PLAM8-L 4.5 4.9 1.08 84 

 

Figure 3.18 Theoretical binodal curves predicted from Flory-Huggins theory for blends 

PS/PLAM4-L and PS/PLAM8-L following reported procedure in ref 
112

. 

Table 3.6 PS/PLAM4-L and PS/PLAM8-L blend characteristics and results of cloud 

point measurements
a
 

Blend ΦPLAM-L Tcp (°C) χ 

PS/PLAM4-L 0.298 145 0.0307±0.0008 

 0.549 150 0.0293±0.0007 

 0.725 140 0.0326±0.0008 

 0.804 121 0.0355±0.0009 

PS/PLAM8-L 0.313 144 0.0281±0.0007 

 0.500 148 0.0276±0.0007 

 0.707 140 0.0303±0.0008 

 0.833 117 0.0352±0.0009 
a
 ΦPLAM-L is volume fraction of PLAM-L in the blend, Tcp is cloud point temperature.  
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This result was further confirmed with predictions of χ with a combination of 

solubility parameter theory and random copolymer theory. Solubility parameter theory 

was employed to predict χ(T). SLAS triblock copolymers contain three components: 

poly(lauryl acrylate) (PLA), polyacrylamide (PAM) and polystyrene (PS). Group 

contribution methods
124

 were used to calculate solubility parameters (δ) for poly(lauryl 

acrylate) (PLA), polyacrylamide (PAM) and polystyrene (PS). The results are listed in 

Table 3.7. The interaction parameter χ12 between polymer 1 and polymer 2 were then 

calculated for each pair of polymers (PLA/PAM, PAM/PS, PLA/PS) using Equation 3.10: 

 𝜒1,2 =
𝑣𝑟𝑒𝑓

𝑘𝑇
(𝛿1 − 𝛿2)2, Equation 3.10 

where vref is the reference volume, 100Å
3
, k is the Boltzmann constant, T is temperature, 

and δ1 and δ2 are solubility parameters for components 1 and 2. Results are tabulated in 

Table 3.7 and Table 3.8. The interaction between PLA and PAM was determined to be 

most repulsive (highest χ), while the interaction between PLA and PS was the most 

favorable. In the ordered state of the SLAS triblock copolymers, the most repulsive pair 

(PLA and PAM) are in the same phase, which is unfavorable. This unfavorable 

interaction can be minimized through transition to the disordered state in which all three 

components are in the same phase such that PLA and PAM can both interact with PS. 

Thus, SLAS triblock copolymers with higher PAM content exhibited lower TODT in order 

to minimize unfavorable interactions.  
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Table 3.7 Solubility parameters calculated from group contribution methods 

Component PLAc PAM PS 

δ (MPa
1/2

) 17.4 25.9 19.0 

Table 3.8 Segmental χ parameters between each polymer pair 

Polymer pair: PLAc\PAM PS\PAM PLAc\PS 

χ1,2 523/T 345/T 18.5/T 

 

We also quantified χ between the midblock PLAM (a random copolymer of AM 

and LA) and endblock PS using random copolymer theory (Equation 3.11)  

 𝜒 = 𝜒𝑃𝐿𝐴,𝑃𝑆𝑓𝑃𝐿𝐴 + 𝜒𝑃𝐴𝑀,𝑃𝑆𝑓𝑃𝐴𝑀− 𝜒𝑃𝐿𝐴,𝑃𝐴𝑀𝑓𝑃𝐿𝐴𝑓𝑃𝐴𝑀, Equation 3.11 

where 𝜒𝑃𝐿𝐴,𝑃𝑆, 𝜒𝑃𝐴𝑀,𝑃𝑆 ,and  𝜒𝑃𝐿𝐴,𝑃𝐴𝑀  are the interaction parameters for PLA/PS, 

PAM/PS and PLA/PAM, respectively (listed in Table 3.8), and 𝑓𝑃𝐿𝐴 and 𝑓𝑃𝐴𝑀  are the 

mole fractions of PLA and PAM in the midblock, respectively. At a given temperature, χ 

decreases with increasing AM content in the midblock (Table 3.9), consistent with 

experimental observations of TODT in this triblock copolymer series.       

Table 3.9 χ between poly(lauryl acrylate-co-acrylamide) and polystyrene, determined 

from solubility parameter and random copolymer theories 

Triblock 

copolymer 

wt% AM in 

midblock 
  

SLAS0-17 0 18.5/T 

SLAS4-16 4 2.24/T 

SLAS8-14 8 0.84/T 
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3.5 Disordered spherical morphology of SLAS triblock copolymers 

Small angle X-ray scattering (SAXS) was used to characterize the morphology of 

SLAS triblock copolymers. The 1D azimuthal integrated SAXS profiles exhibited a 

primary peak with broad higher order peaks (Figure 3.19 and Figure 3.20). The higher 

order peak locations were not consistent with traditional equilibrium block copolymer 

phases (such as ordered lamellae, spheres, cylinders, or a gyroid phase, Figure 3.21), but 

were characteristic of a disordered spherical morphology that has been previously 

reported by our group
125

 for poly(styrene-b-lauryl acrylate-b-styrene) triblock copolymers 

(i.e., SLAS triblock copolymers with 0 wt% AM). 

 

Figure 3.19 1D SAXS data obtained from SLAS4-23 (○) and Percus-Yevick hard-sphere 

model fit (red solid curve).  
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Figure 3.20 1D SAXS data obtained from SLAS triblock copolymers (○), including fit 

of the Percus–Yevick hard-sphere model (red solid curves). 
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Figure 3.21 1D SAXS pattern for SLAS4-23 with predictions for commonly observed 

block copolymer morphologies for a) body-centered cubic (BCC) spheres, b) 

face-centered cubic (FCC) spheres, c) hexagonally closed packed (HCP) 

spheres or cylinders and d) lamellae. 

The data in Figure 3.19 and Figure 3.20 were fit with the Percus–Yevick structure 

factor for hard spheres (Equation 3.12-Equation 3.14), which assumes the presence of 

spherical PS domains (modeled as hard spheres) with average sphere radius Rsp, and 

radius of interaction Rhs (Rhs > Rsp). 

 𝐼(𝑞) = 𝐾𝑁𝑠𝑃(𝑞)𝑆(𝑞), Equation 3.12 

 𝑃(𝑞) = {𝑣sp

3

(𝑞𝑅sp)
3 [𝑠𝑖𝑛(𝑞𝑅sp) − 𝑞𝑅sp𝑐𝑜𝑠(𝑞𝑅sp)]}

2

, and Equation 3.13 

 𝑆(𝑞) = [1 + 24𝜂
𝐺(2𝑞𝑅hs)

2𝑞𝑅hs
]

−1

, Equation 3.14 
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where K is a constant that is a function of the type of radiation used and the sample 

properties, Ns is the number of scatters, P(q) is the spherical form factor and S(q) is the 

hard sphere structure factor with Percus–Yevick closure, vsp is the volume of sphere, Rsp 

is the hard sphere radius, Rhs is the interaction radius with Rhs > Rsp, η is the volume 

fraction of hard sphere interaction. 𝐺(2𝑞𝑅hs) is a function defined in ref. 
126

 The SAXS 

data were well-described with the Percus–Yevick model, revealing the disordered sphere 

morphology of SLAS triblock copolymers. The Rsp, Rhs, and PD values (PD = 𝜎 𝑅sp⁄ , 

where σ is the standard deviation of the hard sphere radius) extracted from data fitting are 

summarized in Figure 3.22 and Table 3.10. Rsp and Rhs increased with increasing PS 

content, indicating the formation of larger domains, due to increased molecular weight of 

the PS block.
127, 128

 The PD values also increased with increasing PS content, indicating 

the presence of broader size distributions. In each series of triblock copolymers with the 

same vol% PS, yet differing AM content, the Rsp and Rhs values differed by less than 1 

nm, indicating that the AM content had little effect on the SLAS triblock copolymer 

morphology. One exception is the observation of a decrease in PD in the SLAS8 series 

compared to triblock copolymers with lower AM content (Figure 3.22). It also worth 

noting that the SLAS triblock copolymers exhibited spherical morphologies even at high 

vol% of PS (30-33%), which is in contrast to prior studies on monodisperse triblock 

copolymers that mostly exhibited cylindrical morphologies within the same block 

composition range.
29, 32, 129

 Matsen has shown increasing the dispersity shifts the 

boundary of spherical domains to larger volume fractions and lower χN, thus broadening 

the phase window .
31
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Figure 3.22 a) Rsp (closed symbols), Rhs (open symbols) and b) PD for SLAS triblock 

copolymers with the following wt% AM in the midblock: 0 (violet ▽), 4 

(orange ○), and 8 series (red □). 

Table 3.10 Morphological parameters of SLAS triblock copolymers 

 Rsp (nm) Rhs (nm) PD 

SLAS0-17 13.3±0.1 19.3±0.05 0.18±0.01 

SLAS0-24 14.7±0.6 21.1±0.06 0.25±0.03 

SLAS0-31 16.9±0.6 21.4±0.01 0.44±0.03 

SLAS4-16 12.4±0.9 17.3±0.02 0.14±0.05 

SLAS4-23 16.0±0.1 20.8±0.09 0.22±0.02 

SLAS4-33 17.8±0.6 21.8±0.01 0.41±0.04 

SLAS8-14 11.2±0.3 17.4±0.02 0.11±0.01 

SLAS8-23 15.8±0.3 22.1±0.04 0.15±0.04 

SLAS8-30 17.7±0.3 24.5±0.02 0.25±0.02 
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3.6 Presence of AM improves mechanical properties of SLAS triblock copolymers 

The mechanical properties of SLAS triblock copolymers were investigated by 

tensile testing. Representative stress-strain curves for SLAS triblock copolymers 

containing 23 vol% PS are shown in Figure 3.23. The quantified tensile strength and 

strain at break for each polymer are summarized in Figure 3.24. The tensile strength 

increased dramatically with increasing AM content, as well as with increasing vol% PS 

(Figure 3.24a). The strain at break exhibited a maximum value at intermediate AM 

content: the strain at break increased from 0 – 4 wt% AM, and then decreased from 4 – 8 

wt% AM (Figure 3.24b). The strain at break decreased with increasing vol% PS (Figure 

3.24b).  

With increasing AM content in the SLAS triblock copolymers, the crosslink 

density resulting from hydrogen bonds increased (quantified with FTIR, Figure 3.10). It 

is well understood that the tensile strength of an elastomer increases with increasing 

crosslink density when in the  low crosslink density regime,
130, 131

 demonstrated by the 

observed increase in tensile strength with increasing AM content. The impact of 

hydrogen bonding interactions on the strain at break is slightly more complex, as SLAS 

triblock copolymers with intermediate AM content exhibited the highest strain at break. 

At low AM content, dynamic hydrogen bonds repeatedly associate and dissociate, 

inducing energy dissipation and thus preventing local concentration of stress in the PS 

domains, greatly improving the strain at break of the material.
91, 132

 However, at high AM 

content, the increased apparent crosslink density results in poor chain mobility, which 

results in stress concentration in PS domains and thus lower strain at break.
132
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Increasing the amount of hard block (vol% PS) present in the SLAS triblock 

copolymers both increased the tensile strength and decreased the strain at break. These 

behaviors are consistent with prior studies on triblock copolymer based TPEs, 
23, 133-136

 

and are attributed to the increase in volume of filler (i.e., glassy domains) in the TPE.
137

 

Our objective for the addition of AM into the midblock of the SLAS triblock 

copolymer was to incorporate hydrogen bonding interactions and the formation of a 

transient network into the triblock copolymer matrix. This was motivated by the fact that 

poly(lauryl acrylate) (PLA) has a high entanglement molecular weight (> 200 kg/mol) 

and therefore the triblock copolymer matrix is unentangled.  However, one unintended 

consequence of this approach is that AM does not contain the bulky alkyl side-chains of 

LA, and therefore in addition to providing hydrogen bonding interactions, the presence of 

AM could reduce the entanglement molecular weight of the copolymer.  Therefore, we 

wanted to probe whether the improvements we observed in the tensile properties with the 

addition of AM were due to the presence of hydrogen bonding interactions, or simply a 

reductions in the entanglement molecular weight and increasing the relative “spacing” 

between alkyl side-chains of the LA repeat units along the polymer backbone. To probe 

this question, we synthesized a triblock copolymer in which AM was replaced with 

methyl acrylate (MA), which has a similar molecular size to AM (Figure 3.25). 

Poly(styrene-b-(lauryl acrylate-co-methyl acrylate)-b-styrene) (SLMS3-21) triblock 

copolymer, containing 3 wt% of methyl acrylate in the midblock and 21 vol% of PS was 

synthesized, with molecular characteristics shown in Table 3.1. SLMS3-21 was designed 

to have comparable molecular weight and PS content to SLAS4-23. Interestingly, the 

mechanical properties of SLMS3-21 are indistinguishable with the series of SLAS 
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triblock copolymers containing 0 wt% AM (Figure 3.23 and Figure 3.24). Therefore 

simply adding a comonomer with a smaller molecular volume was not sufficient to 

realize improvements in the mechanical properties. We thus concluded that the 

enhancement in properties with the presence of AM is attributed to the formation of a 

transient network through hydrogen bonding in the matrix.  

We also considered whether polymer dispersity and degree of microphase 

segregation may offer explanations for the poor mechanical properties observed in SLAS 

triblock copolymers in the absence of hydrogen bonding (i.e., 0% AM). The mechanical 

properties of triblock copolymers arise from the formation of a strong physical network, 

with both hard block chain ends covalently bonded to the middle elastomeric block. For a 

polydisperse triblock copolymer, the presence of homopolymer and diblock copolymer 

contamination may have a large impact on mechanical properties, as these molecules do 

not effectively contribute to the formation of physical network, thus resulting in lower 

tensile strength.
17

 In this study, the SLAS triblock copolymers all exhibit trimodal 

molecular weight distributions (e.g., see earlier discussion of Figure 3.3). While it is 

likely that the broad molecular weight distribution diminished the observed mechanical 

properties, the series of SLAS triblock copolymers with varying AM content presented in 

this manuscript all have similar molecular weight distributions. In addition, the extent of 

microphase segregation, domain spacing, and interfacial width also play a role in the 

mechanical properties of triblock copolymers. Higher extent of microphase separation
138

, 

smaller domain spacing
139, 140

 and larger interfacial width
141-143

 are expected to contribute 

to higher modulus and tensile strength. The interfacial width of SLAS triblock 

copolymers without AM was calculated to be 15 Å, comparable with the reported value 
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(23 Å) for SBS triblock copolymers. Therefore, the degree of microphase separation is 

likely not a key factor limiting the performance of the SLAS triblock copolymers. 

Furthermore, in this study, all the SLAS triblock copolymers, both with and without the 

AM comonomer, exhibited comparable morphologies. In summary, the variations in 

modulus and strain at break in the series of SLAS triblock copolymers with varying AM 

content are not attributed to differences in either dispersity or morphology.  

We can therefore conclude that the enhancement of mechanical properties of fatty 

acid-derived triblock copolymers by incorporation of AM in the triblock copolymer 

midblock is attributed to the formation of a transient network through hydrogen bonding. 

The desired mechanical properties can be effectively controlled by varying both wt% AM 

and vol% PS in the triblock copolymer. 

 

Figure 3.23 (a) Representative tensile stress-strain curves for SLASX-Y triblock 

copolymers containing similar vol% PS (Y = 23-24). (b) closer view of low 

strain region. 
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Figure 3.24 a) Tensile strength and b) strain at break for SLAS triblock copolymers. 

 

Figure 3.25 Chemical structures of lauryl acrylate, acrylamide and methyl acrylate 

3.7 Concluding remarks 

The impact of hydrogen bonding on the physical properties of fatty acid-based 

triblock copolymer thermoplastic elastomers (TPEs) was evaluated. The triblock 
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copolymers were synthesized by copolymerization of fatty acid-based lauryl acrylate and 

the hydrogen bonding comonomer acrylamide to form the midblock, followed by chain 

extension with styrene to form the endblocks. The extent of hydrogen bonding was 

tunable by controlling the fraction of acrylamide in the midblock. FTIR confirmed the 

presence of hydrogen bonding at low temperatures, and effective dissociation of 

hydrogen bonds at elevated temperatures, facilitating melt processing of these polymers. 

The incorporation of acrylamide greatly reduced the order-disorder transition temperature 

due to more favorable thermodynamic interactions between the midblock and endblocks. 

SAXS analyses revealed the presence of a disordered spherical morphology that was 

unaffected by the presence of hydrogen bonding. The observed triblock copolymer 

morphology of polystyrene spheres dispersed in the rubbery matrix is appropriate for 

application as TPEs. Mechanical testing revealed that the incorporation of hydrogen 

bonding significantly improved the tensile strength and strain at break of the triblock 

copolymers. Indeed, this work demonstrates the utility of hydrogen bonding to improve 

the mechanical properties of triblock copolymer thermoplastic elastomers which contain 

bulky constituents in the midblock (such as the long alkyl side-chains in the fatty acid-

based polymers explored in this work). 
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 Improving Mechanical Properties of Fatty Acid-Derived Triblock Chapter 4

Copolymers by Incorporation of Ionic Interactions 

In this chapter, the presence of ionic interactions in the long-chain 

polymethacrylate midblock of a thermoplastic elastomeric triblock copolymer was 

explored as a method of improving its mechanical properties. Poly(methyl methacrylate-

b-(lauryl methacrylate-co-tert-butyl methacrylate)-b-methyl methacrylate) (MLtM), 

which exhibits low tensile strength and elongation at break, was modified by hydrolysis 

to form poly(methyl methacrylate-b-(lauryl methacrylate-co-methacrylic acid)-b-methyl 

methacrylate) (MLAM). The methacrylic acid group in the midblock was further 

neutralized with sodium hydroxide to introduce ionic crosslinks into the system. The 

rheological properties of the midblocks were measured. The effects of acid content and 

degree of neutralization on the mechanical properties were evaluated. Finally, the 

correction between the rheological behavior of the midblock and the mechanical 

properties of the corresponding triblock copolymers was explored. 

4.1 Synthesis of poly(lauryl methacrylate-co-methacrylate acid) (PLMA) and 

neutralized PLMA 

The poly(lauryl methacrylate-co-tert-butyl methacrylate) (PLtB) copolymers were 

firstly synthesized through RAFT polymerization followed by hydrolysis to form 

poly(lauryl methacrylate-co-methacrylate acid) (PLMA) copolymers. Then, PLMA 

copolymers were neutralized with sodium hydroxide to create ionically crosslinked 

copolymers PLMA-Na. Three series of PLMA copolymers were synthesized (Table 4.1), 

each containing different methacrylic acid content (5, 8 and 10 mol%). Within each series, 
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the degree of neutralization was varied. All the PLMA copolymers have similar 

molecular weights (104 – 110 kg/mol) and dispersity (Ð: 1.3-1.4). 

Table 4.1 Molecular characteristics of PLtB, PLMA and neutralized PLMA copolymers 

Polymer Name Mn (kg/mol)
a
 Ð

b
 mol% COOH

c
 mol% COONa

d
 τb (s)

e
 

PLtB5 106 1.33 0 0  

PLMA5   5 0 1 

PLMA5-Na1   4 1 2 

PLMA5-Na2.5   2.5 2.5 5 

PLMA5-Na4   1 4 310 

PLMA5-Na5   0 5 604 

PLtB8 107 1.29 0 0  

PLMA8   8 0 4 

PLMA8-Na0.4   7.6 0.4 5 

PLMA8-Na0.8   7.2 0.8 49 

PLMA8-Na1.6   6.4 1.6 105 

PLMA8-Na2.4   5.6 2.4 1150 

PLMA8-Na3.2   4.8 3.2 4.4×10
5
 

PLtB10 110 1.35 0 0  

PLMA10   10 0 45 

PLMA10-Na1   9 1 120 

PLMA10-Na2   8 2 7320 

PLMA10-Na3   7 3 3.7×10
5
 

PLMA10-Na4   6 4 6.8×10
7
 

PLMA10-Na5   5 5 9.5×10
9
 

a 
Number-average molecular weight (Mn) of PLtB copolymers were characterized with 

GPC with light scattering. The dn/dc for all the PLtB copolymers was 0.084 mg/L. 
b 

Dispersity Đ was characterized with GPC with light scattering. 
c
The total

 
mol% COOH was quantified by calculating the mol% of tert-butyl 

methacrylate in PLtB copolymer through
 13

C NMR. The excessive mol% COOH in the 

neutralized copolymers was calculated by subtracting mol% of COONa from total mol% 

COOH. 
d
The mol% COONa was quantified by FTIR. 

e
The relaxation time τb was determined through rheology using a reference temperature 

of 30 °C. 
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The compositions of PLtB copolymers were firstly evaluated by 
1
H NMR (Figure 

4.1a). However, the peaks from tert-butyl methacrylate (tBMA) overlap completely with 

peaks from lauryl methacrylate, preventing the quantification of composition. Thus, 

quantitative 
13

C NMR was employed in this case to obtain the composition of PLtB 

copolymers (Figure 4.1b). The peak corresponds to side chains (-C(CH3)3 at 27.8 ppm, 

peak 11) confirm the successful incorporation of tBMA. Mol% of tBMA was calculated 

from areas of peak 11 and peak 10 using Equation 4.1: 

 
mol% tBMA =

𝐴11/3

𝐴10 + 𝐴11/3
× 100, Equation 4.1 

in which A11 and A10 are the integration of peaks corresponding to –C(CH3)3 in tBMA 

and –CH2-CH3 in lauryl methacrylate. GPC analysis characterized the Mn and Ð (Table 

4.1) and Figure 4.2 shows a typical GPC data obtained from PLtB10 copolymers. The 

GPC data shows monomodal distribution with relatively low dispersity (Ð: 1.2-1.3) 

indicating the RAFT polymerization of PLtB copolymers was well controlled. 

 

Figure 4.1 a) 
1
H NMR and b) 

13
C NMR data obtained from PLtB10 
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Figure 4.2 GPC data obtained from PLtB10. 

The PLtB copolymers were further hydrolyzed with trifluoroacetic acid to form 

poly(lauryl methacrylate-co-methacrylic acid) (PLMA) copolymers. The tBMA was 

completely hydrolyzed to methacrylic acid as confirmed by 
13

C NMR (Figure 4.3). The 

characteristic peak at 27.8 ppm corresponding to –CH3 in the side chain disappeared 

completely. Thus, the mol% of methacrylic acid in PLMA copolymers was the same as 

mol% of tBMA in PLtB copolymers.  

The PLMA copolymers were further neutralized with sodium hydroxide to form 

ionically crosslinked copolymers. The degree of neutralization was varied by adding an 

appropriate amount of NaOH. FTIR spectra were obtained on PLMA8 series (Figure 4.4). 

Peaks corresponding to C=O stretching of lauryl methacrylate and C=O stretching of 

methacrylic acid located at 1732 and 1700 cm
-1

 were observed for all the samples. All the 

peaks are normalized to C=O stretching band of lauryl methacrylate. Upon neutralization, 

the intensity of peaks corresponding to C=O of methacrylic acid decreased and a new 

peak corresponding to neutralized acid group COO
-
 at 1575cm

-1
 was identified, indicating 
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that part of acid groups in methacrylic acid was successfully neutralized. The mol% Na 

was calculated from the reduction of peak intensity at 1700 cm
-1

 using Equation 4.2: 

 
mol% Na =

𝐼PLMA𝑋 − 𝐼PLMA𝑋−Na𝑌

𝐼PLMA𝑋
× mol% PtBMA, Equation 4.2 

where 𝐼PLMA𝑋  and 𝐼PLMA𝑋−Na𝑌  are the peak intensities of PLMAX and neutralized 

PLMAX-NaY at 1700 cm-1, the mol% PtBMA was determined from 
13

C NMR as 

describe in previously. The results are tabulated in Table 4.1. 

 

Figure 4.3 
13

C NMR obtained from PLMA10. 
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Figure 4.4 FTIR spectra obtained from PLMA8, PLMA8-Na0.4, PLMA8-Na0.8 and 

PLMA8-Na3.2. 

4.2 Synthesis of MLtM, MLAM and neutralized MLAM 

Poly(methyl methacrylate-b-(lauryl methacrylate-co-tert butyl methacrylate)-b-

methyl methacrylate) (MLtM) was synthesized through two-steps RAFT polymerization 

using a difunctional chain transfer agent. Firstly, the difunctional midblock PLtB was 

synthesized followed by chain extension with methyl methacrylate to form MLtM 

triblock copolymers. Then, MLtM triblock copolymers were hydrolyzed to create MLAM 

triblock copolymers followed by neutralization with sodium hydroxide to generate 

ionically crosslinked copolymers MLAM-Na.  Three series of MLAM copolymers were 

synthesized (Table 4.2), each containing different methacrylic acid content (5, 8 and 10 

mol%). Within each series, the degree of neutralization was varied. All the triblock 

copolymers have similar overall molecular weight (125 – 136 kg/mol), wt% of PMMA, 

and dispersity (Ð: 1.3-1.4). 
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Table 4.2 Molecular Characteristics of MLtM, MLAM and neutralized MLAM triblock 

copolymers 

Polymer Name 
Mn (PMMA-PLtB-

PMMA) (kg/mol)
a
 

Ð
b
 

wt% 

PMMA 

mol% 

COOH
c
 

mol% 

COONa
d
 

MLtM5 15-106-15 

 
1.37 22 0 0 

MLAM5    5 0 

MLAM5-Na1    4 1 

MLAM5-Na2.5    2.5 2.5 

MLAM5-Na4    1 4 

MLAM5-Na5    0 5 

MLtM8 14-107-14 1.41 21 0 0 

MLAM8    8 0 

MLAM8-Na0.4    7.6 0.4 

MLAM8-Na0.8    7.2 0.8 

MLAM8-Na1.6    6.4 1.6 

MLAM8-Na2.4    5.6 2.4 

MLAM8-Na3.2    4.8 3.2 

MLtM10 11-103-11 1.39 18 0 0 

MLAM10    10 0 

MLtM10-Na1    9 1 

MLtM10-Na2    8 2 

MLtM10-Na3    7 3 

MLtM10-Na4    6 4 

MLtM10-Na5    5 5 
a 

Midblock number-average molecular weight Mn characterized with GPC with light scattering. 

Difunctional midblock characteristics: PLtB5: Mn = 106 kg/mol, Đ = 1.19, mol% tBMA = 5%; 

PLtB8: Mn = 107 kg/mol, Đ = 1.21, mol% tBMA = 8%; PLtB10: Mn = 103 kg/mol, Đ = 1.17, mol% 

tBMA = 10%. Endblock Mn characterized using overall Mn (GPC) and block copolymer 

composition (NMR). 
b 

Triblock copolymer
 
dispersity Đ characterized with GPC with light scattering. 

c 
The total

 
mol% COOH was quantified by calculating the mol% of tert-butyl 

methacrylate in PLtB copolymer through
 13

C NMR. The excessive mol% COOH in the 

neutralized copolymers was calculated by subtracting mol% of COONa from total mol% 

COOH. 
d
 The mol% COONa was quantified by FTIR. 

The composition and Mn of the difunctional midblock PLtB were characterized 

using the same methods as discussed in the previous section dealing with monofunctional 
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PLtB copolymers. The molecular characteristics are shown in Table 4.2. Following chain 

extension of midblock PLtB with methyl methacrylate, 
1
H NMR confirmed the 

incorporation of PMMA endblocks in MLtM triblock copolymers, with peaks at 3.6 ppm 

corresponding to –OCH3 in the side chain (Figure 4.5). Each endblock Mn was 

determined through knowledge of the midblock Mn and composition using Equation 4.3 

(Table 4.2): 

 
𝑀𝑛,𝑃𝑀𝑀𝐴 = 𝑀𝑛,𝑃𝐿𝑡𝐵 ×

𝐴ℎ/3 × 100.117

𝐴𝑐/2 × 254.41 + 𝑥𝐴𝑐/2(1 − 𝑥) × 140.20
, Equation 4.3 

in which Ah and Ac are the integration of peaks h and c, x is the mol% of tBMA 

characterized through 
13

C NMR and Mn,PLtB is the molecular weight of PLtB midblock 

determined by GPC. All the MLtM triblock copolymers were characterized by GPC and 

are summarized in Table 4.2. Upon chain extension, a clear shift of the peak to the left 

was observed, further confirmed the incorporation of PMMA as endblocks (Figure 4.6). 

In all cases, the GPC data for MLtM triblock copolymers exhibit a bimodal distribution 

with a shoulder on the left side, corresponding to larger molecular weight. The 

appearance of the shoulder is most likely due to bimolecular termination as commonly 

reported in RAFT polymerization. This general phenomenon is observed at high 

monomer conversion or when using high molecular weight macro-RAFT agent. In our 

case, the difunctional midblock has a relatively large molecular weight (>100 kg/mol), 

thus results in bimolecular termination and the high molecular weight shoulder. 
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Figure 4.5 
1
H NMR data obtained from MLtM10. Chemical structure and peak labeling 

are shown in Scheme 2.5. 

 

Figure 4.6 GPC data obtained from difunctional PLtB10 (black solid curve) and MLtM 

(red dashed curve). 

4.3 Impact of ionic interactions on the viscoelastic properties of PLMA copolymers 

For polymers containing dynamic crosslinks (e.g., hydrogen bonds, ionic 

interactions), the chain dynamics and the strength of reversible interactions play key roles 

in the physical properties of the polymers. The dynamic bond lifetime (τb), which 
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quantifies the time scale of the bond reversibility, can be probed by linear rheological 

properties of the polymers.
144-146

 For all the PLtB, PLMA and PLMA-Na copolymers, the 

frequency (ω)-dependent dynamic moduli (G’, G”) were characterized at various 

temperatures, and time-temperature superposition was employed to extend the range of 

accessible frequencies using reference temperature at 30 °C (Figure 4.7). Time-

temperature superposition was effective for all samples across the accessible temperature 

range, indicating a single relaxation mechanism of dynamic moduli.  

We firstly evaluate the PLtB copolymers, which does not contain dynamic bonds. 

All the PLtB copolymers exhibited Rouse dynamics at high frequency whereas the slopes 

of G’ and G” vs ω (on log-log scale) are 1/2 and transitioned to terminal flow region at 

low frequency. The G” is higher than G’ at all frequencies, characteristic of a viscoelastic 

liquid. The absence of plateau region of G’ indicates the PLtB copolymers remain 

unentangled, due to ultra-high entanglement molecular weight of poly(lauryl 

methacrylate) (Me =225 kg/mol
23

). After hydrolysis, the tert-butyl group was converted to 

a hydroxyl group which can undergo hydrogen bonding. The formation of the dynamic 

network by hydrogen bonds in PLMA copolymers resulted in higher moduli as compared 

to PLtB copolymers. The moduli increased with an increasing percentage of methacrylic 

acid, due to higher transient crosslink density. Upon neutralization, for most of the case, 

the shapes of the master curves remained the same that rouse dynamics were observed at 

high frequencies then transitioned to the terminal flow region. One exception is PLMA5-

Na5, in which a plateau region wass observed in the intermediate frequency region, 

attributed to the formation of a stable physical gel through ion aggregates,
147

 likely due to 

the complete neutralization of this sample.  
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Figure 4.7 Representative master curves for a) PLtB5, PLMA5 and PLMA5-NaY, b) 

PLtB8, PLMA8 and PLMA8-NaY and c)PLtB10, PLMA10 and PLMA10-

NaY triblock copolymers. Reference temperature is 30 °C. 

For all the PLMA and PLMA-Na copolymers, G’ exceeded G” at high 

frequencies and became lower than G” at low frequencies. The crossover frequency (ωcr) 

where G’ = G” can be used to measure dynamic bond lifetime (τb = 2π/ ωcr).
82, 144, 146

 τb is 

the characteristic time scale for the dissociation and association of the dynamic bonds 

responsible for the network mobility, thus it is crucial for a proper understanding of the 

dynamic behavior of the material.
148

 It is worth noticing that the dynamic bonds will 

break and reform many times before finally separating, thus τb measured from ωcr should 

be considered as the effective bond lifetime which is greater than the bare bond 

lifetime.
82

 The results are tabulated in Table 4.1. It can be observed that τb increased 
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significantly with increasing ion fraction. In addition, with similar ion fraction, the τb also 

increased with increasing concentration of excess acid groups (i.e., PLMA5-Na1, 

PLMA8-Na0.8 and PLMA10-Na1). This observation is in accordance with that both 

ionic bonds and hydrogen bonds act as network crosslinkers, an increasing number of 

crosslinkers results in slower chain dynamics. 

4.4 Presence of ionic interactions improves mechanical properties of MLAM 

triblock copolymers 

The mechanical properties of all the MLtM, MLAM and MLAM-Na triblock 

copolymers were investigated by tensile testing. Representative stress-strain curves are 

shown in Figure 4.8. The tensile strength and strain at break for each polymer are 

tabulated in Table 4.3. The MLtM triblock copolymers exhibited both low tensile 

strength and strain at break due to lack of entanglements in the midblock. Upon 

hydrolysis and neutralization, both MLAM and MLAM-Na triblock copolymers showed 

significantly improved tensile strength and strain at break as compared to the precursor 

MLtM triblock copolymers. The factors of enhancement of mechanical properties (FTensile 

strength and FStrain at break) were calculated by dividing the tensile strength and strain at break 

of MLAM and MLAM-Na triblock copolymers by those of MLtM triblock copolymers 

(Table 4.3). The presence of hydrogen bonds in MLAM triblock copolymers is attributed 

to the improved mechanical properties. The FTensile strength increased with increasing 

methacrylic acid content due to increased transient crosslink density. A slight 

enhancement of strain at break is observed at all methacrylic acid contents with FStrain at 

break between 1.2-1.5.  Upon neutralization, the tensile strength increases significantly 

with increasing ion content for all three series, except MLAM5-Na5 which will be 
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discussed in later sections. This observation is in accordance with most of the literature 

reports.
149, 150

 The enhanced strength was attributed to the formation of ionic clusters 

which can act not only as transient crosslinkers but also as reinforcing fillers. The effect 

of ion content on strain at break is more complicated. The strain at break remained 

comparable to that of MLAM precursors at low ion contents, then started decreasing after 

critical ion contents (> 4%, 3%, and 2% for MLAM5-Na, MLAM8-Na and MLAM10-Na 

series, correspondingly).  

In MLAM and MLAM-Na triblock copolymers, both hydrogen bonds and ionic 

bonds act as sacrificial bonds (transient crosslinker). Their abilities to quickly associate 

and dissociate to dissipate energy are critical to the enhancememnt in mechanical 

properties as compared to MLtM triblock copolymers. Thus, the factors of enhancement 

of mechanical properties (FTensile strength and FStrain at break) are anticipated to correlate with 

bond dynamics. The FTensile strength and FStrain at break were plotted as a function of midblock 

relaxation time measured through rheology (Figure 4.9). The FTensile strength increases 

linearly with relaxation time on linear-log plot. The relaxation time increases with 

increasing number of dynamic bonds and bond strength.
151, 152

 Both factors affect tensile 

strength in a positive way, thus FTensile strength increases with relaxation time. FStrain at break 

maintained relatively stable at short relaxation times (< 10
3
 s) then started dropping at 

long relaxation times. At short relaxation times, the dynamic bonds can associate and 

dissociate fast to dissipate energy that induces higher extensibility of the polymer. Thus, 

FStrain at break is higher than unity in the short relaxation time region. At long relaxation 

time, the chain mobility is limited by either an increased number of dynamic bonds or 
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slow bond dynamics which results in poor energy dissipation. Thus, at long relaxation 

time, though the tensile strength is improved significantly, the strain at break is sacrificed.  

An outlier is identified in Figure 4.9 corresponds to sample MLAM5-Na5, that 

both FTensile strength and FStrain at break are lower than other samples with similar relaxation 

time, which is attributed to the full neutralization. Recall from previous sections that the 

PLMA5-Na5 (the midblock of MLAM5-Na5) showed a plateau region of G’ at 

intermediate frequencies, indicates a formation of a physical network due to the presence 

of large ion aggregates. These large ion aggregates are more stable than ion clusters or 

multiplets, thus exhibit slower dynamics. Previous studies have demonstrated that the 

excess acid can act as a plasticizer that speeds up the ion hoping rate. Therefore, the lack 

of excess acid in MLAM5 results in a slower ion hoping rate thus reduced mechanical 

properties. 
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Figure 4.8 Representative stress-strain curves for a) MLtM5, MLAM5 and MLAM5-NaY, 

b) MLtM8, MLAM8 and MLAM8-NaY and c)MLtM10, MLAM10 and 

MLAM10-NaY triblock copolymers. 

Table 4.3 Mechanical properties of MLtM, MLAM and MLAM-Na triblock copolymers 

Polymer Name 
Tensile 

Strength (MPa) 

Strain at break 

(%) 
FTensile strength FStrain at break 

MLtM5 0.46±0.03 96±7 

 

/ / 

MLAM5 1.11±0.23 133±8 2.4±0.2 1.4±0.3 

MLAM5-Na1 1.41±0.12 142±5 3.1±0.3 1.5±0.1 

MLAM5-Na2.5 3.22±0.69 142±23 7.0±1.5 1.5±0.2 

MLAM5-Na4 3.7±0.64 115±13 8.0±1.3 1.2±0.1 

MLAM5-Na5 1.86±0.17 57±8 4.0±0.4 0.6±0.1 

MLtM8 0.39±0.11 125±19 / / 

MLAM8 1.70±0.38 150±16 4.4±1.0 1.2±0.1 
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Table 4.3  Continued 

MLAM8-Na0.4 1.77±0.43 150±13 4.5±1.2 1.2±0.1 

MLAM8-Na0.8 2.29±0.26 176±11 5.9±0.8 1.4±0.1 

MLAM8-Na1.6 2.85±0.33 180±11 7.8±0.8 1.4±0.1 

MLAM8-Na2.4 3.41±0.20 173±9 8.6±0.5 1.4±0.1 

MLAM8-Na3.2 4.13±0.30 133±10 10.6±0.8 1.0±0.1 

MLtM10 0.35±0.09 150±8 / / 

MLAM10 2.02±0.07 227±15 5.8±0.2 1.5±0.1 

MLtM10-Na1 2.54±0.10 189±10 7.3±0.3 1.3±0.1 

MLtM10-Na2 3.89±0.24 190±13 11.1±0.7 1.3±0.1 

MLtM10-Na3 4.24±0.37 149±11 12.1±1.0 1.0±0.1 

MLtM10-Na4 5.08±0.45 133±18 14.5±1.3 0.9±0.1 

MLtM10-Na5 5.79±0.34 122±13 16.5±1.0 0.8±0.1 

 

 

Figure 4.9 Correlation between midblock relaxation time and the factor of enhancement 

of a) tensile strength and b) strain at break for triblock copolymers. 

4.5 Concluding remarks 

Ionic bonds were introduced into fatty acid-derived thermoplastic elastomers 

(TPEs) to enhance their mechanical properties. The comonomer methacrylic acid was 

neutralized with sodium hydroxide to incorporate ionic interactions into polymers. Both 
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the effect of acid content and ion content on the rheological properties of the midblock 

and the mechanical properties of the triblock copolymers were evaluated. Increased 

relaxation time was observed by increasing ion content and acid content. The mechanical 

properties were improved significantly by the incorporation of ionic interactions. The 

factors of enhancement of mechanical properties were correlated with the relaxation time 

of the midblock. The enhancement of tensile strength increased linearly with the 

logarithmic of relaxation time and could achieve as high as 16 times compared to its 

precursor without losing much of extensibility. The strain at break could be enhanced at a 

low relaxation time region and started dropping at high relaxation times.   
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 In-Situ Shear Alignment of Triblock Copolymers with Closed Packed Chapter 5

Spherical Morphology 

In this chapter, we present the application of in-situ SAXS technique along with 

FT rheology to study the kinetic pathway of shear alignment process of a fatty acid-

derived triblock copolymer with closed packed spherical morphology. The formation of 

closed packed spherical morphology is highly unanticipated and is attributed to the 

presence of a higher dispersity midblock.
31, 125

 The structural evolution was correlated to 

the mechanical response of the material under shear. We report the first observation of 

shear-induced deordering of closed packed spheres in block copolymer melts. 

Specifically, it was found that at high strain amplitude (γ = 150%), a highly ordered 

closed packed spherical morphology was achieved at a short time and degenerated to be 

poorly ordered structure upon shearing. Additionally, we evaluate the effect of strain 

amplitudes on the orientational behavior of closed packed spherical layers. In medium 

amplitude oscillatory shear (MAOS) region, a biaxial orientation (parallel and 

perpendicular) of closed packed spherical layers was observed, while in large amplitude 

oscillatory shear (LAOS) region, only parallel orientation was observed. 

5.1 Introduction 

Block copolymers composed of incompatible components have been extensively 

studied due to their unique properties to self-assemble into microphase-separated 

morphologies. The self-assembly occurred spontaneously usually leads to a polydomain 

morphology lacking long-range order. However, many of the practical applications, such 

as microelectronics
153, 154

, functional membranes
155

, optical and photovoltaic devices
156-

158
, require the materials with desirable orientation and macroscopically anisotropic. 
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Numerous methods have developed to produce well-defined orientation, such as shear 

alignment
159-161

, alignment in electrical field
162, 163

 and magnetic field
164, 165

, zone 

annealing
166-168

, solvent vapor annealing
169-171

 and pattern templated assembly
172-174

. 

Among them, shear alignment was shown to be a feasible approach to align block 

copolymer melts and concentrated solutions. There is a large body of works that deals 

with the shear alignment of block copolymers with spherical
175-177

, cylindrical
178-180

, 

gyroid
139, 181, 182

 and lamellar
183-186

 morphologies. The response of morphology to shear 

depends on the nature of block copolymers (e.g., architecture, molecular weight and 

segregation strength) and shear conditions (e.g., temperature, rate of deformation and 

amplitude of deformation).  

The morphological response to shear has been extensively studied and well 

understood for block copolymers with lamellar and cylindrical morphologies. For both 

morphologies, three possible orientations can be achieved: parallel, perpendicular and 

transverse with respect to the shear flow direction.
159, 183, 184, 187-190

 Under shear, the 

microstructure alignment tends to collectively minimize viscous dissipation and chain 

mixing.
191

 In the case of parallel and perpendicular orientations, the concentration 

gradient between the microdomains is perpendicular to the velocity direction of the shear 

flow so that the dissimilar chains of blocks do not experience intermixing under flow. 

Thus, the parallel and perpendicular orientations are more stable than transverse 

orientation and are commonly encountered in lamellar and cylindrical systems. However, 

under certain conditions (e.g., high frequency in oscillatory shear
192

, presence of liquid 

crystalline domains on the side chain
180, 193

), the transverse orientation can be achieved. 
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Relatively few reports have appeared on the shear alignment of sphere-forming 

block copolymers. The predominant lattice formed by spheres in bulk block copolymers 

is body-centered cubic (BCC).
175, 194-196

 Recently, it has been reported that spherical 

morphologies can also arrange into complex lattices such as Frank-Kasper σ phase and 

dodecagonal quasicrystal, which are stabilized by the conformational asymmetry of the 

block copolymers.
177, 197-200

 However, the formation of closely packed lattices (either 

face-centered cubic (FCC) or hexagonally close-packed (HCP)) by sphere-forming block 

copolymers is conspicuously absent in the majority of the literature, although the self-

consistent mean-field theory has predicted the existence of closed packed spherical 

morphology in a narrow region in the phase diagram.
32

 Huang and coworkers reported 

the FCC spheres in bulk block copolymers under quiescent condition.
176

 Imaizumi and 

coworkers demonstrated the presence of FCC spheres in a bulk triblock copolymer under 

extensional flow field upon thermal annealing.
201

 The absence of experimental 

observation of closed packed spherical phase is attributed to the thermal fluctuations thus 

disrupting the long-range order of closed packed sphere.
202, 203

 Also the closed packed 

spherical phase was shown to be thermodynamically unfavorable, as it is superseded by 

disordered spherical phase due to the gain in translational entropy.
204

 However, the closed 

packed spherical morphology can be stabilized by alleviating the packing frustrations of 

the block copolymer melt by various means: addition of solvent
205-207

, addition of 

homopolymer
208, 209

 and increase the dispersity
210

. Recently, our group reported the first 

result of closed packed spherical morphology observed in a neat block copolymer melt 

under shear.
125

 The formation of unanticipated closed packed spherical morphology is 

attributed to the high dispersity of block copolymer.
125
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In most studies, as well as our previous study on the block copolymer melt 

forming closed packed spherical morphology, the morphological characterizations of 

shear alignment of block copolymers were performed ex-situ, making it difficult to study 

the kinetics involved in the alignment process. The invention of in-situ probe techniques, 

such as small angle x-ray scattering, small angle neutron scattering and birefringence 

allows the online monitoring of the morphological change during the alignment process, 

thus permit the exploration of the kinetic pathway. The majority of the literature 

demonstrated a monotonic change from an unaligned structure to an aligned structure 

upon shearing.
175, 185, 207, 211

 However, it has been shown in a few studies that shear field 

can cause non-monotonic changes. Wang et al. found that the orientation of lamellar 

structure in a concentrated block copolymer solution changed from isotropic to 

perpendicular and then from perpendicular to disorder.
212, 213

 Meins and coworkers 

reported similar results in a block copolymer melt that the orientation of lamellae change 

from isotropic to perpendicular, then change from highly ordered perpendicular to less 

ordered biaxial orientation.
214

 These results indicate the existence of intermediate-state, 

so that one may suspect the “final” orientations reported by ex-situ methods may, in fact, 

be transient or non-equilibrium states. Thus, it is crucially important to monitor the 

alignment process in-situ. Moreover, the orientations and degree of order are governed by 

the shear protocols (e.g., duration, frequencies, temperatures and strain amplitudes), 

understanding mechanism and kinetics allows optimization of the alignment process and 

tune of process conditions for targeted application. 

Previous in situ shear alignment experiments mainly focused on studying the 

influence of shear on the structural change through scattering techniques or birefringence, 
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but only a few studies have associated the morphological change to the underlying 

mechanical response under nonlinear flow. Recent years, Fourier transform (FT) 

rheology has been introduced as a tool to quantify the mechanical response to oscillatory 

shear in the nonlinear region by analysis of higher order harmonics in stress response.
215

 

The relative intensity of third harmonics (I3/1) is shown to be sensitive to the 

morphological change. Therefore, it is straight forward to use I3/1 as a mechanical 

response parameter to monitor the shear alignment process.
186, 214, 216, 217

 

5.2 Experimental methods  

5.2.1 Materials 

All chemicals are purchased from Sigma Aldrich unless otherwise noted. 

5.2.2 Synthesis and characterization of poly(styrene-b-lauryl acrylate-b-styrene) triblock 

copolymer 

The poly(styrene-b-lauryl acrylate-b-styrene) (SAS) triblock copolymer was 

synthesized through two-steps reversible addition-fragmentation chain transfer (RAFT) 

polymerization. A detailed description of the synthetic procedures is described 

elsewhere.
111

 Proton nuclear magnetic resonance (
1
H NMR) was performed on JEOL-500 

using deuterated chloroform. The number-average molecular weight (Mn) and dispersity 

(Đ) were measured by a Viscotek gel permeation chromatography (GPC) instrument. The 

order−disorder transition temperature (TODT) of the SAS triblock copolymer was probed 

using a TA Instruments DHR-2 rheometer equipped with 25mm parallel plates. The 

detailed description of characterizations is described elsewhere.
111

 The molecular 

characteristics of SAS triblock copolymer are summarized in Table 5.1.  
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Table 5.1 Characteristic of SAS triblock copolymer 

Mn of midblock (kg/mol) 57.3  

Mn of triblock copolymer (kg/mol) 76.2 

Đ 1.67 

vol% of styrene in triblock copolymer 23% 

TODT (°C) 220.8 

 

5.2.3 Rheological measurement 

All the ex-situ rheological measurements were performed on a strain-controlled 

rheometer (ARES-G2, TA instrument) equipped with cone and partitioned plate 

geometry (25 mm outer diameter, 10 mm inner diameter and 0.1 rad cone angle) under 

direct strain oscillation. Sample disks with 25mm diameter and 1mm thickness were 

prepared by compression molding on a Carver Hotpress at an applied load of 4200 lbs at 

230 °C. Two different types of rheological tests were performed at 130 °C: (1) dynamic 

strain sweeps with strain amplitude ranging from 1% to 1000% were performed at 

frequencies of 1 and 10 rad/s. (2) dynamic time sweeps at frequency of 10 rad/s with 

strain amplitudes of 50%, 100% and 150%.  

All the measurements were carried out using the transient data collection mode, 

which allows the record of stress and strain wave-form data. The data were sampled with 

a density of 128 points/cycle. For dynamic strain sweeps, at each strain amplitude value, 

20 cycles of oscillation were performed to generate equilibrated oscillatory shear flow 

and only the last four cycles were analyzed.  For dynamic time sweeps, the stress and 

strain wave-form data were collected continuously for the first 500 cycles. After that, 4 
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cycles of oscillation were collected for every 20 cycles. The stress and strain wave-form 

data were analyzed with “MITlaos” software.  The storage (G’) and loss (G”) from 

primary frequency, third-order harmonics (I3/1), third-order viscous (v3/v1) and elastic 

(e3/e1) chebyshev coefficients were extracted. 

5.2.4 In-situ SAXS measurements 

Small-angle X-ray scattering was performed at beamline 5ID-D at the Advanced 

Photon Source, Argonne National Laboratory with energy of 17 keV (corresponding to 

an X-ray wavelength of 0.7293 Å). Two-dimensional (2D) scattering patterns were 

collected at a pixel resolution of 1920 × 1920 pixels using a CCD detector at a sample to 

detector distance of 8.5 m.  

For shearing samples in-situ, a linkam CSS-450 shear cell was installed on 

beamline. The sample disks (19 mm diameter and 1.6 mm thickness) for SAXS 

measurements were prepared by compression molding on a Carver Hotpress at an applied 

load of 4200 lbs at 230 °C. Samples were placed between two preheated parallel pates 

covered with kapton tape (Scheme 5.1). The shear cell was mounted such that the 

velocity direction (2-3 plane) is vertical and shear gradient direction (1-3 plane) is 

parallel to the X-ray beam. The samples were sheared with frequency of 10 rad/s at 

different strain amplitudes (50%, 100% and 150%). The scattering data were collected 

using following proctors: 1) for strain amplitudes of 100% and 150%, the data were 

collected 1 frame/2 seconds with exposure time of 0.628 seconds for the first 3 min, then 

data collection was slowed down to 1 frame/ 6 seconds with exposure time of 0.2 second 

for 40 min. 2) For of strain amplitudes of 50%, the data were collected 1 frame/6 seconds 
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with exposure time of 0.628 second for the first 30 min, then the data collection was 

slowed down to 1 frame/ 12 seconds with exposure time of 0.2 second for 40 min. 

 

Scheme 5.1 Schematic of shear cell mounted on beamline 

5.3 Disordered spherical morphology prior to shearing 

The SAS triblock copolymer samples are macroscopically isotropic with 

randomly oriented grains, as evidenced by the isotropic ring in the 2D SAXS image (inset 

of Figure 5.1). The two dimensional scattering pattern was azimuthally averaged to a one 

dimensional profile of intensity versus scattering vector 𝑞 = 4𝜋 sin (𝛽/2)/𝜆  [ 𝛽  is 

scattering angle, and 𝜆  is wavelength]. The azimuthally averaged 1D SAXS profile 

exhibits a sharp primary peak (q = 0.277 Å) with weak higher order peaks, indicating 

microphase separation. The higher order peak locations do not match with traditional 

equilibrium block copolymer phases (such as ordered lamellae, cylinders, or a gyroid 

phase), but were characteristic of a disordered spherical morphology that has been 

previously reported by our group.
14, 125

 To better understand the morphology of unsheared 

sample, the 1D SAXS profile were fitted with Percus-Yevik hard spherical model 

(Equation 3.12-Equation 3.14). The model assumes the presence of spherical PS domains 

(modeled as hard spheres) with average sphere radius Rsp, radius of interaction Rhs (Rhs > 

Rsp) and effective volume fraction of hard spheres η. 
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The data fitting were performed using SasView, using combined functions of 

SphereModel and HardsphereStructure. The effect of size distribution of hard spheres 

was also incorporated into curve fitting by enabling the polydispersity function in 

SasView. The size distribution was characterized using PD=σ ⁄ Rsp , where σ is the 

standard deviation and Rsp is the hard sphere radius. The SAXS data were well-described 

with the Percus–Yevick model, revealing the disordered spherical morphology of SAS 

triblock copolymers. The parameters obtained from curve fitting were Rsp = 9 nm, Rhs = 

13 nm, η = 0.55 and PD = 0.14. 

 

Figure 5.1 1D SAXS profile obtained from SAS triblock copolymer after compression 

molding (○) and Percus-Yevick hard-sphere model fit (red solid curve). 

Inset shows the 2D SAXS image. 

5.4 Nonlinear viscoelastic behavior of SAS triblock copolymer 

It is well known that the application of oscillatory shear in nonlinear regime can 

induce alignment of microstructure. Nonlinear regime can be determined by performing 

strain sweep at certain frequency. In this study, a strain sweep was performed at 10 rad/s 

with strain amplitudes (γ = 1%-1000%). The temperature was chosen as 130 °C, which is 

higher than Tg of polystyrene (103 °C) and lower than TODT of SAS triblock copolymer 
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(220 °C). Dynamic moduli (G’ and G”) were plotted as a function of strain (Figure 5.2a). 

Two main regimes were observed: one is linear region, also known as small amplitude 

oscillatory shear (SAOS) regime in which the dynamic moduli were independent of strain 

(γ = 1%-10%). The other one is nonlinear regime where the dynamic moduli decreased 

with strain, known as strain thinning (γ = 10%-1000%). The strain thinning behavior is 

typically observed in polymer solution and polymer melts, originated from chain 

orientation and alignment of microstructure along the flow direction that reduce the local 

viscous drag.
218
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Figure 5.2 Oscillation strain sweeps of SAS triblock copolymer at 130 °C and 10 rad/s: a) 

dynamic moduli, b) relative third harmonic, I3/1 = I3/I1 and c) Chebyshev 

coefficients, e3/e1 and v3/v1 as functions of strain. 

Even though the dynamic moduli can provide useful information in linear region, 

in the nonlinear regime where the higher order contributions become non-negligible, 

dynamic moduli are insufficient as they only provide information of first order harmonic 

contributions. The higher order contributions can be quantified using Fourier transform 
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(FT)-rheology. FT-rheology converts stress data in time domain (Figure 5.3 inset) to 

frequency domain (Figure 5.3), thus can quantify the weak signal of higher harmonic. 

Among all the higher order harmonics, the relative intensity of third order harmonics (I3/1 

= I(3ω)/I(ω)) has been proven to be powerful in quantifying the nonlinearity of 

materials.
218, 219

 Figure 5.2b shows the I3/1 as a function of strain. Based on different 

characteristics of I3/1(γ), the nonlinear region can be subdivided into two regimes: 

medium amplitude oscillatory shear (MAOS) and large amplitude oscillatory shear 

(LAOS). MAOS is an intermedium regime between SAOS and LAOS, characterized by a 

slope of two in the log-log plot of I3/1 vs γ (γ = 10%-75%).
220

 Interestingly, in the LAOS 

regime, a subregime is observed where I3/1 decreased with strain starting at γ = 100% 

corresponding to a shoulder in the G’ (γ). This behavior is in contract to most of the 

literature results that I3/1 (γ) is sigmoidal.
215, 218, 220

 The non-sigmoidal behavior has been 

reported for a block copolymer solution
221

 and carbon black filled rubber
222

. López-

Barrón et al
221

 observed a decrease of I3/1 in a block copolymer solution at high strain 

amplitude. They ascribe the non-sigmoidal behavior to be shear melting of hexagonally 

closed packed spheres at high strain amplitude as observed in SANS measurement. 

Leblanc et al
222

 observed a “bump” in the intermediate strain amplitude due to strong 

interaction between a viscoelastic matrix (rubber) and a dispersed phase (carbon black). 

We ascribe the drop of I3/1 at γ=100-180% to be shear deordering that will be discussed in 

detail in the time-resolved SAXS section. 
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Figure 5.3 FT spectrum calculated from time-dependent shear stress (from 5th to 8th 

oscillation cycles) of SAS triblock copolymer under MAOS (ω = 10 rad/s, γ = 

50%, T = 130 °C). 

An alternative way to quantify the nonlinearity is to use the relative third order 

elastic and viscous Chebyshev coefficient (e3/e1 and v3/v1, respectively). Ewoldt et al
223

 

proposed stress decomposition using a set of orthogonal Chebyshev polynomials of the 

first kind, as defined in Equation 5.1. 

 

𝜎′(�̅�) = 𝛾0 ∑ 𝑒𝑛(𝜔, 𝛾0)𝑇𝑛(�̅�)

n=odd

 

𝜎"(�̅�) = 𝛾0 ∑ 𝑣𝑛(𝜔, 𝛾0)𝑇𝑛(�̅�)

n=odd

, 

Equation 5.1 

where 𝜎′ and 𝜎" are the elastic stress and viscous stress, 𝛾0 the maximum strain, 𝑒𝑛 and 

𝑣𝑛  the nth-order elastic and viscous Chebyshev coefficient, 𝑇𝑛(𝑥)  the nth-order 

Chebyshev polynomial of the first kind, and �̅� = 𝛾 𝛾0⁄  and �̅� = �̇� �̇�0⁄  the normalized 

instantaneous strain and strain rate that provide the appropriate domains of [-1, +1] for 

orthogonality. The Chebyshev coefficients allow the interpretation of intracycle 

nonlinearity where e3 > 0 indicates intracycle strain stiffening and e3 < 0 represents strain 
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softening. Similarly, v3 > 0 indicates intracycle shear thickening and v3 < 0 describes 

shear thinning.  

Figure 5.2c shows Chebyshev coefficients as function of strain. In the SAOS 

regime, both e3/e1 and v3/v1 are close to zero as expected. In the MAOS regime, v3/v1 and 

e3/e1 starts increasing with strain, indicates sample exhibits nonlinearities in both elastic 

and viscous response. The positive signs of v3 and e3 suggest intracycle shear thickening 

and strain stiffening. In the LAOS regime, the shear deordering starting at γ = 100% as 

evidenced by decrease of both v3/v1 and e3/e1, coincide with a drop of I3/1 and a shoulder 

of G’. The decreased v3/v1 and e3/e1 suggests less contribution from strain hardening and 

shear thickening due to reduction of long range order as a result of shear deordering. 

With increasing strain amplitude (γ > 180%), e3/e1 increases sharply while v3/v1 decreases 

to be negative, suggests a transition from shear thickening to shear thinning at high strain 

values. 

5.5 Time-resolved SAXS studies 

To study the effect of strain on the kinetic pathway of alignment, in-situ 

synchrotron SAXS were performed to investigate the time dependent morphological 

evolution of SAS triblock copolymer under varying strain amplitude with fixed frequency 

(ω = 10 rad/s) at 130 °C. Three strain amplitudes were chosen at different regimes based 

on the results from strain sweep: 50% in the MAOS regime, 100% in the LAOS regime 

and 150% in the shear deordering subregime of LAOS regime. The structural evolutions 

were monitored over the course of 40 min and 140 min for strain amplitudes in LAOS 

and MAOS regimes, respectively. The data collection proctors are described in detail in 

experimental methods section. 
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The representative 2D-SAXS patterns for SAS triblock copolymer under varying 

strain and different time stamps are shown in Figure 5.4. At initial state (t = 0 s), the 

ringlike pattern in the 2D-SAXS image indicates a macroscopically isotropic 

morphologies with randomly oriented domains, as discussed in previous section. Upon 

application of oscillatory shear in nonlinear regime, diffraction spots appeared and 

became sharp and bright under extended shearing indicates the formation of 

macroscopically aligned morphologies. It is clear that the kinetics for strain amplitudes in 

the LAOS regime are significantly faster than that in the MAOS regime, evidenced by the 

fact that the well-defined diffraction spots were fully developed within 90s in the LAOS 

regime while in the MAOS regime, the structures were not fully developed until 40 min. 

The six spots pattern in the innermost ring is indicative of hexagonally-closed packed 

(HCP) layers (e.g., FCC [1 1 1] and HCP [0 0 0 1]).
224

 The formation of HCP layers is 

consistent with the observed shear thinning behavior (Figure 5.2a) as the HCP layers 

comply easily with flow.
221, 225, 226
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Figure 5.4 Representative 2D-SAXS data obtained on shear gradient direction with 

varying strain amplitudes (γ=50%, 100% and 150%) at different time stamps 

(t=0s, 10s, 90s, 1200s and 2400s). Shear conditions: ω = 10rad/s; T = 130 °C. 

5.5.1 Effect of strain amplitudes on the orientation of HCP layers 

It is worth noticing that in the LAOS regime, the two equatorial diffraction spots 

(Figure 5.4, peak 2) are less intensive than the other four spots. Loose and Ackerson has 

proposed a layer sliding mechanism that under shear, HCP layers can slide over each 

other in two types of motions: 1) under relatively low shear rates, the layers slide follow a 

zig-zag path and 2) under relatively high shear rates, the layers move follow a straight 

path parallel to velocity direction.
227

 The theoretical calculations revealed that the zig-zag 

motion results in partial reduction of intensity of the two equatorial diffraction spots 

while the straight motion results in the disappearance of the two spots. Thus, we believe 
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that in the LAOS region, the HCP layers stack along shear gradient direction (the normal 

direction of HCP layers parallel to the shear gradient direction) and slide over each other 

follow a zig-zag path.  

Oppositely, in the MAOS regime, the two equatorial diffraction spots are brighter 

than the other four spots (Figure 5.4, γ = 50%, t = 2400 s, indicated by arrows). In 

contrast to the fully parallel orientation in the LAOS regime, we propose that a biaxial 

orientation was obtained in MAOS regime with part of HCP layers perpendicular to the 

shear gradient direction. The hypothesis is supported by comparing the 2D SAXS data 

with predicted Bragg peak positions (Figure 5.5a). The locations of Bragg peaks were 

calculated using an internally developed program based on Microsoft Excel (freely 

available upon request) by inputting the space group symmetry, lattice constant and the 

direction of the beam. In prediction of perpendicular orientation, the [1 1̅ 0 0] direction of 

HCP layer (or [1 1 2̅] for FCC) is parallel to shear gradient direction (Figure 5.5b). The 

predicted Bragg peaks show good overlap with 2D SAXS data. The appearance of 

perpendicular orientation contributes to brighter intensity of two equatorial spots. We 

noticed that the biaxial orientation of HCP layers has rarely been reported. The majority 

of the literature results of block copolymer solutions and melts show that the HCP layers 

are parallel to the shear plane. Daniel et al
207

 has reported the biaxial orientation of HCP 

layers for a block copolymer gel under steady shear flow at intermediate shear rate. 
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Figure 5.5 a) Comparison of 2D SAXS data obtained with γ = 50% at t = 2400 s with the 

predicted Bragg peaks for HCP layers parallel (red ▽) and perpendicular (black □) to 

the shear gradient direction. b) Scheme of relative alignment of HCP layers with the 

shear gradient direction (x-ray direction).  

5.5.2 Kinetics of alignment process 

To qualitatively study the kinetics of alignment process, the intensity as a function 

of azimuthal angle for innermost ring was determined, and the anisotropic factor (Af) was 

calculated to characterize degree of alignment (Equation 5.2). 

 𝐴𝑓 =
∫ 𝐼(𝑞∗, 𝜃)𝑐𝑜𝑠[6(𝜃 − 𝜃0)]𝑑𝜃

2𝜋

0

∫ 𝐼(𝑞∗, 𝜃)𝑑𝜃
2𝜋

0

, Equation 5.2 

where  𝑞∗ is the scattering vector of primary peak (innermost ring) and θ the azimuthal 

angle. The prefactor 6 was used before (𝜃 − 𝜃0) to account for six fold symmetry. Af 

values are shown in Figure 6 as a function of shearing time. At early stage of shearing 

(180s for γ = 100% and 150%, 1800s for γ = 50%), data were collected with exposure 

time 0.628 s corresponds  to one oscillation cycle, the curves are smooth as the 

stroboscopic effects were smeared out. After that, the exposure time was reduced to 0.2 s, 



105 

 

therefore the curves became noisy due to intracycle melting and ordering (stroboscopic 

effects).
221, 228

 

In the MAOS region (γ = 50%), the Af value exhibited a steep increase in the 

beginning and slowly approached a plateau of Af = 0.68. In the LAOS region, both γ = 

100% and 150% show much more rapid increase of Af in the beginning than that of in the 

MAOS region, indicating LAOS region exhibited faster kinetics. In addition, for γ = 

100%, the higher plateau value was reached with Af = 0.75, indicating a better aligned 

structure was achieved. The plateau value remains constant except a slight variation due 

to stroboscopic effects, indicates a stable macroscopic orientation was formed despite of 

the continuing external mechanical excitation. In contrary, for highest strain amplitude (γ 

= 150%), instead of reaching a plateau, it formed a maximum at t = 180s, after which the 

Af value decreased over time. The decreasing Af indicates the macroscopic orientation 

was not stable under continuing mechanical stimulus. The decreased degree of alignment 

is also evidence as the intensity of isotropic ring (inner most ring) became stronger at t = 

1200 s and 2400 s (Figure 5.5), indicating partial melting of HCP layers. Recalling from 

previous section that the I3/1 decreased with strain starting at γ = 100% and G’ (γ) 

exhibited a shoulder, we expect this behavior is related to shear deordering. The 

observation of shear deordering at high strain amplitude indicates that the macroscopic 

ordering under oscillatory shear is a complex process, the degree of alignment is not only 

affected by the shear conditions (frequency, strain amplitude, temperature), but also 

affected by the duration of applied shear. 
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Figure 5.6 Anisotropic factor (Af) as function of shearing time for γ = 50% (yellow ▽), 

100% (blue □) and 150% (red ○). The solid lines are stretched exponential 

fitting. 

We noticed that the shear deordering has rarely been reported. Wang et al
213

 

reported shear induced disordering of a concentrated diblock copolymer solution under 

reciprocating shear field with high frequency. At short time, a well-defined perpendicular 

lamellar morphology was observed. However the structure was disordered towards a 

poorly defined parallel orientation under continuous mechanical stimulus. Similarly, 

Meins and coworkers observed shear deordering of a diblock copolymer melt under 

LAOS with high strain amplitudes.
214

 The perpendicular lamellar morphology formed in 

the beginning was destructed, and a biaxial orientation was formed under prolonged 

shearing. To the best of our knowledge, we are the first report on the shear deordering of 

block copolymer with closed packed spherical morphology. The question remains 

whether these phenomena are a common occurrence in other block copolymers with 

varying morphologies (e.g., cylindrical, body-centered cubic). 

To quantitatively study the kinetics of shear alignment, the time dependence of Af 

values are fitted with stretched exponential function (Equation 5.3). The stretched 
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exponential function is modified to adopt the boundary conditions for the time 

dependence of Af values that when t = 0, Af  = 0 and when t = ∞, Af = Af,0 

 𝐴𝑓 = 𝐴𝑓,0 (1 − 𝑒−(
𝑡
𝜏

)
𝛽

), Equation 5.3 

where 𝐴𝑓,0  is the plateau value, τ the characteristic alignment time and β the 

“heterogeneity index” that represents the width of alignment time distribution. The 

stretched exponential function has been widely used to describe the time dependent 

shear-induced alignment process.
186, 214, 229

 The disordered polymer melts possess 

heterogeneous grain size, shape and orientation, thus a broad distribution of orientation 

time τ is usually observed which results in deviation from ideal single exponential 

function (β = 1). The fitted exponential function curves are shown in Figure 5.6 as solid 

lines and fitting results are tabulated in Table 5.2. Note that for γ = 150%, only the data 

for the first 180s were fitted (before the onset of shear deordering). 

Table 5.2 The fitting results of time dependent Af , normalized moduli (G’, G”) and I3/1 at 

various γ to stretched exponential function. 

Af 

γ 𝐴𝑓,0 τ (s) β 

50% 0.67 ± 0.002 210 ± 5 0.50 ± 0.05 

100% 0.75 ± 0.002 10 ± 0.5 0.67 ± 0.08 

150% 0.74 ± 0.004 7 ± 0.6 0.75 ± 0.08 

Normalized G’ 

γ 𝐺0
′  τ (s) β 

50% 0.55 ± 0.002 25 ± 1 0.44 ± 0.02 

100% 0.82 ± 0.002 9 ± 1 0.80 ± 0.08 

150% 0.86 ± 0.001 8 ± 1 0.86 ± 0.08 

Normalized G” 

γ 𝐺0
"  τ (s) β 

50% 0.70 ± 0.003 39 ± 2 0.39 ± 0.02 

100% 0.84 ± 0.002 8 ± 1 0.85 ± 0.09 

150% 0.91 ± 0.003 5 ± 1 0.95 ± 0.05 

I3/1 

γ I3/1,0 τ (s) β 

50% -0.13 ± 0.005 43 ± 3 0.25 ± 0.02 
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Table 5.2 Continued 

100% 0.025 ± 0.001 31 ± 2 0.72 ± 0.10 

150% 0.026 ± 0.001 16 ± 2 0.71 ± 0.08 

As expected, 𝐴𝑓,0 increased with strain amplitudes while τ decreased, indicating 

larger deformations results in higher degree of alignment and faster kinetics. It is obvious 

that orientation time τ exhibited broad distribution as β is far away from ideal case (β=1). 

The fact that β increased with strain amplitude indicates the defects (e.g., heterogeneity in 

grain size, grain orientation) can be effectively removed by applying larger deformation. 

The results described above are consistent with literature reports. 

5.5.3. Implication of alignment mechanism 

To understand the mechanism of the alignment process, the 2D SAXS data 

obtained at early stage of the alignment process (180s for γ = 100%) were azimuthally 

averaged and compared (Figure 5.7). Several noticeable changes of 1D SAXS data were 

taken place during the process of alignment. Firstly, the primary peak became sharper 

and it shifted to be at lower q value (from 0.0266 Å to 0.0255 Å), indicate the 

rearrangement of structure such that the domain spacing became larger and a well-

ordered structure was formed. Secondly, the peak corresponds to a maximum in Percus-

Yevick structure factor disappeared (indicated by black arrow in Figure 5.7) and new 

peaks at q = 0.0425 Å and q = 0.0512 Å corresponding to √3q
*
 and √4q

*
 showed up.  

Previous researchers have proposed mainly two types of mechanisms: grain 

rotation
178, 216, 230

and domain dissolution and reformation (or melting and 

recrystallization)
159, 195, 231

. The grain rotation requires the initial sample to be consisting 

of grains with well aligned structure within each grain, but not aligned with respect to 

each other. Under shear, the grains remain intact and rotate as hard body to the preferred 
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orientation. For domain dissolution and reformation mechanism, the domains with 

unflavored orientation are firstly melted and then reformed piece by piece with preferred 

orientation to achieve globally aligned structure. In our case, on the basis of above 

observations, the domain dissolution and reformation mechanism were proposed for the 

alignment process. The dissolution of domain is confirmed by the disappearance of the 

peak from Percus-Yevick structure factor, indicates the melting of disordered spherical 

structure in the sample. Meanwhile, the new domains with closed packed spherical 

structure were formed as evidenced by the appearance of the new peaks at √3q
*
 and √4q

*
.  

 

Figure 5.7 1D azimuthally averaged SAXS profile obtained at different time stamps (0s, 

6s, 10s, 30s and 180s) for shear condition with γ = 100%. 

5.6 Fourier-transform rheology study 

To correlate morphological properties (e.g., degree of alignment, grain 

orientation) with rheological properties (e.g., moduli, nonlinearity), the orientation 

process of SAS triblock copolymer under the same shear conditions (T = 130 °C, ω = 10 

rad/s, γ = 50%, 100% and 150%) were performed using ARES-G2 rheometer with cone 

partitioned-plate geometry. The data were recorded with transient mode, and the first-
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order moduli (G’ and G”) as well as relative third harmonics (I3/1) were obtained by 

analyzing stress responses to imposed oscillatory shear using “MITLaos”.  

To qualitatively compare the time progress of moduli under different strain 

amplitudes, both storage and loss moduli were normalized by their maximum value 

(normalized G’= G’/G’max, normalized G” = G”/G”max). The time dependences of 

normalized moduli are shown in Figure 5.8. The time progress of moduli is similar to that 

of Af values discussed in previous section. Under all the shear conditions, both storage 

and loss moduli exhibited an initial sharp decrease due to the removal of defects and the 

formation of HCP layers that comply easily with flow. For both γ = 50% and 100%, the 

moduli reached plateau values indicating stable structures were formed, consistent with 

morphological observations under SAXS. In contrary, for γ = 150%, the moduli reached a 

minimum value at short time then increased upon continuous shearing. Recall that from 

in-situ SAXS, we observed that Af value reached a maximum then decreased with time, 

indicates shear induced melting. Similarly, we attribute the increase of moduli to the 

increased number of defects as results of shear melting. 
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Figure 5.8 Normalized moduli (G’ and G”) as a function of time under a) MAOS (γ = 

50%) and b) LAOS (γ = 100% and 150%). The solid lines are stretched 

exponential fittings. The dashed lines are plotted for visual guides that are not 

part of the fitting. 

The time progresses of storage modulus under various strain amplitudes are 

modeled with stretched exponential function (Equation 5.4). 

 Normalized G’ = (1 − 𝐺0
′ ) (𝑒−(

𝑡

𝜏
)

𝛽

− 1) + 1, Equation 5.4 

where 𝐺0
′  is the plateau value. The time progresses of normalized G” can be fitted 

similarly, with 𝐺0
"  as the plateau value. The fitting results are plotted in Figure 5.8 as 

solid lines. Note that for γ = 150%, only the data for the first 180s were used for fitting. 

The dashed lines are plotted as visual guides. The fitting parameters are tabulated in 

Table 5.2. The results are similar to that observed for the time progresses of Af values. 
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The speed of ordering process is greatly improved when the strain amplitudes increases 

from MAOS regime to LAOS regime. Same observation was found for heterogeneity 

index as results of better removal of defects under larger amplitudes.  

However, the normalized moduli do not provide much information as the stress 

curves become distorted under MAOS and LAOS flow. Therefore, more analysis needs 

to be done to analyze the non-sinusoidal stress data. Here, we examined the nonlinear 

stress data using the ideas developed in FT-rheology. The relative intensity of third 

harmonics (I3/1) was chosen to monitor the alignment process. Previous studies have 

shown that I3/1 is sensitive to the microstructural change, thus it is suitable to be used to 

assess the macroscopic orientation process.
186, 214, 217, 229

 The results are shown in Figure 

5.9. Two completely different behaviors were observed. In the MAOS region, I3/1 was 

found to increase during the shearing process while in the LAOS region, I3/1 decreased 

upon shearing. Generally, I3/1 is proportional to the number of defects. Under shear flow, 

the interfaces of grains (defects) undergo deformation that give rise to the nonlinear stress 

response. Typically, during the shear alignment process, the number of defects is 

anticipated to decrease as the microdomains get more and more oriented, thus results in 

lower I3/1. This rationale explains the observation in the LAOS region that I3/1 decreased 

upon shearing.  

It is quite unusual that I3/1 increased with time in the MAOS region. The increase 

of I3/1 has been reported by Oelschlaeger et al in the case of block copolymer with 

lamellar morphology, upon reorientation from parallel to perpendicular the I3/1 become 

larger over time, due to the formation of differently oriented domains during reorientation 

process.
186

 It has also been reported for the orientation of liquid crystal under oscillatory 
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shear. With relatively small strain amplitude (in nonlinear regime), the shear flow did not 

result in well-oriented lamellar structure. Thus, differently oriented grains showed 

various stress levels, especially at the grain boundary, which results in more distorted 

macroscopic stress curves. In our results, in the MAOS region, I3/1 increased sharply then 

reached a plateau. Recall from in-situ SAXS section, a coexistence of parallel and 

perpendicular orientations of HCP layers were identified. Thus, we hypothesize that upon 

shearing, part of the parallel HCP layers reoriented to the perpendicular direction, which 

results in increased number of defects (boundary between grains) and therefore larger I3/1. 

The time progresses of I3/1 under various strain amplitudes are also modeled with 

stretched exponential function: 

 𝐼3 1⁄ = 𝐼3 1⁄ ,0𝑒−(
𝑡
𝜏

)
𝛽

+ 𝐶. Equation 5.5 

The fitting results are plotted on Figure 5.9 as solid lines and the fitting parameters are 

tabulated on Table 5.2. The negative value of I3/1,0 is indicative of increase of I3/1 with 

time (e.g., γ = 50%), while positive value represent decrease with time (e.g., γ = 100% 

and 150%). Similar to the fitting results obtained from Af and normalized moduli, the 

characteristic ordering time decreased when increasing strain amplitudes, indicating 

faster dynamics at higher strain amplitudes, and the heterogeneity index β increase with 

strain amplitudes, indicating more homogeneous grain size distribution was achieved at 

higher strain amplitudes. It is worth noticing that the values of τ and β are method 

dependent (i.e., the values of τ and β obtained from Af  differ from that obtained from 

I3/1), however, the trend of each parameter change with strain amplitudes are clear that 

increase of  strain amplitudes results in smaller τ and larger β. 
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Figure 5.9 a) Time progresses of I3/1 under MAOS (γ = 50%) and b) LAOS (γ = 100% 

and 150%). The solid lines are stretched exponential fittings. 

5.7 Concluding remarks 

In this study, we investigated kinetics and mechanism in the alignment process of 

poly(styrene-b-lauryl acrylate-b-styrene) triblock copolymers with initially disorder 

spherical morphology that transit to closed packed spherical morphology under nonlinear 

oscillatory shear. The time-dependent microstructural changes were evaluated using in-

situ SAXS. At fixed temperature (T = 130°) and frequency (ω = 10 rad/s), change strain 

amplitude induced two types of orientations of HCP layers: 1) biaxial orientation in 

MAOS region (γ = 50%) that HCP layers are both parallel and perpendicular to shear 

gradient direction and 2) parallel orientation in LAOS region (γ = 100% and 150%). 
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Increasing strain amplitudes resulted in not only faster ordering process but also higher 

degree of orientation. Interestingly, for the first time, we observed shear deordering in 

closed packed spherical morphology under oscillatory shear at highest strain amplitude (γ 

= 150%). It was shown that at short time (180 s), a highly ordered closed packed 

spherical morphology was achieved, however, it degenerated to be less ordered structure 

upon extended shear. The domain dissolution and resolution mechanism was proposed 

for the ordering process that the unfavored disordered spherical structure was firsted 

melted followed by the reformation of the preferred closed packed spherical structure. 

The correlation between morphological change and mechanical response was 

investigated by FT-rheology. For all the shear conditions, both G’ and G” decreased 

significantly upon ordering due to the formation of HCP layers that exhibit less resistance 

to the flow.  At γ = 150%, the moduli initially decreased sharply followed by a slight 

increase, manifested the shear deordering process observed with in-situ SAXS. Two 

completely opposite behavior of time-dependent change of nonlinearity I3/1 were 

observed: 1) increase with time in MAOS region and 2) decrease with time in LAOS 

region. The decrease of I3/1 in the LAOS region is anticipated during ordering process due 

to continuous removal of defects thus less grain boundaries. The unexpected increase of 

I3/1 in the MAOS region is hypothesized to originate from the biaxial orientation which 

resulted in sharp grain interphase that give rise to increased I3/1.  
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 Develop Sustainable Triblock Copolymers with Rosin Derived Endblocks Chapter 6

In this chapter, we report the synthesis of triblock copolymers containing a 

traditional acrylate midblock, poly(n-butyl acylate), and rosin-derived endblocks 

composed of poly(dehydroabietic ethyl methacrylate) (PDAEMA) via atom transfer 

radical polymerization (ATRP). A series of triblock copolymers with different block 

ratios yet constant midblock molecular weight were synthesized. The triblock copolymers 

exhibited microphase separated morphologies, accessible order-disorder transitions, and 

elastomeric behavior, suitable for TPE applications. The effect of the block ratio on the 

physical properties of the triblock copolymers was investigated.  

6.1 Synthesis of DnBD triblock copolymers 

DnBD triblock copolymers of varying block ratios, yet containing the same 

midblock molecular weight, were prepared in a two-step procedure using ATRP. First, 

the difunctional macroinitiator Br-PnBA-Br was synthesized using diethyl meso-2,5-

dibromoadipate as difunctional initiator and NiBr2(PPh3)2 as catalyst at 85°C following 

reported procedures.
109

 The 
1
H NMR spectrum is given in Figure 6.1. Characteristic 

peaks associated with the vinyl group of n-butyl acrylate at 6.3, 6.1 and 5.7 ppm 

disappeared upon polymerization, accompanied by the appearance of a broad peak 

associated with -OCH2- at 4.0 ppm.  The Mn of the Br-PnBA-Br macroinitiator was 

determined to be 76 kg/mol by GPC using a triple detection system.  
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Figure 6.1 
1
H NMR spectrum obtained from Br-PnBA-Br (peaks a-d are not observable 

due to high molecular weight). 

Next, DnBD triblock copolymers were synthesized by chain extension of the Br-

PnBA-Br macrointiator via ATRP. CuCl was used as the Cu(I) species to invoke halogen 

exchange and to enhance the rate of initiation over the rate of propagation.
24

 In order to 

optimize the synthetic condition for the chain extension, different ligands and solvents 

were tested. For the first series, the Me6Tren ligand was chosen for its high activity,
232

 

and the reactions were carried out in three solvents (anisole, THF, DMF; Table 6.1, 

entries 1-3). Compared to anisole, THF and DMF gave higher conversion, likely due to 

the higher polarity of THF and DMF resulting in better solubility of the catalyst.
233

 Thus, 

DMF was chosen as the suitable solvent for this reaction. Next, three ligands (PMDETA, 

dNbpy, Me6Tren; Table 6.1, entries 3-5) were explored to optimize synthetic conditions. 

Higher conversion was achieved when PMDETA and Me6Tren were used, likely due to 

the higher activity of both ligands.
232

 Thus, CuCl/PMDETA and DMF were employed for 

all subsequent reactions to provide the highest conversion. 
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Table 6.1 Effect of reaction conditions on monomer conversion and dispersity of DnBD 

triblock copolymers
a
 

Entry 
[DAEMA]/ 

[PnBA] 
Solvent Ligand 

Conversion
b
 

(%) 

Mn, DnBD
b
 

(kg/mol) 

(PDAEMA-

PnBA-

PDAEMA) 

Đ
c
 

1 180 anisole Me6Tren 17 6.3-74-6.3 1.53 

2 180 THF Me6Tren 33 12-74-12 2.26 

3 180 DMF Me6Tren 32 11-81-11 1.43 

4 180 DMF dNbpy 15 5.6-74-5.6 1.36 

5 180 DMF PMDETA 35 13-81-14 1.40 

 

a
 [PnBA]:[CuCl]:[Ligand] = 1:2:2, [PnBA]0=1.76×10

-3
 M for all the reactions 

b
 
1
H NMR analysis, theoretical Mn calculated from the monomer conversion. 

c
 Đ was measured by GPC (light scattering, with triple detection) 

A series of DnBD triblock copolymers with differing overall molecular weight 

and composition while keeping the Mn of midblock constant was successfully synthesized. 

The GPC data (Figure 6.2) show a distinct shift to higher molecular weight upon chain 

extension of PnBA to DnBD triblock copolymer. Chain extension was also confirmed by 

1
H NMR (Figure 6.3), in which new signals for the aromatic protons of PDAEMA end 

blocks appeared at 6.80-7.15 ppm. The molar ratio of DAEMA repeat units to BA repeat 

units was calculated using Equation 6.1: 

 
 mol𝐷𝐴𝐸𝑀𝐴 𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡𝑠

mol𝑛𝐵𝐴 𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡𝑠
=

𝐴𝑜

3
𝐴𝑔,𝑘

2
−

2
3

𝐴𝑜

, Equation 6.1 

where Ao is the integration area of aromatic protons in DAEMA moiety (labeled O1, O2 

and O3 in Figure 3), and Ag,k the integration area of methylene protons next to the ester 

groups from both DAEMA and nBA units. The molecular weight of each PDAEMA 

block (Mn,PDAEMA) was further calculated using Equation 6.2: 
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𝑀𝑛,𝑃𝐷𝐴𝐸𝑀𝐴 =

1

2
𝑀𝑛,𝑃𝑛𝐵𝐴 (

𝑀𝐷𝐴𝐸𝑀𝐴

𝑀𝑛𝐵𝐴
), Equation 6.2 

where Mn,PnBA is the molecular weight of the PnBA macroinitiator (characterized by 

GPC), and MDAEMA and MnBA are the molecular weights of DAEMA and nBA monomers 

(412.58 and 128.17 g/mol, respectively). The characteristics of the DnBD triblock 

copolymers are summarized in Table 1. 

 

Figure 6.2 GPC data obtained from the Br-PnBA-Br macroinitiator (black solid curve) 

and DnBD31 triblock copolymer (red dashed curve). 
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Figure 6.3 
1
H NMR spectrum obtained from DnBD. 

In all cases, trimodal molecular weight distributions were observed, and the 

dispersity values were greater than 1.4 (Table 6.2 and Figure 6.2). The synthesis of 

PDAEMA homopolymer using ATRP has been previously reported, and the 

homopolymers had high dispersities (Đ =1.33 and 1.6 in ref. 
75

). We therefore expect that 

PDAEMA blocks in DnBD have similarly high dispersities. There are several possible 

explanations for the presence of trimodal distributions in DnBD. The presence of the 

higher molecular weight shoulder is most likely due to chain coupling which is 

sometimes unavoidable in the synthesis of high molecular weight polymers.
234, 235

 The 

shoulder on the right hand side of the primary peak was found to have higher retention 

time than that of the PnBA midblock, and therefore is not attributed to PnBA midblock 

which is not chain extended. One possible explanation for this low molecular weight 
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shoulder is the thermal self-initiation of DAEMA, as observed in other ATRP synthesis 

with relatively high temperature (90°C in this study).
236

 

Table 6.2 Characteristics of triblock copolymers
a
 

Triblock 

Copolymer 

  

Mn,endblock – 

Mn,midblock – 

Mn,endblock
 

(kg/mol) 
b
 

Endblocks 

content 

(mol % / 

vol%)
b
 

Đ
c
 

TODT 

(°C)
d
 

d (nm)
f
 

DnBD33 20-76-20 14 / 33 1.57 185 39.2 

DnBD31 18-76-18 13 / 31 1.48 175 37.6 

DnBD30 17-76-17 12 / 30 1.61 175 36.9 

DnBD26 14-76-14 10 / 26 1.53 155 34.9 

DnBD23 12-76-12 11 / 23 1.45 145 31.4 

DnBD21 10-76-10 9 / 21 1.66 <110
e
 31.3 

MnBM35 21-76-21 40 / 35 1.15 > 250 34.4 
 

a
 Macroinitiator: 76 kg/mol; Đ= 1.16, [Br-PnBA-Br]:[CuCl]:[Ligand] = 1:2:2, [DAEMA]: [Br-

PnBA-Br] varied from 180:1 to 310:1. Solvent: DMF, temperature: 90°C, reaction time: 24 hours, 

conversion varied from 30% to 40%. [MMA]:[Br-PnBA-Br]:[CuCl]:[dNbpy] = 840:1:2:4, 

Solvent: DMF, temperature: 90°C.    
b
 Measured by 

1
H NMR analysis (GPC analysis with light scattering was employed to 

characterize the PnBA block Mn).    
c
 Measured by GPC (light scattering) 

d
 Measured by rheology 

e
 The ODT was not observed in the rheology experiment. Above 110 °C, the rheological behavior 

was consistent with that of a viscoelastic liquid.  The sample therefore became disordered in the 

vicinity of the endblock Tg.  
f
 Domain spacing, d, determined from SAXS (d = 2 / q

*
) 

6.2 Microphase separated morphology of DnBD triblock copolymers 

Small angle x-ray scattering (SAXS) was employed to study the morphology of 

DnBD triblock copolymers. Figure 6.4 shows 1D integrated SAXS profiles for DnBD 

triblock copolymers. All samples exhibited a principal scattering peak (located at q*), 

indicating the presence of microphase separated structures on the order of 31-38 nm 

(Table 6.2, determined as d = 2 /q
*
). Well-defined higher order peaks were not observed 

in most samples, except DnBD33, suggesting lack of long-range order. Increasing the 

molecular weight of the PDAEMA blocks at constant PnBA block molecular weight led 
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to an increase in the d-spacing (Table 6.2). For the case of DnBD33, higher order peaks 

were observed, with the ratios of the relative peak positions at q
*
: √4q

*
: √7q

*
, where q

*
 is 

the primary peak location, consistent with a cylindrical morphology. The missing peak at 

√3q
*
 is likely due to combined effects of a form factor minimum and structure factor 

peak at that location (which may coincide at certain cylinder volume fractions).
237, 238

 

 

Figure 6.4 1D SAXS profiles of DnBD triblock copolymers. Data are shifted vertically 

for clarity. 

The microphase separated morphologies of DnBD triblock copolymers were 

confirmed through DSC analysis of the Tg’s of the PDAEMA and PnBA domains (Figure 

6.5). The Tg of the PnBA block was observed at -43°C for all DnBD triblock copolymers 

and was consistent with that of a PnBA homopolymer (measured to be -47°C). DnBD 

triblock copolymers with high PDAEMA content (30-33 vol%) also exhibited a higher 

temperature Tg (in the range of 92-95 °C), associated with the PDAEMA block (the Tg of 

a PDAEMA homopolymer was reported to be 90 °C in ref. 
75

). At lower PDAEMA 

content (21-26 vol%), the PDAEMA Tg was not observed, likely due to lack of signal 

based on the low fraction of PDAEMA.
239

  The observance of distinct Tg’s of the PnBA 

and PDAEMA blocks, largely in agreement of that with the corresponding 
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homopolymers, suggests the formation of distinct PnBA and PDAEMA domains,
240

 and 

is thus consistent with the microphase separated morphologies indicated by SAXS 

analysis.  

 

Figure 6.5 DSC data obtained from DnBD triblock copolymers. Data are shifted 

vertically for clarity. 

For TPE applications, the midblock must exhibit a Tg well below room 

temperature and the endblocks must exhibit a high Tg well above room temperature. The 

sub-room temperature Tg of PnBA is appropriate for the rubbery block in TPE, replacing 

the traditionally used polydienes, and the high Tg of the PDAEMA makes it a suitable 

replacement for polystyrene in the glassy endblock of triblock copolymer-based 

thermoplastic elastomers.  The thermal stability of the DnBD triblock copolymer was 

characterized by TGA (Figure 6.6). The onset degradation temperature for DnBD was 

determined to be 370°C. 
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Figure 6.6 TGA data obtained from DnBD31 and DnBD33. 

6.3 Accessible order-disorder transitions of DnBD triblock copolymers 

The order-disorder transition temperatures (TODT) of DnBD triblock copolymers 

were characterized by rheology. The storage (G’) and loss (G”) moduli were first 

measured as functions of strain at constant frequency to characterize the linear strain 

region. Next, G’ and G” were characterized as functions of frequency (at constant strain, 

choosing a value in the linear region). This process was repeated at various temperatures. 

A plot of log G’ vs. T (at a chosen value of frequency) is traditionally employed to 

characterize the TODT and is shown in Figure 6.7a for DnBD33. An initial decrease in G’ 

was observed at 110 °C, attributed to the Tg of the PDAEMA block. At higher 

temperatures, G’ exhibited a second decrease at 190 °C, a signature of the TODT. We 

employed two additional methods to verify the location of the TODT. Following Han et 

al.,
241

 we prepared a double logarithmic plot of G” vs. G’ (Figure 6.7b). At low 

temperatures, the curves exhibited unique dependencies of G’ as a function of G” (in the 

high G” region of the plot). As the temperature was increased above the TODT, the curves 

overlapped at all values of G”. For DnBD33 (Figure 6.7b), the curves coincided with 

each other between 190°C to 220°C and did not coincide between 130°C to 180°C. The 
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TODT was thus identified at 185 ± 5 °C, in agreement with the value determined from the 

plot of log G’ vs. T. Finally, we also examined the time-temperature superposition 

behavior of G’ and G” vs. frequency at each temperature. A change in morphology and 

presence of ordered structures is anticipated to lead to a failure of the data to conform to 

time-temperature superposition.
242

 Figure 6.7c shows the dependencies of the dynamic 

moduli on reduced frequency (𝑎𝑇𝜔, in which aT is the shift factor). At low temperatures 

(130°C to 180°C), the data were not superimposable with time-temperature superposition. 

Above 190°C, the data were readily superimposable. Therefore, the TODT was identified 

as 185 ± 5 °C, in agreement with the previously described methods.  

 
Figure 6.7 Rheology data obtained from DnDB33. a) Log G’ vs T at an angular 

frequency of 0.1 rad/s. b) Log G’ vs log G” at various temperatures.  c) Log 

G’ vs log aTω at various temperatures. The reference temperature was 130°C. 
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Figure 6.8 Rheology data obtained from DnBD31. a) G’ (log scale) vs. T at an angular 

frequency of 0.1 rad/s. b) Double logarithmic plot of G’ vs G’’ at various 

temperatures. c) Double logarithmic plot of G’ vs aTω at various temperatures. 

The reference temperature was 110 °C 
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Figure 6.9 Rheology data obtained from DnBD30. a) G’ (log scale) vs. T at an angular 

frequency of 0.1 rad/s. b) Double logarithmic plot of G’ vs G” at various 

temperatures. c) Double logarithmic plot of G’ vs aTω at various temperatures. 

The reference temperature was 110 °C 

 

 
Figure 6.10 Rheology data obtained from DnBD26. a) G’ (log scale) vs. T at an angular 

frequency of 0.1 rad/s. b) Double logarithmic plot of G’ vs G” at various 
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temperatures. c) Double logarithmic plot of G’ vs aTω at various temperatures. 

The reference temperature was 110 °C 

 

 
Figure 6.11 Rheology data obtained from DnBD23. a) G’ (log scale) vs. T at an angular 

frequency of 0.1 rad/s. b) Double logarithmic plot of G’ vs G” at various 

temperatures. c) Double logarithmic plot of G’ vs aTω at various temperatures. 

The reference temperature was 110 °C. 
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Figure 6.12 TODT as a function of vol% PDAEMA in DnBD triblock copolymers. 

 

Figure 6.13 χ as a function of inverse temperature based on reference volume of 100 Å
3
. 

The dashed red line represents a linear fit of data: χ = 21.12/T - 0.03897 

It worth noting that the order disorder transition for DnBD33 is not as sharp as 

that observed for other block copolymers reported in literature.
243-246

 Broad order-

disorder transitions have been observed for block copolymers with increased 

dispersity,
247

 and it is notable that Đ of DnBD33 is 1.57. The three analysis methods were 

applied to all DnBD triblock copolymers discussed in this study, as shown in Figure 6.8-

Figure 6.11. As observed in Figure 6.12, increasing the vol% of PDAEMA in the DnBD 
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triblock copolymer results in a higher TODT. The value of χN at the order-disorder 

transition is dependent on the triblock copolymer composition, where N is number of 

repeat units and χ the temperature-dependent Flory-Huggins interaction parameter.
26, 248

 

In the theoretical block copolymer phase diagram,
32

 as the vol% of the minor phase 

(PDAEMA in our case) is increased, the value of χN at the order-disorder transition 

decreases. For an upper critical solution temperature system, the TODT is thus predicted to 

increase with increasing PDAEMA content in the triblock copolymer, in agreement with 

the trends shown in Figure 6.12.  With the knowledge of N, vol% of endblocks and ODT, 

χ can be estimated using theoretical phase diagram by following a previously reported 

procedure
32, 112

. The estimated χ at ODT are plotted in Figure 6.13 and listed in Table 6.3. 

The value of χ at 150°C (χPnBA/PDAEMA = 0.011) was compared to other well-studies 

monomer couples. The value is even lower than the well-known weakly segregating 

syrene/methyl methacrylate (χPS/PMMA = 0.025)
249

 and it is greatly lower than 

styrene/isoprene (χPS/PI=0.061)
250

, styrene/lauryl acrylate (χPS/PLAc=0.035)
112

, 

isoprene/lactide (χPI/PLA=0.15)
251

 and syrene/isooctyl acrylate (χPS/PIOA=0.091)
252

(All the χ  

values are recalculated based on reference volume of 100 Å
3
). Such a low value of χ is 

indicative of low incompatibility between PnBA and PDAEMA. Thus it requires larger 

number of N in order for DnBD triblock copolymers to self-assemble which is consistent 

our observation in SAXS measurements. 

Table 6.3 Summary of χ estimated from TODT of DnBD triblock copolymers 

Polymer N
a
 D

b
 

Theoretical 

χN at TODT
c TODT (K) χ at TODT

d 

DnBD33 1772 0.33 12.78 458.15 ± 5 0.0072 ± 0.0005 

DnBD31 1731 0.31 13.75 448.15 ± 5 0.0080 ± 0.0005 

DnBD30 1683 0.30 14.01 448.15 ± 5 0.0083 ± 0.0005 
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Table 6.3 Continued 

DnBD26 1594 0.26 15.95 428.15 ± 5 0.0100 ± 0.0006 

DnBD23 1535 0.23 18.15 418.15 ± 5 0.0118 ± 0.0006 
 

a 
Number of repeat units (based on a reference volume of 100 Å) 

b
 Volume fraction of PDAEMA in the block copolymer 

c
 Theoretical χN at order-disorder transition, for a given D (determined from ref. 

32
) 

d
 Based on a reference volume of 100 Å 

6.4 Mechanical behavior of DnBD triblock copolymers 

The DnBD33 triblock copolymer was chosen to evaluate the mechanical behavior, 

due to its attractive features of a well-defined cylindrical morphology, observed distinct 

Tg’s for the PDAEMA and PnBA domains, and accessible TODT. For comparison 

purposes, we also synthesized a conventional acrylic-based TPE, poly(methyl 

methacrylate-b-n-butyl acrylate-b-methyl methacrylate), containing 35 vol% methyl 

methacryate (MnBM35). The MnBM35 triblock copolymer was designed to contain the 

same midblock (PnBA) and comparable midblock Mn and endblock fraction, as 

compared to the DnBD33 triblock copolymer (Table 6.2, Figure 6.14 and Figure 6.15). 

The stress-strain curves of all tested specimens of DnBD33 and MnBM35 are shown in 

Figure 6.16, and the mechanical properties are summarized in Table 6.4. Both DnBD33 

and MnBM35 exhibited elastomeric behavior at room temperature, with comparable 

elongation at break values of 242 and 280%, respectively. 
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Figure 6.14 1D SAXS profile of MnBM35 

 

Figure 6.15 Log G’ vs. T at an angular frequency of 1 rad/s obtained for MnBM35. The 

drop of G’ starting at 150°C is the glass transition of the PMMA domain. 
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Figure 6.16 Stress vs. strain obtained from tensile testing for a) DnBD33 and b) 

MnBM35. 

Table 6.4 Tensile properties of DnBD33 and MnbM35 triblock copolymers 

Triblock 

Copolymer 

Elongation at break 

(%) 

Tensile strength 

(MPa) 

Young’s modulus 

(MPa) 

DnBD33 242 ± 8 1.48 ± 0.07 0.75 ± 0.03 

MnBM35 283 ± 29 4.06 ± 0.314 2.5 ± 0.5 

 

The tensile strength and modulus of DnBD33 were significantly lower than that of 

MnBM35 (in both cases, by approximately a factor of 3). Acrylic-based TPEs generally 

exhibit lower tensile strengths and moduli as compared to polystyrene/polydiene-based 

TPEs,
253-255

 however, the differences between the DnBD33 and MnBM35 polymers are 

worth examining in more detail. Two factors are known to significantly affect the 
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mechanical properties of triblock copolymer-based TPEs: the entanglement molecular 

weight and the dispersity of the polymer.  

The midblock and endblock entanglements molecular weights (Me) have a great 

impact on the mechanical properties of triblock copolymers. Both DnBD33 and 

MnBM35 contain PnBA midblocks of similar Mn (76 kg/mol). This molecular weight is 

2.7 times greater than the Me of PnBA (28 kg/mol
136

) and may not be sufficiently high to 

realize the full benefit of an entangled triblock copolymer matrix. Comparatively, 

stryrenic TPEs typically contain polydiene midblocks which have significantly lower Me 

values (for example, the Me of polybutadiene is 1.7 kg/mol
136

) and are therefore 

entangled at moderate molecular weights. The mechanical properties of the triblock 

copolymers are also affected by the strength of the rigid domains (formed by the glassy 

endblocks).
50, 256

 Thermoplastics with molecular weight higher than Me exhibit higher 

strengths.
257

 The Me of PDAEMA was not directly characterized, due to the inability to 

synthesize a sufficiently high molecular weight polymer (well above Me). However, an 

analogue which contained a polynorbornene backbone and very similar side-chain moiety 

to PDAEMA was synthesized and the Me was found to be 86 kg/mol in a prior study.
16

 

We therefore expect that the PDAEMA endblock Mn of DnBD33 (Mn = 20 kg/mol) is 

significantly lower than the Me of PDAEMA. In the case of MnBM35, the poly(methyl 

methacylate) endblock molecular weight (Mn = 21 kg/mol) is approximately twice as 

large as its Me (13 kg/mol),
258

 thus MnBM35 may potentially contain an entangled matrix. 

We note that the high Me of PDAEMA is in contrast to not only poly(methyl 

methacrylate) but also the polystyrene endblocks (Me = 13 kg/mol)
259

 in styrenicTPEs. 

Other literature studies have examined the mechanical behavior of triblock copolymer-
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based TPEs which contain bulky moieties in the endblocks. Mosnáček and coworkers 

reported a triblock copolymer with endblocks based on butyrolactone, and the tensile 

stress was found to be 0.7-1.9 MPa depending on composition.
50

 Hashimoto etc. reported 

a triblock copolymer with tricyclodecane pendant group in the endblock, which had a 

tensile stress of 2.4 MPa.
260

 Nasiri recently synthesized a triblock copolymer with a 

glucose-based endblock, exhibiting a tensile stress of 0.3-0.6 MPa.
52

 Thus the tensile 

strength of DnBD33 (1.48 MPa) is in line with other studies on TPEs containing bulky 

(and likely unentangled) endblocks.  

Furthermore, we can consider the impact of dispersity. MnBM35 has a much 

lower dispersity than that of DnBD33 (Đ = 1.16 and 1.57 for MnBM35 and DnBD33, 

respectively). Prior studies have investigated the impact of dispersity on triblock 

copolymer mechanical properties, with differing results. In one study by Tong et al., 

triblock copolymers with higher dispersity exhibited lower modulus and tensile 

strength.
261

 However, Luo and coworkers synthesized triblock copolymers with the same 

composition but very different dispersities, and they exhibited similar mechanical 

properties.
262

 Also, Chatterjee and Mandal compared the mechanical properties of two 

triblock copolymers before and after removing homopolymer and diblock copolymer 

contamination in the triblock copoolymers, which had little effect.
263

 Thus, the 

relationship between dispersity and mechanical properties of triblock copolymer 

thermoplastic elastomers remains to be elucidated. 

6.5 Concluding remarks 

A rosin-derived polymethacrylate, poly(dehydroabietic ethyl methacrylate) 

(PDAEMA), was evaluated as a sustainable endblock in triblock copolymer-based 
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thermoplastic elastomers. Poly(dehydroabietic ethyl methacrylate-b-n-butyl acrylate-b-

dehydroabietic ethyl methacrylate) (DnBD) triblock copolymers were synthesized via 

atom transfer radical polymerization with the aid of halogen exchange. The polymers 

exhibited two distinct glass transition temperatures that were commensurate to the 

corresponding homopolymers, indicating microphase separation of the triblock 

copolymers with little phase intermixing. SAXS measurements confirmed microphase 

separation: the triblock copolymer with the highest PDAEMA content exhibited a well-

defined cylindrical morphology and the others exhibited microphase separation lacking 

long-range order. The order-disorder transition temperature increased with increasing 

PDAEMA content, consistent with an upper critical solution temperature system. 

Mechanical testing revealed elastomeric behavior at room temperature. Whereas the 

elongation at break of a DnBD triblock copolymer containing 33 vol% PDAEMA was 

comparable to that measured for a conventional petroleum derived acrylic-based triblock 

copolymer, poly(methyl methacrylate-b-n-butyl acrylate-b-methyl methacrylate) 

(containing similar end-block content, 35 vol%), the tensile strength and modulus were 

lower for the rosin-based triblock copolymer, attributed to significantly higher 

entanglement molecular weight of rosin-derived end-blocks. This work demonstrates the 

utility of a renewable, abundant, and non-toxic feedstock, rosin, to produce sustainable 

TPE components. Rosin-based polymethacrylates, with high glass transition temperatures, 

were suitable endblocks in ABA triblock copolymer TPEs, exhibiting elastomeric 

behavior and accessible order-disorder transitions.  
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 Summary and Future Work Chapter 7

7.1 Conclusion of this work 

Given the challenges that the majority of the sustainable TPEs exhibited inferior 

mechanical properties to the petroleum-based TPEs due to the presence of bulky moieties 

in the polymer repeat units, in this work, we demonstrated that the incorporation of 

supramolecular networks, formed by hydrogen bonds and ionic bonds, effectively 

enhanced the mechanical properties of sustainable TPEs.  In addition, we explored the 

kinetics and mechanism of shear alignment of the fatty acid-derived triblock copolymer 

forming a closed packed spherical morphology which has rarely been reported in the 

literature. Finally, we broadened the library of sustainable building blocks with high glass 

transition temperatures by examining a rosin derived polymethacrylate as endblock for 

sustainable TPEs. 

In first project, hydrogen bonds were incorporated into fatty acid-derived triblock 

copolymer as a mean to improve the mechanical properties. The impact of hydrogen 

bonding on the physical properties was evaluated. The triblock copolymers were 

synthesized by copolymerization of fatty acid-based lauryl acrylate and the hydrogen 

bonding comonomer acrylamide to form the midblock, followed by chain extension with 

styrene to form the endblocks. FTIR confirmed the presence of hydrogen bonding at low 

temperatures, and effective dissociation of hydrogen bonds at elevated temperatures, 

facilitating melt processing of these polymers. The incorporation of acrylamide greatly 

reduced the order-disorder transition temperature due to more favorable thermodynamic 

interactions between the midblock and endblocks. SAXS analyses revealed the presence 

of a disordered spherical morphology that was unaffected by the presence of hydrogen 
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bonding. Mechanical testing revealed that the incorporation of hydrogen bonding 

significantly improved the tensile strength and strain at break of the triblock copolymers. 

Indeed, this work demonstrates the utility of hydrogen bonding to improve the 

mechanical properties of triblock copolymer thermoplastic elastomers which contain 

bulky constituents in the midblock (such as the long alkyl side-chains in the fatty acid-

based polymers explored in this work). 

In second project, ionic interactions were incorporated into fatty acid-derived 

triblock copolymer as a mean to improve the mechanical properties. The triblock 

copolymers poly(methyl methacrylate-b-(lauryl methacrylate-co-methacrylic acid)-b-

methyl methacrylate) were synthesized with reversible addition-fragmentation transfer 

polymerization. The comonomer methacrylic acid in the midblock was further 

neutralized with sodium hydroxide to introduce ionic interactions into the system. The 

effects of acid content and degree of neutralization on the physical properties were 

evaluated. Rheological measurement of the midblocks revealed that the relaxation time 

increase with increasing acid content and degree of neutralization. Incorporation of ionic 

interaction into the midblock greatly improved the both tensile strength and modulus. 

However, the strain at break decreased upon neutralization. Interestingly, the extent of 

enhancement of mechanical propertied was found to correlate with the relaxation time of 

midblock. 

In third project, we investigated kinetics and mechanism in the alignment process 

of poly(styrene-b-lauryl acrylate-b-styrene) triblock copolymers with initially disorder 

spherical morphology that transition to closed packed spherical morphology under 

nonlinear oscillatory shear. The time-dependent microstructural changes were evaluated 
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using in-situ SAXS. Change strain amplitude induced two types of orientations of HCP 

layers: 1) biaxial orientation in MAOS region and 2) parallel orientation in LAOS region. 

Increasing strain amplitudes resulted in not only faster ordering process but also higher 

degree of orientation. Interestingly, for the first time, we observed shear deordering in 

closed packed spherical morphology under oscillatory shear at highest strain amplitude. 

The domain dissolution and resolution mechanism was proposed for the ordering process. 

The mechanical response detected by FT-rheology is correlated with morphological 

changes.  

Finally, a rosin-derived polymethacrylate, poly(dehydroabietic ethyl methacrylate) 

(PDAEMA), was evaluated as a sustainable endblock in triblock copolymer-based 

thermoplastic elastomers. Poly(dehydroabietic ethyl methacrylate-b-n-butyl acrylate-b-

dehydroabietic ethyl methacrylate) (DnBD) triblock copolymers were synthesized via 

atom transfer radical polymerization. SAXS measurements confirmed microphase 

separation: the triblock copolymer with the highest PDAEMA content exhibited a well-

defined cylindrical morphology and the others exhibited microphase separation lacking 

long-range order. The order-disorder transition temperature increased with increasing 

PDAEMA content, consistent with an upper critical solution temperature system. 

Mechanical testing revealed elastomeric behavior at room temperature. This work 

demonstrates the utility of a renewable, abundant, and non-toxic feedstock, rosin, to 

produce sustainable TPE components. Rosin-based polymethacrylates, with high glass 

transition temperatures, were suitable endblocks in ABA triblock copolymer TPEs, 

exhibiting elastomeric behavior and accessible order-disorder transitions.  
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7.2 Outlook and future work 

The hydrogen bond-containing comonomer acrylamide used in this study is 

derived from petroleum. Furthermore, the length of the acrylamide side chain is much 

shorter compared to that of fatty acid derived lauryl acrylate, which might affect the 

chain dynamics and degree of hydrogen bonding in the midblock. Future work could 

replace the acrylamide with a hydrogen bond-containing monomer with long side chain 

and derived from sustainable sources. For example, vegetable oil-derived fatty amide can 

be a good candidate.
100

 

The valence and size of metal cation have a great impact on the ionic interactions. 

In this study, only sodium cation was employed. Future work could explore the effect of 

different metal cations on the physical properties of ion-containing triblock copolymers, 

including zinc, magnesium and cobalt. They are anticipated to affect midblock chain 

dynamics that affect the mechanical properties of the triblock copolymers.
146

 

Even though the mechanical properties of fatty acid-derived triblock copolymers 

were significantly improved by the incorporation of either hydrogen bonds or ionic 

interactions, they are still inferior to commercial TPEs which limit the application of 

sustainable TPEs. To achieve better mechanical performance, one approach is to reduce 

the size of alkyl side chain through metathesis. By cutting off the length of the side chain, 

the entanglement molecular weight could drop significantly, thus can enhance the 

mechanical properties of the triblock copolymers. Another approach is to explore other 

types of transient networks, such as metal-ligand interactions. Recently, metal-ligand 

interactions have received a lot of success in enhancing the mechanical properties of 
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elastomers.
264-266

 By careful design of the ligand structure, the relaxation time and bond 

strength can be tuned for targeted applications.  
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