
 
 

ABSTRACT 

TUHIN, MOHAMMAD OLIUDDIN. Experimental and Simulation Insights into Linear 

Multiblock Copolymer Systems: From Piezoresistive Sensors to Physical Organogels. (Under 

the direction of Drs. Richard J. Spontak and Melissa A. Pasquinelli). 

Block copolymers have been investigated for last few decades because of their characteristic 

self-assembled nanodomain as well as molecular conformation (i.e. how the individual 

molecules take shape while forming the domains) driven applications. Driving force of the 

self-organization and thereby formation of these nanostructure functions in a similar fashion 

regardless of the number of copolymer forming blocks; whether it’s 2 (diblock), 3(triblock), 5 

(pentablock) or more. The molecular conformations, along their nanostructures, play a vital 

role defining the mesoscale properties of these materials, especially regarding the applications 

related to elasticity and extensibility. Triblock copolymer, because of their single midblock, is 

known to possess the simplest scenario of midblock conformation. Herein, using experimental 

and simulation methods, linear pentablock and heptablock copolymer-based systems (both 

neat and gel) along that of analogous triblock copolymers were studied where mineral oil 

(MO), having affinity of physically residing with midblock, was used as the solvent in the 

organogels. 

In the first set of study of organogels, midblock selective solvents were simulated along 

triblock copolymers having different ranges of endblock fractions, and a detail phase diagram 

was constructed with the resultant nanostructures observed at equilibrium. One of the identified 

structures was ‘Octahedral’ morphology which is a unique addition to the family of block 

copolymer morphologies. The molecular conformations of the examined compositions 

depicted that the addition of the solvent changes the bridge fraction i.e. molecules connecting 

two nanodomains, at various degree upon the addition of the solvent and the spherical 



 
 

morphologies were found to yield the highest bridge fraction both in neat and in the gel 

compositions. 

The dissertation therefore, takes shift in examining the morphology and molecular 

conformations as a function of the structural influence of the triblock, pentablock and 

heptablock copolymers having endblock fraction of 0.2 leading to spherical or spheroidal 

morphologies. The morphologies from both experimental and simulation studies were found 

to be coherent in case of both neat and gel compositions of the copolymers. The new molecular 

conformations generated by the higher number of midblock were tabulated in detail along a 

newly proposed indexing method. The following section encompasses the influence of these 

structural complexities on the mesoscopic properties i.e. elastic and tensile characteristics. It 

was found that higher number of midblock provided increased elasticity and lower extensibility 

of the materials. However, such behavior can be a synergistic contribution of both having 

shorter midblock and higher number of midblock. As the chain length was kept constant in 

these series of studies mentioned in chapters 5 & 6, having higher number of midblock 

inevitably reduced the size of the midblock. Hence, it is still to be deconvoluted at which degree 

each of these factors contributed towards the mesoscale properties observed here. 

In addition to the organogels, this study consists of exploring the effect of incorporation of 

electrically conductive carbonaceous nanoparticle i.e. carbon nanofiber (CNF) into both neat 

triblock copolymer and triblock copolymer/MO gels. The interplay of the networks formed by 

block copolymers and the networks of nanoparticle were detail studied for mesoscopic electro-

mechanical responses of the CNF incorporated bulk material. It was found that, modulus-

tunable thermoplastic elastomeric (TPE) gels imbibed with the midblock-selective oil exhibit 

well-behaved properties with increasing CNF content, but generally display nonlinear negative 



 
 

piezoresistance at different strain amplitudes and stretch rates due to nanofiber mobility upon 

CPN strain-cycling. In contrast, a neat TPE possessing low hard-block content yields a 

distinctive strain-reversible piezoresistive response, as well as low electrical hysteresis, upon 

cyclic deformation. 
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CHAPTER 1 

INTRODUCTION 

1.1. Polymer, Block Copolymer and Development: Sketching the Route of Sequence 

The development in human civilization is often marked with different milestone of inventions like 

bronze, steel, wheel, steam engine, transistor, airplane etc. Among those achievements so far, the 

era of bronze was initiated when people found that the intimate mixing of copper and tin produces 

an alloy which is much stronger metal than the copper itself. It took years when another alloy, 

much stronger than the bronze, steel was invented by heating the iron in the presence of charcoal. 

This way, thousands of years long practice and different degree of scientific understanding yielded 

super ductile and super resistant alloys.  Later, the invention of the steam engine enabled mass 

production of steel in a controlled manner. This way, invention of these materials paved the way 

in building human civilization from one step towards the further ahead. 

Polymer is another such trailblazer, not necessarily competing with the prior mentioned 

predecessors, in the field of scientific development, which had been going through revolutionary 

developments since the last century. The tracking back via knowledge of the initiation of human 

civilization indicates that polymer, as a structural material, is known to be existent and utilized 

since the prehistoric period. 1 The swiss lake dwellers were known to cultivate flax and wove linen 

10 000 years ago. 2 The technology associated with weaving linen and different other plant fibers 

like cotton, coir hemp, sisal etc. are known to be used since 5000 B. C. Babylon was a well-known 

production and trading center of garments made up of wool and different animal hair since 4000 

B.C. Another porteinaceous fiber, silk, can be mentioned as a notable early fiber originated in 

China in 3000 B. C. However, all of these were natural polymers as the chemistry of these materials 
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were unknown till the knowledge of synthetic chemistry started to grow in 18th century. By the 

end of 1930s there started a bloom of polymer related industry as can be observed from figure 1.1.3 

Since then, polymer became one of the fastest growing industry that are shaping the ongoing 

development of human civilization. Intuitively, because of the access into current sophisticated 

technologies, the overall development and understanding has a much higher pace than the 

predecessors mentioned in earlier paragraph! Such advancement includes both natural and 

synthetic kind of these materials.  

Polymers, flexible and long chain macromolecules, consists of many repeating smaller molecules 

called monomer. Synthetic polymers are prepared by having specified monomers react in 

controlled way under designated conditions suitable for the intended production.  Block 

copolymers are constructed as a long chain macromolecule where two or more chemically 

dissimilar blocks of these polymers are linked together with covalent bond. These types of 

polymers i.e. block copolymers, represent a broad-range of macromolecules constructed by 

connecting discrete linear chains comprised of dozens to hundreds of repeat units that are 

chemically identical, and spontaneously assemble into finely ordered soft materials. 4 This field is 

comprised of extensively wide spectrum of macromolecular physics and chemistry, ranging from 

the versatile synthetic routes and molecular architecture to application of advanced theoretical and 

computational methods.5 Precise synthetic strategies of these macromolecules, with their self-

assembling capability, provides extraordinary control over the resultant morphology, length scale 

of the self-assembled domains ranging from few nanometers to several micrometers, and thus 

enables diverse and expanding spectra of myriad applications, for example, nanoelectronics 

materials6, drug delivery 6, advanced plastics7, piezoresistive sensors8,9, pressure-sensitive 

adhesives10 etc. Having compositional and structural versatility along the numerous fields of 
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applications can be evidently traced by observing the trend of scientific research associated with 

block copolymers as is depicted 11 in figure 1.2. 

There can be many variations in the architecture, chemistry, and thermodynamics associated with 

these polymers, which can be illustrated with couple of examples before being followed by more 

detail insights in the subsequent sections. As an example, two commodity polymers polystyrene 

(PS) and polybutadiene (PB) can be used to make block copolymers by connecting the PS & PB 

blocks using small amount of permanent linkage called cross-linkers. PS is a rigid transparent solid 

at room temperature and can be turned into viscous liquid above 100C whereas PB is already a 

viscous liquid at room temperature. So, connecting smaller domains of PS using long chains of PB 

enables to yield solid soft materials. Polyethylene (PE), another semicrystalline polymer can also 

be used in the place of PB where the PE chains are stacked periodically and forms physical cross-

linked rubbery networks between glassy amorphous regions made up of PS. Both PS and PE 

belongs to the small list of commodity polymer that make up over 80% of total consumed global 

plastic production. 12Thus having these as the blocks enables to get the properties of the kind of 

monomers belonged to a large proportion of total consumption. In addition to that, having bridges 

of soft polymers connecting rigid minority domains can be a profoundly useful design for the 

intended applicaitons. Using rubbery block as the bridging fraction connecting the rigid minority 

domains yield elasticity and are commercially used as thermoplastic elastomers, adhesive and 

bitumen formulations. 13 Thermoplastic elastomers are the materials that can be processed like 

plastics while the resultant products can be obtained with rubber elastic nature. On the other hand, 

having rigid bridges connecting soft minority domains enhances ductility and toughness. 14,15 

Therefore, because of the choosing options from varieties of block forming polymers with diverse 
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properties like elasticity, permeability, ionic conductivity, toughness, creep resistance and optical 

clarity, block copolymers have found a wide range of applications. 

1.2. Fundamentals of multiblock copolymers 

In general, polymer molecules are keen to resist the mixing. Even polymers tend to phase separate 

in cases where their respective monomers mix homogenously. Such case arises from the very low 

entropy of mixing two polymer chains of N monomers each, which is approximately 1/N smaller 

than the entropy associated with the constituent monomers. 12Hence, when block copolymers are 

left for interaction in bulk or in a solution, the polymers tend to phase separate into their constituent 

domains of the blocks. They form microphase separated nanodomains of the minor components of 

constituent blocks, with some exceptions like the formation of lamellar morphologies, while 

forming different molecular conformations of the midblock as depicted in the figure 1.3.16 As the 

term ‘midblock’ implies, such conformations require having at least one midblock e.g. as in 

triblock copolymer, to provide these physical networks. 

Polymer chains, either in bulk or in high concentration, tend to form transient knots by entangling 

with each other. These knots may arise from either chemical bonds, or physical entanglements 

where the molecular weight equals to or higher than their corresponding entanglement molecular 

weight, or as an effect of the combination of both physical and chemical bonds. However, 

throughout this current study of dissertation, only physical bonds will be considered as no chemical 

bonds are expected to form in any case of consideration, unless specifically noted otherwise. 

Similar molecular arrangement is also expected in case of block copolymer-based systems. In these 

cases, because of microdomain formation, the polymer chains are characterized by their capability 

of connecting these domains.  Especial point of interest arises from the molecular bridges 

connecting distinctive nanodomains. These midblock fractions determine the mechanical 
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properties of solid or semi-solid polymers and the flow properties in either molten state or in 

solution beyond minimum concentration of polymers needed to form micelle. This later minimum 

quantity required to form micelle is called critical micelle concentration for any constituent system. 

Usually, block copolymer designs are constructed and developed intending to specific 

applications. That’s why, a very small subset of the entire feasible chemical architecture of the 

BCP are explored and, even far smaller portion of those were developed and incorporated into 

commercially available products. So far, AB diblock and ABA triblock copolymers are the well-

studied classes of BCPs in numerous experimental tools as well as computational studies leading 

to their comprehensive experimental and theoretical understanding of their bulk- and solution-

phase behavior. 4 Having the combination of additional chemically distinct blocks and block types 

constituted of various functionality can open the new windows of innovative design opportunities 

for nanostructured materials with desired properties, often even without adding any significant 

commercial cost associated with the change of the design. As the boon of modern synthetic 

methods, now it’s possible getting access into a broad portfolio of multiblock architecture as 

illustrated 17 in figure 1.4. 

These multiblock copolymers can open up the window of unlimited potential for designing soft 

materials having been bound by meeting two conditions of synthetic accessibility of the 

structurers, and the availability of appropriate theoretical tools to guide the strategies required to 

follow in order to obtain the desired molecular design of the macromolecules along the processing 

conditions. Out of many, constructing macromolecules constituted of additional blocks can 

significantly benefit in the context of physical properties. For example, in addition to the well-

studied AB di-BCP, the extension of linear chains as ABA, ABABA etc. can greatly influence the 

physical properties such as enhanced elasticity and fracture toughness 18 leaving the phase behavior 
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mostly unchanged. Adding different types of block copolymers such as ABC itself can produce 

pronounced types of more additional nanostructure 19 in comparison with the case of AB and ABA 

triblock copolymer where, these later ones typically adopt four major types of microphase self-

assembled structures called spheres, cylindrical, double gyroid, and lamellae. As is explained in 

the review 17, additional numbers of blocks (n) along the chemically distinct block types (k) can 

profoundly extend the number of unique sequences producing the host of nanostructures. Having 

cyclic and different degrees of branching can offer further windows of possibilities 20 of phase 

complexity. Both of these possibilities are further illustrated in figure 1.4 and table 1.1. 

In 1960, Schlick and Levy used sequential polymerization of styrene and isoprene to prepare tri-, 

penta-, hepta- and nonablock copolymers of (AB)nA and (BA)nB with n = 1,2,3, and 4.21 Then a 

series of ABC and ABCBA block copolymer based materials were reported in next decade of early 

1970s.22-24 The next decades followed with the reporting of first ABC star (“miktoarm”)25; ABCD 

linear26,27 , miktoarms28, and ring-shaped or cyclic block copolymers.29 Block copolymer based 

systems comprising of (AB)n multiblock copolymers30, ABABA type pentablock copolymer,18 and 

ABABABA type heptablock copolymers were studied. 

Although, the field of block copolymer has expanded towards a wide variety of material property, 

investigation, and applications, it’s the spherical micelles that have still been at the focus of current 

state of art. The size of these spheres is bounded by the molecular weight of the constituent 

molecular weights, while such limitation of size can be lifted by producing other neighboring 

micelles like worm-like micelles, disks, or vesicles. It’s still a challenging task to control the size 

of these disks and vesicles for the particular purposes. In the cases where ABC block copolymer 

is used, core-shell-corona or “onion” can also be constructed which has been explored as delivery 

vehicle 31,32. Here, a specific molecule can be confiscated in the core with a surrounding thickness 
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of B shell, or if needed can be designed in a way to control the release rate. Having a cross-linked 

one microdomain of ABC triblock copolymer, and then, dispersing the resultant aggregates can 

generate additional interesting features. It was also reported that a class of block copolymer where 

B domain formed spheres at the A/C interface was observed to form “Janus” micelles. 20,33,34 So, 

the filed thus offers opportunity of having plenty of already established materials properties and 

numerous potential opportunities to be explored. 

1.2.1. Block copolymer phase behavior 

Block copolymers have long been used as an interesting field of materials due to their tunable 

capability of the formation of self-assembled nanostructure. These phase behaviors can be 

expressed in a simplistic method as the phase diagram mentioned in figure 1.5.35 These phase 

behavior of the block copolymers are defined by molecular variables, molecular topology and 

specific block sequences as elaborated in the following sections- 

So, the primary contributors to the phase behaviors are the degree of polymerization of each block 

(Ni), and the segmental pairwise interaction parameter, χij associated with the corresponding 

blocks. In addition to these, there are some other secondary contributors like molar mass 

distribution, block flexibility, sub-block structure e.g. alternating, tapered or random, composition 

heterogeneity etc.17 Hence, even a slight increase in the numbers of blocks (n) along the chemically 

distinct block types (k), along the wide spectrum options of choosing chemistries offers limitless 

potential chemical structures and functionalities. 

The start of the above-mentioned possibilities can be attributed to some early works from the mid-

20th century. It was 1960s, when the self-assembled properties observed in ABA type elastomeric 

materials were attributed to “microphase separation”. 13 Later, the application of small angle x ray 
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scattering (SAXS) and transmission electron microscopy (TEM) facilitates the beginning of 

identification of nanoscale domains of the components and the ordered lattice symmetries. At the 

beginning of 1970s, the microphases from spheres to cylinders to lamellae to inverted cylinders 

and inverted spheres. 36 Later, in the 1980s, the location as well as the characterization of order-

disorder transition (ODT) as a function of temperature came into light followed by the detection 

of order-order transition (OOT) between the constituting phases. By the end of this decade, the 

microphase separated domains within ODT became more established and also, additional phase 

like gyroid, and the rheological characteristics of different phases were highly studied and 

explored. 37-39. Something here is noteworthy to mention that analogous, at least qualitatively, 

microphase separated morphologies are also evident in much larger scale cosmic events like at the 

core of the neutron stars, and researchers named those ‘neutron pasta’. 40 It’s really fascinating to 

observe how the material properties can be similar throughout the nanoscale to cosmic scale! 

1.2.2. What are the strategies to choose which design of BCP to manufacture? 

Because of boundless possibilities of creating block copolymers, it’s indeed a daunting task to 

choose which one to aim for as preparing those are associated with heavy costs, needless to 

mention about the necessity of precise control over the strategy of chemistry involved. As it’s not 

a practical approach to prepare any specific type of block copolymer for the sake of purely aesthetic 

reason, the block copolymer molecular designs are prepared with the aim of specific applications. 

For example, in order to obtain a thermally stable and mechanically robust membranes having a 

dense set of specially designed nanopores require the use of a glassy, ductile, and chemically 

etchable blocks. 41 To get more specified goals in the intended products like the characteristics of 

biocompatibility, specific solubility constraints these arrays of choices will be further expanded. 

As an illustration, some possible combinations of a linear ABC terpolymer containing three types 
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of blocks, glassy polystyrene (PS), rubbery polyisoprene (PI), and polylactide (PLA) which is both 

etchable and bio renewable are presented in the scheme in figure 1.6. In the similar manner, 

polyethylene oxide (PEO), a water-soluble and biocompatible polymer, can be another potential 

choice to prepare block copolymers with additional functionality. 

However, it’s a growing challenge to decide which block copolymer to synthesize, using which 

monomers, and by choosing which kind of or which combination of synthetic methods to choose 

from the available synthesis tool-kits to obtain the specific type of block copolymer. Computer 

simulation can be very needed and useful tool in these cases to sort out the viable routes of 

synthesis and to narrow down the most optimized choice of product out of many potential 

possibilities. 

1.2.3. Role of synthetic chemistry 

As it’s intuitive from the previous sections, synthetic chemistry plays an important role in deciding 

the feasible structure of the block copolymers that are deemed possible. The living anionic 

polymerization is the most used method of the BCP production of now-a-days. After the first 

reporting of living anionic polymerization in mid 1950s in production of styrene and 

styrene/isoprene block copolymers 42, the method was successful in producing polymers with very 

narrow distribution of chain lengths. Synthesis of SIS and SBS triblock copolymer found a great 

success in the field using this method. 43 Further modification of the blocks like hydrogenation or 

fluorination enables further increase in the choice of properties obtainable from the BCPs. For 

example, catalytic hydrogenation of the diene blocks, midblock of SIS and SBS, yields 

polypropylene and polyethylene, respectively. Hydrogenation can also be applied into PS to 

produce polycyclohexylethylene which is a very rigid and temperature resistant transparent plastic. 
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Such hydrogenation of PS blocks was also successfully employed in SBSBS pentablock copolymer 

and, was found to yield new type of tough, transparent plastic with optical properties. 7,15 

To elucidate the target-oriented strategy of preparing the block copolymers/soft material within 

affordable range of associated cost require an in depth understanding of the structure as well as the 

properties influenced by that. The continuous advances in the computational/theoretical tools can 

be used as a predictive guiding route for the synthesis.  

1.2.4. Major usability of the block copolymers at a glimpse 

According to the review of Ref. 5, the major benefits of block copolymers can be listed as 

following- 

A) Obtaining precise morphology 

B) Control over length scale 

C) Theoretical tools to predict equilibrium properties 

As a general usefulness, block copolymers can suppress the macrophase separation retaining the 

properties of their constituent homopolymers. Thus, they can take advantage of their 

homopolymers only without using the nanostructure forming characteristic of them. Such limited 

useful ness is sometime referred to as ‘scalar’ benefit of the block copolymers. For an instance, 

poly[styrene-b-isoprene-b-styrene] is a very useful class block copolymer. For this kind of 

polymers, it’s the microphase separation of the styrene and isoprene blocks that leads to robust 

application of their elastomeric behavior, not any structure. 44 Now, along the properties of 

components, particular type of nanodomain, spatial orientation, short or long-range ordering of the 

nanostructure, connectivity, and orientation of the nanodomains bring all new interesting features 

into play regarding the current and future potential applications. Block copolymers having such 
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kind of versatile usefulness is sometimes termed as the ones with ‘vector’ properties. While the 

ones with ‘scalar’ properties are primarily used in commodity products and these later ones can 

also be particularly in high-value-added, in specialty markets. 

1.3. Understanding the solvent selectivity and gelation in BCP-gels 

One advantage of using bock copolymer is that the morphologies can be tuned just by adding block 

selective solvent/s. In these contexts, selectivity indicates the thermodynamic preference of the 

diluent molecules towards a specific block of the copolymer. In case of strongly selective systems, 

the diluent molecules almost entirely reside onto one microdomain, and behave as addition of the 

respective block. Such selectivity of the solvent towards specific blocks are strongly temperature-

dependent, and as the temperature is increased the selectivity was found to be decreased gradually. 

Studies 45,46 on the influence of different solvents having varied selectivity towards specific blocks 

of poly[styrene-b-isoprene] (SI) block copolymers illustrated that such increase in temperature is 

analogous to the addition of neutral good solvent to the BCP. 

It was already demonstrated by Hanley and Lodge 47 that all nanostructures in a pure block 

copolymer can also be produced in a block copolymer/solvent system if the solvent is neutral. The 

self-assembly in these block copolymers are dominated by two driving forces: short-range 

attractive forces (A-B attractive forces) and long-range repulsive forces (A-B repulsions). 48As a 

result of these two forces, the balancing act between the interfacial tension and the chain stretching 

entropy defines the formation of the self-assembled structures. As indicated before, these self-

assembled nanostructures can be various types like spherical, cylindrical, gyroid, and lamellar, 49 

where the spherical and cylindrical ones are usually termed as micelles. Several morphological 

and molecular architecture tends to change in the presence of a single solvent selective to one 

block. 50,51 In these the morphological ordering of the block copolymers are similar to that of the 
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bulk block copolymer except the fact that the ordering is governed by the solvent-polymer 

interaction as the dominant force. Additional studies also reported the change in morphological 

spectra in ternary systems consisting of one block copolymer and two selective solvents 52, and 

one selective solvent and one selective homopolymer.53 

Based on the strength of interaction between the block copolymer and the solvent, the aggregate 

forming micelles or aggregates can be solvated at some degree. However, if these micelles will 

form short-range or the long-range ordering is determined by the respective processing conditions 

and represents a competition between the micelle ordering and the physical network 

formation.54,55Higher polymer concentration favors the long-range ordering55,56, where the 

aggregate forming endblocks can exchange, as an example, in the case of  annealing of the gels at 

higher temperature, were it was found to favor the long-range ordering.57,58 In another way, it can 

be expressed that if the volume fraction of the micelle forming micro-domains are increased, at 

some point these micelles start depicting more intermicellar correlations and, at a very strong such 

correlations they start to show the crystalline-type morphological characteristics on the mesoscopic 

length scale. Such structures are dominantly known as cubic structures of spherical micelles, 

hexagonally packed structures of cylinders or rodlike micelles or lamellar structures of extended 

discs. 59 At such a higher quantity of block copolymer concentration, the overall inter-micellar 

connection can be extended to the entire 3- dimensional volume of the sample, and thus can 

provide a macroscopically isotrophic physical gel. Since each of such microdomains are connected 

to the extended three-dimensional network, peeling off any micelle will require to extract the 

polymer molecules from all surrounding microdomains. Such phenomenon provides the structural 

stability of the structure by restricting the chain mobility. The presence and characterization of the 

microdomains either in neat block copolymer or in block copolymer gel can be identified using 
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small angle scattering patterns. The signature of the gel can also be corroborated using rheological 

experiments where even at low shear frequencies ω, a finite elastic response where the storage 

modulus, G’ (ω, T) provides greater value than that of the loss modulus G’’ (ω, T). The 

microstructure driven response is directly related to the elastic response within macroscopic 

scale,60 and such elastomeric behavior is synonymous to the nature of classical elastomers 

(rubbers) where vulcanization introduces the permanent cross-links. 

However, long -range ordering was not found to impact the micelle size of the respective micelles. 

57 Like the neat block copolymers, in the block copolymers in BCP/gel, the BCP midblocks, 

emanating from the micellar core, form networks of bridges or loops based on if the respective 

polymer chain is located as part of the same or different micelles. 

On the other hand, AB or ABA type block copolymers can also be dissolved into endblock (A-

block) selective solvents which is incompatible with the B-block. In such cases, the microdomains 

will be formed of the dense core of B-blocks and the corona of flexible A-block chains will emerge 

and create either spherical, rod, thread or disk like shape. 61 

To understand how the mesoscopic properties are influenced in the BCP/midblock-selective 

solvent, it’s important to examine how the bridges connecting the microdomains are influenced in 

those systems. Using midblock selective solvent, tetradecane at different polymer concentration, 

a detail study on the SIS triblock copolymer were carried out using elegant dielectric technique. 

62,63 as an attempt to examine the midblock fractions is those systems. It was found that the bridge 

fraction decreases as the triblock copolymer was diluted. Another research group examined the gel 

modulus along the change in gel microdomain structure as a function of various degrees of dilution 

of BCPs using midblock selective solvent. 57,64-66 They observed strong power-law dependence of 

the modulus of the triblock in the corresponding gel. Here, one pertinent question arises from the 
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uncertainty on the fact that if the changes in the modulus is the contribution of bridge or that of 

the entanglement. Or, if it’s the result of both, then what’s the degree of influence of either one 

and how that might be changed in different conditions? 

Because, in addition to the loop/bridge ratio, the dilution of block copolymers changes the micellar 

structure like aggregation number and the intermicelle spacing. 64,65 The entanglement density also 

decreases as the polymer content is decreased while the solvent content is increased. Therefore, 

it’s still an ongoing challenge to find out exactly how and at which degree the loop/bridge ratio 

and the entanglement contributes towards the rheological response of any corresponding block 

copolymer gel. 

For SIS/cyclohexane based systems, in a reported study 56, it was speculated that the overlap 

concentration [c*] was reached even below 1 wt% of triblock concentration, considering the 

solution lied in semi dilute regime. Such scenario indicates that the chains coming out of the 

neighboring micelles exhibit much overlapping and, thus can heavily entangle even below 1 wt% 

of block copolymer concentration. 

Such kind of gels made up of unentangled end-linked polymers are expected to depict the plateau 

modulus 67,68 G0
Rouse:  

G0
Rouse = RT [c/M] (1) 

Here, M = molecular weight between the junction points. For triblock copolymer-based systems, 

this indicates the midblock molecular weight of the copolymer. T is absolute temperature and c is 

the polymer concentration. The numerical value of G0 is the value of G’ in plateau region at the 

frequency where G’’ exhibits a minimum. The observation of similar scaling was also reported in 

another analogous gel where the solvent was chosen to be heptane. 67 So, for nonassociating 
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polymer solutions, this plateau modulus is scaled differently as it requires the concentration69 of 

polymer several times c* to exhibit the entangled behavior.  

When the midblocks are interlocked, it works effectively as a bridge between micelles. Such 

entangled loops contribute to the elasticity of the networks. 70-72 Thus, the plateau modulus of the 

network, according to the theory of associating entangled polymers,70 can be expressed with the 

following relationship: 

G0
ent ~ (1/Ne) c

3v/(3v -1) (2) 

Where, v = Flory exponent = 0.588, and Ne = number of blobs per entanglement, and this Ne is 

independent of concentration in the semidilute regime. This modulus for entangled nonassociating 

homopolymers in the semidilute regime was found experimentally 73 to scale with the 

concentration of power-law exponent in the range of 2-2.5, and with the theoretical scaling 

exponents of 7/3 in θ solvents74 and 9/4 in good solvents.73 

Some other factors contributing to the networks in BCP-gels are number density of micelle, 

intermicelle distance. Decrease in number density of micelle will increase the inter-micelle 

separation, which will make the bridging among micelles, and entanglement between loops from 

neighboring micelles, more difficult. 

As is enumerated so far, the ratio of loop/bridge in the multiblock copolymer-based systems dictate 

how either the bulk or the polymer in solution will behave. If the loop/bridge becomes very high, 

and the loops produced from the micelles don’t create any interlocking entanglement, the micelles 

will create a flowerlike conformation like of the figure 1.7. There will not be attraction between 

these flower-like micelles even though these are made up of multiblock copolymers. 



16 

  

When this ratio of loop/bridge is relatively small, the bridging chains can produce an association, 

which, then can yield the phase-separated solution at low polymer contents,75,76 and physical 

networks in case of high polymer contents.62-67,70,77,78 

1.3.1. Rheological property analysis in BCP/solvent gel 

Unlike the case of diblock copolymers where the non-similar chains repel each other due to 

thermodynamic incompatibility, having multiblock copolymers like ABA, ABABA or 

ABABABA multiblock copolymers, the bridging of the chains creates an entropic attraction 

between the corresponding micelles.67,70,75,77 In addition to that, the multiblocks, unlike the diblock 

copolymers, can form different midblock driven conformations. These physical cross-linked 

networks contribute to the physical properties of the gels. The bridges and the interlocking loops 

can transmit stress between the corresponding micelles and thus can contribute to the shear 

modulus of the gel. However, the unentangled micelles don’t contribute into such stress of the 

material. Using the rubber elasticity theory, for a gel, the shear modulus, G’ for an Neohookean 

material isotrophically swollen by solvent can be expressed79as following: 

𝐺 =  𝜐𝑘𝐵𝑇
𝑑2

𝑅0
2 = 𝑓 (

𝜑𝑝𝜌𝑅𝑇

𝑀
)

𝑑2

𝑅0
2 

(3) 

Here, 

𝜐 = number density of the elastically active chains 

𝑀 = molecular weight of the corresponding polymer 

𝑓 = fraction of the elastically active polymer molecules 

𝑅0
2 = mean-squared end-to-end distance of the corresponding equilibrium solution of molecules 

with a molecular weight (MW) equal to the average MW between cross-links. 
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Among the remaining parameters, 𝜌 and 𝜑𝑝 represent the volume fraction and the density of the 

polymer, respectively. 

As is expected, for triblock copolymer gels, the increase in bridge/loop ratio is synonymous to the 

increase in the number of elastically active chains, and thus the modulus is also increased. Previous 

studies of triblock copolymers in midblock selective solvents using Monte Carlo simulation 60,80,81 

and experimental dielectric studies 62 reported that the number of bridges is increased with increase 

in the concentration of polymer. Semenov’s theoretical studies on triblock copolymer gel indicated 

that the triblock micelles strongly attract each other and that the bridge fraction scales with the 

micelle aggregation number and the concentration of micelles in solution. 70 

Micellization of diblock and triblock copolymers were detail studied using theoretical tools, 

especially the critical micelle concentration (CMC) of diblock copolymers in homopolymer 

solvents 82; diblock83 and triblock84 in a selective solvents were  reported to be well-studied. In 

those studies, the researchers used free energy approach in determining the critical micelle 

concentration in these cases. Their studies identified the scaling relationships between block 

length, core and corona radius, and aggregation number. Additional experimental studies 76 and 

theoretical studies85,86 for styrene-based systems focused for triblocks in selective solvents were 

also conducted to scale the aggregation number with concentrations of triblocks. It was concluded 

out of the findings from those examinations that the increase in the triblock concentration is 

accommodated by creating more micelles, not by increasing the aggregation number. 

For the sake of comparison, it’s notable to mention that the analogous systems of dilute solutions 

of surfactants or copolymers 75 and the Pluoronic systems in water87 depicts opposite behaviors 

regarding the scaling of aggregation number and the increase in the concentration of the block 

copolymers. 



18 

  

The concept of aggregation number (g), the number of endblocks per micelle core, can further be 

illustrated as a relationship considering that the triblock copolymer gels can be modelled as a 

random distribution of hard spheres in a liquid: 54,58,60,88,89 

𝑔 =  (
2𝜌𝜑𝑝𝑁𝑎𝑣

𝑀
) (

4𝜋𝑅3

3𝜂
) 

(4) 

where 𝑁𝑎𝑣 represents the Avogadro number. Comprising the same parameters, it is also possible 

to evaluate the average distance between micelle cores, D, as following- 

𝐷 =  (
4𝜋𝑅3

3𝜂
)

1/3

 
(5) 

Theses equations again can bolster the idea that if new polymer chains are put into a system, they 

need to be accommodated using some mechanisms. The two such possible mechanisms are: either 

the average spacing between micelles will decrease, or the aggregation number will be increased. 

The increase in the average micelle spacing favors the formation of loops as accommodating more 

inter-micelle space requires the midblock fractions (bridges) to be more stretched. 

Detail studies on ABA/solvent forming physical gel57,65,67 also depicted that these materials show 

characteristics dynamic elastic modulus (G’) as independent of frequency and as greater than the 

dynamic viscous modulus (G’’) in the linear viscoelastic regime.90 These triblock 

copolymer/midblock selective solvent gels can retain the properties of both liquid phase along the 

robust nature of elastic solid. 

Block copolymer microstructures are also reported to be susceptible to the alignment by flow, and 

in thin films, electric fields can also generate the alignment of the nanostructures. 91,92 Koppi et. al 

proved that different flow conditions can orient the lamellae either parallel or perpendicular to the 

shear planes. 93 Both diblocks and ABA triblocks are mostly proved to show similar response 
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towards the shear flow and it was concluded that chain architecture does not play deterministic 

role in such behavior of the materials towards the shear flow. However, the other studies 94,95 

regarding ABABA pentablocks refute the notion of that assumption. It was observed that the 

multiblock architectures can provide processing advantage, because of their near absence of 

parallel orientation, in addition to the generation of “forbidden” transverse orientation. Among 

different diblock morphologies like Sbcc, C, G, L, the response toward the flow orientation, even 

in the linear viscoelastic limit, the response is very different.96 Hence, while doing the rheological 

characterization of the BCP based materials, it’s the low frequency dynamic moduli that was found 

to be the most accessible route to characterizing thermally induced order-order-transition (OOTs) 

and the order-disorder-transition (ODTs).97 

1.3.2. Addition of AB diblock into ABA/MO gel to further increase the bridge fraction 

A previous study 66 carried out to examine the impact of systematically adding AB diblock 

copolymers into ABA/MO gel at constant copolymer composition was observed to enhance the 

solid like behavior of the gel, as is indicated by the increase in magnitude of dynamic elastic 

modulus. It was also reported that addition of AB diblock to a non-gelled ABA/solvent can induce 

the gelation in the system. 6161 

It was found that the presence of AB diblock created the phenomenon of ‘tail-induced volume 

exclusion’ within the micellar coronas and thus the population of bridged B midblocks are 

increased, which in turn also contributed in increasing the dynamic elastic modulus (G’). In 

another study of ABA lamellar triblock copolymer using self-consistent field theory 98 also 

revealed such increase in the bridged B midblocks upon addition of the AB diblock copolymer. It 

was found that, as the interfacial volume exclusion was increased due to the addition of AB, the 

midblock fractions of ABA/AB exceeds the midblock fraction in the pure ABA copolymer (figure 
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1.8). This is an important phenomenon that can further be explored in multiblock 

copolymer/midblock selective solvents, where multiblock copolymer will be comprised of block 

copolymers having more than one midblock. 

1.3.3. Insight into some common applications of ABA/solvent gel 

Among many other types of applications, the styrene based ABA triblock copolymer have been 

used in various applications as thermoplastic elastomers,99as substrate for microfluidic systems,100 

and as pressure sensitive adhesives.101-103 Triblock in liquid crystal solvents were also studied and 

found to benefit out of homogeneity of self-assembled elastic solids with rapid switching times 

and excellent optical properties. 104 Block copolymers comprised of hydrophilic midblocks and 

short hydrogenated or fluorinated hydrophobic end blocks found extensive use in thickening 

agents in surface coatings and cosmetics, oil recovery, and waste water treatment.50,52 Hydrogels 

made up of triblocks with poly(lactide) endblocks attracted much interest in the field of tissue 

engineering as their elastic modulus is similar to that of the soft tissue.105 

Thermoreversible gels 106,107 are another important type block copolymer-based gels found use in 

different fields. The interaction between micelle forming minor component, e.g endblcks and the 

solvent, χAS is dependent on temperature, and as result of such kind of dependency their micelle 

forming characteristics can be tuned according to the change in temperature (figure 1.9).108 

 In the absence of long range ordering, two transition temperatures predominantly play important 

role in dictating the thermoreversibility of block copolymer gels. The first one is the critical micelle 

temperature (CMT), at which the micelle forming parts, e.g. minor blocks of polymer molecules 

start to aggregate, and micelles are formed. Decreasing in temperature worsens the solvent quality 

of the corresponding micelle forming blocks and the solvents are expelled from the aggregates. 108 
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The glass transition temperature (Tg) is the second one below which still slightly swollen micelle 

forming domains form elastic solid. Here, one thing worth mentioning is that the systems depends 

on endblock crystallization for network formation, the gelation kinetics is much slower than that 

in the system governed by glass transition temperature.108 Both of these transitions were also found 

to be dependent of block length and gel concentration as was evident from the study of PMMA-

PnBA-PMMA triblocks and alcohol based systems.109 as the CMT of this system is below 100C 

and the glass transition temperature is slightly above the room temperature, the system is 

particularly useful for different sytems, especially as it’s easier to remove the volatile alcohol for 

processing applications where casting must be dried before sintering. 

Acrylic or styrene-based gel systems usually have long relaxation times 110, while the aqueous 

systems lack such long relaxation time and tend to gel on heating. 81Styrene based commercially 

available SEBS triblock/MO based gels can also form thermoreversible gels. However, such 

system has broader transition between liquid and solid behavior. 57 

It’s also worth mentioning that both too short and too long relaxation times can be problematic 

depending on the type of processing application, especially for molding. In case of too short 

relaxation time at low temperature, the gel characteristics of the material, necessary for molding, 

will be lost. On the other hand, having very high relaxation time will make the viscosity too high 

and thus it will be difficult for the material to pour into mold. 
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1.4. Interplay of the molecular bridge and elasticity in multiblock copolymer-based systems 

While the nanostructures have important applications, sometimes, block copolymer-based systems 

are designed to obtain sets of physical properties e.g. modulus, thermal conductivity, birefringence, 

and dielectric constant etc. Among these intended properties, correlating the linear and non-linear 

practical toughness for linear bicomponent diblock, tribock and pentablock copolymer were detail 

studied using a series of hydrogenated series of these class, and it was concluded that this 

mesoscopic property can be roughly correlated to the bridge fractions connecting the domains. 

Using a real-space implementation of SCFT111, there was another theoretical attempt of such 

correlation in case of ABABA pentablock copolymer.112 The correlation is intuitive considering 

the fact that to propagate the crack throughout the samples made up of these material, the bridging 

blocks must either be cleaved or one of dangling ends corresponding to the block copolymer chains 

must be pulled out of the mesophase, that will eventually lead into the dissipation of great amount 

of energy. However, it’s worth mentioning that such properties are not solely dependent of the 

molecular bridge fractions. Some other related determining factors in the context are expected to 

be grain size, processing and thermal history of the mesophase morphology, orientation of the 

nanostructure within the material, molecular weight. 

One good way to capture the mesoscopic properties like elasticity is to consider how individual 

chains behave while dealing with the interplay of energy and entropy contributions towards the 

chain conformations. Previous study 113 reported the results of such single chain stretching of 

multiblock copolymers in selective solvent. In selective solvents, the multiblock copolymers, 

because of the self-assembly nature, form secondary and tertiary structures, which results different 

hierarchical elastic responses. In the understanding of rubber elasticity, it’s the classical practice 

to study the single chain elasticity before getting into the exploration of elastic properties of the 
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mesoscopic network. 73,114,115These chains can either follow Gaussian chain model or non-Gaussian 

model. The elastic nature of the chains depends on the model the chains are following. For 

Gaussian model, purely entropic nature of the elastic force exists and the number of chain 

conformations of a chain having fixed ends at constant distance R defines it. The number of 

conformations obtained in this case can be expressed as, P(R) ∝ exp (-3𝑅2/(2𝑁𝑏2)). Here, 𝑁𝑏2 

is the mean-square end-to-end distance of the chain, 〈𝑅2〉. Thus, the resulting force can be 

expressed with the Hooke’s law based on entirely entropic contribution: 

𝜑 =  
3𝑘𝐵𝑇

𝑏
(

𝑅

𝑁𝑏
) 

(6) 

While considering this force, the energetic contribution is not neglected, and this linear regime of 

the force can be detected by experiments. However, for the larger extensions, R/b > √𝑁, of the 

chains, the chain conformations decrease in number. Because of that, the force rises strongly at 

large deformations of the chains, and hence, the finite chain length needs to be considered. 

Now, in a good solvent, the chains follow the self-avoiding walks (SAW), which is non-Gaussian 

in nature. The chains depict non-linear response of force and is expressed as following: 

𝜑 ≅  
𝑘𝐵𝑇

𝑏
(

𝑅

𝑁𝑏
)3/2 

(7) 

It’s the asymptotic free energy, 𝐹 ∝  𝑘𝐵𝑇 (𝑅/(𝑁3/5𝑏))5/2 is the reason why such non-linear 

response is observed. 

1.4.1. Multiblock copolymers in a good solvent 

As it was discussed in earlier sections, linear (AB)n multiblock copolymers can be a seen as a 

polymer chain consisting of numbers of diblock copolymers bonded head to tail. Under different 

circumstances, these multiblock copolymers can form different types of micelles starting from 
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“hairy” micelles to micelles where multiple micelles are joined together by the extended polymer 

chain. 

In “hairy” micelles, the cores are made up of A monomers and the coronas consists of B monomers. 

Usually, such a morphology is formed when the block copolymer molecules tend to aggregate 

predominantly governed by loops. The optimal size of these micelles are determined as a result of 

interplay of several factors like the interfacial energy, the free energy associated with the 

deformation of core and corona, and the excluded volume effect generated repulsion inside the 

coronas. 

In the light of the detail derivation of these factors in interacting micelle and non-interacting 

micelles, as is reported in a previous study 113, the preferred micelles sizes can also be suggested. 

In non-interacting micelles, multiblock copolymer micelles consist of optimal number of blocks, 

p*, and are expected to take self-avoiding walk (SAW) if there is no attractive interaction between 

the micelles. That indicates that there is no exchange of bridges among the neighboring micelles. 

As a result of that the coronas repel each other, and yield SAW pattern of mobility. The size of 

these “hairy micelles” will thus be Rm = RA + RB. As a whole, the radius of the noninteracting 

micelle can be obtained from the following relationship: 

𝑅𝑚𝑢𝑙𝑡𝑖  ≈  𝑅𝑚 (
𝑛𝑎

𝑝∗
)

3/5

 

 

(8) 

 Where, na denotes the number of A blocks in the micelle forming multiblock copolymer. 

On the other hand, if the A-B blocks possess attractive interaction between them, adsorption of 

loops and bridges will yield secondary structures in the system. Combination of more than two 

such micelles, where their coronas overlap with each other, form a self-assembled globule in a 



25 

  

large scale. This analogous to the formation of two-dimensional semidilute solution. In the figure 

1.10, a dense super globule consisting of such secondary structure forming block copolymer 

forming micelles are depicted. As is evident that the cores stays in the same neighborhood as a 

result of having adsorbed coronas on the surface of the spherical surface of A type block 

copolymers. The size of such a globule can be obtained as  

𝑅𝑚𝑢𝑙𝑡𝑖 ≈  (
𝑛𝑎

𝑝∗
)1/3𝑅𝑚 (9) 

Regarding the mechanical properties, such formation of secondary structure produces distinctive 

elastic responses in multiblock copolymer based systems. In the same manner, interconnection of 

the corona blocks forming the cores can also form secondary structures by exchanging molecular 

bridges. It’s analogous to the formation of physical microgels, and this secondary structure also 

induce elastic behavior in the corresponding block copolymer-based systems. 

1.5. Elastic response of multiblock copolymers under uniaxial stretching 

Since the block copolymers form both primary (micelle core) and versatile secondary structures, 

the result of the application of any external force evolves around the sequential unfolding of these 

structures. The deformation starts with the change of the self-assembly structure from sphere to 

elongated ellipsoid, the applied force and the extension follows the linear relationship in this 

region. As the sequential step, the micelles aligned with the direction of external pulling gets 

dissociated leading to the unfolding of the primary structure, micelle core, as the next step. As is 

reported in a previous study, there exists a regime which corresponds to the co-existence of the 

elongated globular structure and the aligned micelle structure. 113 As a result of that, a van der 

Waals loop type force-extension curve appears for these systems upon the application of external 

force. Such case, thus, yields a tadpole like structure as route of the dissociation of the individual 
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micelles from their host globular structure (figure 1.11). During this unfolding of the secondary 

structure, the force remains constant from the onset of unfolding as long as the secondary structure 

is formed by the bridges of adsorption category. This uncoiling of this secondary structure 

corresponds to the energetic scenario where the elastic energy exceeds the gain in energy as a 

result of adsorption between micelles. For obtaining the wholistic view of the response, it’s 

required to consider the next step as well, which is the unfolding of the micelle cores. Several case 

of the structural response upon application of external force is noted in the following sections in 

the light of another reported study 113. 

1.5.1. Case-1: Adsorption of coronas between cores generated secondary structure breaking 

Considering that the number of B blocks per unit core are is constant, and that, at equilibrium, the 

core surfaces hold position at approximately D distance from each other, kinematic and energetic 

picture can be drown for the breaking of secondary structure. If the fraction of the surface of core 

covered by adsorbed polymer is 𝜎𝑒𝑓𝑓, the 116Derjaguin approximation116,117 can be used to evaluate 

the spring constant for the bridging contacts as following- 

𝑘𝑚𝐷 =  𝑘𝐵𝑇𝜎𝑒𝑓𝑓𝑅𝑚/𝐷3 (10) 

This, the free energy associated with the debridging can be expressed as  

𝐹∗ =  −𝑘𝐵𝑇𝑅𝑚/𝐷 (11) 

However, the influence of such bridging attraction becomes negligible on the scales larger than 

individual micelles. The dense superglobule micelles formed because of micelle self-assembly 

attached by adsorbing B blocks yields an effective surface tension of the super globule as – 

𝛾𝑒𝑓𝑓 =  
𝐹∗

𝑅𝑚
2 

(12) 
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Therefore, according to Halperin and Zhulina118 , the critical force for unravelling the superglobule 

can be expressed as 𝜑𝑐 =  𝑘𝐵𝑇𝜎𝑒𝑓𝑓/𝐷. As a following step of this unraveling, the extension of the 

strings of micelles occurs followed by the relaxation of the adsorbed bridges at the critical force 

𝜑𝑐 =  ~𝐹∗/𝐷. Testing the mechanical response upon application of external force is expected to 

depict such linear constant force regime, 𝜑𝑐 =  𝑘𝐵𝑇/𝐷, under imposed elongation.  

It was thus concluded that the overall extension of the secondary structure can be characterized by 

two subsequent steps following the initial ellipsoidal deformation. As the first of two, the 

deformation of the corona can be attributed to the constant force plateau in force extension curve. 

Thereafter, additional stretching of the strings is resulted from the increase in force, and the output 

is obtained as a linear response. 

1.5.2. Case-2: Topological bridges generated secondary structure breaking 

Now, secondary structure can also be the output of connected coronas of the block copolymers 

where one multiblock visits the micelle more than once (figure 1.13). This way, the neighboring 

micelles are connected by the B blocks, the required force differs to deform these microgels than 

what was needed uncoil simply corona adsorbed joined micelles. According to the studies of 

Happerin and Zhulina118, this force is much larger than the former case. The corresponding critical 

force is expressed as  

𝜑𝑐𝑟,𝑚 =  𝑘𝐵𝑇/𝑑𝑓𝑙 (13) 

This critical force is much smaller than both the analogous force associated with the extraction of 

an A block and the force required to rupture micelle-micelle contact. However, the debridging 

force is much higher as it associates with the extraction of the A blocks involved in all bridges. 
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1.5.3. Case-3: Dissolution of primary structure 

The study of the same researcher also illuminated the dissociation of the primary structure, the 

individual micelles. While doing so, the elastic response of the individual chains of multiblock 

copolymers were considered as a response to the applied external force. At the magnitude of force 

when the cores start breaking down, all structures are dissolved into a series of Pincus blobs. It’s 

also intuitive that while going through the extension under force, the optimal sizes of the core and 

corona gets shifter towards smaller sizes. As a sequential process of the breaking of each micelle, 

the release of each core forming block is followed by bringing the corona blocks aligned in the 

direction of the applied force. As the unfolding happens, the release of the first block from micelle 

core is expected to drop the value of force to smaller extent as a result of abrupt release of the 

attached corona. The discreteness of such occurrence as an output of the repetition of such process 

yields sawtooth pattern in the force-extension curve. Additional force eventually will stretch the 

system at an extent so that the remaining micelle will become unstable and lead to abrupt release 

of the open chain configurations. This is expected to provide steeper decrease in the sawtooth 

pattern of the force extension curve. However, in the systems having many micelles, while one 

individual micelle breaks down, there might still be enough strength of the remaining micelles that 

can provide enough resisting force to mitigate the abruptness in decrease of the force due to the 

individual release of core blocks. At the finale of the process, all core forming micelles can uncoil 

resulting the Halperin and Zhulina’s tadpole picture. 118 

In addition to the contributing factors illustrated in previous sections, it’s notable to mention that, 

A-B-A type thermoplastic elastomers based on styrene-butadiene & styrene-isoprene was also 

studied to explore the impact of molecular architecture on their stress-strain properties.119 Their 

study aimed to find out several pertinent answers on how block lengths, compositions, and the 
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molecular composition of the corresponding blocks can impact the physical properties of the block 

copolymers. The polystyrene content was the ‘reinforcing filler’ while the polybutadiene 

functioned as the cross-linking segment in their system in bulk block copolymeric system. The 

investigation, as the results are reported in figure 1.13, proved that both of the tensile stress and 

the ultimate tensile strength depends only on the composition of polystyrene, not on the block 

lengths.  

1.6. Computational approach as an understanding and guiding tool 

Theoretical and simulation studies has enumerated significant role in understanding the 

experimental observations by means of identifying and explaining different types of metastable 

structures observed in experiments.120 The polymer self-consistent field theory (SCFT) by Matsen 

and Schick121,122 was one of the pioneering implementation that enabled the thermodynamics and 

structural analysis of the polymeric spatially periodic distinctive mesophases characterized by 

arbitrarily complex symmetry such as the gyroid phase of block copolymers. Having in depth 

understanding of the self-assembly principles along the development of enhanced synthetic routes 

enable the experimentalists obtain variety of useful block copolymer nanostructures. Such 

exploration associated with increased number of chemically distinct blocks and architectural 

complexity require continuously increased investigation into finding out additional number of 

binary interactions such as interfacial tension or Flory “χ” parameters. It’s noteworthy to mention 

that such richness in the dissimilarity of the blocks provides numerous consistent complex 

morphologies. In addition to the novelty of connected copolymer blocks, having rigid or sterically 

constrained blocks such as liquid crystalline, conjugated blocks or dendrimers can also produce 

different self-assembly behavior. 
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While having those rich mesophases are extensively useful in various fields, there are too many 

parametric matrixes that the experimentalists need to deal with to pin point the desired product. 

Some of those particular designing factors are block compositions, architecture, molecular weight 

and temperature, and optimizing such a big array of contributing factors are very laborious to 

explore. Further difficulty arises as, even well-developed morphologies can be so many in number 

that the massive scale of required characterization become a difficult task to deal with. Because of 

these challenges, theoretical studies and understandings became very useful as both the guiding 

and understanding tool for the experimentalists as more complex block copolymer systems kept 

evolving with versatile focus of applications. 

1.6.1. Choice of simulation method: dissipative particle dynamics (DPD) 

Advanced computational efficiency coupled with the high-performance computation capability 

enhanced the study of complex fluid applications at different level of interest ranging from 

electronic level to macroscale. It’s crucial to determine which simulation approach will be suitable 

for any intended field of study. Several atomic scale investigations of the different interactions 

between polymer and discrete nanofillers have been reported by different methods like analytical 

continuum mechanics,123,124 reactive potentials,125,126 and classical force fields.127-129 In such 

atomistic methods, the number of particles used in the simulations is equal to the real system which 

is mimicked to explore the real time properties; hence, as the scale of the system under 

considerations is increased significantly, the complexity of the whole simulated system becomes 

computationally more challenging. This fact leaves the atomistic simulations as a non-suitable 

choice for exploring the overall morphology at length-scales most relevant to the nanocomposites, 

i.e. tens of nanometers (nm) to microns. Other than the challenge regarding size scale, the biggest 

challenge lies in simulating over the equilibration times that are orders of magnitude longer than 
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a nanosecond, a typical limit of atomic scale simulations, the most common being the molecular 

dynamics (MD). 

On the other hand, coarse-grained methods offer an attractive solution and allow computationally 

efficient mesoscale simulations. Such mesoscale simulation techniques can be used to overcome 

the length and time-scale restrictions, and a large number of particles can be simulated for much 

longer time to study equilibrium morphology and structural properties effectively. 130 The coarse-

grain simulation systems like dissipative particle dynamics (DPD) is such a modelling attempt in 

that direction. 

DPD simulation is a point particle- based method where a dissipative particle commonly called a 

‘bead’ represents the center of mass of a mesoscopic portion of fluid. Each bead represents a 

collection of Neg - (MD) atoms or monomers, where Neg is called the coarse-graining number and 

their atomic level details are ignored. 

 From physical point of view, each of these dissipative particle or bead is considered as a collection 

of molecules that can move in a coherent fashion. The positions and momenta of the spherical 

“beads” are propagated and updated in a continuous phase space at discrete time steps. But, unlike 

the Lennard-Jones forces of interaction in MD simulation, here, the “beads” feel a short range soft 

pair-wise conservative potential which is the fundamental characteristic of the system. To 

elaborate it further in details, if the interparticle distance tends to become zero, the force between 

the corresponding particles become infinity as can be observed from the following Lennard-Jones 

equation, widely used in MD simulation- 

𝑢(𝑟) = 4𝜖 [
𝜎𝐿𝐽

𝑟

12

−  
𝜎𝐿𝐽

𝑟

6

] 
(14) 
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Such hard-core characteristic of the force employed in MD simulations makes the method 

impractical for larger systems as it limits the maximum timesteps that can be employed to 

numerically integrate the equations of motion. On the other hand, in DPD simulations, a collection 

of particles is grouped (coarse-grained) together as is depicted in figures 1.14 and 1.15.131,132 

Now if these DPD clusters become larger in size and time employed for integration of the equation 

of motion is long enough, the effective potential between these interacting groups become softer. 

In plain narrative, this ‘soft potential’ means that the force between the interacting particles is no 

longer infinite at zero separation. Such behavior can reasonably mimic the fluids as there, the 

centers of the packets of corresponding fluids can overlap while they pass through each other. 

Thus, the choice of such soft potential enables both to simulate larger fluid system and to have an 

effective time-step of several picoseconds, 3-4 orders of magnitude larger than typical time-steps 

employed in a MD simulation. 133  

The total force, 𝐹𝑖𝑗, interacting between two DPD beads, 𝑖 𝑎𝑛𝑑 𝑗 can be expressed as the following- 

𝐹𝑖𝑗 =  𝐹𝑖𝑗
𝐶 +  𝐹𝑖𝑗

𝐷 +  𝐹𝑖𝑗
𝑅 (15) 

Here, 𝐹𝑖𝑗
𝐶 is the purely repulsive conservative force. 𝐹𝑖𝑗

𝐷 represents the damping or dissipative 

(frictional) force characterizing the viscosity that slows down the particle motion with respect to 

each other. The remaining term in the equation,  𝐹𝑖𝑗
𝑅,is the representation of random (stochastic) 

force that characterizes the thermal or vibrational energy of the system. It’s to be noted that for 

added characterization of the systems of consideration, additional force/s need to be considered. 

For example, to mimic the polymer chains made up of DPD beads, spring force acting between 

the beads need to be considered, further detail of that will be illustrated in the subsequent sections 

containing DPD simulation of polymer chains.  Other than using the conservative potential, the 
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way how the DPD beads act to maintain the thermostat using dissipative (frictional) and random 

(noisy) force, the beads can also be considered as a collection of self-repelling frictional and noisy 

balls. As three types of forces associated here satisfy the Newton’s Third Law, the classical DPD 

model conserve the mass and momentum balance, and such conservation is the essential key to 

dictate the hydrodynamic behavior of a fluid at a large scale.134,135It’s pertinent to mention that in 

another analogous method, Brownian Dynamics, only mass diffusion can be studied as the total 

momentum of the particles is not conserved. It’s also noteworthy to distinguish DPD from MD 

simulation in the context of potential used in both methods. The potential, chosen in MD, is based 

on theoretical-molecular model of the physical system to be simulated, whereas, in principle, DPD 

associates with the potentials of forms that are not dependent on the physical systems. However, 

DPD potentials involve parameters that require to be chosen properly to obtain accurate 

approximation of the corresponding systems. For the application of DPD simulations in polymer 

solutions and to investigate the thermodynamics of mixing of different polymeric materials, Groot 

and Warren136 developed correlation between interaction potentials and Flory-Huggins theory 

which is well known in its application to the equilibrium thermodynamics of polymer 

solutions.137,138 

In general, Dissipative particle dynamics (DPD)139 simulation has been extensively used as a 

popular mesoscale technique in various fields of study like polymer-CNT composites,140-142 

morphology of block copolymers,143 micelle formation,144-146 polymer viscosity, self-assembly of 

nanoparticles in polymers.147 Usually, polymer molecules are mimicked in DPD by using linkage 

of several beads with springs, either Hookean or FENE148. The quality or the selectivity of the 

solvents can be simulated by careful selection of the solvent-solvent and solvent-monomer 

conservative interactions. One important characteristic of the polymer-based systems is 
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entanglement formed by the polymer macromolecules. As the soft interactions between DPD beads 

allow polymer crossing149, this simulation model, with current design, is unable to mimic the 

entanglement of macromolecules. However, as the dynamic properties of the corresponding block 

copolymers were not the focus of study, this incapability of mimicking the entanglement is 

expected not to play any differentiating role regarding the outputs of study reported throughout the 

next chapters.  
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1.8. Figures and Tables 

Table 1.1: The table includes the molecular variables influencing the self-assembly of block 

copolymers. The content of the table was taken from Ref 17 
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Figure 1.1: The production of plastic in world during the years 1900 to 1990 in million 

metric tons per years. The image was taken from Ref. 3 
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Figure 1.2: Total number of publications with block copolymer as topic against year. The 

data were collected based on the resources of Web of Science (2017 Clarivate Analytics). 

The image was taken from Ref. 11 
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Figure 1.3: A schematic depicting the formation of midblock conformations in a microphase 

separated ABA triblock copolymer. Here, the circular A-rich phase represents the micelle 

formed by the minority volume fraction blocks of the copolymer whereas the remaining part 

belongs to the major portion block of the copolymer. I the image, 𝛼𝐴𝐵 indicates the repulsion 

parameter between the dissimilar blocks of A and B. The image was taken from Ref. 16 
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Figure 1.4: Schematic representation of a subset of a vast array of structural complexity of block 

copolymers with variation in block types (k = 2, 3) along the variation in number of blocks (n) 

and the functionality of the connector at each block-block juncture i.e. difunctional, 

trifunctional, triangles and circles. The black dots and triangular markers depict the number and 

type of connectors used in each structure. The image was taken from Ref 17 
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Figure 1.5: Depiction of the theoretical phase diagram of diblock copolymer (top) along the 

corresponding nanostructure morphologies belongs to the diagram (bottom) with increase in 

the volume fraction (f) of one block with respect to the remaining one. The morphologies 

include spheres (CPS or Q229), hexagonally packed cylinders (H), cubic bicontinuous gyroid 

(Q230), and the lamellae (L). The image was taken from Ref. 35 
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Figure 1.6: An example of the combinatorial synthetic routes of producing three distinct 

triblock linear terpolymer structures of polystyrene (PS), polyisoprene (PI) and polylactic acid 

(PLA) blocks using living anionic, metal-catalyzed ring-opening, and reversible addition-

addition-fragmentation chain transfer-controlled radical polymerization. Design route includes 

alkyl groups (R and R′), phenyl groups (Ph), ethyl group (Et), and the degrees of polymerization 

(p, q, and r). The image containing reaction schemes was taken from Ref. 17 
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Figure 1.7: In the first row, (a) micelles are formed by diblock copolymer in selective solvent 

and (b) depicted is the illustration of triblock copolymer formed micelles in midblock-selective 

solvent where the dotted line represents the loop conformation and the dashed line represents 

bridge conformation. In the next row schematics depicts the (c) flowerlike conformations 

formed by triblock copolymer as a result of very high loop/bridge ratio, and (d)combination of 

micelles formed by deblocks (dotted line) and by triblocks (solid line). The image was taken 

from Ref. 56 
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Figure 1.8: Illustration of how addition of AB diblock copolymer can enhance the increase 

of bridge fraction in ABA/B-block selective gel. (Top) the grey lines represent the loop 

formation as the primary conformation at low concentration of ABA. Addition of smaller 

quantity of AB diblock facilitates volume exclusion effect and as a result some B-midblocks 

are forced to come out of the corona to form bridge. The size of the blocks used in this study 

are: molecular weight of A-block, 𝑀𝐴
(𝐴𝐵) ≈  𝑀𝐴

(𝐴𝐵𝐴) and that of B-block, 𝑀𝐵
(𝐴𝐵) <

 𝑀𝐵
(𝐴𝐵𝐴)/2 . At the bottom picture, at higher concentration of ABA, where bridged 

midblocks already exist in the system, addition of AB diblock further increases the bridge 

fraction due to increased number of tail. The increase of such bridge population favors the 

physical-gelation if the quantity of the bridge fraction is more than the minimum required 

amount to form gel network. The image was taken from Ref. 66 
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Figure 1.9: Depiction of acrylic triblock copolymer gels in alcohol as an illustration of the 

temperature-dependent structure. The image was taken from Ref. 108 

 

 

Figure 1.10: hairy micelle formation of a multiblock copolymer in a midblock selective solvent 

as a result of micro-phase separation. The radius of the core (RA) and the radius of the corona 

(RB) are also mentioned in order to compare the size of both. The image was taken from Ref. 

113 
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Figure 1.11: Schematic illustration of the dense superglobule micelle formation(top), and the 

“pearl necklace structure” formation of block multiblock copolymers as a result uniaxially 

applied force (bottom). The image was taken from Ref. 113 

 

 

Figure 1.12: The micelle assembly can be formed because of two types of bridging 

attractions: adsorption of the corona bridges into neighboring corona and the topological 

exchange of coronas between bridges. The image was taken from Ref. 113 
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Figure 1.13: The figure represents the tensile properties of SBS triblock copolymers as a 

function of block size and the composition. The image was taken from Ref. 119 

 

 

Figure 1.14: Schematic representation of the process of coarse graining of a polymer chain. 

The image taken from Ref. 131 
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Figure 1.15: (Left) a depiction of Lennard-Jones hard interaction potential interplaying with 

the atomistic units of consideration. (Right) the soft interaction potential acting between the 

center of mass of a cluster of fluid molecules considered as a coarse-grained unit for the 

corresponding system. The image was taken from Ref. 132 
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CHAPTER 2 

CLASSICAL CONCEPT OF PERCOLATION THEORY 

2.1. Introduction 

Conductive polymer composites are, as a rule, strongly disordered systems1, 2 , whereas the 

conductivity in these materials are driven by the connectivity of the conductive fillers. The concept 

of percolation theory has been widely used to describe the properties of these composites and to 

establish a quantitative relationship between composite structure and its conductivity1. The first 

studies on the percolation theory was reported to be established by Flory in 19413-5 and Stockmayer 

in 19436 while they were investigating the gelation process in branched polymers. The 

mathematical formalism of the theory was first reported in a study of 1957.7 However, including 

a wide range of applications in versatile fields,8 not being exclusively confined into describing the 

electrical phenomenon,  percolation theory has seen significant advances describing the 

electrophysical properties of the world of material science, which began to be extensively applied 

at the beginning of the early 1970s.9,10 In the context of electrophysical properties, this theory is 

applied only to systems having conductive sites (or bonds) in a nonconductive medium. The 

percolation theory is closely related to the theory of critical phenomenon11, which indicates that 

both relations contain universal character. 

2.2. Fundamental concept of percolation 

In general, the percolation threshold is identified with the asymptotic variation of any material 

property 𝒫 (electrical conductivity, thermal conductivity, mechanical properties etc.) near a 

characteristic concentration 𝜙∗, 
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𝒫 ∼  |𝜙∗ − 𝜙|−𝛿 (1) 

 

Where 𝜙 the volume fraction of the suspended particles and the critical exponent is 𝛿 denotes the 

exponential variation of the value of 𝒫 near the threshold concentration 𝜙∗. 

This equation (1) have been successfully used to describe the electrical and thermal conductivity12-

15, dielectric constant16, and shear modulus17 of composites, the permeability of porous media18, 

and transport properties, such as the viscosity of fluid suspensions of rigid particles19-21. The 

illustration of the exact percolation network can better be explained with the lighting up of a bulb 

as depicted in the figure 1. 

 Now, let’s consider some new parameters as 𝒫 =  𝜎, 𝜙 =  𝜑 and 𝜙∗ = 𝜑𝐶 to illustrate the case 

of percolation threshold in the context of electrical conductivity for polymer composites. 

When a dispersed filler component having conductivity 𝜎𝑓 is gradually incorporated into a polymer 

matrix having a conductivity 𝜎𝑝, the composite prepared gains a conductivity value 𝜎. When the 

volume filler fraction 𝜑 reaches a critical value 𝜑𝐶 (called percolation threshold), an infinite 

conductive cluster (IC) of the filler particles is formed, and consequently, the composite becomes 

electrically conductive. 22 Further increase in the concentration of the filler from 𝜑𝐶 to a limit F 

(figure 2), the value of 𝜎 rapidly increase and reaches at a maximum value of 𝜎𝑚 which is several 

orders of magnitude higher than the value of 𝜑𝐶. Before reaching at the critical point of percolation 

threshold, the conductivity of the composite equals to that of the polymer or slightly higher. 

In the context of the illustration depicted in figure 1, for real two phase systems, the sharp 

conductivity increase occurs within the concentration region 𝜑𝐶1 < 𝜑 < 𝜑𝐶2 called the smearing 

region23. Such region is the result of the finite conductivity of phases and the finite size of clusters 



66 

  

and samples. However, since the value of 𝜑𝐶2 can only be estimated in real systems, the value of 

𝜑𝐶1 is considered as 𝜑𝐶 and it is considered that the conductivity change is controlled by the same 

rule for both the smearing region and the highly filled region.24 Such reaching of the value of 𝜑𝐶 

at the point of 𝜑𝐶1is considered as the signature of the beginning of IC formation. 

Here, the value of 𝜎𝑝 can be affected by different parameters like shape, polydispersity, possible 

orientation of the dispersed particles arising from the effect of external fields,25 spacial dimension 

of the dispersion medium e.g. thickness of the composite film.  

2.3. Formation of IC and percolation threshold in polymer composites 

Beginning with a very low value, as the concentration of the conducting particles are increased, 

small agglomerates of the particles are first formed in the system. These agglomerates, then, lead 

to the formation of conducting single clusters characterized by a mean cluster size denoted by the 

so-called correlation length ξ (as depicted in Figure 3). 

Then, at some concentration of the conductive particles 𝜑𝐶, referred to as the percolation threshold, 

conducting bridges are formed across the single clusters. These clusters may be formed by either 

single particles or by the agglomerates. After that an infinite conductive clusters (IC) is formed 

composed of the originally isolated clusters and the system is jumpwise transformed into a 

conducting state which is the signature of 𝜎𝑝. Further increase in concentration of the conducting 

phase leads to larger IC by absorbing the small single clusters and thus arises a monotonic rise of 

the system conductivity.  

The notion of percolation length ξ also stays valid and functional for the case 𝜎 > 𝜎𝑝 . Further 

increase in the concentration of the conducting particles leads the absorption of the isolated largest 

clusters resulting the increase in the density of IC. The critical behavior of the correlation length 
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can be expressed with a relationship as 𝜉 =  |𝜏|−𝜈, where 𝜏 =  
(𝜎−𝜎𝑝)

(1−𝜎𝑝)
, which characterizes the 

closeness of a system to the percolation threshold and 𝜈 is the critical index of correlation length. 

 According to previous study26, commonly accepted values of this critical index of correlation 

length are 4/3 for the two-dimensional case and 0.88 for three-dimensional case. For the films 

systems, the 𝜈 index can be related to the films thickness by the following expression27: 

𝜎𝑝(ℎ)  −  𝜎𝑝(∞)

𝜎𝑝(∞)
 ~ 

1

ℎ𝑞
 

(2) 

Where 𝑃𝑐(ℎ) and 𝑃𝑐(∞) are the percolation thresholds for bulk sample and film with thickness 

h, and 𝑞 ≈  
1

𝜈
 . Using model calculations, different systems27 resulted the values of 𝑞 from 1 to 1.7 

depending on the structural characteristics of percolation system. 

2.4. Electrical network percolation in metal-filled polymer composites (influencing factors) 

Metal-polymer composites became technologically significant material because of their unique 

nature of having electrical characteristics close to those of metal, whereas the mechanical 

properties and processing methods like typical plastics.28 The electrical properties of the metal-

polymer composites are dependent on various factors like the nature of conducting filler, the spatial 

distribution of conducting filler, the contact interaction between particles and the interaction 

between polymer and filler.24 

2.4.1. Nature of conducting filler and the spatial distribution of conducting filler 

Several studies28-33 were carried out to investigate the influence of the shape and spatial 

distribution (random or ordered) of the dispersed filler particles on percolation threshold. It was 

observed that the more the shape of particles deviates from the spherical one, the lower becomes 

the percolation threshold. This effect is particularly noticeable in the case of conducting short 
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fibers with high aspect ratio length/diameter (l/d). 31,34 Such influence can be expressed in 

normalized form as30 

𝜎 − 𝜎𝑐

𝜎𝑚 − 𝜎𝑐
=  (

𝜎 − 𝜎𝑝

𝐹 − 𝜎𝑝
)𝑡 

(3) 

By defining the normalized conductivity (s) and normalized filler volume content (𝜓) as 

S = 
𝜎−𝜎𝑐

𝜎𝑚 −𝜎𝑐
 and 𝜓 = (

𝜎−𝜎𝑐

𝐹−𝜎𝑐
) gives a simplified expression as S =𝜓𝑡 . 

Where, 𝜎𝑚  denotes the maximum conductivity and F (packing factor) corresponds to the specific 

system parameters. Here, the value of F depends on the particle shape and on the possibility of 

skeleton or chain structure formation.35This parameter F can be expressed as: 

𝐹 =
𝑉𝑓

(𝑉𝑓+ 𝑉𝑃)
, where 𝑉𝑓 the volume is occupied by the filler particles at the highest possible filler 

fraction and 𝑉𝑃 is the volume occupied by the polymer (space among filler particles). Thus this 

packing factor takes into account for the particle shape, fractional size and the spatial distribution 

of the particles. 

For randomly packed monodispersed spherical particles of any size, the packing factor is equal to 

0.64.36,37The deviation of particle shape from spherical type or volume filler skeleton structure 

formation24 leads the decrease in the value of F. Hence, as a rule, real fillers have F values smaller 

than 0.64.35,38As, expected, the polydispersity in filler particles results higher value of F.39,40 

To calculate the packing factor in the framework of lattice model, Scher and Zallen41 established 

a relationship correlating the percolation threshold for the systems where polymer-conductive 

phase interaction does not exist: 

𝜑𝐶 = 𝑋𝐶𝐹 (4) 
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where, 𝑋𝐶 is a critical parameter which has the meaning of a site percolation probability. For any 

lattice type, the values of 𝑋𝐶  and 𝐹 varies in such a way that 𝜑𝐶  ≈ 0.16.  This equation was also 

found to be valid in case of randomly distributed conductive sites.42 However, counting the 

polymer-conductive phase interactions along filler phase geometry requires additional parameters 

to reflect the interaction between polymer and filler phase using relatively more complex 

equation.24,43 

2.4.2. Polymer-filler interaction 

Previous studies24,44,45 depicted that the stronger the polymer-filler interaction is, the better the 

polymer wets the fillers and thus 𝜎𝑝 becomes higher. Hence, if the filler-filler interparticle 

interaction energy is lower than the filler-matrix interaction energy, each conducting particle is 

expected to be covered with isolating polymer layer due to strong bond formation. This 

phenomenon will lower the conductivity and thus will give rise to the value of the percolation 

threshold. On the other hand, if the filler-polymer interaction energy is lower than the interparticle 

filler interaction energy an ordered chain structure of the conducting phase will be favored. 

2.4.3. Matrix viscosity, particle size and formation of ‘double percolation’ 

The viscosity of polymer melt and the means of obtaining the polymer composites are another two 

factors that were found to provide difference in spatial filler distribution.24,28,31,45-47 Considering a 

single polymer matrix, decrease in polymer matrix viscosity promotes the chain structure 

formation and thus lowers the value of percolation threshold1. Similar effect was also reported for 

the deterioration of particle-polymer compatibility and particle size. Both of the deterioration1 of 

the compatibility and having smaller particle size promotes the probability of chain structure 

formation, which lowers the percolation threshold.48 
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Incorporating filler particles into the blend of two polymers owing large difference in their 

respective melt viscosities may dictate two simultaneous incidents: filler can mostly be located in 

the polymer phase having higher melt viscosity and thus can initially create filler-filled island 

structure into the one having lower melt viscosity. Above the percolation threshold, 𝜎 > 𝜎𝑝 these 

islands become connected forming an interpenetrating branched continuous structure having 

ordered dispersed filler as depicted in figure 4. 

Sumita et al.49 used the term ‘double percolation’ to describe such composites with two phase 

polymer matrix. Formation of such structure can lower the value of 𝜎𝑐 as was observed while iron 

(Fe) particles were incorporated into the blend of two polymers, polyethylene, PE (melt flow index 

1.6 g/10 min) and polyoxymethylene, POM (melt flow index 10.9 g/10 min). Due to double 

percolation network formation, PE/POM-Fe was observed to depict much lower value of 

percolation threshold than that of PE-Fe and PMO-Fe composites.50 However, disconnection of 

any of these two percolation networks will make the composite non-conductive. 

2.4.4. Processing methods and shell structure 

Regarding the processing methods, some methods can provide ordered filler distribution with or 

without filler topology and thus can lower the value of Pc.28,31,45-47 

Dispersed filler segregated structure in polymer matrix can be achieved by different technological 

methods like, pressing the mixture of thermoplastic polymer powder having particle size D and of 

conductive filler having particle size d (D>>d)28,47,53,54; extrusion or casting of a mixture of 

incompatible polymers provided that only one polymer contains conductive filler44,49,55; filling the 

conductive and non-conductive fillers simultaneously, having particle size d and d1 respectively, 

with d1>d.56 
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It can be noted that for the appearance of conductivity in these systems, it’s not required that each 

polymer particles will be covered with a monolayer of conductive particles in contact with each 

other. As is depicted in figure 5(b) adopted from52, minimal polymer particle covering with 

metallic particles may provide conductive cluster appearance at 𝜑 = 𝜑𝐶. Additional increase in 

the filler content will increase the number of layers n of metallic particles on the kernel surface 

and in the decrease of the size L of the unfilled region, L = D-nd (figure 5(c)). 

2.5. Thermal network percolation in composites 

In many previous studies47,57-59, the percolation behavior (𝜆) of thermal conductivity in polymer 

composites having dispersed filler concentration was found to be absent. Hence, later, several 

attempts60,61 were found to be carried out to include additional thermal conductivity related 

parameters in order to connect those to IC appearance. It was predicted that the percolation 

threshold (𝜆) will appear only if the ratio of filler conductivity, 𝜆𝑓 to polymer conductivity, 𝜆𝑝 is 

larger than 105.61 The absence of the thermal percolation in previous case was also explained.62 

The reason of the absence was explained as due to the fact that the ratio of thermal conductivities 

of the dispersed fillers, 𝜆𝑓 and the thermal conductivities of the polymer matrix, 𝜆𝑝 were not more 

than 103, whereas the filler electrical conductivity, 𝜎𝑓, was 1010-1020 times larger than the polymer 

conductivity, 𝜎𝑃. 

𝜆∥ =  𝜆𝑝(1 − 𝜑) +  𝜆𝑓𝜑 (5) 

𝜆⊥ =  1/[(1 − 𝜑)/𝜆𝑝 +  𝜑/𝜆𝑓 (6) 

Here, 𝜑 is the content of plates with thermal conductivity𝜆𝑓. 
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Later, it was reported63,64 that Lichtenecker’s equation, in modified form, is convenient in 

describing the concentration dependence of thermal conductivity in two-phase systems with 

dispersed second phase. The modified equation was proposed64 as following- 

𝑙𝑜𝑔𝜆 = log 𝜆𝑝 + (log 𝜆𝐹 −  log 𝜆𝑝)(𝜑/𝐹)𝑁 (7) 

Here, 𝜆𝐹 is the maximum thermal conductivity of the composite at 𝜑 = 𝐹 and the exponent N is 

constant. The value of F =1 is considered for the case when the filler phase fills up all composite 

volume at 𝜑 = 𝐹 (limit content), which means the filler content changes from 0 to 1 volume 

fraction and it becomes 𝜆𝐹 =  𝜆𝑓. Alloys and solutions are the example of such systems. For the 

dispersed fillers, F was reported not to exceed 0.5-0.6.65. The percolation index, N, is dependent 

on the filler size, filler shape, and filler distribution in the composites. 

The direction of the filler phase also was found to influence the thermal property analysis of two-

phase materials.66 The largest and the smallest two phase-system thermal conductivity can be 

explained with the equations of (3) and (4), respectively. Here, the largest system may be 

represented as a set of parallel plates extending towards the direction of heat flow and the smallest 

one as the plates (phases) stacked in series with respect to the direction of heat flow (figure-6).51 

2.6. Mechanical percolation in nanocomposites 

As is evident from the previous chapters that both of the electrical and thermal percolations are 

mainly described by geometrical parameters such as percolation threshold and the percolating 

volume fraction. However, previous studies67,68 illustrated that the mechanical percolating effects 

depend also on the nature of the joints between percolating particles. Previous simulation studies69 

revealed that only a network of beams displays a behavior of mechanical percolation as soon as 

the first infinite aggregate is formed because of the rigid joints. On the contrary, the network of 
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bars in any matrix having geometrical percolation acts just as randomly dispersed rods because of 

the momentless joints. One previous study67 of the mechanical percolation in cellulose whisker 

nanocomposites described such phenomenon having similar role of the joints between percolating 

whiskers due to many hydrogen bonds, which made the whole network rigid. 

In order to express the mechanical percolation behavior of the composites, several models were 

introduced in previous studies.69-73 For example, one of those presented by Ouali et al.73uses The 

Series-Parallel model to describe the mechanical percolation model and Favier et al.67 showed 

good agreement of this model with their experimental results obtained while studying cellulose 

whisker incorporated nanocomposites for mechanical measurement, the shear modulus (𝐺𝑐), of the 

composites with the following equation: 

𝐺𝑐 = 
(1−2𝜓+ 𝜓𝑋𝑟)𝐺𝑠𝐺𝑟+(1− 𝑋𝑟)𝜓𝐺𝑟

2

(1−𝑋𝑟)𝐺𝑟+(𝑋𝑟− 𝜓)𝐺𝑠
 (8) 

Where 𝑋𝑟 is the volume fraction of the rigid phase, and 𝐺𝑟 and 𝐺𝑠 are the shear moduli of rigid 

and soft phases, respectively. The percolating volume fraction 𝜓 corresponds to the fraction of 

rigid whiskers active in the transfer of forces from one whisker to another and, according to the 

percolation theory73 , can be estimated as following: 

𝜓 = 0                                          𝑋𝑟 <  𝑋𝑐 (9) 

𝜓 =  𝑋𝑟 (
 𝑋𝑟 −  𝑋𝑐

1 −   𝑋𝑐
)

𝑏

           𝑋𝑟 ≥  𝑋𝑐  
(10) 

Here, the critical volume fraction,𝑋𝑐 represents the percolation threshold required to reach at the 

geometrical percolation of the whiskers and, the b is the percolation exponent, which equals to 

0.4 for 3-D analysis.74,75 
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According to the previous studies76-78, this percolation threshold depends on the aspect ratio of the 

object studied and on their orientation distribution. Another study79 revealed also that the 

percolation threshold calculated for a non-uniform length distribution is lower than the one 

calculated for a uniform length distribution having the same average length. 
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2.8. Figures 

 

Figure 1: Schematic illustration of a simple circuit including a bulb and a voltage source 

connected to an insulator honeycomb lattice which can be furnished by a fraction of ϕ of 

metallic plaquettes. Once the value of ϕ eaches at the critical value of ϕ*, a spanning metallic 

cluster emerges which connects the two sides of the lattice and the bulb suddenly lights up. 

Reaching at this exact point of connectivity is the signature of network percolation. Image taken 

from Ref. 8. 

 

Figure 2: Typical dependence of electrical conductivity (logarithm) on conductive filler volume 

content. Image taken from Ref. 23. 
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Figure 3: The structure of conducting composition at 𝜎 > 𝜎𝑝 and the correlation length. 

Image taken from Ref. 1. 

 

(a) 

 

(b) 

Figure 4: Structure model of the PE/POM-Fe composite at (a)  𝜑 < 𝜑𝐶 and (b)𝜑 > 𝜑𝐶. Image 

taken from Ref. 51. 
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(a) (b) (c) 

Figure 5: (a) Schematic representation of the assumed distribution of polymer and metal 

particles having D and d sizes, respectively.51 (b) The minimal particle covering with metallic 

particles needed for conductivity arising in the system52 and (c) schematic representation of the 

shell structure model having shell thickness equal to nd 51. Image taken from Ref. 23. 
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Figure 6: The two-phase thermal conductivity depending on the composition of the system: (1) 

The largest thermal conductivity calculated according to equation (3); (2) the smallest thermal 

conductivity according to equation (3); (3) thermal conductivity according to Lichtenecker’s 

equation (5). The values of 𝜆𝑝 and 𝜆𝑓 were fixed at 1 and 103, respectively, for the sake of 

calculation. Q is the direction of heat flow. Image taken from Ref. 23. 
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CHAPTER 3 

Thermoplastic Elastomer Systems Containing Carbon Nanofibers  

as Soft Piezoresistive Sensors** 

ABSTRACT 

Soft, wearable or printable strain sensors derived from conductive polymer nanocomposites 

(CPNs) are becoming increasingly ubiquitous in personal-care applications. Common elastomers 

employed in the fabrication of such piezoresistive CPNs frequently rely on chemically-crosslinked 

polydiene or polysiloxane chemistry, thereby generating relatively inexpensive and reliable 

sensors that become solid waste upon application termination. Moreover, the shape anisotropy of 

the incorporated conductive nanoparticles can produce interesting electrical effects due to strain-

induced spatial rearrangement. In this study, we investigate the morphological, mechanical, 

electrical, and electromechanical properties of CPNs generated from thermoplastic elastomer 

(TPE) triblock copolymer systems containing vapor-grown carbon nanofiber. Modulus-tunable 

TPE gels imbibed with a midblock-selective aliphatic oil exhibit well-behaved properties with 

increasing CNF content, but generally display nonlinear negative piezoresistance at different strain 

amplitudes and stretch rates due to nanofiber mobility upon CPN strain-cycling. In contrast, a neat 

TPE possessing low hard-block content yields a distinctive strain-reversible piezoresistive 

response, as well as low electrical hysteresis, upon cyclic deformation. Unlike their chemically-

crosslinked analogs, these physically-crosslinked and thus environmentally benign CPNs are fully 

reprocessable by thermal and/or solvent means. 

** This chapter was published in its entirety: 

Turgut, A., Tuhin, M. O., Toprakci, O., Pasquinelli, M. A., Spontak, R. J., & Toprakci, H. A. (2018). 

Thermoplastic Elastomer Systems Containing Carbon Nanofibers as Soft Piezoresistive Sensors. ACS 

Omega, 3(10), 12648-12657.  
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3.1. Introduction 

Concurrent development of portable electronic devices and soft responsive materials is responsible 

for generating a new class of functional devices for personal healthcare and electronic textiles.1-5 

Such devices augment flexible polymeric materials with electronic capabilities for a wide range of 

sensory applications, such as motion or pulse monitoring.6,7 They can be freestanding as, for 

example, a wristband8,9 or printed as a thin conductive coating on a substrate, including fabrics.10 

While inherently conductive polymers such as polypyrrole are often suitable for these purposes,11-

13 they are generally expensive to process and frequently unstable. Conductive polymer 

nanocomposites (CPNs), consisting of electrically conductive nanoparticles homogeneously 

dispersed in an elastomeric matrix, constitute viable alternatives to conductive polymers for use in 

electronic devices.14-21 Important advantages of CPNs for these purposes include the use of 

nanoscale fillers that can vary in size, shape, species, and therefore conductivity; nanofillers 

generally possessing a large surface-to-volume ratio that favors surface functionalization to 

promote dispersability within an organic matrix;22-25 preparation and application methodologies 

that are both straightforward and cost-effective; and fabrication that extends from free-standing 

films exhibiting high extensibility to conformal print layers deposited over large, non-uniform 

areas. Another attractive aspect of CPNs is that the electrical and mechanical properties are 

composition-tunable,26 which favors the use of conductive nanofillers possessing a low percolation 

threshold signaling the onset of a continuous conductive network in the polymer matrix. Excellent 

examples of nanofillers fulfilling this requirement are carbon black (CB),27 carbon nanotubes 

(CNTs),28-30 graphene (G),31,32 and carbon nanofibers (CNFs).10,33 Their high surface-to-volume 

ratio and correspondingly high surface energy permit surface functionalization to ensure good 

dispersion and strong matrix-filler bonding.  
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In this study, we focus on CPNs containing CNF, which possesses high conductivity levels and 

relatively low percolation thresholds34 ranging from 0.5 to 2.0 vol%, depending on processing 

methodology and CNF characteristics.35-37 These nanofillers are particularly appealing because of 

their facile dispersability in a wide variety of polymer matrices, as well as their lower cost 

compared to CNTs. The elastomers utilized in the present work consist of triblock copolymers 

that, with glassy endblocks and a rubbery midblock, behave as thermoplastic elastomers (TPEs).38 

Due to thermodynamic incompatibility between the chemically-dissimilar sequences, these 

copolymers microphase-separate39-41 to form glassy micelles that serve as physical crosslinks to 

stabilize a molecular network composed of bridged midblocks.42-44 This elastomer motif extends 

to TPEs preferentially swollen in a midblock-selective oil, and the phase behavior of, along with 

the fraction of midblock bridges in, the resulting TPE gels (TPEGs) has been found to depend on 

copolymer composition, molecular weight, architecture, and concentration.45,46 Incorporation of 

CNFs into the TPEs considered here results in CPNs that can be used as piezoresistive sensors 

capable of relating sensor resistivity to strain state for real-time monitoring of bodily functions6,47-

49 (e.g., respiration and cardiovascular activity) insofar as high-sensitivity sensors possess low 

strain-cycling hysteresis50 to maintain superior signal integrity. In one such design, CB-containing 

TPEs have been reported51-53 to exhibit either linear or non-linear positive piezoresistance wherein 

resistance increases with increasing strain. While this phenomenon is typically induced in CPNs 

by in-plane tensile strain, several efforts have demonstrated that strain-reversible piezoresistivity 

in which a negative positive piezoresistivity transition that is repeatable upon strain cycling 

likewise occurs in CPNs containing anisotropic nanofillers, including G,54 CNT55 and CNF.10 In 

the present study, we examine the morphological, mechanical, electrical, and electromechanical 

properties of CNF/TPE(G) CPNs. 
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3.2. Experimental 

3.2.1. Materials 

Two poly[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS) triblock copolymers were 

employed in this work. The first (SEBS1, Taipol 6151) obtained from TSRC-DEXCO was a 

conventional TPE with 32 wt% S and a number-average molecular weight (Mn) of 186 kDa (Đ = 

1.05), according to in-house gel permeation chromatography performed on a Viscotek Max 

System. The second (SEBS2, Tuftec H1221) with Mn = 55 kDa (Đ = 1.08) was provided by Asahi 

KASEI and possessed a significantly lower S content (12 wt%). An aliphatic white mineral oil 

with a molecular weight of 567 Da and reagent-grade toluene were purchased from A.Ş/Petroyag 

Lubricants and Merck, respectively, and used as-received. Vapor-grown CNF measuring 130 nm 

on average in diameter and 20 to 200 nm in length was obtained from Sigma-Aldrich.  

3.2.2. Methods 

The CPN films examined here were produced according to a 3-step mixing procedure. In the first 

step, either the SEBS1 copolymer containing 70 wt% mineral oil or the SEBS2 copolymer without 

mineral oil was dissolved in toluene for 12 h under agitation at ambient temperature. In the second 

step, a suspension of CNF in toluene was prepared by adding a predetermined mass of CNF to 10 

g toluene and then subjecting the mixture to high shear in a Kurabo-Mazerustar KK250 planetary 

mixer for 90 s. In the final mixing step, the polymer solution was added to the suspension and 

shear-mixed for an additional 90 s. The resultant suspensions were cast into a Petri dish and dried 

under vacuum for 12 h at 50 °C. Dried films were melt-pressed at 190 °C for 15 min (TPEG) or 

180 °C for 3 min (TPE) to a thickness of 0.8-0.9 mm. Specimens from both CPN series selected 

for examination by SEM were cryofractured in liquid nitrogen prior to mounting. Images of 

uncoated CNFs and CPNs were obtained on a field emission JEOL JSM-6400 electron microscope 
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(Middle East Technical University) and on an ultrahigh-resolution FEI Verios 460L Schottkey 

emitter electron microscope (North Carolina State University), respectively, both operated at an 

accelerating voltage of 20 kV. Quasi-static uniaxial tensile strain analysis of the CPNs was 

performed on a Devotrans DVT universal load frame. For each CPN, 3 rectangular specimens 

measuring 25 mm x 5 mm were cut from larger films and tested to determine the nominal 

(engineering) stress as a function of true tensile strain.  

The volume resistivity of each CPN was determined with a Keithley Model 6517B electrometer 

and Model 8009 resistivity chamber in accordance with the ASTM D-257 standard. Before 

conducting the electrical measurements, specimen thicknesses were discerned using an Asimeto 

digital thickness meter. At least 5 measurements were collected so that average and standard error 

values could be calculated. To determine the piezoresistive behavior of the CPNs in the 

longitudinal direction (parallel to the applied strain), specimens measuring 80 mm x 25 mm were 

attached to four electrical leads spaced 10 mm apart along the centerline of the specimen parallel 

to the longitudinal direction. The leads were adhered to each CPN surface with a conductive 

adhesive containing 40 wt% CB prepared for this purpose. Test specimens were clamped on a 

customized load frame having the gauge length set at 50 mm and subsequently cycled to 10-50% 

strain amplitudes at elongation rates of 20 and 100 mm/min to ascertain the effects of strain and 

stretch rate. Dynamic resistance measurements were simultaneously conducted using a computer-

controlled setup consisting of a current source (Keithley 6221) and a nano-voltmeter (Keithley 

2182A) under an input current of 1 μA. Resistance was recorded as a function of time, and all 

CPNs in each series were evaluated for at least ten continuous loading/unloading cycles at a 

constant crosshead speed. 
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3.3. Results and Discussion 

The present study focuses on the preparation and characterization of soft, low-hysteresis sensory 

materials that consist of either a neat TPE or an oil-containing TPEG modified with CNF. A 

representative scanning electron microscopy (SEM) image of the vapor-grown CNFs deposited 

from suspension is displayed in Figure 1 and qualitatively confirms the nanofiber dimensions 

listed by the supplier (see the Experimental section). The enlarged area reveals that some of the 

nanofibers are at least semi-flexible. To ensure a relatively uniform dispersion of CNF in each of 

the CPNs investigated here, we have concurrently prepared TPE solutions permitted to reach 

equilibrium and CNF suspensions exposed to high-shear mixing before combining them and 

subjecting the resultant suspension to additional high-shear mixing. Further heat treatment during 

melt-pressing assists in both solvent removal and refinement of the TPE morphology. Although 

we do not provide electron microscopy images or small-angle scattering data of the TPE or TPEG 

employed in this work, previous morphological investigations have conclusively established56-58 

that, under the present experimental conditions, both materials consist of a spherical morphology 

wherein glassy styrenic (S) micelles are arranged on an unspecified lattice. Due to the size of the 

midblock relative to each of the endblocks in conventional TPEs (typically with 30-33 wt% 

endblocks), the most commonly observed morphology consists of "hairy" micelles arranged on a 

body-centered cubic (bcc) lattice. In the presence of a midblock-selective oil that can disrupt long-

range order, however, face-centered cubic (fcc) and hexagonal close-packed (hcp) morphologies 

have also been reported. While the TPE(G) morphology governs property development, the only 

morphological aspect of interest here is the presence of spherical micelles, which ensure the 

highest fraction of midblock bridges needed for a highly elastomeric material. 

A series of cross-fracture SEM images acquired at two different magnifications (arranged in rows) 
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from TPEG-based CPNs varying in CNF content from 4 to 6 wt% are provided in Figure 2. In 

these and subsequent images, the CNF appears bright due to its ability to conduct electrons. At 4 

wt% CNF in Figures 2a and 2d, the nanofibers possess random trajectories and indicate little 

evidence of long-range correlation. Some large regions observed in Figure 2a appear dark 

(without CNF), implying that the CNF distribution within these TPEGs is not entirely uniform. As 

the CNF content is increased to 5 wt% in Figures 2b and 2e, more nanofibers are visible. 

Interestingly, regions largely devoid of CNF remain evident in Figure 2b. At the highest CNF 

fraction examined here (6 wt%), the nanofibers seen in Figures 2c and 2f are more numerous 

relative to the earlier images and are more highly correlated. Taken together (Figures 2a-c and 

Figures 2d-f), the CNF population and spatial arrangement in these image series can be interpreted 

to predict that the CPN stiffness (expressed in terms of tensile modulus) and conductivity 

(expressed in terms of electrical resistance) both increase with increasing CNF content. These 

properties are considered further below. Similar morphological trends are apparent for the TPE-

based CPNs at the same CNF loading levels as in Figure 3. An important difference between the 

images in Figures 2 and 3 is the absence of relatively large regions that lack CNF in Figure 3. At 

the lowest CNF fraction (4 wt%) in Figures 3a and 3d, nanofibers are isolated but uniformly 

dispersed. In marked contrast, semi-flexible CNF seems highly connected at 5 wt% in Figures 3b 

and 3e, and then highly correlated at 6 wt% in Figures 3c and 3f. The  

extent to which the CNF appears correlated in Figures 2c and 3c is qualitatively comparable. 

Quasi-static tensile tests of CPNs composed of the TPEG and TPE containing CNF are presented 

in Figures 4a and 4b, respectively, and immediately reveal that the addition of CNF shifts the 

response curve of each material to progressively higher stresses. This shift is more clearly 

delineated for the TPEG-based CPNs in Figure 4a due to the inherently lower stresses  
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generated with these soft materials. Since the sensors considered here are not expected to function 

at very high strain levels, we have not evaluated the ultimate properties of these CPNs at failure 

(which can exceed 2000% strain for unmodified TPEGs derived from midblock-swollen triblock 

copolymers). Values of the tensile modulus (E) extracted from response curves such as those 

displayed in Figures 4a and 4b are included in Figure 4c and indicate that E increases with 

increasing CNF content in both material systems. While the composition dependence of E is 

routinely expressed in terms of a mixing rule,23,59-61 the increases in E evident in Figure 4c can 

alternatively be empirically modeled as an exponential function of the form E = E0exp( ),where 

E0 ideally represents the modulus of the neat TPE(G) without CNF,  is a fitted parameter and  

denotes the CNF content (in wt%).a,b Values of  obtained by regression of this expression to the 

data (with an adjustable E0) are numerically comparable for TPEG- and TPE-based CPNs. 

Although such similarity between independent  values is comforting, this empirical correlation 

does not imply a fundamental physical relationship. Rather, the primary purpose of these tensile 

measurements is to discern the extent to which the mechanical properties of the CPNs change in 

two related polymer matrices upon addition of CNF. Without mineral oil, the TPE (with E = 1.28 

MPa) possesses a higher modulus than the TPEG (with E = 0.15 MPa) by about an order of 

magnitude, confirming that the addition of a midblock-selective diluent can lower the modulus 

below that of a neat TPE with a higher rubber content. The ability to tune the properties of TPEGs 

                                                           
a While mixing rules can be written in many different functional forms, the most successful one employed here is a 

linear rule given by ln Ec = (/100) ln Ef + (1 – /100) ln Ep, where the subscripts c, f and p refer to the nanocomposite, 

CNF and polymer, respectively. We elect not to use this expression, however, since the extracted values of Ef are 

inconsistent, varying by orders of magnitude, between the TPE and TPEG datasets. We note that the value of Ef 

discerned from the TPE tensile data (~93 GPa) is most similar to that reported for CNF in the literature (ranging from 

about 25 GPa in ref. 59 to about 50 GPa in ref. 60). 
b Application of the Cox model described in ref. 61 to the two tensile datasets in Figure 4c suggests that the aspect 

ratio of the CNF in the TPE is significantly smaller (< 40) than that in the TPEG (> 100). If real, the most likely cause 

for such a difference is the mechanical mixing employed to disperse the CNF, since the TPE possesses a higher melt 

viscosity. 
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beyond what is achievable with neat TPEs constitutes an important consideration in the 

development of soft materials. 

Since the current materials are being proposed for sensory applications, their static (i.e., 

deformation-free) electrical properties must be elucidated as a function of CNF content. For this 

reason, volume resistivity measurements are provided for both TPEG- and TPE-based CPNs in 

Figure 5. Without CNF, the two matrix elastomers exhibit high resistivity levels ranging from 

about 1016 to 1018 Ω-cm. As anticipated from prior studies,62,63 incorporation of CNF improves 

conductivity by reducing the resistivity by several orders of magnitude. In the case of the TPE-

based CPNs, the resistivity undergoes a precipitous drop from ca. 3 x 1013 to 5 x 106 Ω-cm, 

indicative of a percolation threshold between 2 and 3 wt%. In addition to percolation theory64 

(which presumes universal behavior on the basis of network characteristics), a variety of 

theoretical models interpret the percolation threshold by accounting for such factors as random 

heterogeneities and quantum tunneling.65,66 In marked contrast, the CNF-induced reduction in 

resistivity for the TPEG-based CPNs does not display an abrupt change in resistivity. Instead, the 

decrease is gradual after remaining almost constant up to 1 wt% CNF. This behavior likely reflects 

the presence of liquid mineral oil, which wets CNF surfaces and thus hinders contact between 

neighboring nanoparticles. In addition, volume resistivities measured from both CPN series are 

observed to converge unexpectedly at 7 wt% CNF. The results presented in Figures 4 and 5 

confirm that the addition of CNF to either the TPEG or TPE utilized in this study simultaneously 

increases both the modulus and conductivity (by reducing the resistivity), which is consistent with 

the SEM images included in Figures 2 and 3. Morphological dissimilarities, coupled with the 

nontrivial variation in electrical properties evident in Figure 5, further suggest that the 

electromechanical properties of TPEG- and TPE-based CPNs can be expected to differ. These 
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properties, critically important for sensor performance, are discussed below. 

As described in the Experimental section, the extent to which the CPNs are uniaxially strained is 

investigated in conjunction with the elongation, or stretch, rate. Maximum strain values examined 

here reflect material limitations regarding either signal quality (TPEGs) or matrix integrity (TPEs) 

upon strain cycling. Cyclic electrical resistance measurements are provided as a function of time 

(or strain) for TPEG-based CPNs containing 6 wt% CNF and subjected to 10 and 20% strain in 

Figures 6 and 7, respectively. In each of these figures, panel (a) provides results that are strain-

cycled at a stretch rate of 20 mm/min, and panel (b) displays analogous resistance data collected 

at 100 mm/min. For comparison, resistance measurements acquired during the first and last full 

strain cycles for each stretch rate are plotted together as a function of dimensionless time 

(normalized with respect to the cycle time) in panel (c). First, we consider the TPEG strain-cycled 

to 10% in Figures 6a and 6b. At both 20 and 100 mm/min, the maximum resistances averaged 

over 50 strain cycles are 1.60 ± 0.01 M , and 1.57 ± 0.01 M , respectively, whereas the mean 

minimum resistances exhibit slightly more variation: 1.20 ± 0.04 M  at 20 mm/min and 1.27 ± 

0.04 M  at 100 mm/min, respectively. The single-cycle comparisons included in Figure 6c reveal 

several notable features. The most important aspect of these data is that the electrical resistance 

generally decreases nonlinearly with increasing strain up to the 10% strain limit, at which time it 

undergoes strain reversal and proceeds to increase with decreasing strain until the cycle is 

completed.  Such behavior identifies the existence of nonlinear negative piezoresistance during the 

first and final cycles for both stretch rates. Less consistent results are apparent for the same TPEG-

based CPNs subjected to 20% strain in Figure 7. The maximum and minimum resistance values 

measured at 20 mm/min in Figure 7a are 1.49 ± 0.03 M  and 0.70 ± 0.07 M , respectively, while 

those corresponding to 100 mm/min in Figure 7b are 1.21 ± 0.05 M  and 0.53 ± 0.15 M , 
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respectively. In Figure 7c, the noisier results imply inferior piezoresistive behavior, as well as 

overall signal quality.  

The single-cycle data collected at 10% strain and 100 mm/min appear relatively smooth in Figure 

6c, but those corresponding to 20 mm/min are significantly noisier. We attribute the resistance 

fluctuations visible in these data to dynamically-occurring changes in CNF connectivity. The 

nanofibers, residing in an oil-swollen rubber matrix, possess greater mobility than in oil-free 

rubber and can change their position/orientation and, thus, 3D connectivity and corresponding 

electrical conductivity during tensile deformation. In this scenario, the nanofibers generally 

become more connected as the CPN is uniaxially strained to yield a reduction in electrical 

resistance (and a corresponding increase in conductivity). As time (and strain) increase prior to 

strain reversal at 10% during each strain cycle in which the CPN is stretched at 20 mm/min, the 

resistance suddenly, but not completely, reverses due to a loss of CNF connectivity as the 

nanofibers change their position and/or orientation upon further strain. The abruptness of this 

change in resistance resembles rheological slip encountered67 in filled polymers during shear 

deformation. As the strain continues, alternating, but often short-lived, fluctuations in resistance 

continue until the maximum strain (at 10%) is reached. Beyond this point, the CPN is allowed to 

relax as the load is gradually released, and the fluctuations in resistance remain but are less 

pronounced and regular. This behavior manifested during the first strain cycle is retained during 

the last strain cycle, but an increase in crosshead speed to 100 mm/min completely eliminates these 

fluctuations in Figure 6c. If the strain amplitude is increased to 20% in Figure 7c, the fluctuations 

become more stochastic and  the net reduction in resistance prior to strain reversal appears delayed 

at 20 mm/min. Even the results acquired at 100 mm/min signify the presence of resistance 

fluctuations due to nanofiber rearrangement. Thus, while TPEGs exhibit relatively negligible 
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mechanical hysteresis (low irrecoverable strain or set) upon strain cycling, incorporated 

conductive nanofillers retain unexpectedly high mobility, which serves to deteriorate the quality 

of the electrical signal. 

In marked contrast, the piezoresistance results included for the TPE-based CPNs in Figures 8 and 

9 verify highly stable signal quality, as well as the existence of strain-induced reversible 

piezoresistivity. At 20% strain in Figures 8a (20 mm/min) and 8b (100 mm/min), the average 

values of the measured maximum and minimum resistance are 30.4 ± 0.3 and 12.1 ± 0.3 k , 

respectively, at 20 mm/min and 39.9 ± 0.3 and 15.2 ± 0.3 k , respectively, at 100 mm/min. These 

results confirm much less signal variation than that observed at the same strain amplitude for the 

TPEG in Figures 7a and 7b. If the strain amplitude is increased to 50% in Figures 9a and 9b, the 

extent to which the maximum and minimum resistance values vary clearly increases: 97.8 ± 6.6 

and 28.4 ± 0.7 k , respectively, at 20 mm/min and 216 ± 16 and 52.0 ± 4.7 k , respectively, at 

100 mm/min. The single-cycle measurements presented in Figures 8c for 20% strain and 9c for 

50% strain reveal two important characteristics. The first is that, at 20 mm/min, results from the 

first and last cycle are nearly indistinguishable, thereby indicating virtually no electrical hysteresis. 

At 100 mm/min, the resistance at the point of strain reversal decreases noticeably upon strain 

cycling. This observation provides indirect evidence that either the CNF permanently changes its 

position upon cycling or the cycling occurs too fast to permit the CNF to return to its original 

position (and resistance level). The second noteworthy features is that, in all cases, the resistance 

initially decreases, exhibits a minimum and then increases prior to strain reversal. We have 

previously described10 such strain-reversible piezoresistivity in terms of three distinct stages of 

strain-induced changes in CNF percolation due to CNF rotation/straightening and translation along 

the strain axis.  
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In Stage I, uniaxial strain induces a  corresponding reduction in the cross-sectional area of the CPN 

normal to the strain axis (since the deformation is considered to be isochoric). By doing so, the 

randomly oriented nanofibers embedded in the polymeric matrix begin to straighten, rotate and 

align along the strain axis as the glassy micelles formed by the copolymer continue to serve as 

physical crosslinks to stabilize the TPE matrix. During this typically observed electromechanical 

process, the 3D connectivity of the nanofibers and, consequently, the conductivity of the CPN 

concurrently increase so that the measured resistance decreases, resulting in negative 

piezoresistivity. When the strain level reaches a critical value at Stage II, however, the extent of 

CNF connectivity becomes briefly independent of strain. Once the CPN enters Stage III, the 

nanofibers in contact separate due to increased distance along the strain axis, thereby lowering the 

overall conductivity of the CPN and promoting positive piezoresistivity. Such strain-reversible 

piezoresistivity is qualitatively consistent with prior reports68-70 revealing that the maximum 

conductivity in thermoplastic CPNs containing CNTs occurs at intermediate alignment levels. The 

unexpected and remarkable aspect of Figures 8c and 9c is that all three stages associated with 

strain-reversible piezoresistivity are clearly delineated at both of the strain and elongation rate 

levels examined for the first and final strain cycles. 

3.4. Conclusions 

Soft strain sensors are of growing technological interest in the fabrication of portable healthcare 

products and wearable electronic textiles. In this study, we have examined the morphological, 

mechanical, electrical and electromechanical properties of conductive polymer nanocomposites 

composed of vapor-grown carbon nanofibers embedded in either a thermoplastic elastomer or a 

thermoplastic elastomer gel. Comparison of SEM images acquired from representative specimens 

confirms that the nanofibers expectedly increase in both population density and local correlation 
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as the nanofiber loading level is increased. This increase in nanofiber content is accompanied by 

increases in tensile modulus and electrical conductivity. One distinguishing characteristic between 

the two nanocomposite series is that the one consisting of the neat thermoplastic elastomer matrix 

exhibits a well-defined percolation threshold, whereas the one with the thermoplastic elastomer 

gel does not. This behavior is reflected in profound differences observed between the 

electromechanical properties of the two series. Although thermoplastic elastomer gels are routinely 

capable of withstanding continuous strain cycling with relatively little mechanical hysteresis or 

evidence of fatigue, their generally negative piezoresistive properties display significant 

fluctuations, especially at high strain amplitudes and low stretch rates, due to strain-induced 

repositioning and reorientation of the conductive nanofibers. At high elongation rates, the degree 

of apparent fluctuations is substantially reduced. In the presence of the neat thermoplastic 

elastomer, however, clearly defined strain-reversible piezoresistance is manifested at all strain 

amplitudes and stretch rates. In this case, electrical resistance initially decreases and then switches 

and increases prior to strain reversal during strain cycling. At low elongation rates, resistance 

measurements collected from the first and last strain cycles are nearly indistinguishable, thereby 

indicating that such materials constitute excellent candidates for strain sensors capable of high 

sensitivity and repeatability. 
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3.7. Figures 

 

Figure 1. SEM image of the as-received vapor-grown carbon nanofiber (CNF) employed in this 

study. 
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Figure 2. SEM images acquired from uncoated conductive polymer nanocomposites (CPNs) 

composed of CNF (bright conductive features) embedded in a styrenic thermoplastic elastomer 

gel (TPEG, dark nonconductive matrix) at three different loading levels (labeled). The scale bar 

corresponds to all the images in each of the two rows. 
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Figure 3. SEM images of uncoated CPNs composed of CNF (bright conductive features) 

embedded in a neat styrenic thermoplastic elastomer (TPE, dark nonconductive matrix) at three 

different loading levels (labeled) and presented at two different magnifications in (a-c) and (d-

f). Each scale bar corresponds to all the images in its row. 
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Figure 4. Nominal stress presented as a function of strain at different CNF loading levels 

(in wt%) during quasi-static uniaxial tensile testing for CPNs composed of (a) TPEG/CNF 

and (b) TPE/CNF. Results from different loading levels are labeled and color-coded. Tensile 

moduli extracted from data such as those included in (a) and (b) are included as a function 

of CNF content in (c) for each series (labeled). The solid lines in (c) represent exponential 

regressions to the data and serve as guides for the eye. 
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Figure 5. The dependence of volume resistivity measurements on CNF content for two 

series of CPNs: TPEG/CNF () and TPE/CNF (). The solid lines serve to connect the data, 

and the percolation threshold for the TPE/CNF materials is displayed as the shaded region. 
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Figure 6. Cyclic electromechanical measurements presented as a function of time 

normalized with respect to the time of a single cycle for CPNs composed of TPEG/CNF and 

exposed to 10% strain at two different stretch rates (in mm/min): (a) 20 and (b) 100. In (c), 

single-cycle results correspond to the first and final cycles (solid and dotted lines, 

respectively) from tests performed at 20 (black) and 100 (red) mm/min. The dashed line 

(labeled) identifies the normalized time (at 0.5) corresponding to strain reversal. 
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Figure 7. Cyclic electromechanical measurements presented as a function of time 

normalized with respect to the time of a single cycle for CPNs composed of TPEG/CNF and 

exposed to 20% strain at two different stretch rates (in mm/min): (a) 20 and (b) 100. In (c), 

single-cycle results correspond to the first and final cycles (solid and dotted lines, 

respectively) from tests performed at 20 (black) and 100 (red) mm/min. The dashed line 

(labeled) identifies the normalized time (at 0.5) corresponding to strain reversal. 
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Figure 8. Cyclic electromechanical measurements presented as a function of time 

normalized with respect to the time of a single cycle for CPNs composed of TPE/CNF and 

exposed to 20% strain at two different stretch rates (in mm/min): (a) 20 and (b) 100. In (c), 

single-cycle results correspond to the first and final cycles (solid and dotted lines, 

respectively) from tests performed at 20 (black) and 100 (red) mm/min. The dashed line 

(labeled) identifies the normalized time (at 0.5) corresponding to strain reversal. 
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Figure 9. Cyclic electromechanical measurements presented as a function of time 

normalized with respect to the time of a single cycle for CPNs composed of TPE/CNF and 

exposed to 50% strain at two different stretch rates (in mm/min): (a) 20 and (b) 100. In (c), 

single-cycle results correspond to the first and final cycles (solid and dotted lines, 

respectively) from tests performed at 20 (black) and 100 (red) mm/min. The dashed line 

(labeled) identifies the normalized time (at 0.5) corresponding to strain reversal. 
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CHAPTER 4 

Complex Phase Behavior and Network Characteristics of Midblock- SolvatedTriblock 

Copolymers as Physically Cross-Linked Soft Materials** 

ABSTRACT 

 In the presence of a midblock-selective solvent, triblock copolymers not only self-organize but 

also form a molecular network. Thermoplastic elastomer gels, examples of such materials, serve 

as sealants and adhesives, as well as ballistic, microfluidic, and electroactive media. We perform 

Monte Carlo and dissipative particle dynamics simulations to investigate the phase behavior and 

network characteristics of these materials. Of interest is the existence of a truncated octahedral 

morphology that resembles the atomic arrangement of various inorganic species. Both simulations 

quantify the midblock bridges responsible for network development and thus provide a detailed 

molecular picture of these composition-tunable soft materials. 

 

 

 

 

 

 

**This chapter was published in its entirety: 

Woloszczuk, S., Tuhin, M. O., Gade, S. R., Pasquinelli, M. A., Banaszak, M., & Spontak, R. J. (2017). 

Complex Phase Behavior and Network Characteristics of Midblock-Solvated Triblock Copolymers as 

Physically Cross-Linked Soft Materials. ACS applied materials & interfaces, 9(46), 39940-39944. 
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4.1. Materials, methods, results and discussions 

Because of their distinctive ability to spontaneously self-assemble into various nanoscale 

morphologies,1,2 block copolymers remain one of the most extensively investigated classes of soft 

materials to date. Ongoing interest in these macromolecules reflects their unparalleled  versatility  

in applications  ranging  from  blend  compatibilization,3 nano-lithography,4 and thin-film 

stabilization5 to photonic devices,6organic photovoltaics,7  and drug delivery.8  The simplest AB 

diblock copolymer architecture consists of two long, chemically dissimilar A and B sequences (or 

random copolymers thereof9). Because of the thermodynamic incompatibility (χN, where χ denotes 

the Flory−Huggins interaction parameter and N is the number of statistical units along the 

copolymer backbone) between the blocks, these molecules microphase-separate and, under 

favorable conditions, order into periodic morphologies that minimize interfacial area and chain 

packing frustration governed by factors such as molecular composition/architecture10  and 

monomer asymmetry/rigidity.11  Classical ordered morphologies include A(B) spherical micelles 

on a body- or face-centered cubic lattice (Mk, k = A or B), or cylindrical micelles on a hexagonal 

lattice (HPCk), in a continuous B(A) matrix, as well as alternating lamellae (L). In contrast, the 

42 bicontinuous gyroid (G) with Ia3̅d symmetry12 and the O70 phase with Fddd symmetry13 are 

more spatially complex. Most of these morphologies are observed in blends of AB diblock 

copolymers with either a parent homopolymer,14 a second copolymer15 or a solvent.16 

Bicomponent ABA triblock copolymers likewise order into comparable morphologies but, 

depending on relative end block sizes,17 form B-networks stabilized by A-microdomains. This 

molecular design constitutes the basis for first-generation thermoplastic elastomers (TPEs) 

wherein the soft midblock is rubbery and the rigid end blocks are glassy or semicrystalline.18,19 

The most ubiquitous TPEs, which consist of styrenic end blocks and a polydiene/olefin midblock, 
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account for ∼1/3 of all TPEs manufactured globally.20 Independent efforts intended to quantify the 

midblock bridging fraction (υ) by experimental,21 theoretical22 and simulation23− 25 means have 

sought to correlate bulk properties with network characteristics. The properties of such 

technologically valuable materials can be enhanced through the incorporation of midblock-

selective solvents, such as low-volatility organic oils. Resultant TPE gels (or TPEGs), employed 

in applications such as ballistic media,26 pressure-sensitive adhesives,27 dielectric elastomers,28 

microfluidic devices,29 and shape-memory materials,30 can also self-organize and, in so doing, 

form molecular networks whose (electro)mechanical properties are composition-tunable tunable. 

Limited experimental31 and simulation32 attempts to elucidate the phase behavior of TPEGs 

confirm that these soft materials can self-organize into several ordered morphologies. In the 

present study, we perform Monte Carlo (MC) and dissipative particle dynamics (DPD) simulations 

to generate a comprehensive picture of TPEG phase behavior and the effects of copolymer and 

blend composition on network development (i.e., υ). 

The MC simulations utilize a cooperative motion algorithm on a face-centered cubic lattice, as 

described elsewhere.33 In this arrangement, movement of one segment mandates cooperative 

motion of adjacent segments. The size of each simulation box, filled with chain segments (each 

∼1 kDa) and solvent (S), is chosen so that fully extended copolymer chains fit completely inside 

the box. The pairwise interaction energy between species i and j (i,j = A, B, or S) is designated as 

εij with εAA = εBB = εSS= εBS = 1 and εAB = εAS = 2 = χkT/(z − 2), where k is the Boltzmann constant, 

T denotes absolute temperature, and z (=12) is the lattice coordination number. Each simulation is 

run to equilibrium (lowest free energy) at T* (= kT/ε), and parallel 

tempering34 overcomes local free energy traps. Although DPD simulations have  also  been  

conducted  to  explore  the morphological characteristics of TPEs, we use this approach to compare 
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values of υ (with MC simulations) in systems containing 100−1000 ABA chains, each composed 

of 100 connected  ∼1  kDa  beads.  For this purpose, the system parameters discussed24 for neat 

ABA copolymers is utilized in the Large-Scale Atomic/Molecular Massively Parallel Simulator 

(LAMMPS) software suite.35 In similar fashion as above and to ensure self-organization of the 

copolymer in the presence of midblock-selective S, we set εAA = εBB = εSS = εBS = 25kT and εAB = 

εAS = 50kT. After equilibration at 2kT/ε, a density-based cluster-recognition algorithm24 

distinguishes among chain conformations (bridges, loops, dangles, and  unsegregated chains). In 

both simulation series, morphologies and transitions are identified by visual inspection and heat 

capacities, respectively. 

From MC simulations, we first consider the phase behavior of four ABA copolymers possessing 

40 segments and varying in the fraction of A segments (f): 0.2 (4−32−4), 0.4 (8−24−8), 0.6 

(12−16−12), and 0.8 (16−8−16). In the limit of high solvent fraction (ϕS), micellar coronae 

transition from hairy at low f to crewcut at high f. The binary T*−ϕS phase diagrams generated for 

these relatively simple, nonpolar systems are displayed in Figure 1 and reveal complex phase 

behavior. Although these morphologies are reproducible, and equilibrium is expected for nearly 

all the conditions examined, metastable morphologies might develop at low temperatures due to 

long relaxation times, in which case caution is recommended in interpreting results near T* = 1. 

The subscript listed on each morphological designation identifies the minority block. In Figure 1a, 

the neat copolymer (ϕS = 0) possesses f = 0.2 and, as such, is expected to self-organize into either 

a dispersed MA or HPCA  morphology.  Both morphologies  appear  stable  at different 

temperatures, with the HPCA morphology disordering −disorder transition (ODT) is into MA as 

the order approached. At intermediate temperatures, long A channels (CHA, i.e., curved 

cylinders) that appear either discrete or continuous (1CA) develop, along with the possibility of A 
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rods (RA) that resemble short, wormlike cylinders. Because these morphologies are dispersed with 

curved interfaces, the addition of midblock-selective solvent, which  increases  the  volume fraction 

of the B-rich matrix, is unable to produce a wide variety of different morphologies. At temperatures 

below the ODT, conversion of all morphologies to MA is observed between 0.6 < ϕS < 0.8. (We 

only consider morphological shapes and do not classify them on the basis of lattice symmetry.) 

The copolymer selected in Figure 1a is representative of commercial TPEs, since dispersed 

morphologies are expected28 to possess the highest υ and mechanical properties that come closest 

to chemically cross-linked rubber. An increase in f to 0.4 in Figure 1b shifts the neat copolymer 

morphology to L over all temperatures examined. At temperatures below the ODT, increasing ϕS 

initially results in the formation of perforated A layer (PLA) and bicontinuous (B, most likely G) 

morphologies that gradually give way to cylindrical (although not necessarily hexagonally packed) 

morphologies and finally to A micelles at high ϕS. This morphological progression has been 

experimentally verified48 upon incorporation of a midblock-selective oil into a styrenic TPE. In a 

symmetric block copolymer phase diagram, the L morphology typically extends from f ≈ 0.35 to 

f 0.65, in which case it is reasonable that not only the neat  copolymer with f = 0.6 but also 

corresponding blends with 20− 30% solvent exhibit lamellae in Figure 1c. In this system, however, 

the transition from L to PLA and bicontinuous nanostructures becomes substantially more 

temperature-dependent at lower f (in Figures 1a, b), and the cylindrical morphologies display less 

order. At high solvent levels (ϕS > 0.6), spherical micelles, as well as elongated micelles (MAe) and 

cubically packed A cylinders (CPCA), are observed. Whereas deformed micelles are not surprising 

under these conditions, the CPCA morphology, which has not been experimentally validated, is 

unexpected at such high solvent levels. This spatial arrangement has, however, been postulated for 

the keratin filaments comprising mammalian stratum cornea.36 



125 

  

As anticipated, the copolymer with f = 0.8 exhibits the most complex phase diagram of the series 

in Figure 1d, because the midblock-selective solvent systematically swells the minority B 

microphase, which consists of a minority B morphology (HPCB) without solvent. Although the 

morphologies at ϕS > 0 contain a mixture of B + S, the designations only list B for clarity. As ϕS 

is increased, complex morphologies such as PLB, 1CB, BB, and CHB  develop as the A/B interface 

becomes increasingly less curved, especially at higher temperatures. The existence  of  a  

previously  unobserved  bicontinuous  block copolymer morphology, A and B truncated octahedral 

networks (OCTA and OCTB, respectively), is also established by both MC  and  DPD  simulations.  

The characteristics of this morphology are discussed below. Increasing ϕS first yields the L 

morphology with flat interfaces and then inverted morphologies with curved interfaces and 

minority A micro-phases.  Additional complex nanostructures, including the OCTA morphology, 

are again visible at solvent levels beyond those responsible for the L morphology. Interestingly, 

discrete crewcut A micelles with a relatively thin B corona only appear to be stable at very high ϕ 

(>0.85). Although no experimental studies have been performed to date on TPEGs under these 

conditions, existing evidence confirms31 that coronal size does influence micellar packing  in  

TPEGs.  Although micelles possessing a thick corona (due to a long B midblock common in most 

commercial TPEs with 20−35 wt % A) self-organize on a body-centered cubic lattice, those with 

a thin corona (due to a short B midblock) can order on an atypical face-centered cubic lattice. 

Although structural details of the double-channel network comprising the truncated octahedron 

morphology are pre-sented in Figure 2 with solid (Figure 2a) and interfacial (Figure 2b) cutaway 

images to illustrate its spatial complexity (solvent-swollen B midblocks are colored red and gold 

to indicate the nonintersecting nature of their cubic networks, B-selective solvent  molecules  are  

blue  and  the  A  end  blocks  are transparent), a more in-depth analysis of its origin and stability 
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limits in TPEGs, as well as other copolymer systems, is forthcoming. Suffice it to say that, unlike 

the bicontinuous G morphology (observed in linear bicomponent block copolymer systems at 

compositions of 30−35 wt % of one species and yielding nonintersecting channel networks in a 

continuous matrix), the  truncated  octahedron  arrangement  of  ABA copolymer  molecules  

reflects  symmetric  (i.e.,  isochoric) microphase separation, as is evident from Figure 2c. In Figure 

2d, e, the channels and nodes of the mutually exclusive B networks  appear  hollow  to  

accommodate  the  midblock-selective solvent, the spatial distribution of which is more clearly 

seen in Figure 2f. Nanostructures possessing this spatial symmetry occur in numerous inorganic 

systems, including natural minerals (e.g., clay, talc, and mica), mineral-organic polyhedra,37 and 

powder catalysts.38 Although an octahedron 

morphology has not been previously reported for self-organized block copolymer  systems  at  

mesoscale  dimensions,  block copolymers have been used to generate nanoparticles with this 

spatial symmetry.39  

In addition to their surprisingly rich phase behavior, TPEGs form physically cross-linked 

molecular networks that hold promise as flesh-like, stimuli-responsive, sealable, and recyclable 

soft materials for use in a wide variety of technologies. Although the contribution of 

interpenetrating looped midblocks, while not considered here, should not be discounted, midblock 

bridges are  primarily  responsible  for  network  properties. Fractions  of  midblock  conformations  

(i.e.,  bridges,  loops, dangles, and unsegregated chains, depicted in Figure 3a) as determined from 

DPD simulations are presented in Figure 3b for blends in which f = 0.2 and 0.4 and ϕS varies from 

0.0 to 1.0. Results indicate  that,  at  the  selected  incompatibility  and composition levels, midblock 

bridging dominates with negligible unsegregated chains and dangles discernible only at high ϕS. 

Because network formation due to midblock bridging in 
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TPEGs is of paramount interest in the development of their hyperelastic (electro)mechanical  

properties,  values  of  υ evaluated from MC simulations are provided as a function of ϕS  in Figure 

4 for three of the parent ABA copolymers identified in Figure 1 and a fourth evaluated at f = 0.5 

(to avoid the inverted morphologies at f = 0.8). These results confirm that υ changes with 

morphology and, hence, interfacial area as the blends become increasingly solvent-rich. The red 

dots included in Figure 4a, b for B-rich copolymers identify order−order transitions in Figures 1a, 

b, respectively. Unexpectedly, υ is observed in Figure 4a to attain a maximum value of 76%, which 

is higher than previously reported for microphase-ordered ABA copolymers.22,24,32 

This combined MC and DPD simulations study of midblock-solvated ABA  triblock  copolymers  

differing  in  copolymer composition (f) and gel concentration (ϕS) establishes that these soft, 

network-forming materials can, depending on f, exhibit a broad range of temperature-dependent 

morphologies,40 including some that have not yet been experimentally  reported due to the absence 

of copolymers with suitable compositions. By themselves, A-rich ABA copolymers with a 

relatively short midblock would behave more like rubber-reinforced thermoplastics than 

conventional TPEs. Insofar as macrophase separation does not occur, incorporation of a B-

selective solvent is expected to cause discrete B microdomains to swell and ultimately transform 

into a continuous B+solvent matrix. During this sequence of morphological transitions, a 

bicontinuous truncated octahedron morphology has been identified. Detailed examination of this 

morphology reveals that solvent molecules locate within the B-rich channels and nodes of the 

nonintersecting cubic networks. Experimental investigation of this mesoscale morphology is 

forthcoming, and the properties associated with this dual-network morphology are expected to 

yield an elevated modulus and continuous diffusive pathways. Although the morphologies reported 

here are not compared directly with experimental findings, results from a previous MC simulation 
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study41 of selectively solvated AB diblock copolymers compare favorably with available 

experimental data. At the molecular level, evaluation of the midblock conformational fractions 

indicates that the bridging fraction, which is largely responsible for the elastic behavior required 

in the broad assortment of technological applications presently employing TPEGs, is sensitive to 

morphological changes as f (at ϕS = 0) or ϕS (at constant f) is changed. Because TPEGs are 

becoming increasingly useful in a diverse range of technologies, an improved understanding of 

their concomitant phase and network behavior is warranted. The present study confirms that these 

materials, while technologically relevant, are also scientifically interesting as examples of self-

assembled soft matter with highly tunable morphologies and network-dependent properties. 
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4.4. Figures 

 

Figure 1. Reduced temperature−gel concentration (T*−ϕS) phase diagrams generated by 

MC simulations of midblock-solvated ABA triblock copolymers differing in f: (a) 0.2, (b) 

0.4, (c) 0.6, and (d) 0.8. The solid lines correspond to interpolated order−order transition 

boundaries between data points. Morphological abbreviations are defined in the text. 
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Figure 2. MC simulation snapshots of the truncated octahedron (OCTA) morphology 

encountered for midblock-solvated ABA copolymers in Figure 1d. Here, the B blocks form 

nonintersecting networks (red and gold) that contain solvent (blue) in a continuous 

(transparent) matrix composed of A blocks. Cutaway images for a representative blend ( f = 

0.8 and ϕS = 0.3) are displayed (a) for the solid and (b) along the interface, and (c) the two 

coexisting networks are shifted to be more clearly visible. (d, e) Separating nonintersecting 

B networks, and (f) the spatial distribution of solvent. 
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Figure 3. (a) Schematic illustration of ABA triblock copolymer molecules that self-organize 

into spherical micelles. Midblock conformations are labeled as bridges, loops, dangles, and 

unsegregated. (b) Results from DPD simulations indicating the dependence of the midblock 

fractions, bridges (●), loops (○), dangles (▲), and unsegregated chains ( ), on ϕS for 2 

midblock-solvated ABA triblock copolymers differing in f: 0.2 (black) and 0.4 (red). The 

solid lines serve to connect the data. 
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Figure 4. Midblock bridging fraction (υ) determined from MC simulations and presented as 

a function of ϕS for four ABA triblock copolymers differing in f, (a) 0.2, (b) 0.4, (c), 0.5, and 

(d) 0.6, at four different values of T*, 1 (●), 2 (○), 3 (▲), and 4 ( ). The solid lines serve to 

connect the data, and the vertical red lines indicate the last point accessible before crossing 

the ODT. (a, b) Red dots in the B-rich copolymer systems identify order−order transitions 

from the corresponding phase diagrams displayed in Figure 1. 
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CHAPTER 5 

Microphase-Separated Morphologies and Molecular Network Topologies in  

Multiblock Copolymer Gels** 

ABSTRACT 

Strong physical gels derived from thermoplastic elastomeric ABA triblock copolymers solvated 

with a midblock-selective oil continue to find use in increasingly diverse applications requiring 

highly elastic and mechanically robust soft materials with tunable properties. In this study, we first 

investigate the morphological characteristics of thermoplastic elastomer gels (TPEGs) derived 

from a homologous series of linear A(BA)n multiblock copolymers composed of styrene and 

hydrogenated isoprene repeat units and possessing comparable molecular weight, but varying in 

the number of B-blocks: 1 (triblock), 2 (pentablock) and 3 (heptablock). Small-angle X-ray 

scattering performed at ambient temperature confirms that (i) increasing hydrogenation reduces 

the microdomain periodicity of the neat copolymers and (ii) increasing the oil concentration of the 

TPEGs tends to swell the nanostructure (increasing the periodicity), but concurrently decrease the 

size of the styrenic micelles, to different extents depending on molecular architecture. 

Complementary dissipative particle dynamics simulations reveal the extent to which midblock 

bridging, which is primarily responsible for the elasticity in this class of materials, is influenced 

by both oil concentration and molecular architecture. Since constrained topological complexity 

increases with increasing block number, we introduce a midblock conformation index that 

facilitates systematic classification of the different topologies involved in nearest-micelle bridge 

formation. Those possessing at least one bridged and one looped midblock with no dangling ends 

are found to be the most predominant topologies in the pentablock and heptablock networks. 
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**This chapter has been published in its entirety: 

Tuhin, M. O., Ryan, J. J., Sadler, J. D., Han, Z., Lee, B., Smith, S. D., ... & Spontak, R. J. (2018). 

Microphase-Separated Morphologies and Molecular Network Topologies in Multiblock Copolymer Gels. 

Macromolecules.  
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5.1. Introduction 

Block copolymers continue to attract significant attention from the academic and industrial 

communities due principally to their intriguing ability to self-assemble into a wide range of soft 

nanostructures1,2 that are precisely suitable for a diverse range of uses within the scope of a broad 

technological platform.3-8 Due to the thermodynamic incompatibility between the covalently-

linked blocks, these copolymers are capable of spontaneously self-organizing into several classical 

morphologies (e.g., micelles on a body- or face-centered cubic lattice, cylinders on a hexagonal 

lattice or alternating lamellae), as well as more spatially complex morphologies (e.g., double 

helices,9 the gyroid,10-12 the O70,13,14 and the Frank-Kasper σ phase15). Of the many block 

copolymer archetypes that are commercially available, triblock copolymers that behave as 

thermoplastic elastomers16 (TPEs) with hard (glassy or semicrystalline) endblocks and a soft 

(rubbery) midblock constitute an important and recyclable alternative to chemically cross-linked 

elastomers due to their ability to form a molecular network composed of bridged midblocks that 

physically connect neighboring microdomains (cf. Figure 1).17 For this reason, they serve as soft 

materials capable of affording both scientific insight and application versatility through 

customizable properties, and independent experimental,18-21 theoretical22,23 and simulation25,26 

efforts focused on quantifying the fraction of bridged midblocks (υ) have been reported. Studies 

relating molecular arrangement to morphological and property development in bicomponent TPEs 

prepared from melt or solution processing are not, however, restricted to triblock copolymers, 

since both randomly-coupled26-28 and perfectly-alternating29-35 linear multiblock copolymers have 

also been synthesized and investigated in this broad copolymer family. 

In the same fashion as a parent homopolymer,37-39 incorporation of a selective solvent into an 

ordered block copolymer can elicit several responses, including microdomain swelling, one or 
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more order-order transitions or microdomain dissolution at the order-disorder transition. These 

responses depend on the thermodynamic incompatibility of the copolymer, the copolymer 

concentration and temperature. Experimental studies40 of midblock-solvated triblock copolymers 

with and without an endblock-selective additive verify that these systems exhibit the same phase 

behavior observed41 with selectively-solvated diblock copolymers. A recent simulation 

investigation41 of midblock-solvated triblock copolymers furthermore indicate that unique 

morphologies, such as the truncated octahedron, can likewise develop. In the specific case of 

triblock copolymer TPEs, addition of a midblock-selective diluent such as a nonpolar oligomeric 

oil yields tunably compliant thermoplastic elastomer gels (TPEGs) for use as dielectric43-47 and 

phase-change48-50 elastomers, pressure-sensitive adhesives,51 and substrates for microfluidics52 and 

flextronics.53 This paradigm naturally extends to include polar diluents such as water54 and ionic 

liquids55 in the case of triblock or higher-order multiblock copolymers possessing hydrophobic 

endblocks and a hydrophilic midblock. These functional soft materials are of interest in the 

fabrication of proteinaceous hydrogels,56 Li-ion batteries,57 soft robotics,58 organic 

photovoltaics,59,60 and water-treatment61,62 or amphoteric gas-separation63 membranes. An 

especially attractive attribute of TPEGs is their ability to be (electro)mechanically strain-cycled 

with little, if any, hysteresis.64 Moreover, these materials are capable of avoiding dynamic fatigue 

and achieving ultrahigh elongations, with some reaching strains of ≈4000% prior to failure.65  

The illustration provided in Figure 1 displays rigid micelles that are responsible for connecting 

swollen soft midblocks and thus stabilizing the molecular network in conventional TPEGs. In the 

case of TPEGs derived from ABA triblock copolymers, a single copolymer molecule can at most 

physically connect two micelles. In the case of A(BA)n multiblock copolymers with n > 1, 

however, a single molecule can form multiple bridges and connect up to n+1 micelles. While 
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previous studies of TPEGs have focused primarily on triblock copolymers, the objective of this 

study is to elucidate the morphological characteristics and constrained chain topologies responsible 

for network formation in TPEGs composed of multiblock copolymers. In this spirit, we have 

synthesized a homologous series of perfectly-alternating linear multiblock copolymers with 

constant molecular weight (M) and investigated their morphologies as functions of copolymer 

architecture and solvent concentration by small-angle X-ray scattering (SAXS). In addition, 

dissipative particle dynamics (DPD) simulations have been performed to identify the molecular 

conformations responsible for soft-midblock bridging and, hence, network formation. Due to the 

topological complexity introduced with multiblock copolymers, a conformation-based 

classification index is proposed and used to compare the relative influence of all nearest-micelle 

bridge conformations. 

5.2. Experimental 

5.2.1. Materials 

For the synthesis of the three model multiblock copolymers, cyclohexane (HPLC grade) was 

obtained from VWR, whereas isoprene and styrene were supplied by Aldrich. Both the 

cyclohexane and isoprene were used as-received, but the styrene required purification to remove 

by-products. This was achieved by first degassing the styrene with N2, followed by titration with 

dibutylmagnesium (Aldrich) to a yellow end point and then column chromatography. In addition 

to sec-butyllithium (Aldrich), Irganox-1010 (Ciba-Geigy) and ultrahigh-purity hydrogen 

(Matheson), methanol, 2,3-dimethyl-3-pentanol (DMP), nickel(II) bis(2-ethylhexanoate), triethyl 

aluminum (1 M solution in heptane), hydrochloric acid (HCl), and sodium bicarbonate (NaHCO3) 

were purchased from Aldrich and used as-received. The diluent was a primarily aliphatic mineral 

oil (MO, Hydrobrite 380, Sonneborn). Copolymers consisting of styrenic (S) endblocks and 1-3 
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isoprenic (I) midblocks separated by S blocks (with MS,midblock = 2MS,endblock to account for the 

extension difference between an endblock tail and a midblock bridge/loop) were synthesized in 

the presence of sec-butyllithium and cyclohexane at 60°C by living anionic polymerization.32 The 

composition of each copolymer was fixed at 20 wt% S, and the number-average M and 

polydispersity (Đ) values ranged from 293 to 303 kDa and 1.05 to 1.14, respectively, as determined 

by size-exclusion chromatography and 1H NMR spectroscopy (performed on a GE QE-300 

spectrometer), respectively. Copolymer designations (including I midblock number and block 

masses, in kDa) are as follows: TBC (n = 1, S30I240S30), PBC (n = 2, S15I120S30I120S15) and HBC (n 

= 3, S10I80S20I80S20I80S10). Polyisoprene (PI) in all copolymers was 95-99% hydrogenated to yield 

ethylene-alt-propylene (EP) rubber, as described elsewhere.66 

5.2.2. Methods 

The copolymers were co-dissolved with the mineral oil as the EP-selective midblock diluent, 

ranging in solvent weight percent (φS) from 0 to 96%, and 1.0 wt% Irganox 1010 in reagent-grade 

toluene at a solution concentration of 4% w/v. Resultant solutions were cast into Teflon molds and 

dried for 8-9 days at ambient temperature to yield films measuring 1.2-1.5 mm thick. These films 

were heated to 120°C for 6 h under vacuum, quiescently cooled for 12 h, carefully removed from 

the molds and wrapped in Al foil, and then stored in a plastic container at ambient temperature and 

pressure until testing. Subsequent SAXS analysis was conducted at ambient temperature on beam-

line 12-ID-B at the Advanced Photon Source (Argonne National Laboratory). The sample-to-

detector distance and beam spot size were 2 m and 0.5 x 0.025 mm2, respectively, and the 14 keV 

beam provided a wavelength (λ) of 0.087 nm and a flux of ~1012 photons/s. Two-dimensional 

SAXS patterns collected on a 2-D Pilatus 2M detector were azimuthally integrated to yield 

intensity profiles expressed as a function of the scattering vector (q), where q = (4π/λ)sinθ and θ 
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for (rij < RC) 

 

for (rij > RC) 

is half the scattering angle.  

5.3. Simulations 

The DPD simulations performed here conform to the procedures previously detailed,25 and we 

provide an abbreviated overview below. Since the coarse-grained beads in DPD simulations 

behave as soft (compressible) spheres, they can remain discrete in the case of diluent molecules or 

they can be linked together to mimic polymer chains as bead-spring equivalents. Each bead is 

coarse-grained to 1 kDa, and so the ~300 kDa copolymer chains described above correspond to 

300 beads, where a single A bead represents ~10 S repeat units and a B bead accounts for ~14 EP 

repeat units. Since the molecular weight of the MO is ~0.5 kDa, one solvent bead accounts for ~2 

solvent molecules. The net force (fi) that bead i (i = A, B or S) experiences at position ri is expressed 

as the summation of all forces accounting for pairwise interactions with all other (j) beads within 

a characteristic radius (RC) typically set to unity, and is written as 

fi = ∑j≠i (Fij
C + Fij

D + Fij
R + Fij

S)  (1) 

where Fij
C represents the conservative (repulsive) force given by 

Fij
C =
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and αij corresponds to the pair-repulsion potential between beads i and j, r̂ ij = rij/|rij|, and rij = |rij| 

is the scalar distance between beads. The spring force (Fij
S) only exists between connected beads 

comprising the polymer chains and is represented by –ks(rij – r0) r̂ ij, where ks = 4.0 and r0 =0.8. 

The dissipative (Fij
D) and random (Fij

R) forces in Eq. 1 retain their usual meanings, and values of 

the various parameters and number bead density (ρ = 3) required in these terms are selected to 
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ensure consistency with prior DPD studies67 of block copolymers. Similarly, the like pair-repulsion 

parameters (αAA, αBB and αSS) are calculated from 75 kT/ρ, where k is the Boltzmann constant and 

T denotes absolute temperature (kT = 1 at a system thermostat set equal to 373 K so that αAA = αBB 

= αSS = 25). We presume that the solvent is B-selective so that αBS = αBB. In contrast, the value of 

the unlike pair-repulsion parameters involving A (αAB and αAS) are determined68 from αAA + 3.27(1 

+ 3.9/N0.51)χ, where N is the number of beads per chain and χ is the Flory-Huggins interaction 

parameter estimated from the solubility parameters for PS and EP.  

The DPD simulations were performed with the Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS) software package68 under the conditions of a microcanonical ensemble to 

ensure constant mass, volume and energy so that the total number of beads representing both 

solvent and copolymer molecules was held constant in a cubic cell measuring 23 Rc on each side 

to ensure that at least 100 copolymer chains would be in the most dilute system. The chain.py 

routine was used to build the copolymer chains and to distribute them randomly with the solvent 

beads in the simulation box. Each system was then equilibrated up to 5 x 105 steps with a time step 

of 0.05 and periodic boundary conditions using nve integrator. It is important to note here that 

doubling the cell size or reducing the time step (to 0.02 or 0.04) did not generate any statistically 

different results. Production runs, on the other hand, were performed for an additional 5 x 105 

steps. All simulations were performed on the Henry2 cluster at the NC State High Performance 

Computing Center. The discrete microdomains of neat A(BA)n copolymers and their selectively-

swollen gels were systematically identified from snapshots of the simulation trajectories using a 

versatile density-based clustering algorithm (DBSCAN),69 which does not presume a particular 

microdomain shape a priori; its application to particle simulation trajectories has been described 

elsewhere.25 We adapted DBSCAN, which employs the flexible procedures for clustering (fpc) 
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package within the R statistical software suite, to be used in conjunction with an in-house algorithm 

so that periodic boundary conditions could be considered when counting midblock conformations. 

Constrained topologies identified for each A(BA)n chain by the existence of nearest-neighbor soft-

midblock bridges were classified here according to a midblock conformation index (MCI) of the 

form [mbld], where m is the number of connected micelles, and b, l and d represent the number of 

B bridges, B loops and A dangling ends, respectively. Schematic illustrations and corresponding 

MCI designations of conformations encountered for TBCs (n=1), PBCs (n=2) and HBCs (n=3) are 

presented in Figure 2 and reveal that the level of topological complexity quickly increases with 

increasing n. 

5.4. Results and Discussion 

5.4.1. Morphological Characteristics 

5.4.1.1. Neat Copolymers 

Since the multiblock copolymers initially consist of isoprenic midblocks, we first examine the neat 

(diluent-free) copolymers to ascertain the effects of molecular architecture (n) and hydrogenation 

on morphology at constant M. The corresponding SAXS profiles are provided in Figure 3 and 

confirm that the 3 copolymers are microphase-ordered, displaying a well-defined principal peak 

at q* and at least two higher-order reflections. Although the peaks are quite broad, the position of 

the second-order peak (at q2) relative to q* varies from 1.76 to 1.82, suggesting that the 

morphology consists of S cylinders or spheroids poorly arranged on a hexagonal lattice (for which 

q2/q*=1.72) in a continuous EP-rich matrix. At the constant copolymer composition (20 wt% S), 

however, spheroidal or ellipsoidal micelles are more intuitively expected. Important considerations 

that might be responsible for the results displayed in Figure 3 include the copolymer molecular 

weight coupled with a large chemical difference between the block species and the multiblock 
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architectures. The first two factors contribute to a high thermodynamic incompatibility (χN) and 

slow diffusion, while the third results in a downward shift and flattening of the ordered block 

copolymer envelope as n is increased, according to self-consistent field theory predictions.70 Thus, 

under the current experimental conditions, a polydisperse spheroidal morphology is reasonable 

and moreover consistent with the scattering results included (and modeled in terms of the form 

factor) in Figure 4. The apparent shift in the form factor to higher q with increasing n indicates 

that the micelles become smaller, which is a direct consequence of increasing n at constant M. 

Two additional observations included in the inset of Figure 3 indicate that the microdomain 

periodicity (D = 2π/q*) decreases with increasing n and with increasing hydrogenation. The first 

finding is attributed to the reduction in block sizes associated with increasing n, and can, in the 

strong-segregation limit, be described by D ~ (n + 1)-2/3. Soft-midblock hydrogenation, which 

serves to increase χN, likewise promotes a marginal reduction in D at constant n. This result is, 

however, contrary to that predicted from strong-segregation theory,71 as well as experimentally 

reported,66 for unconstrained (i.e., non-networked) diblock copolymers and clearly warrants 

further investigation. 

5.4.1.2. Swollen Copolymers 

Three series of SAXS profiles acquired from TPEGs varying in φS from 0 to 80% in 20% 

increments are presented in Figure 4 for oil-swollen multiblock copolymers differing in molecular 

architecture: n=1 (TBC, Figure 4a), n=2 (PBC, Figure 4b) and n=3 (HBC, Figure 4c). The model 

fits included in Figure 4 represent the form factor for polydisperse spheres and favorably match 

the SAXS data at moderate to high q. In all of the cases examined, an ordered morphology 

reminiscent of that in the neat copolymers remains discernible, in agreement with previous72,73 

examples of TPEGs. Most prior studies of TPEGs composed of styrenic triblock copolymers with 
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either an EP or ethylene-co-butylene (EB) midblock and aliphatic mineral oil possess a body-

centered-cubic (bcc) spherical morphology,74 although the face-centered-cubic (fcc) morphology 

has likewise been reported for block copolymers.40,75,76 The relative signature peak positions 

(expressed as q2/q*) of the SAXS profiles in Figure 4 signify that a hexagonal-close packed 

morphology persists in all the TPEGs considered. Mean values of q2/q* are 1.76 ± 0.01 for n=1 

(Figure 4a), 1.74 ± 0.02 for n=2 (Figure 4b) and 1.76 ± 0.02 for n=3 (Figure 4c). Values of the 

structure factor, S(q), extracted77 from the triblock copolymer and several associated TPEGs are 

provided as a function of q normalized with respect to q* in Figure 5 and, despite the broad 

scattering peaks, confirms that the spherical micelles are not arranged on a bcc or fcc lattice. At 

higher φS (90% and above), the TPEGs approach their critical gel fraction below which the 

population of copolymer molecules becomes insufficient to form a molecular network. Detailed 

examination of this regime by dynamic rheology and mesoscale simulations reveals78 that the 

critical gel fraction is sensitive to copolymer attributes such as molecular weight, composition and 

architecture. In Figure 6, long-range order appears lost when φS > 90% in the case of n=1 (Figure 

6a), but is retained for the remaining two copolymers up to φS = 92% at least in Figures 6b 

(q2/q*=1.76 for n=2) and 6c (q2/q*=1.78 for n=3) even though the block masses become smaller 

with increasing n. Model fits corresponding to hexagonal close-packed and 2D hexagonal spheres 

are included in Figure 6 and verify that the spheres are loosely positioned on a hexagonal lattice 

with relatively short-range order (no distinction is made here between the two lattice types). We 

do not discount the possibility of fcc ordering since this lattice with numerous stacking faults and 

non-correlated {111} planes yields broad second peaks and resembles the 2D hexagonal 

arrangement. 

Two important nanostructural dimensions extracted from the SAXS profiles provided in Figures 
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4 and 6 are the periodicity (D) and spherical radius (R), which are included as functions of S and 

n in Figures 7a and 7b, respectively. On one hand, as anticipated from the results presented in 

Figure 3 for the neat copolymers and the fact that the block masses systematically decrease with 

increasing n at constant N, D consistently decreases with increasing n over the entire range of φS 

examined in Figure 7a. For each copolymer series, an increase in φS from 0 to ~60% generally 

promotes a modest (10-14%) increase in D. Above 60% oil, however, D increases sharply (by as 

much as ~100% relative to the neat copolymer in the case of the HBC series). Values of R have 

been modeled as both monodisperse and polydisperse spherical micelles from the form factor at 

intermediate q values (model fits for polydisperse spheres are included in Figure 4) and are 

displayed in Figure 7b. Although R expectedly decreases with increasing n due to the 

accompanying change in block mass (estimated values of the unperturbed gyration diameter for 

the S blocks in the neat TBC, PBC and HBC specimens are 9.7, 6.9 and 5.6 nm, respectively), it 

is sensitive to polydispersity below φS = 40%. At and beyond this dilution level, R appears to 

depend less on polydispersity and decrease monotonically with increasing φS. The results included 

in Figure 7 reveal that the S-rich microdomains become not only more separated (from D) but also 

physically smaller (from R) as φS increases. Volume-fraction estimates derived from R and D 

confirm that the S micelles are spherical and not cylindrical. Corresponding values of D/R for 

monodisperse spheres up to φS = 60% average 3.5 ± 0.1 over all n. At higher φS, D/R more than 

doubles to 8.1. In the next section, we use DPD simulations to determine if changes in TPEG 

morphology influence the midblock conformations responsible for network formation. 

5.4.2. Conformational Analysis 

To begin, final snapshots collected from equilibrated DPD simulation trajectories representing 

multiblock-based TPEGs with n = {1, 2, 3}, each collected at 4 different values of φS, are portrayed 
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for comparison in Figure 8. Three important features of these results warrant  

discussion at this juncture. First, in the solvent-free systems (φS = 0%), the discrete microdomains 

visible in Figure 8 appear elongated, which is consistent with the existence of distorted spheres. 

As φS is increased, however, most of the microdomains become less elongated and more spherical 

in shape. This observation supports the conclusion based on the SAXS form factor analyses in 

Figure 4 that the micelles in these TPEGs are spheroidal. Second, the microdomains in the 

simulations do not possess obvious evidence of long-range order, as implied by the SAXS data. 

Third, an increase in φS is accompanied by an increase in separation distance (which relates to D) 

and a reduction in microdomain size (which relates to R). Corresponding values of D/R are 3.3 ± 

0.1 over all φS and n. Thus, we conclude that the DPD simulations capture several, but not all, of 

the important characteristics of the TPEGs investigated in this study. The most likely reason for 

differences is either the length required for each bead to be coarse-grained to 1 kDa or the total 

number of chains, as each simulation was conducted with 100-1000 copolymer chains, excluding 

the solvent beads. Once the simulations are run beyond equilibration and the microdomains are 

subsequently identified by the DBSCAN cluster algorithm, individual chain conformations are 

analyzed and organized according to the MCI classifications described earlier.  

Before discussing the chain topologies derived from DPD simulations, the MCI classification 

scheme proposed here is examined on the basis of its two assumptions and potential drawbacks. 

The first assumption is that at least two micelles must be connected by a single copolymer chain 

so that a network can form. Since the index requires the number of connected micelles (m), we 

note that mmin=2, thereby precluding consideration of single micelles with numerous loops or 

dangling ends. Since bmax=n for a fully extended chain occupying the maximum number of 

micelles possible, mmax=n+1 at the opposite extreme. The second assumption is that only chain 
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conformations responsible for connecting nearest-neighbor micelles are considered. As an 

example of a conformation that would not be included, consider an extended ABABA PBC 

molecule similar to the one classified as [3200] in Figure 2. If the A midblock is not contained 

within a micelle (and behaves as a dangling midblock), then m=2 and the two A endblocks would 

ultimately immobilize the entire chain but at a much lower crosslink density than the other PBC 

conformations. In the spirit of chemically-crosslinked elastomers, the conformations included in 

the MCI classification scheme require that the molecular mass between physical crosslinks (i.e., 

the rigid micelles) must equal the mass of the soft midblocks. Another consideration to be 

addressed regarding the proposed MCI scheme is degeneracy; that is, the possibility that a given 

designation corresponds to more than one conformation. An example of such degeneracy is the 

[2210] conformation for n=3 included in Figure 2. Insofar as we are aware, this is the only case of 

degeneracy in all the cases examined here. While the extent to which degeneracy occurs is 

expected to increase further with n > 3, we elect to combine results obtained for conformations 

assigned to the same MCI.  

The fraction of copolymer bridges ascertained from DPD simulations of TBC- and PBC-based 

TPEGs analogous to the experimental analogs is provided as functions of 𝜙𝑠 and MCI designation 

in Figure 9. In the case of the TBC materials with n=1, only one conformation classified as [2100] 

contributes to network formation (cf. Figure 2). It is important to recognize that all other 

conformations are taken into account to extract each value of υ furnished in this section. Results 

provided for the TBC-based TPEGs are numerically comparable to those reported42,77 elsewhere 

from both DPD and Monte Carlo simulations. In the case of TPEGs derived from PBCs (with 

n=2), the four conformations illustrated in Figure 2 must be analyzed. The fully extended 

conformation connecting the maximum number of micelles (mmax=3) is designated as [3200] and 



152 

  

accounts for about 20-30% of all conformations. Interestingly, υ associated with the [2110] 

conformation connecting two micelles and possessing one B-midblock bridge and one B-midblock 

loop ranges from 40 to 50% over the entire range of φS examined. In marked contrast, the most 

compact topology ([2200]) only contributes 5-10%, whereas the [2101] designation, constituting 

the only conformation with a thermodynamically unfavorable dangling end, is negligible, adding 

only 0-1%. The total bridging fraction afforded by PBC-based TPEGs, obtained by summing the 

results from all the individual MCI designations, is ≈85%, which is considerably higher than the 

maximum υ (≈68%) afforded by TBC-based TPEGs due to the greater topological complexity 

inherent in PBCs. 

The substantial increase in topological complexity in TPEGs derived from HBCs is immediately 

evident from Figure 10 wherein conformations responsible for connecting 4 (the maximum 

number possible) or 3 micelles are displayed in Figure 10a and those connecting only 2 micelles 

(the minimum number considered) are included in Figure 10b. Although υ corresponding to the 

fully extended [4300] conformation appears to increase with increasing φS, it is important to 

recognize that this conformation at most accounts for ≈16% of all possible topologies. Values of 

υ for the alternative, less extended conformation that likewise possesses 3 B-midblock 

bridges/molecule, designated as [3300], remain comparable to those of the [4300] conformation 

up to φS ≈ 50% and then decrease as φS is increased further. The dominant conformation visible in 

Figure 10a is designated as [3210], as it connects 3 micelles with 2 B-midblock bridges and 

possesses a single B-midblock loop. In this case, υ increases from about 21 to 40% as φS is 

increased from 0 to 90%. As with the PBC-based TPEGs in Figure 9, values of υ determined for 

the counterpart to this conformation with a dangling end instead of a B-midblock loop ([3201]) 

are insignificant (<1%). In Figure 10b, the highly deleterious effects (responsible for low υ) of one 
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or two dangling ends (i.e., the [2201] and [2111] topologies or the [2102] topology, respectively) 

and compaction (i.e., the [2300] topology) are apparent. While the most prominent conformation 

connecting 2 micelles and possessing a nearly constant bridging fraction (≈29%) is designated as 

[2120] with 1 B-midblock bridge and 2 B-midblock loops, its analog described as having 2 bridges 

and 1 loop ([2210]) provides a more modest contribution that generally decreases monotonically 

from 16% in the neat copolymer to about 6% when φS = 90%. Upon summing all the values of υ 

in Figure 10 for HBC-based TPEGs, over 90% of the copolymer molecules are found to participate 

in network development via B-midblock bridging. 

5.5. Conclusions 

In this study, we have investigated the morphological characteristics and chain topologies of 

TPEGs composed of linear multiblock copolymers custom-synthesized by living anionic 

polymerization to possess comparable composition and molecular weight but different molecular 

architecture, and selectively hydrogenated from PI to EP. According to analysis of the form factor 

in SAXS profiles, the morphologies of the neat and solvated copolymers are generally classified 

as spheroidal, which agrees with results from accompanying DPD simulations. From the relative 

scattering peak positions, 2D or 3D hexagonal close-packed spheres appear to persist as the 

copolymers are solvated up to 92% in the case of the PBC- and HBC-containing systems. These 

findings will be compared to transmission electron microscopy results in a forthcoming 

publication. As the TPEGs become increasingly solvated, the microdomain periodicity initially 

increases slowly and then sharply at relatively high solvent levels (> 80%). Corresponding 

spherical radii extracted from scattering form factors are sensitive to polydispersity at low φS (< 

40%) and then become nearly monodisperse (and decrease nearly linearly) at high φS. By 

introducing a midblock conformation index (MCI) as a means by which to develop a molecular-
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level classification scheme of the network,79,80 we can systematically categorize the various 

molecular conformations that contribute to network formation in these TPEGs. Since topological 

complexity increases significantly with an increase in the number of blocks along the copolymer 

backbone, this index is anticipated to augment existing theoretical treatments81,82 of block 

copolymer self-assembly and network formation in solution. In the cases of the PBC- and HBC-

based systems, the likelihood of chains being fully extended so as to connect the maximum number 

of micelles possible is less than that of chains possessing at least one swollen midblock loop. Since 

these copolymer molecules are highly incompatible, conformations with a dangling endblock are 

negligible. The objective of this study is to elucidate the nanostructural characteristics and detailed 

chain topologies of TPEGs derived from linear multiblock copolymers so that conformation-

structure-property relationships can be developed in this remarkably versatile and tunable class of 

soft and elastic materials. 
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5.8. Figures 

 

Figure 1. Illustration depicting the rigid micelles (red) that serve as physical crosslinks in 

TPEGs. A(BA)n multiblock copolymers can possess up to n soft-block bridges (green) that are 

selectively swollen by the added diluent (gray) and physically connect up to n+1 micelles. 
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Figure 2. Schematic diagram of the various molecular conformations responsible for networks 

composed of linear A(BA)n multiblock copolymers varying in the number of swollen soft-

midblocks (n, red): 1 (TBC), 2 (PBC) and 3 (HBC). Rigid blocks (dark blue) are able to self-

organize into micelles (light blue), and the only conformations considered here possess soft-

midblocks that bridge nearest-neighbor micelles. Corresponding MCI designations of the form 

[#micelles, #bridges, #loops, #dangles] are included for each conformation that connects at least 

2 micelles and confirm that little degeneracy exists up to n=3. 
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Figure 3. SAXS intensity profiles measured from neat multiblock copolymers varying in n 

(labeled). Each arrow identifies the principal peak at q*. In the inset, D (=2π/q*) is included 

as a function of n for all three  copolymers at different degrees of hydrogenation (in mol%): 

0 (blue), 50 (red) and ≈97 (black). The color-coded lines correspond to the scaling relation 

in the text. 
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Figure 4. SAXS profiles acquired from TPEGs varying in molecular architecture (n) — (a) 1, 

(b) 2 and (c) 3 — at different φS (labeled, in %). The position of the second peak relative to q* 

suggests that all of these systems possess hexagonal close-packed S spheres. The curve fits 

(gold) correspond to the form factor for polydisperse spheres. 
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Figure 5. Structure factor, S(q), values extracted from the SAXS data in Figure 4 for several 

swollen TPEGs varying in φS (labeled, in %) with n=1, and vertically shifted to facilitate 

viewing. The shaded region identifies the range of the second maximum, confirming that the 

spherical morphologies are not bcc or fcc. 
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Figure 6. SAXS profiles measured from TPEGs varying in molecular architecture (n) — (a) 1, 

(b) 2 and (c) 3 — at different φS (labeled, in %). The position of the second peak relative to q* 

indicates that the PBC- and HBC-based TPEGs possess hexagonal close-packed S spheres in an 

oil-swollen EP matrix up to φS=92%. The red and blue curves represent model fits for hexagonal 

close-packed and 2D hexagonal spheres, respectively. 
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Figure 7. Values of (a) D and (b) R extracted from SAXS profiles for TPEGs varying in 

copolymer architecture (n) — 1 (squares), 2 (circles) and 3 (triangles) — as a function of φS. In 

(b), the open and filled symbols correspond to monodisperse and polydisperse spheres, 

respectively. The dotted lines in (b) serve as guides for the eye and indicate the range over which 

R decreases nearly linearly upon matrix swelling. 
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Figure 8. Equilibrated DPD simulation trajectory snapshots acquired from selectively-solvated 

linear multiblock copolymers varying in molecular architecture (n) and solvent content (φS), as 

labeled.   
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Figure 9. Values of the bridging fraction (υ) presented as a function of φS for selectively-

solvated TBCs (black) and PBCs (blue). MCI designations include [2200] ( ), [2110] ( ) and 

[2101] ( ). Solid lines serve to connect the data, and bold lines identify the fully extended 

conformations with m=mmax. The dashed line is the total bridging fraction obtained by summing 

all the individual conformational contributions. 
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Figure 10. Values of υ as a function of φS for selectively-solvated HBCs in which m = 3 or 4 in 

(a) or m = 2 in (b). MCI designations in (a) include [3300] ( ), [3210] ( ) and [3201] ( ). Those 

in (b) include [2300] ( ), [2210] ( ), [2201] ( ), [2120] ( ), and [2111] ( ). Solid lines serve 

to connect the data, and the bold line identifies the fully extended conformation with m=mmax.  
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CHAPTER 6 

6.1. Introduction 

Block copolymers have long been used in myriad fields of applications, predominantly, because 

of their capability of being self-assembled into nanostructures.1-3 While forming the self-assembled 

organizations, the constituent molecules form different molecular conformations if the molecules 

contain two or more components having more than or equal to three polymeric blocks connected 

by covalent bonds.4 In case of linear triblock copolymer, the simplest class of such block 

copolymers, molecules can connect the self-assembled microdomains by forming bridge, can be 

the part of same domain by forming loop, or can leave one end block hanging while another one 

being part of a microdomain and thus forming dangles.5 The loops from neighboring domains can 

also interlock with each other and thus can form bridge type connection out of loops. While these 

are the known molecular conformations in triblock copolymers, increasing the number of 

midblocks can further extend the possibility due to the increased number of molecular 

conformations with myriad variations of multiblock copolymers.6 Two of such kind, linear 

pentablock and heptablock copolymers were studied for their molecular conformations at 

equilibrium and were detailed enumerated for their molecular conformations in both melt and 

constituent gels.7 

The molecular conformations, especially the bridges connecting the microdomains play vital role 

in determining the mesoscale properties of the constituent systems of block copolymers either in 

melt or in their gel structure. The bridges were found to predominantly influence the elastic 

response of the materials as was reported in previous studies of triblock copolymer gels.8-9 Linear 

pentablock and heptablock copolymer gels around the terminal region of gelation were also studied 

and it was found that total bridge fraction increases as the number of midblock segments increases 
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from 1 (triblock copolymer) to 2 (heptablock copolymer). The linear multiblock copolymer gels 

were further investigated for their elastic response within linear viscoelastic region and it was 

observed that for the same composition of the multiblock copolymer gel, higher number of 

midblock provided higher degree of elastic response.10 The same study also reported that 

pentablock and heptablock copolymers retain the gel characteristics beyond the minimum quantity 

of triblock copolymer composition that depict the gel formation where the added solvent, mineral 

oil, was midblock selective in all constituent gels. Such difference in the elastic response of the 

gels around the terminal point of gelation network was attributed to the difference in bridge 

fraction formed by the multiblock copolymers. 

While previous study10 focused on the influence of molecular conformations around the terminal 

point of gelation in linear multiblock copolymer gels, one objective of this study is to explore the 

correlation of elastic nature as a function of the architectural variation in multiblock copolymers 

at the farther distance from terminal points of gelation. Another objective is to investigate the 

influence of change in chemistry of the constituent blocks, thus leading to the difference in 

incompatibility among the constituent blocks, on the viscoelastic response of the multiblock 

copolymer gels. For that purpose, while the component of endblocks were consistently made up 

of polystyrene, the midblocks were varied from isoprenic midblocks to ethylene-alt-propylene 

based midblocks where hydrogenation of isoprenic midblocks yielded the ethylene-alt-propylene 

based midblocks. Perfectly alternating multiblock copolymers were synthesized with fixed 

molecular weight (M) and the isoprenic blocks, denoted as 0 % hydrogenated multiblock in the 

current study, were hydrogenated upto 50 % and 100 % to obtain the series of multiblock 

copolymers. Thus, the study encompasses 70-90 wt% addition of midblock selective solvent, 
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mineral oil, into three series of linear multiblock copolymers: 0 % hydrogenated series, ~50 % 

hydrogenated series and ~100 % hydrogenated series. 

6.2. Experimental Section 

Materials: The details of the diluent component, mineral oil, and the synthesis methods of model 

multiblock copolymer were elaborated elsewhere7 including their architectures. In the 0 % 

hydrogenated series, the midblocks were constituted of polyisoprene (PI) while the endblocks 

remained polystyrene (PS). The hydrogenated series of the block copolymers were obtained for 

two series: via 50 % hydrogenation of the midblocks having partial conversion of the PI blocks 

into ethylene-alt-propylene (EP) and via ~100 % conversion of the midblocks into EP rubber as 

described elsewhere11. 

Methods: The block copolymer/mineral oil gels were prepared via solvent casting route using 

Teflon mold following the detail method elaborated elsewhere7. However, the prepared films in 

these series were slightly thinner (~1.3 mm) than the films used in Ref. 7. The prepared films were 

carefully extracted from the mold, wrapped inside aluminum (Al) foil and preserved for testing. 

Afterwards, the rheological measurements for dynamic moduli were carried out within the linear 

viscoelastic region (LVE) of the gel samples using Anton Paar parallel plate rheometer, MCR 302. 

In order to evaluate the LVE region, strain sweep tests were performed at the angular frequency 

of 0.1 rad/s and the strain within the plateau region was chosen for subsequent tests of viscoelastic 

moduli (G’, G”) for the subjects in this study. The frequency sweep for the evaluation of G’ and 

G” was chosen from 0.01 to 100 rad/s, from the lower range to higher range of frequency while 

testing the gel films. Considering how soft the gels are, in addition to their nature of elasticity and 

adhesion, the samples, once placed within the plates, were left for 3-5 mins to provide sufficient 

time so that the samples can relax back to viscoelastically stable state before applying for 
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frequency sweep at constant strain within LVE region. The reproducible characteristics of the 

trends reported in this study were confirmed by testing, at least, 2-3 samples for each data set. All 

rheological experiments were carried out at constant temperature of 250 C. 

6.3. Results and Discussion 

Isoprenic midblock copolymers: All hydrogenated series of block copolymers of different degree 

of hydrogenation, from 50% to 100%, were obtained from the structurally analogous block 

copolymers containing isoprenic-midblock. Hence, it’s convenient to follow characteristic 

changes in these parent block copolymer-oriented gels (isoprenic-gels) to understand the 

comparable changes in properties. The viscoelastic properties, G’ and G”, of these isoprenic-gels 

are presented in figure 1. The moduli representations in figure 1 for triblock (a), pentablock (b) 

and heptablock (c) depicts that elastic modulus, G’, is plateau throughout the range of angular 

frequency used for these tests. However, the viscous modulus, G”, for the gel compositions of 

above 80 wt% depict slightly downward curve for all three architectures. This decrease in G” can 

be attributed to the relaxation of polymer molecules. At higher quantity of solvent addition, the 

polymer can get enough time for relaxation as the shear takes longer time at the lower range of 

frequency. Such change in G” was observed throughout the whole range of composition for 

pentablock (b) and heptablock (c) copolymer gels, whereas in triblock copolymer gels, such 

relaxation is evident only after 85 wt% of solvent addition. Such behavior can be attributed to the 

difference in length of polymer segments in each of the chain. Considering that the polystyrene 

endblock forms self-assembled micelles, and, as a result of selectivity towards midblock, diluents 

solvate the midblock occupied area in the gels, the molecular relaxation in the gel matrix can be 

attributed to the characteristics of the midblock segments. Since, endblocks entangled into micelles 

are less likely to be mobile while the midblock can be relatively easier to have molecular level 
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mobility under stress. As the midblock of the triblock copolymers are longer than those in 

pentablock and heptablock copolymers, the relaxation time for the triblock copolymer chains will 

be longer than that of pentablock and heptablock copolymer chains. While longer chain tends to 

increase the relaxation time, the higher the quantity of solvent the less time it should take for the 

relaxation. Thus, at equal or above 85 wt% of solvent composition, triblock copolymers also tend 

to show the relaxation behavior at lower range of frequency. The upward directional curve G” at 

higher range of frequency, above 10 rad/s, can be ascribed to the fact that both material inertia and 

instrument inertia starts to kick in and thus may contribute to the results of G”. However, such 

inertia is not expected to have countable impact on the elastic response of these gels. 

The average G’ at lower range of frequency was considered to compare the elastic responses of 

these isoprenic block copolymers as function of their architecture (figure 1) (d). The values were 

chosen at the lower range considering that any potential contribution of the instrument inertia is 

expected to have no impact at this range of frequency. Throughout the range of solvent addition, 

block copolymers with higher number of midblock depicted higher values of G’. Both pentablock 

and heptablock copolymer gels depicted power-law behavior upto 80 wt% addition of solvent 

while triblock copolymer was found to show that at first two compositions only starting from 70 

wt%. While G’ decreases slowly for all three architectures upto 85 wt% of solvent addition, the 

triblock copolymer depicted sudden drop in G’ at the composition of 90 wt% of solvent addition. 

Such behavior can be explained using the result of midblock conformations of triblock, pentablock 

and heptablock copolymer gels reported elsewhere 7,10 for the similar gels where the midblocks 

were ethylene-alt-propylene. The elastic modulus, G’ is dictated by the molecular conformations 

connecting self-assembled microdomains of block copolymers. The dissipative particle dynamics 

simulation results of Ref. 7,10 depicted that while the quantity of bridge fractions in triblock 
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copolymers decrease steeply, the midblock conformations connecting the microdomains retain 

inter-domain connection and thus, such connections decrease slowly in case of pentablock and 

heptablock copolymer gels. Although, the G’ depicted in figure 1(d) belongs to isoprenic block 

copolymers of similar architecture, similar trend of molecular connectivity as was reported for 

ethylene-alt-propylene midblock is expected to form as a function of different segmental 

architecture of the block copolymers. The abrupt drop of G’ in case of triblock copolymer gels can 

be the signature of the drop in the quantity of bridge fraction at higher quantity of midblock 

selective solvent addition. 

50% hydrogenated midblock copolymers: The dynamic shear moduli of gels containing 50% 

hydrogenated midblock are presented in the plots of figure 2. The G’ follows the similar trend of 

being plateau irrespective of the solvent composition and architecture as was observed in the 

isoprenic-gels. However, the trends of G’’ illustrate the change at the lower range of frequency. 

The downward fall of the G” curve, the signature of molecular relaxation, is evident only at 90 

wt% composition in case of both triblock and pentablock copolymer gels. Even in heptablock 

copolymer gels, the relaxation behavior is observed at and above 80 wt% of solvent addition, 

unlike the isoprenic-gels. Such behavior can be explained in the context of change in 

incompatibility between dissimilar blocks of the copolymers. The increase in hydrogenation of 

midblock in these copolymers is analogous to the increase in incompatibility between dissimilar 

blocks, which is expected to yield relatively stronger segregation. As the result of such increase in 

incompatibility, the polymer molecules will have relatively greater tendency to expand. Such 

expansion is expected to provide multiple scenario at molecular level. Because of such tendency 

of expansion, the midblock segments are also expected to expand leading endblock segments 

expand and be part of self-assembled microdomains. Because of further extension of midblock, 
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there will be less molecular entropy at the vicinity of midblock occupied areas leading relatively 

less room for relaxation of the molecules, which is observed in lower frequency G” in figures 2 

(a), (b) & (c). Such tendency is also expected to increase the inter domain connectivity leading in 

increase of elastic response of the materials expressed with the G’ values in current studies. Further 

comparison of the material properties of the multiblock copolymer gels as a function of 

hydrogenation can corroborate such hypothesis, which will be described in the subsequent 

sections. 

The changes in G’ as a function of solvent composition for 50% hydrogenated series is presented 

in the plot of figure 2(d). The gels composed of triblock and pentablock copolymers depict power-

law behavior upto 85 wt% of solvent composition, whereas the gels of heptablock copolymer were 

found to show power-law behavior from 75-85 wt% of solvent composition. Comparing with the 

values of G’ in isoprenic-gels at 70 wt% composition, the 50 % hydrogenated heptablock 

copolymer has relatively lower value of G’ than what was observed for triblock and pentablock 

copolymer gels. Such findings lead to the assumption that the increase in interblock 

incompatibility induced enhancement in G’ is more dominant in triblock and pentablock 

copolymer gels than the extent of it is in case of the heptablock copolymer gels at relatively lower 

solvent composition. The changes in the elastic responses, G’, in all three architectures of the block 

copolymers in their corresponding gels as a function of the degree of hydrogenation can further 

illustrate how that influences the change in elastic behavior of multiblock copolymer gels, which 

will be discussed in the subsequent sections. 

100% hydrogenated midblock copolymers: The linear viscoelastic responses of multiblock 

copolymer gels containing ~100% hydrogenated block copolymers are presented in figure 3 for 

triblock copolymer gels (a), pentablock copolymer gels (b), heptablock copolymer gels (c) and the 
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comparable average G’ at lower range of frequency the gels were examined for all three 

architectures (d). 

The trend in G’ remained plateau in the gel compositions of ~100% hydrogenated gels as was in 

the previous series of 0% and 50% hydrogenated series. The change in G” at lower range of 

frequency became more pronounced as the hydrogenation induced incompatibility is increased. 

While the pentablock copolymer gel depicts slight sign of molecular relaxation at 90 wt% solvent 

composition, such relaxation is totally absent in the series of the triblock copolymer gels in all 

solvent composition. Heptablock copolymer gels depicted the signature of molecular relaxation 

induced G” at lower range of frequency only at the 90 wt% solvent composition. Such gradual 

change in the G” at lower range of frequency at different degree of hydrogenation bolsters the 

assumption that the hydrogenation induced incompatibility between dissimilar blocks dictates the 

molecular relaxation. 

The average G’ plotted in figure 3 (d) depicts the power-law behavior for all architecture at 

different solvent compositions: 70-80 wt% for triblock, 70-85 wt% for pentablock and 75-85 wt% 

for heptablck copolymer gels. The reverse trend of values in G’ with increase in midblock number 

at 70 wt% of solvent composition corroborates the assumption that increase in hydrogenation has 

the least impact on heptablock copolymer chains among all three architectures yielding the lowest 

value of average G’. 

Influence if hydrogenation on G’: Influence of hydrogenation can be observed from the plots in 

figure 4. Comparing the average G’ in triblock and pentablock copolymer gels with those of 

heptablock copolymer gels illustrate that the hydrogenation has the least influence on elastic 

properties of the heptablock architectures. While addition of increased quantity of midblock 

selective diluent gradually decreases the influence of hydrogenation on elastic responses of 
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triblock and pentablock copolymer gels, that in analogous heptablock copolymer gels appear to be 

significantly less effected. 

6.4. Conclusion 

In this study, we used linear multiblock copolymer and midblock-selective solvent, mineral oil, to 

examine the change in viscoelastic properties within LVE region of the materials using a parallel 

plate rheometer at 250C. The gels were investigated as a function of binary aspects of multiblock 

copolymers: one, the architectural difference induced change in viscoelastic properties; and two, 

the change in the chemistry of midblock induced interblock incompatibility dictated changes in 

the viscoelastic properties. All linear multiblock copolymers used in the study were custom-

synthesized using living anionic polymerization in a way that the molecular weight of the polymer 

chains was kept constant while changing architecture of the block copolymer chains for 

investigating the architectural impact of the block copolymers on designated properties of gels. 

Similarly, both length and architecture of the chains were kept constant while obtaining different 

degree of hydrogenation in midblock segments of the linear copolymer chains in order to examine 

the influence of variation in incompatibility of polystyrene block-to-midblock. The evaluation of 

the property depicted that dynamic moduli (G’ and G”) decrease with the increase in the quantity 

of mineral oil into gel in case of all multiblock copolymers used in this study irrespective of their 

difference in chain architecture and degree of hydrogenation of midblock in those copolymer 

chains. For the nonhydrogenated series, the average values of G’ at lower range of frequency 

depicted that G’ of the gels decreases as the number of midblock increases in series. As the 

midblocks are hydrogenated, either 50% or 100%, the gels at the higher end of the copolymer i.e. 

70 wt% of mineral addition to the studied series was observed to reverse the tendency of change 

in G’. However, as the solvent quantity was increased beyond 75 wt% of the gel, the change in G’ 



184 

  

decreases as the number of midblock decreases. The impact of hydrogenation depicted that as the 

block incompatibility increase, the elastic response of the gels also follows similar suit i.e. 

increment of the quantity, irrespective of the chain architecture or the composition of the gels. The 

evaluation of these structure-property and chemistry-property relationship of the gels are expected 

to bring about useful insights in the context of application of soft and tunable multiblock 

copolymer gels. 
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6.6. Figures 

  

(a) (b) 

  

(c) (d) 

Figure 1. Frequency spectra of dynamic shear moduli (G’, filled markers; G”, open markers) 

from selectively swollen multiblock copolymers having polyisoprene midblocks for triblock 

copolymers, pentablock copolymers and heptablock copolymers in figure (a), (b) & (c), 

respectively. The composition of the block copolymers, 30-10 wt%, are mentioned on each 

graph as the addition of added quantity of midblock selective solvent, mineral oil. For example, 

70_G’ denotes that the elastic response was obtained from the gel containing 70 wt% mineral 

oil and 30 wt% of block copolymers. Similar naming designation is applicable for the open 

markers denoting the viscous responses of the block copolymer gels. The elastic modulus, G’, 

in figure (d) represents the average G’ at the lower range of frequency, from 0.01 to 0.1 (rad/s), 

for triblock (filled cirlces), pentablock (open circles) and heptablock (filled squares) 

copolymers. 
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(a) (b) 

  

(c) (d) 

Figure 2. (a), (b) & (c) dynamic shear moduli (G’, filled markers; G”, open markers) as a 

function of frequency sweep for triblock, pentablock and heptablock copolymer gels. In these 

figures, the block copolymers were obtained as a result of ~50% hydrogenation of isoprenic 

midblocks. The frequency spectra in (d) denotes the average G’ at lower range of frequency. 

The detail nomenclature is similar to that of the representation of shear moduli mentioned in 

figure 1. 
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(a) (b) 

  

(c) (d) 

Figure 3. (a), (b) & (c) dynamic shear moduli (G’, filled markers; G”, open markers) as a 

function of frequency sweep for triblock, pentablock and heptablock copolymer gels. In these 

figures, the block copolymers were obtained as a result of ~100% hydrogenation of isoprenic 

midblocks. The frequency spectra in (d) denotes the average G’ at lower range of frequency for 

triblock (filled circles), pentablock (filled triangle) and heptablock (filled square) copolymer 

gels. The detail nomenclature is similar to that of the representation of shear moduli mentioned 

in figure 1. 
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(a) (b) 

 

(c) 

Figure 4. Influence of different degree of hydrogenation on the elastic response of multiblock 

copolymer gels. The figures in (a), (b) and (c) depict the average elastic modulus, G’, at the 

lower range of frequency spectra, 0.01-0.1 rad/s, where the block copolymer gel contains 10-30 

wt% of midblock selective solvent, mineral oil. Gels obtained from the block copolymers with 

three degrees of hydrogenation, 0 % (filled circles), ~50 % (open circles) and ~100 % (filled 

square) were plotted together for comparison. 
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CHAPTER 7 

Molecular-Level Description of Constrained Chain Topologies 

in Multiblock Copolymer Gel Networks** 

ABSTRACT 

Network characteristics in physical gels composed of solvated block copolymers varying in 

molecular design are examined here by dynamic rheology and computer simulations. In two 

triblock copolymer series, one with chain length (N) varied at constant copolymer composition (f) 

and the other with f varied at constant N, we discern the dependence of equilibrium network 

metrics on both N and f. Increasing the block number in a linear multiblock series at constant N 

and f escalates conformational complexity, which dominates network connectivity classified  

according to a midblock conformation index. 

 

 

 

 

 

 

 

**This chapter has been published in its entirety: 
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(2018). Communication: Molecular-level description of constrained chain topologies in multiblock copolymer gel 

networks. The Journal of Chemical Physics, 148(23), 231101. 
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7.1. Materials, methods, results and discussion 

Block copolymers (BCPs) constitute an extensively studied class of macromolecules due to their 

unique ability to spontaneously self-assemble into various nanostructures.1,2 By combining long 

chemical sequences with different properties as covalently-linked building blocks, BCPs expedite 

soft materials design, which explains their ubiquitous function in a broad range of 

(nano)technologies.3,4 While BCPs in the melt typically microphase-order into classic 

morphologies (i.e., spherical, cylindrical and lamellar), they can also produce spatially complex 

gyroid,5,6 Fddd7 and double-helix8 morphologies. Moreover, insofar as the copolymer molecules 

consist of one or more midblocks that can connect, or bridge, adjacent microdomains, a BCP can 

likewise form a transient molecular network. The simplest copolymer architecture to display such 

network development is the bicomponent ABA triblock archetype composed of A and B repeat 

units. If the minority A endblocks are hard (glassy) and the majority B midblock is soft (rubbery), 

the BCP behaves as a thermoplastic elastomer (TPE). Since BCPs retain their ability to undergo 

natural9,10 or directed11,12 self-assembly in the presence of a selective solvent, midblock-swollen 

TPEs possess tunable thermomechanical properties for use as dielectric elastomers in soft 

robotics,13,14 moldable substrates in microfluidics15 and 192lextronics,16 pressure-sensitive 

adhesives for biomedical applications,17 and phase-change elastomers for shape-memory 

media.18,19 Under favorable conditions, such midblock-solvated ABA copolymers can also order 

into bicontinuous truncated octahedra.20 

While the examples above refer to nonpolar BCPs modified with a nonpolar diluent, triblock 

(telechelic) and higher-order multiblock copolymers, copolypeptides or ionomers containing one 

or more hydrophilic midblocks and hydrophobic endblocks likewise undergo self-assembly in the 

presence of water, various glycols or ionic liquids.21,22 Such materials are of contemporary interest 
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in the development of Li-ion batteries,23 proteinaceous hydrogels,24 organic photovoltaics,25,26 and 

water-treatment/carbon-capture membranes.27,28 An important characteristic responsible for the 

performance of these soft materials is the existence of an elastic network that allows these solvated 

copolymers to behave as highly stretchable and strong physical organogels (hereafter simply 

referred to as gels). A molecular-level description of polymeric networks enables property 

predictions,29 and the critical gel concentration (cgc) constitutes a fundamental metric signaling 

the population of copolymer molecules required to induce network formation in the presence of a 

selective solvent.17,30,31 Dynamic shear rheology has been previously proposed32 as a means by 

which to measure the onset of gelation due to concentration/temperature changes or reaction 

progression from the point where the frequency (ω) spectra of the storage (G’) and loss (G”) 

moduli become ω-independent. While theoretical33 and simulation34 efforts have quantified the 

number fraction of copolymer midblocks that form bridges (υ) between neighboring micelles in 

solvent-free, bicomponent BCPs as functions of chain length (N, or the molecular weight, M), 

composition (f = NA/N, where N = NA + NB) and architecture (n, the number of blocks/molecule) 

at equilibrium, relationships between these copolymer attributes, molecular topology and network 

formation in multiblock copolymer gels remain lacking. Previously, we have identified35,36 the 

molecular-level network-forming transition in molecularly asymmetric A1BA2 triblock 

copolymers sequentially grown from a parent diblock copolymer. The objective of this study is to 

similarly elucidate the effects of N, f and n on the equilibrium network metrics and associated 

rheological properties of swollen multiblock copolymers.  

Each experimental series listed in Table 1 was composed of low-polydispersity (Đ = 1.05-1.10) 

BCPs wherein the hard blocks were polystyrene (S) and the soft blocks were either poly(ethylene-

co-butylene) (EB) or poly(ethylene-alt-propylene) (EP). The first series consisted of SEBS 
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triblock copolymers, obtained from Kraton Polymers, with comparable compositions (30-33 wt% 

S) but different number-average M ranging from 56 to 267 kDa. In another series, the block 

number (n) was varied in styrenic triblock (n=3), pentablock (n=5) and heptablock (n=7) 

copolymers (~20 wt% S and M ≈ 300 kDa) initially synthesized with polyisoprene midblocks by 

living anionic polymerization with sec-butyllithium and then hydrogenated (95-99%) to yield EP 

midblocks. In the cases of the pentablock and heptablock copolymers, MS,endblock is chosen to equal 

½MS,midblock to avoid morphological changes due to block size disparity. The molecular 

characteristics of all materials were measured by size-exclusion chromatography and 1H NMR. 

Copolymers in both series, designated BCPM_n (with M expressed in kDa and n only included in 

the EP-based copolymer series), were combined with 1.0 wt% Irganox 1010 and a primarily 

aliphatic (i.e., midblock-compatible) mineral oil (Hydrobrite 380, Sonneborn) so that the mass 

fraction of BCP in oil (φ) ranged from 0.02 to 0.10. These mixtures, dissolved in reagent-grade 

toluene at a concentration of 4% w/v, were then cast into Teflon molds and dried for 8-9 days at 

25°C to constant weight. Resultant films measuring 1.2-1.5 mm thick were heated to 120°C for 6 

h under vacuum (to remove residual solvent and promote equilibration) prior to dynamic 

rheological analysis conducted on an AR-2000 stress-controlled rheometer equipped with 25 mm 

serrated platens and operated at 25°C and 1 Pa in the linear viscoelastic regime. 

Computer simulations performed to discern the dependence of υ on φ for selectively-solvated 

bicomponent BCPs differing in N (from 56 to 300 in the first series), f (from 0.3 to 0.7 in the 

second series) and n (from 3 to 7 in the third series) utilized both Monte Carlo (MC) and 

Dissipative Particle Dynamics (DPD) protocols. These simulations accurately describe 

nanostructure formation and associated chain packing, which would be entirely overlooked in a 

macroscopic analysis (e.g., a simple mass balance). As detailed elsewhere,37 the MC simulations 
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were conducted on an fcc lattice so that movement of one segment required cooperative motion of 

adjacent segments in the simulation box filled with chain segments, each equivalent to ~0.5 kDa 

to match M of the solvent (s). The size of each box was selected to accommodate fully extended 

copolymer chains. The pairwise interaction energy between species I and j (I,j = A, B or s) was 

designated as εij with εAA = εBB = εss = εBs = 1 and εAB = εAs = χkT/(z – 2) = 2, where k is the 

Boltzmann constant, T denotes absolute temperature, and z (= 12) is the lattice coordination 

number. Each simulation was run to equilibrium with parallel tempering to overcome local free 

energy traps.38 The DPD simulations were likewise used to extract values of υ in systems 

containing 100-1000 chains, each composed of either ~0.5 or ~1.0 kDa coarse-grained beads. For 

this purpose, the system parameters previously detailed34 for solvent-free ABA copolymers were 

incorporated in the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 

software suite. In similar fashion as the MC simulations and to ensure BCP self-assembly in the 

presence of a diluent, interaction energies were set to εAA = εBB = εSS = εBS = 25kT and εAB = εAS 

= 50kT. After equilibration at 2kT/ε, a density-based cluster-recognition algorithm34 was used to 

identify BCP conformations (i.e. bridges, loops and dangles). 

Representative ω spectra acquired from the selectively-solvated BCP95 copolymer are presented 

at different φ in Figure 1a and establish that G’ is relatively independent of ω over the entire ω 

range examined, whereas G” exhibits a slight negative slope in the low-ω zone and then increases 

at high ω. (Although G” is not independent of ω, it does not vary substantially in the low-ω zone, 

suggesting that these swollen BCPs still behave as physical gels.) Even at the lowest φ explored 

(= 0.02), no ω spectra collected here display evidence signaling the onset of viscoelastic behavior 

(below the cgc). Complementary tests confirm that these solutions undergo gravity-induced flow 

at significantly lower φ that depends on N.39 Within the experimental φ range tested, the copolymer 
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molecules are highly swollen, but entanglements, in addition to bridges, contribute to the 

mechanical response of these selectively-solvated BCPs.40 Included in the inset of Figure 1a are 

values of G’ evaluated in the low-ω zone and provided as a function of φ. These results reveal that 

G’ ~ φk, where k ranges from 2.14 (BCP56) to 2.43 (BCP72) with an average of 2.30 ± 0.07 for 

the SEBS-type gels (k increases to 3.15 for the gel composed of BCP300_3 due likely to the 

different EP midblock chemistry). This scaling behavior, predicted41 for entangled homopolymers 

in solvent, is consistent with the findings of prior studies39,42,43 of midblock-swollen triblock 

copolymers. We thus conclude from our dynamic rheological analysis that the cgc at the sol-gel 

transition does not exist in the range of φ examined here and that, despite the low values of φ 

tested, the role of midblock entanglements remains non-negligible. The progression that G’ 

decreases with increasing M at constant φ in Figure 1a moreover confirms that the presence of an 

elastic network formed by bridged molecules contributes to G’. 

A molecular-level approach to pinpointing the equilibrium network fraction (φeq) involves 

assessment of υ(φ), which is displayed for BCPs at constant f (= 0.3) and variable N (where N ≈ 

M in kDa) from MC simulations in Figure 1b. Two important observations are apparent. The first 

is that the value of υ associated with network formation (υN) not only becomes independent of φ 

as φ is increased but also increases with increasing N. Secondly, although some of the υ(φ) data 

exhibit an initially sharp slope change attributed to φeq, φeq can alternatively be identified at the 

onset of υN (indicated for N = 28 in Figure 1b) in the case of more gradual variation in υ(φ). Values 

of φeq extracted from these simulations in this fashion are presented in the inset of Figure 1b and 

imply the existence of a scaling relationship between φeq and N. Regression analysis of these 

findings signify that φeq ~ Nb with b = −1.39. In similar fashion as in Figure 1b, υ(φ) results 

generated from MC simulations are provided in Figure 2a for selectively-solvated BCPs wherein 



197 

  

N is fixed at 36 and f is varied from 0.3 to 0.7. While the precise reason responsible for the apparent 

difference in the shape of υ(φ) at f = 0.7 is not known at present, we presume that it reflects a 

change from hairy micelles with long midblocks (at low f) to crewcut micelles with relatively short 

midblocks (at high f). These outcomes confirm that υN decreases significantly, while φeq increases 

slightly, with increasing f (the explicit dependence of υN on f is seen in Figure 2b). Since φeq = 

(number of BCP molecules)/(total number of molecules) at the onset of network formation and υN 

= (number of bridged BCP molecules in a network)/(number of BCP molecules), their product 

provides a measure of bridged BCP molecules in gels at φeq irrespective of f at constant N: (8.8 ± 

0.4)%. In these first two series of selectively-solvated BCPs, only triblock copolymers (with n = 

3) have been considered. Next, we examine the effect of n on network characteristics in 

homologous BCP systems with constant f (= 0.2) and M (300 kDa). 

Frequency spectra of G’ measured at ambient temperature for BCP300_5 and BCP300_7 at several 

φ are presented in Figures 3a and 3b, respectively, and confirm rheological behavior that is 

consistent with physical gels. [Corresponding ω spectra for G” appear similar to those provided in 

Figure 1a.] At low φ, however, some of the spectra exhibit a slight reduction of G’ in the low-ω 

zone, suggestive of a finite relaxation time. Mean values of G’ in this plateau regime are displayed 

as a function of φ for the BCP300 series in Figure 3c and reveal that (i) G’ increases as the blocks 

become shorter with increasing n (recall that M remains constant) and (ii) the scaling relationship 

G’ ~ φk previously observed in the inset of Figure 1a is retained for gels composed of BCPs with 

n = 5 and 7. Values of k extracted for these systems – 1.33 (n = 5) and 1.23 (n = 7) – are, however, 

much lower than those measured for the triblock copolymer gels, indicating that the multiblock 

copolymer gels (n > 3) can be formulated at lower polymer concentrations than their triblock 

analogs and cost less. In addition, the lines included in Figure 3c for n > 3 correspond to G’ ~ φ 
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expected for crosslinked polymer networks. This marked difference in k indicates that swollen 

midblock entanglements for gels with n > 3 do not influence rheological behavior as strongly as 

for gels with n = 3, in which case we now consider the BCP chain conformations responsible for 

network formation. Unlike triblock copolymer molecules that are able to adopt 3 chain 

conformations – bridges, loops and dangles – upon microphase separation (at sufficiently high 

incompatibility to preclude unsegregated chains), the pentablock and heptablock copolymers can 

adopt a larger number of conformations, which increase the crosslink density by connecting more 

micelles and thus lessen the dependence of G’ on φ (cf. Figure 3c). 

To describe the variety of accessible conformations for linear multiblock copolymers that self-

assemble into A-rich micelles in the presence of a B-selective solvent, we introduce a midblock 

conformation index (MCI) written in the form [mbLD], where m, b, L, and D represent the number 

of spanned micelles, bridges, loops, and dangles for a given conformation. While comprehensive 

details of this indexing scheme are forthcoming, an abbreviated set of chain conformations for the 

case of n = 7 is depicted in Figure 4a. In Figure 4b, υ(φ) from DPD simulations is presented for 

multiblock copolymer systems wherein extended chains incorporate the maximum number of 

micelles (m = mmax) so that L = D = 0 and b = m −1: labeled as [2100] for BCP300_3, [3200] for 

BCP300_5 and [4300] for BCP300_7. As n is increased, however, this conformation becomes less 

favorable. As the number of micelles spanned by a single chain is reduced along with the number 

of swollen midblock bridges (in which case either L or D becomes non-zero), υ(φ) increases 

substantially in the cases of [21LD] for BCP300_5 and [32LD] for BCP300_7. The most compact 

conformation of [21LD] for BCP300_7 included in Figure 4b illustrates the highest initial increase 

in υ(φ) for this system. In fact, multiblock copolymer molecules (with n > 3) that connect fewer 

than mmax micelles consistently appear to be primarily responsible for φeq to lie between φ = 0.02 
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and φ = 0.04. The compact (not fully extended) conformations considered here (excluding more 

highly compact conformations that do not contribute very much to υ) play a critical role in network 

formation and, hence, gelation of multiblock copolymers in selective solvent, and are directly 

manifested in the reduced dependence of G’ on φ in Figure 3c.  

Since the sol–gel transition has not been identified here by dynamic rheology over the range of φ 

examined but unambiguous values of φeq heralding the formation of equilibrium networks from 

simulations have, an apparent disconnect exists suggesting that the transition does not require υ = 

υN. If an equilibrium network is not achieved, then long-lived, swollen-midblock entanglements 

or large-scale morphological heterogeneities (i.e., flocs42) might play a nontrivial role in the 

rheological identification of the transition. The experimental findings reported herein 

systematically reveal the effects of copolymer molecular weight, architecture, and concentration 

on mechanical properties (and associated scaling relationships) of selectively-solvated multiblock 

copolymer gels at relatively low φ. Complementary simulation results establish that the fraction 

of swollen midblocks responsible for forming bridges, υ(φ), and ultimately producing a network 

at υN depends on all these copolymer attributes and, in each case, attains a φ-independent plateau 

indicative of an equilibrium network. The molecular-level descriptions afforded by υ(φ) values at 

different MCI designations corresponding to various BCP gels, which are of increasing 

technological relevance and molecular complexity,24,44 are expected to benefit the development of 

theoretical formalisms aimed at addressing, e.g., the mechanism of gelation of BCPs in selective 

solvents.45 Moreover, such detailed descriptions are necessary to elucidate and ultimately control 

network formation in, and the associated properties of, these scientifically interesting and 

commercially versatile soft materials.  
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7.4. Figures and Tables 

Table 1. Molecular characteristics of the BCPs used here. 

Specimen  n  Ma  S content  Midblockb 

designation    (kDa)  (wt%)    

BCP56   3  56  30   EB 

BCP72   3  72  30   EB 

BCP95   3  95  30   EB 

BCP267  3  267  33   EB 

BCP300_3  3  293  20   EP (97%) 

BCP300_5  5  303  20   EP (99%) 

BCP300_7  7  303  20   EP (95%) 

a Expressed as the number-average molecular weight. 

b Includes the degree of hydrogenation where applicable. 
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Figure 1. (a) ω spectra of the dynamic shear moduli (G', open circles; G", filled circles) from 

selectively-swollen BCP95 at different copolymer fractions (φ, color-coded/labeled). 

Included in the inset are low-ω values of G' for BCP56 (◼), BCP72 (), BCP95 (), 

BCP267 (), and BCP300_3 (◆). The lines are power-law fits to the data. (b) υ(φ) from 

MC simulations of B-swollen ABA copolymers with f = 0.3 and different chain lengths (N, 

labeled). Dashed horizontal lines identify υN, whereas the dashed vertical line signifies φeq 

for gradually changing υ(φ). The solid lines in (b) connect the data. The inset displays φeq 

as a function of N, and the solid line is a power-law regression to the data. 
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Figure 2. (a) υ(φ) from MC simulations of selectively-solvated ABA copolymers with N = 

36 and different BCP compositions (f, labeled). Values of υN extracted from (a) are displayed 

as functions of f in (b). The solid lines in (a) connect the data, whereas the one in (b) is a 

linear regression to the data. 
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Figure 3. Frequency spectra of G' measured from selectively-solvated linear multiblock 

copolymers – (a) BCP300_5 and (b) BCP300_7 – at different φ (color-coded as in Figure 1a) 

and 25°C. In (c), low-ω values of G' displayed as a function of φ for systems consisting of 

BCP300_3 (◆), BCP300_5 () and BCP300_7 (). The solid lines are power-law fits of the 

data to G' ~ φk (for BCP300_3) and G' ~ φ (for BCP300_5 and BCP300_7). 
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Figure 4. In (a), schematic illustration of several midblock conformation indices (MCIs) for a 

select subset of heptablock chain conformations. In (b), several υ(φ) from DPD simulations of 

selectively-solvated multiblock copolymers in the BCP300 series with f = 0.2 and N = 300 at 

different n: 3 (black), 5 (blue) and 7 (red). Extended chain conformations connecting the 

maximum number of micelles possible (mmax) are assigned filled circles and labeled with color-

coded MCIs of the form [mmax,mmax–1,0,0]. More compact conformations involving fewer 

micelles (m < mmax) include non-zero L and/or D values in the MCI labels, as indicated in (a). 

The lines serve to connect the data. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORKS 

8.1. Conclusions 

Having a simple narrative of the sequences and the significance of the individual studies comprised 

of the previous chapters can be a good starting point as a way of putting the pieces together to see 

a more solidified findings and paved paths of this whole study. This study, as sub-divided into 

eight chapters, aimed to expand the scientific understanding of linear multiblock copolymer 

systems from the perspective of piezoresistivity and physical organogels. Before stepping into new 

addition of knowledge, the existing branch of knowledge of block copolymer-based systems and 

research tools were illustrated in the first chapter as a showcase of both current advancement of 

the field and the potential frontiers of exploration that the subsequent chapters aimed to address 

with new findings. These fundamental understanding of how block copolymers are synthesized, 

self-assemble, form midblock fractions, get the microscopic properties define the mesoscopic 

characteristics along the challenges associated with the edges. The core concept of this study 

encompasses the formation, detection and application of the networks formed either by the 

midblock fractions of block copolymers and/or by the incorporated nanoparticles into block 

copolymer-based system developed as a piezoresistive material. Hence, the theory of percolation 

was also described in the second chapter of this dissertation. Having these pieces together was the 

building blocks that set the contents of subsequent chapters in motion.  

Regarding the percolation of network, two extreme edges of the three-dimensional network 

formation was pin-pointed and was attempted to correlate those to the mesoscopic properties of 

the materials. In the study of piezoresistive properties of the triblock copolymer-based 

nanocomposites (Chapter 03), it was the carbon nanofibers (CNF) that was examined for the 
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percolation of network as the matrix made up of block copolymer and block copolymer/mineral 

oil gel already had molecular network throughout the materials. Hence, both electrical and electro-

mechanical responses provided the node of changes due to the distribution, alignment, and 

mobility of the incorporated nanoparticles. In another study of detecting the critical gel fraction 

(Chapter 06) a series of triblock copolymers, along architecturally more complex pentablock and 

heptablock copolymers, were used to detect the endpoint of the molecular network when the 

material starts possessing very high quantity of the midblock selective solvent, mineral oil (MO). 

It’s the point where the polymer/MO matrixes are no longer gel as the they lose the connectivity 

of the network throughout the matrix. Observing from the reverse point of view, it’s synonymous 

to state that more than ‘critical gel fraction’ of the quantity of block copolymer is required to mark 

the percolation of molecular network in block copolymer/MO gels. Thus, this whole study 

encompasses from the start of network percolation by gradually adding the network forming 

ingredients (CNF) to the other end where gradually removing the network forming elements (block 

copolymer molecules) mark the point. In the latter case, as the sophisticated tools with the required 

resolution range for detecting and quantifying the intended material properties i.e. molecular 

conformations is not available-yet, dissipative particle dynamics (DPD) simulation was used to 

compensate for that gap along the mesoscopic property evaluation by rheological tools. 

Before stepping into linear pentablock and heptablock copolymer associated studies, linear 

triblock copolymer/MO gels were examined for different molecular architectures having end block 

fractions ranging from 0.2 to 0.8 (Chapter 04). The compositions were studied for the changes of 

their morphological and molecular topological features and a detail phase diagram was constructed 

as an orderly method of presentation of the findings. Considering the dimensions of the tasks 

examined here, it would be laborious, highly expensive and time consuming to utilize the 
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experimental tools to study the whole matrix. Hence, computational tools of Monte Carlo (MC) 

simulation and DPD simulation were used for these entire series of studies as the viable methods. 

Having these results served multiple purposes that strengthened and paved the way for the studies 

in subsequent chapters. The comparative molecular conformations for triblock copolymers for 

different morphologies confirmed that spherical morphologies (end block fraction = 0.2) provided 

the maximum bridge fractions both in neat and gel composition of the triblock copolymers. This 

guidance helped to set the direction of the next sections and, hence, it’s the spherical morphologies 

that were studied in those considering the topological importance. In addition to that, this series of 

probing enabled the discovery of unique ‘Octahedral’ morphology as a new addition to the family 

of block copolymer generated nanoscale morphologies, which is expected to deliver various 

potential applications. 

The examinations of the self-assembled nanodomains and the corresponding molecular topologies 

were reported in the subsequent section (Chapter 05). The block copolymers used in this chapter 

had midblocks consisting of poly[ethylene-b-propylene] which was produced by hydrogenating 

the block copolymers having midblocks of polyisoprene. As the endblock fraction of all block 

copolymers of this section were chosen to be 0.2, the morphologies of the neat block copolymers 

were expected to be either sphere or semi-sphere e.g. ellipsoidal in shape. Addition of the midblock 

selective solvent yielded only spherical nanodomains. Such observation of the morphologies of 

the systems were corroborated by both experimental tools of small angle x-ray scattering (SAXS) 

and DPD simulation to confirm the consistency of the findings. As the molecular weight of all of 

these chains were fixed to 300 kDa, the size of the blocks was gradually decreased as the 

architectural segment increased from 3 to 5 or 7. In influence of this difference in the block length 

was also reflected from the radius of the spheres obtained from both analysis of the SAXS data 
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and the visual observation of the VMD images taken from molecular trajectories obtained from 

DPD simulation. Afterwards, pentablock and heptablock copolymers, along their analogous 

triblock ones, were detail studied for the molecular conformations. While architectural difference 

induced by the number of blocks were reported, there might be some impact induced by the 

difference in the size of blocks of these copolymers, which was not deconvoluted in these results. 

8.2. Recommendations for Future works 

In the introduction part, the figure 02 is an illustration of how the field of block copolymer is 

expanding in case of exploration, understanding, and application. However, the implications of the 

scientific outreach of the field is far bigger than what can be captured by taking the snapshot of 

the dynamics of this individual field. It’s more realistic to approach the understanding and 

outcomes through the lens of self-assembled material properties which encompasses other fields 

like surfactants, self-folding proteins etc. Even a surprisingly bigger picture of cosmic events was 

also mentioned in Ref. 40 of the introduction part of this dissertation, although the similarity holds 

upto the qualitative picture because, till now, no specific known attempt was reported yet to 

compare these nanostructures and those cosmic length scale arrangements. 

The understanding, and expansion of all those applications of block copolymer field are primarily 

focused on the shape and arrangement of the nanostructures having some intuitive insight on the 

molecular conformations. After the current study, it’s found that there are disciplines among the 

molecules as well, at least up to linear heptablock copolymers, as was found from the previous 

sections. This discovery may have binary possibilities: first, these molecular topologies can be 

used along with the nanodomains for potential applications, and second, the molecular 

conformations can themselves be considered for applications. By putting an analogy, as setting up 

the space stations is analogous to establishing a basement of exploration into outer space, getting 
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hands on control on the smaller scale materials i.e. molecular level can be synonymous to having 

basement for exploring into further deeper down the road regarding the size scale. However, to 

hone a substantial prediction and outline of the possibilities, it’s important to develop and 

implement experimental methods and required tools to examine the molecular topologies found 

here. Thereafter, exploring the additional networks and applications, like the piezoresistivity 

observed as a result of percolation of CNF networks within the existing nerworks of block 

copolymers using carbonaceous nanoparticle, will be more viable entrance to explore and examine. 

Several immediate outlook of the possible future steps are listed as following- 

Determination of loop-loop interlocking and entanglements in Multiblock 

copolymers: So far there have been effort in exploring, understanding, and connecting the 

molecular bridges and loops of different conformations with the respective mesoscopic 

properties of the block copolymer-based systems. However, the lies another important 

conformational combination where two or more loops can entangle or can form knots. 

Intuitively, such kind of molecular arrangement is expected have countable impact on the 

mesoscopic properties of the corresponding materials.  

Stress relaxation behavior of multiblock copolymers: Polymers relax over longer 

period, and because of self-assembled characteristics, the block copolymers are expected 

to have different degree of relaxation depending on the molecular conformations. Hence, 

it might be proved to be pertinent important to evaluate how the relaxation behavior can be 

tuned using different molecular arrangement.  

Molecular alignment induced porosity to create the channeling of porous network:  

Polymers have been used as a robust material for the day-to-day devices like laptops, cell 

phone, television etc.; especially because of the light weight nature of the polymers. One 
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challenge associated with all these electronic devices is to dissipate the heats and thus 

saving the devices from over-heating. Polymeric materials are so poor heat conductor that 

there have been dynamic fields associated with them using to produce insulating materials. 

Some researchers of MIT recently devised a method of using the plastics as heat conductor 

where the porosity induced channeling was used to vent out the heat through the material.1 

In case of block copolymers, the nanostructures have already been used to construct the 

nanoporosity induced channeling to help fluids pass through for the application of filtration 

media. Now that the molecular assembly of the multiblock copolymers were found to have 

some discipline, it can be further studied if these conformational arrangements can be tuned 

to obtain molecular level channeling for the applications like heat conduction. 

8.3. A summary note of aspiration 

Following the previous centuries, multi-facet and comprehensive practice of sector-wise 

scientific upbringings resulted the simultaneous, or at the closer proximity, evolution of step-

stones of development, not necessarily as arranged according to the immediate need or 

incentive of some type of Bucket sort algorithm 2-3. The quantitative prediction of growth and 

development in a specific sector i.e. the field of transistor, for a period of decades were even 

proved to be successful, as is evident from the extrapolation of Moor’s law 4. Hence, in near 

future, it’s expected to add more game changing markers in the bucket if we continue the 

skyrocketing aspirations, understandings, and endeavors of scientific explorations. Such titanic 

optimism arises from the fact that human beings had long been capable of having an overall 

continuation of developments for such long time considering the time scale of human existence 

on the earth. Especially, dynamic change in material science i.e. polymeric field, is not a mere 

hope out of optimism, rather a necessity of the century as we are at the door of starting our 
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journeys of space travel, building underwater cities etc. to solve the fundamental problems of 

humanity like the issue of habitat, food etc. The findings of this research investigation are 

expected to be a tiny push towards that direction. 
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