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Abstract 

This research work focuses on the understanding of interplay between crystallization 

and microphase separation, and their influence on the final crystal morphology of diblock 

copolymer. The aim is to relate the crystallization mechanism with segregation strength and 

block asymmetry. In this view, crystallization mechanism under different types of 

confinement has been studied by Dynamic Monte Carlo simulation. 

We investigate the crystallization of double crystalline symmetric A-B diblock 

copolymer, wherein the melting temperature of A-block is larger than B-block. As a result, 

crystallization of A-block is followed by the crystallization of B-block upon cooling from a 

homogeneous melt. The morphological evolution is dominated by the interplay between 

crystallization and microphase separation. With the increasing of segregation strength, we 

observe a gradual decrease in crystallinity accompanying with smaller and thinner crystals. 

During the process, A-block crystallizes first and offers confinement for the crystallization of 

B-block. Therefore, the crystallization of B-block is reduced significantly influencing the 

overall crystal morphology. At higher segregation strength, due to the repulsive interaction 

between two blocks, block junction is stretched out, which is exhibited by an increased value 

of mean square radius of gyration. As a result, large number of smaller size crystals generate 

with less crystallinity. The onset of microphase separation moves towards higher temperature 

with increasing segregation strength. Isothermal crystallization reveals that the transition 

kinetics is primarily governed by segregation strength. The value of Avrami index indicates 

the presence of two dimensional lamellar crystals. Two-step, compared to one-step 

isothermal crystallization, yields higher crystallinity in A-block whereas the crystallinity of 

B-block is almost similar in both cases. 

To unfold the inherent relationship between block asymmetry and crystallization 

behaviour, we have investigated the crystallization of diblock copolymer by varying block 

compositions (viz., by varying the relative block length of A- and B-block) with weak and 

strong segregation strength between the blocks. In weak segregation limit, we observe that 

with increasing the composition of B-block, the crystallization temperature of B-block 

increases accompanying with higher crystallinity. In contrast, A-block crystallizes at a 

relatively low temperature along with the formation of thicker and larger crystallites with the 

increase in B-block composition. This non-intuitive crystallization trend relates with the 
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dilution effect imposed by B-block. When the composition of the B-block is large enough, it 

behaves like a “solvent” during the crystallization of A-block. Therefore, A-block segments 

are more mobile and hence less facile to crystallize, ensuing depression in crystallization 

temperature with the formation of thicker crystals. At strong segregation limit, crystallization 

and morphological development are driven by the confinement effect, rather than block 

asymmetry. Isothermal crystallization discloses that the crystallization follows a 

homogeneous nucleation mechanism with the formation of two-dimensional crystals. Two-

step, compared to one-step isothermal crystallization promotes the formation of thicker 

crystals of A-block due to the dilution effect of the B-block.   

In order to understand the effect of microphase separation, we have examined the 

crystallization behaviour of diblock copolymer instigated from microphase separated melt. 

During crystallization, the morphological evolution of microphase separated melt is 

comprehensively dictated by thermal history. Isothermal crystallization restricts 

crystallization in phase separated microdomains, whereas non-isothermal crystallization 

upholds morphological perturbation of melt microdomains. Annealing of microphase 

separated melt successfully reorients melt morphology where both type of crystallization 

preserves melt morphology intact due to the presence of hard confinement resulted during 

microphase separation. The rate of crystallization of microphase separated annealed melt is 

much faster than microphase separated melt without annealing due to less entanglement and 

more relaxed structure of microphase separated melt accomplished through the process of 

annealing.   

We have studied the crystallization behaviour of diblock copolymer from thin film to 

understand the effect of additional confinement (viz., 1D confinement) on crystallization. 

Film thickness is one of the most influential parameters of thin film crystallization which 

successfully determine the process of crystallization and final crystal morphology. We study 

the non-isothermal crystallization of symmetric diblock copolymer for a series of film 

thickness (z) ranging from z = 4 to 20. With the increase of film thickness (z), the value of 

crystallinity remains similar with the formation of thinner crystal. Similarly the transition 

points of both the blocks get influenced by film thickness (z). The crystallization temperature 

of both blocks decreases with the increment of film thickness (z). Isothermal crystallization 

reveals that the transition kinetics follows different kinetic pathways with the variation of 

film thickness (z). The value of Avrami Index confirms the existence of homogeneous 

nucleation with two-dimensional crystal growth. 
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Chapter 1 

Introduction 

 The discovery of the chain folded lamellar crystal structure [1] captivates scientists to 

explore polymer crystallization as a fascinating topic in the last few decades. The kinetics of 

polymer crystallization and crystal morphology are governed by several factors, such as 

molecular weight, chain flexibility, stereo-regularity, etc. The experimental conditions such 

as temperature, pressure, nucleating agents, flow-field also dictate the crystallization behavior 

[2, 3]. In this chapter, we will briefly review thermodynamics and kinetics of polymer 

crystallization and the development of crystal morphology. Subsequently, we will discuss 

diblock copolymer and their crystallization mechanism. 

 

1.1 Thermodynamics of Polymer Crystallization 

Crystallization of polymer is a liquid-solid phase transition which associates with the 

reorientation of polymer chains. If the temperature of liquid approach towards melting point, 

the liquid tends to solidify. From the viewpoint of thermodynamics, when the temperature is 

below melting point, a crystal is in lower free energy state than melt state. Figure 1.1 

schematically represents the change in the free energy per unit volume of liquid and crystal as 

a function of temperature.  

 

 

Figure 1.1 Change in Gibbs free energy per unit volume with temperature [4]. 
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The crystallization of polymer follows a two-step mechanism - nucleation and growth. 

Nucleation offers the formation of tiny crystalline mass of polymer, which assists further 

growth. Crystal growth is facilitated by the addition of folded polymer chain segments into 

the nucleus, which involves the diffusion of chain segments to the crystal growth front. To 

understand the thermodynamics of homogeneous nucleation, an isothermal quiescent melt is 

considered whose temperature T  is kept below the equilibrium melting temperature (
m

T
 ). 

Nucleation can be accompanied by the reduction of Gibb’s free energy (
v

G ) per unit 

volume and the addition of surface energy   per unit area created by the area bound within 

nucleus. Thus, a typical sphere of radius r is taken as a nucleus and the net change in energy 

due to formation of the sphere is 

2 34
4

3
v

G r r G          (1.1) 

Where, 
v

G
 
is a negative number. Primarily 

v
G

 
increases with increasing r  and goes 

through a maximum to become negative. This maximum value characterizes an energy 

barrier which must be overcome by the thermal motion of the molecules before a stable 

nucleus can be grown. At this point, the critical radius of the nucleus *
r  is calculated from 

the derivative of *
G . 

    * 2

v

r
G


 


      (1.2) 

    
3

*

2

16

3( )
v

G
G


 


     (1.3) 

During crystallization, *
G  is considered as an energy barrier of the system and the 

probability of a group of molecules having energy *
G greater than the average energy at 

temperature T , calculated from Boltzmann relation is  

   
*

exp( )
G

probability
KT


      (1.4) 

Consider a system with 0
N

 
number of solid particles at temperature T .  Among those 

particles, *
N numbers of particle actually retain the activation energy *

G .  
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*

*

0
exp( )

G
N N

KT


       (1.5) 

Nucleation is followed by the growth of the nuclei which involves the diffusion of 

polymer chain segments to the growth front. Nuclei basically grow with the addition of chain 

segments. The process of diffusion also plays major role in crystal formation. So, the 

probability of rate of diffusion is calculated by  

   exp( )D
E

rate
KT

       (1.6) 

Where, 
D

E
 
is the activation energy for diffusion. So, the combination of previous equations 

indicate that the rate of nucleation N , nuclei per unit time is given by  

    
*

0
exp( ) exp( )D

E G
N N

KT KT


      (1.7) 

The overall linear growth rate G will also be proportional to N  

   
*

0
exp( ) exp( )D

E G
G G

KT KT


      (1.8) 

Now, if we plot linear growth rate as a function of temperature (Figure 1.2), a bell shaped 

curve is developed signifying the growth rate is zero in glass transition temperature (
g

T ) due 

to the small rate of diffusion and also tends to zero close to melting point (
m

T ) because of the 

less driving force ( T ) for crystallization [4]. Therefore, the degree of super cooling is the 

major thermodynamic force which drives crystallization primarily. 

 

 

Figure 1.2 Temperature dependence of linear growth rate. 
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1.2 Kinetic Theory of Polymer Crystallization 

During  polymer crystallization, the morphological development  and the spherulitic 

growth rate  are effectively controlled by kinetic factors rather than thermodynamic one [5]. 

Therefore, a kinetic theory is also essential to describe the process of crystallization. 

Kinetically, the crystal growth rate is driven by the competition between the thermodynamic 

driving force, which associates with the degree of undercooling and a free energy barrier for 

crystallization. On top of that, the subsequent growth rate is a function of lamellar thickness. 

Therefore, for larger lamellar thickness, the free energy barrier is also larger which leads to 

larger driving force. On the other hand, in order to promote the crystallization process, a 

section of chain requires to be deposited on the crystal growth front. The localization of the 

stem on the crystal surface involves with the decrease in the entropy of the polymer chain. 

This leads to an entropic barrier that increases with crystal thickness. Kinetic theories assume 

that, the thickness, corresponding to the maximum growth rate on the lateral growth surfaces 

prefer to grow macroscopic lamellae. 

The two most successful kinetic theories on polymer crystallization are the surface 

nucleation model formulated by Lauritzen and Hoffman (LH) [6, 7], and the entropic barrier 

model proposed by Gilmer and Sadler (GS) [8, 9]. Both are established on the consideration 

of kinetic processes on the lateral growth faces which leads to secondary nucleation theories 

(growth theories). It is the origin of the energy barrier that distinguishes these two models. In 

the LH model, an energy barrier is reflected and it must be overcome via random fluctuation 

as a molecule or a segment of a long chain assigns itself to the crystal growth front. In 

contrast, the GS model asserts that in addition of free energy terms, the retardation of 

attachment of a long segment onto a growth front is affected by discovering many possible 

configurations, only a few of which are favourable to grow further. Therefore, the barrier of 

GS model is fundamentally entropic in nature. Finally the LH model has been widely 

accepted theory and it has been extensively used to quantitatively fit experimental results. 

The recent progress in polymer crystallization originates from the study of early stages of 

crystallization [10]. It has been anticipated that crystallization is introduced by an ordered 

precursor, which is either prompted by a spinodal-assisted mechanism [11, 12] or involves a 

mesomorphic phase on the crystal growth front [13-15]. Therefore, several kinetic theories 

have been discussed hereby to follow crystallization process effectively along with 

thermodynamic factors. 
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1.3 Morphology of Semi-crystalline Polymers 

 According to the extent of molecular arrangement, polymers are broadly divided into 

two categories. Some polymers rearrange their chains upon freezing, but they are in lack of 

long range order characteristic of crystal. They are known as amorphous material. Some 

polymers able to align and fold their chains in long range order upon cooling. They are 

known as crystalline material. In general, most of the polymers are semi crystalline in nature. 

In early studies of polymer morphology, the “fringed-micelle” model was recommended in 

which the polymer chains crystallize through several crystallites via intermediate amorphous 

regions. This model is based on a two-phase system where the crystalline region consists of 

stacks of short length chains aligned parallel to each other, and the amorphous regions are in 

disordered states as shown in Figure 1.3 [16].  

 

 

Figure 1.3 Schematic of fringed-micelle model for semi-crystalline polymers. 

 This model is quite suitable for explaining the changes of molecular rearrangement 

during crystallization. However, it is incapable to clarify the morphological features such as 

spherulite associated with melt crystallized polymers. These superstructures are later clarified 

by the chain-folding model. According to the chain-folding model, polymer single crystals 

are very thin platelets (~ 10 nm) and the chain axis is almost perpendicular to the crystal 

basal plane. In that model, a single polymer chain arranges parallel by folding regularly on 

the crystal basal surfaces through the same crystallites. Such thin platelets are called “chain-

folded lamellar crystal” (see Figure 1.4) [1]. The existence of such type of structures in melt 

crystallized polymer was also discussed by Palmer et al. [17]. 
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Figure 1.4 Schematic of chain-folded lamellar structure in semi-crystalline polymers 

with lateral dimensions X, Y and thickness l. σ and σe are the surface free energies 

associated with lateral and fold surfaces, respectively. 

 

 In the introduction, we mostly limit our discussion on the morphology of melt 

crystallizes polymers. The most common superstructures in melt-crystallized polymers are 

spherulites, which comprises of radiating arrays of periodic lamellar sub-structures. In most 

of the cases, the radius of spherulites increases linearly with time during growth before the 

spherulites interrupt each other. The typical size of spherulites ranges from several to 

hundreds of microns, depending on the nucleation density. The microbeam X-ray diffraction 

technique has revealed that the molecular chains are normal to the radial direction in 

spherulites [18-21]. Superstructures like spherulites are frequently absent when short chain 

branches or stereo defects are introduced in the chain backbone. The presence of defects also 

reduces the lateral dimension and thickness of lamellar crystals which inhibit the 

crystallization processes. The introduction of defects into the chain backbone mainly 

diminishes the frequency of adjacent re-entry folding, which leads to the formation of 

regularly and tightly chain folded lamellar crystals. As a result, there exists a distribution of 

loose fold, cilia and tie chain lengths in the amorphous phase, which generates small 

secondary crystals in the constrained amorphous region [22, 23]. The development of 

secondary crystals provides the continuous increase in degree of crystallinity, which has been 

detected after primary crystallization [22, 24]. Marand et al. suggested a model to describe 

how the characteristics of polymer chains and the crystallization conditions affect the 

mechanism of secondary crystallization [23, 24]. In that model, the formation of secondary 

crystals happens in a constrained environment below some critical temperature. At high 

undercooling, the formations of secondary crystals are most likely to be the fringed-micellar 

type [24]. Therefore, lots of diverse studies have been proposed to understand the 

development of morphology minutely. 
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1.4 Diblock Copolymer 

Recently crystallization and spatially ordered structure formation in diblock 

copolymer have successfully drawn large attention due to its numerous applications in 

nanotechnology and biomedical applications [25]. Block copolymer consists of two different 

repeat units with different chemical nature and structure, which are in most of the cases 

incompatible with each other. This thermodynamic incompatibility between two units leads 

to phase separation in microscopic scale. The phase separated block copolymer produces a 

large variety of morphologies including spherical and cylindrical microstructures as well as 

lamellar morphology [26, 27]. In diblock copolymer where both blocks are amorphous in 

nature, polymer chains are evenly dispersed with increasing temperature or decreasing 

molecular weight. When the temperature is decreased or molecular weight is increased, both 

blocks try to segregate into their microdomain lowering the free energy of mixing. 

Microphase separation is driven by the chemical incompatibility between two blocks and the 

separations are counterbalanced by the entropic forces from the covalent linkages holding 

both blocks together. However due to excess free energy of the system which is unfavourable 

for mixing, copolymers must adopt extended chain conformation to keep apart two dissimilar 

blocks [27]. Crystallization of diblock copolymer has a unique property to control material 

properties via self-assembly into nano structures. By the advancement of the modern 

synthetic chemistry, it is possible to tailor block copolymer structures to tune material 

properties of both blocks and their ensemble. Microphase separation helps polymer chains to 

self-organize where the contacts between similar units are maximized and the contacts 

between dissimilar units are minimized. Different thermodynamically stable phases are 

observed in A-B diblock copolymer with increasing composition of A-block (
A

f ) including 

body centred cubic of A-spheres in B-matrix, hexagonally packed A-cylinders in B-matrix, 

bicontinuous gyroid phases & alternating lamellar phases. Figure 1.5 represents A-B diblock 

copolymer by a simple two colour chain where red one is A-block and Blue one is B-block 

followed by the self-organization of polymer chains to reduce block immiscibility and finally 

a long rang ordered structures which are primarily determined by the relative lengths of the 

polymer blocks. Therefore, the tunability of block copolymer size, shape and composition 

supports nanoscience to develop a large number of nanomaterials for advance technology 

[25]. 
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Figure 1.5 Schematics of different morphologies of diblock copolymer [25]. 

 

1.5 Crystallization of Semi-Crystalline Diblock Copolymer 

In a diblock copolymer, the interplay between crystallization and microphase 

separation plays a crucial role to dictate final crystal morphology. The final morphology of a 

semi crystalline diblock copolymer containing ethylene and ethylene-alt-propylene (E-b-EP) 

has been investigated from homogeneous melt state over a wide range of composition of 

ethylene block. For all cases, diblock copolymer exhibits lamellar morphology with 

spherulitic super structure, and microphase separation is induced by crystallization [28]. The 

dynamics of crystallization in semi crystalline block copolymer has also been studied by rapid 

cooling of homogeneous melt resulting strongly segregated microdomain structures. Initially, 

the ordered structure simply grows without any internal arrangement of the domains but after 

a long interval, a small decrease in microdomain spacing is observed which reflects a 

contraction of both crystalline and amorphous domains due to the relaxation of amorphous 

chain from non-equilibrium extended conformation during crystallization [29]. Again, the 

structure development process of semi crystalline polyethylene and poly ethyl ethylene (PE-b-

PEE) diblock copolymer has been studied from the ordered melt structure. In this diblock 

copolymer the ordered melt morphologies are completely destroyed due to chain folding of 
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crystalline PE block because of the free energy towards chain folding during crystallization 

completely overcomes the enthalpy associated with the microphase separated melt structure 

[30]. For a semi crystalline diblock copolymer, the process of crystallization competes with 

microphase separation. The symmetric diblock copolymer of PE and a glassy amorphous 

block having ordered structure in melt can also crystallize without changing initial melt 

morphology producing lamellar solid structures. The crystal morphology for semi crystalline 

block copolymer basically depends on whether the crystallization takes place from weak 

segregated melt or strong segregated melt. Weakly segregated melt morphologies are 

completely destroyed during crystallization but in case of phase separated melt, as the 

stability of micro domains increases with increasing immiscibility, the crystallization 

phenomenon is unable to disturb the previous melt morphologies [31]. 

The effect of copolymer composition on development of crystallinity and morphology 

formation of semi crystalline diblock copolymer of poly(ε-caprolactone)-block-polystyrene 

quenched from phase separated melt has been observed. When fraction of PCL (
PCL

 ) is 

larger than 64%, crystallization of PCL block with distinct lamellar morphology is visible. 

When PCL
 is less than 26%, no crystallization is observed while PCL

 of 34% produces partial 

crystallization [32]. The other key factor to restrict crystallization is the location of glass 

transition temperature (
g

T ) of the amorphous block and melting temperature (
m

T ) of 

crystalline block. The crystallization behaviour of poly(ε-caprolactone) and polystyrene 

(PCL-b-PS) diblock copolymer quenched from melt has been followed. The evolution of 

crystallinity in PCL block is majorly determined by the glass transition temperature of the PS 

block (
,g PS

T ). When 
,g PS

T
 
is greater than the crystallization temperature of the system (

c
T ), the 

molecular motion of crystalline PCL block is extremely restricted by the vitrification of PS 

block, resulting no crystallization whereas PCL crystallizes partially, when 
,g PS

T is lower than 

crystallization temperature. However the characteristics of lamellar morphology including 

long spacing and lamellar thickness are independent of 
g

T
 
of the PS block [33].  

The transition kinetics of a series of polyethylene (PE) containing diblock copolymers 

where polyethylene is minority block and rubbery hydrocarbon is majority block has been 

studied. When the inter-block segregation strength is extremely high, crystallization of PE 

block is confined within the spherical micro domains created by microphase separated melt 

indicating first order transition kinetics where Avrami index ( n ) is 1. But when the 
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segregation strength is low, crystallization can disrupt the micro structures in melt resulting 

sigmoidal kinetics, where Avrami index is greater than 1. The scenario is different in case of 

cylindrical microdomain generated by microphase separated melt. The crystallization in 

moderate segregation strength template with partial confinement retains its melt morphology 

during cooling producing conventional sigmoidal kinetics [34]. The relative location of order-

disorder transition temperature (
ODT

T ), crystallization temperature (
C

T ) of crystalline block 

and glass transition temperature (
g

T ) of amorphous block also has an immense effect on the 

formation of final crystal structure in a semi crystalline block copolymer whether the diblock 

crystallized from microphase separated melt or homogeneous melt. If 
ODT

T <
C

T >
g

T , the 

diblock copolymer generating homogeneous melt, finally shape up in lamellar morphology 

after crystallization where the crystalline lamellar are sandwiched by the amorphous layers 

and microphase separation is followed by the crystallization [28, 29, 35-37]. In case of 
ODT

T >

C
T >

g
T with soft confinement, the phase separated ordered melt structures are majorly 

destroyed by the crystallization to form new lamellar solid state structures [37-42]. Strongly 

segregated system with soft confinement by rubbery amorphous block where 
ODT

T >
C

T >
g

T , 

exhibits confined crystallization within spherical or cylindrical or lamellar micro domains [34, 

36, 40, 43-46] whereas strongly segregated system with hard confinement having 
ODT

T >
g

T >

C
T

 
displays more confined crystallization within micro domains of glassy amorphous block 

[47-53]. A brief discussion on the crystallization of diblock copolymer and several influential 

parameters which instigate various morphological patterns have been summarized here.  

In 1980, Dimarzio suggested that diblock copolymers display equilibrium chain 

folding when one of component is crystallisable and other one is amorphous with 

incompatibility between two blocks. In homopolymer, chain folding is in metastable state 

while infinite annealing produces extended chain crystal. In diblock copolymer where only 

one block is crystalline, crystallization generates an alternate layer of crystalline and 

amorphous regions. In such a system the value of lamellar thickness is strongly affected by 

the two opposing tendencies where the energetics of crystallization provokes the crystalline 

regions for extended chains with minimal folding but this tendency is hindered by the 

amorphous regions which favour random like chains resulting equilibrium amount of chain 

folding in crystalline regions [54]. This is one of the most well-known theoretical illustrations 

of chain folded lamellar crystal for diblock copolymer. 
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Figure 1.6 Equilibrium chain folding in semi crystalline diblock copolymer [54].
 

 

1.6 Organization of Thesis 

The thesis is organized as follows: we narrate the main objectives in chapter 2 and 

modelling and simulation technique in chapter 3. We discuss our key results in chapter 4 to 

chapter 7. Chapter 4 and 5 represent the simulation results for symmetric and asymmetric 

diblock copolymer, respectively. Chapter 6 represents the crystallization from a microphase 

separated melt. Chapter 7 deals with the crystallization from thin film. Finally, we summarise 

our key findings and highlight the scope for future studies in Chapter 8. 
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Chapter 2 

Objectives 

The main objective of the present study is to monitor the interplay between 

microphase separation and crystallization under different types of confinement of diblock 

copolymer. Monte Carlo Simulation is an efficient tool to investigate polymer crystallization. 

Therefore, the crystallization of diblock copolymer investigated by Monte Carlo Simulation 

is a challenging job to get various insights of polymer crystallization.  

 Crystallization of Double Crystalline Symmetric Diblock Copolymer:  

We implement non-isothermal crystallization and isothermal crystallization to follow 

the behavior of a symmetric double crystalline diblock copolymer. The effect of segregation 

strengths on crystallinity and crystal morphology will be discussed. 

 Effect of Block Asymmetry on Crystallization: 

 Effect of block asymmetry on the crystallization of double crystalline diblock 

copolymer will be investigated – isothermal and non-isothermal. We fix two different types 

of segregation strengths (viz., weak and strong) between the blocks. 

 Crystallization from Microphase Separated Melt:  

Diblock copolymer exhibits several phase separated morphologies due to the 

immiscibility of two blocks. There is a reorientation of the phase separated microdomains due 

to annealing. A comparative analysis of crystallinity and other structural parameters of 

microphase separated melt with and without annealing are very much useful. 

 Crystallization on Thin Films:  

Attempt will be made to simulate diblock copolymer thin films to understand the 

effect of additional confinement on the crystallization of a diblock copolymer. Film thickness 

and the nature of the substrate are most influential parameters to determine the final crystal 

morphology and crystal orientation. In the present work, we vary film thickness to observe 

the crystallization behavior, while keeping the substrate inert (viz., no polymer-substrate 

interaction). 
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Chapter 3  

Modelling and Simulation Method 

Monte Carlo simulation has evolved as a powerful tool to investigate the phase 

behaviour of polymeric systems during the last few decades. Several Monte Carlo techniques 

such as Pruned Enriched Rosenbluth Method (PERM) [1], random end-switch-configuration 

biased Monte Carlo (RES-CBMC) [2] and wormhole algorithm [3] are successfully applied 

to simulate a single polymer chain with some limitations for dense systems. Lattice 

simulations of dense systems have successfully been implemented by Pakula et al. [4] with 

the cooperative motion algorithm (COM) [5] and by Hu et al. [6] with the single site bond 

fluctuation algorithm [7-9]. In cooperative motion algorithm (CMA), the occupation density 

of lattice polymer is 100%, however, the morphological evolution with time cannot be 

explicitly mapped with Monte Carlo steps; whereas by using bond fluctuation model, Hu et 

al. produced the experimentally observed nontrivial trend of copolymer crystallization [10]. 

Moreover, Hu et al. have studied the effect of sequence distribution of comonomer on 

crystallization of different statistical copolymers [10], Single site bond fluctuation algorithm 

have been successfully employed to investigate the effect of sticky additives in polymer 

crystallization [11] and the crystallization of double crystalline diblock copolymer where the 

crystallization of one block accelerates the crystallization of other block [12]. In the present 

work, we employ dynamic Monte Carlo simulation to study the crystallization of double 

crystalline diblock copolymer. 

To simulate the crystallization of diblock copolymer, we implement dynamic 

Monte Carlo (DMC) method, which has been successfully applied to investigate phase 

transition of bulk polymers [6, 10, 11, 13]. A polymer chain is represented by joining the 

successive sites in a lattice with size 32 × 32 × 32. A total 480 polymer chains each having 64 

repeat units are placed successively one by one ensuring that the connectivity of the chain is 

maintained. Thus, the lattice occupation is as high as 0.9375, representing a bulk polymer 

system [10]. The degree of polymerization of polymer is N (viz., 64) which includes A
N  and 

B
N

 
number of A-type and B-type repeat units respectively. A homogeneous and 

monodisperse melt is generated by applying a set of microrelaxation algorithms. The Monte 

Carlo schemes which are extremely useful to simulate polymer motion mostly depend on the 
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single site jumping models. Larsen et al. has initially developed a model based on kink 

generation and end to end sliding diffusion [14]. Later on, the kink generation scheme was 

modified to bond fluctuation model Deutsch and Binder [15]. The microrelaxation algorithm 

in our simulation consists of a set of Monte Carlo move such as bond fluctuation, end bond 

rotation and slithering diffusion [10, 11, 16-18]. Followings are the schematics to illustrate 

the different Monte Carlo moves. 

 

 

Figure 3.1 Schematic for bond fluctuation. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Schematic for end bond rotation. 
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Figure 3.3 Schematic for slithering diffusion (reptation). 

 

The coordination number of our lattice model is 26 (6 along the lattice axis, 12 along 

the face diagonals and 8 along the body diagonal). Thus, bond length can be 1 (along the 

axis), √2 (along the face diagonal) or √3 lattice units (along the body diagonal) [19, 20]. We 

start our simulation by selecting a vacant site randomly from the available vacant sites and 

then search for a nearest neighbour site occupied either by A-type or B-type monomer.  

Appropriate micro relaxation moves are selected in accordance with the position of 

monomers along the chain. To give further details, if the selected monomer is terminal one, 

end bond rotation and slithering diffusion is implemented with equal probability. On the other 

hand, if the unit is non-terminal, single site bond fluctuation move is implemented [11]. 

The interaction between A-type and B-type is modelled as the repulsive interaction to 

represent their mutual immiscibility. The energy penalty to create A-B contact is modelled by

AB
U . The crystallization driving force is modelled as an attractive interaction between 

neighbouring parallel bonds and collinear bonds within A- or B- type units and given by 
p

U

and 
c

U respectively. The change in energy per Monte Carlo move is then: 

   p p c c p p c c AB ABA B
E N U N U N U N U N U              (3.1) 

Where, 
A

N
 
and N

B
 represents the net change in the number of parallel and collinear bond 

respectively for the A and B block, and AB
N

 
represents the change in the number of 

contacts between A and B units. 
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 As the block copolymer consists of two different crystallizable blocks, the melting 

temperatures of the two blocks are different. We model B-block as the low melting one and 

less facile to crystallize upon cooling from a high temperature melt. Therefore, the 

crystallization driving force of B-block is smaller than that of A-block. To implement this, 

we use 
pB m pA

U U and 
cB m cA

U U  for the parallel and collinear bond respectively. We set 

m
 = 0.75 (<1) to represent that B-block has less driving force for crystallization compared to 

A-block. Further, we assume that 
p c

U U , for the coarse grained interactions used in our 

simulation. 
AB

U  is calculated as 
p

U , where  represents the segregation strength (viz., A-B 

demixing energy) relative to the parallel bond interaction energy, and equivalent to Flory’s χ 

parameter. In our work  ≥ 0 and higher   implies stronger segregation strength between the 

blocks. In terms of Flory’s χ parameter, segregation strength is calculated as χN, which may 

be correlated to  2
AB

q U N   in our system [16], where q is coordination number and N is 

the degree of polymerization. All the energies are normalized by 
B

k T , where, 
B

k is the 

Boltzmann constant and T is temperature in Kelvin; thus, 
p

U ~ 1/T. Now the change in 

energy per MC move is modified as follows: 

   p c m p c AB pA B
E N N N N N U             

 
  (3.2) 

 We use the Metropolis sampling scheme with periodic boundary conditions to sample 

the conformations. We strictly implement excluded volume criteria and avoid bond crossing 

throughout the simulation [19, 20]. One lattice site is occupied by one unit (viz., either A-

type, or B-type units) only or remains vacant throughout the simulation. In a given Monte 

Carlo (MC) move, during the formation of a new bond, if it crosses any of the existing bonds, 

then that move is rejected. We have checked the no-bond crossing criteria by calculating the 

midpoint of a bond. If any two bonds tend to cross each other, their mid-point should overlap 

on each other. We have calculated the midpoint coordinate of each bond and stored in an 

array. During each MC move we have checked the midpoint of newly form bond(s), whether 

it is occupied or not. If the point is occupied, the move is rejected and a new move has been 

initiated. This implementation technique is similar to the simulation technique followed by 

Dasmahapatra et al. [11]. 

 The probability of an MC move is given by exp( E ). We accept new conformation 

if exp( E )  r, where r is the random number in the range (0, 1), generated by using 
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random number generator MT19937 [21]. We start our simulation at 
p

U = 0 (viz., at infinite 

temperature, athermal state) and cool the system by increasing 
p

U with a step size 0.02. To 

equilibrate the system we calculate mean square radius of gyration, 2

g
R , as a function of 

Monte Carlo Steps (MCS). We did not observe appreciable change in the value of 2

g
R  

beyond 5000 MCS and it is considered as the equilibration time. We calculate 

thermodynamics and structural parameters averaged over subsequent 5000 MCS. A 

schematic is attached herewith which illustrates the sequence of simulation technique. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Schematic for the sequence of simulation algorithm. 

Y 

N 

N 

N 

Selecting a vacant site randomly 

Looking for a neighboring site 

Checking Occupation Status 

Selecting MC move according to position of the monomer in the chain 

Satisfying bond length criteria (max √3) and no bond crossing criteria 

Calculating ΔE (ΔE is the change in energy) 

If r <= exp(-ΔE), r is a random number, (0, 1) 

Accept move 

Y 

Y 
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 To monitor transition from a disordered melt to an ordered crystalline phase, we 

calculate fractional crystallinity, 
c

X of A-block, B-block and overall, and specific heat (
v

C ) 

as a function of 
p

U . Specific heat is calculated as equilibrium specific heat from the total 

energy fluctuations (for all the monomer and comonomer units in simulation box) [11, 22]. 

We separately estimate 
v

C
 
for A-B pair, based on the de-mixing energy between A and B-

block, to locate the microphase separation point. During microphase separation, individual 

block forms respective domains, and the resultant transition is considered as disordered to 

ordered transition, which would give a peak in 
v

C at the transition point. We define 

crystallinity as the ratio of crystalline bonds to the total number of bonds present in the 

system. A bond is defined as crystalline if it is surrounded by more than 5 nearest non-

bonded parallel bonds [10, 11, 23]. Therefore, the crystallinity of monomer is defined as the 

ratio of monomer bonds, which are surrounded by more than five parallel monomer bonds to 

the total number of monomer bonds [10]. This definition of crystallinity provides an idea 

about maximum achievable crystallinity. In contrast, experiments only report about relative 

crystallinity, which is, by definition, the fraction in the number of monomers rather than the 

number of monomer bonds [10]. We also calculate average crystallite size S  and lamellar 

thickness l . A crystallite is defined as a small microscopic aggregate having crystalline 

bonds in same orientation. The crystallite size is defined as the total number of crystalline 

bonds present in it. We compute the average crystallites size as a function of 
p

U . We express 

lamellar thickness as the average number of monomer units in the direction of crystal 

thickness in a given crystallite, and average thickness is calculated over all crystallites 

present in the system [11]. We also analyse the orientation of crystalline bonds by calculating 

bond order parameter ( P ) which is defined as: 

   

2
3 cos 1

2
P

 


   (3.3) 

Where,    is the angle of a concerned bond with the reference of Z-axis and ......  represents 

an average over all the bonds containing more than 10 nearest parallel bonds. According to 

the definition, if all concerned bonds are in parallel with Z-axis, P  is equal to 1 whereas if 

they are perpendicular with Z-axis, P  is equal to -0.5. But if all concerned bonds are 

randomly oriented, P  is close to zero [16]. We determine the change in mean square radius 
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of gyration 2

g
R

 
with 

p
U

 
for all compositions to understand morphological evolution. By 

definition, the square radius of gyration is the average squared distance of any point from its 

centre of mass which is expressed as: 

      

          (3.4) 

Where, 
i

r
 
is the distance from centre of mass and 

cm
r

 
is the coordinate of centre of mass. N is 

the number of repeat units in a single polymer chain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
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2 1

N

i cm

i

g

r r

R
N
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Chapter 4  

Crystallization of Symmetric Diblock Copolymer 

 We present here a study associated with the crystallization of double crystalline 

symmetric diblock copolymer to explore how the crystallization of one block influences the 

crystallization of other block. We implement non-isothermal crystallization as well as 

isothermal crystallization to understand crystallization behaviour and morphological 

evolution. We observe the effect of enhanced block immiscibility on crystallization. 

Observations are made on several diblock copolymers with variable segregation strength.  

 

4.1 Literature Review 

 Diblock copolymers consist of two chemically distinct units, covalently bonded 

together. In majority of the cases, the two blocks are incompatible (viz. immiscible) with 

each other. The thermodynamic incompatibility between the blocks initiates self-organization 

(viz. self-assembly) via microphase separation, which maximizes the contacts between 

similar units and minimized the contacts between dissimilar units [1]. The Flory–Huggins 

interaction parameter (  ), block composition and chain length, (viz. degree of 

polymerization) determines the extent of separation and final morphology of polymer. The 

value of ( N ) controls the strength of segregation. For a weakly segregated system the value 

of ( N ) is around 10.5 whereas for strongly segregated system the value is more than 10.5 

[2-4]. A diblock copolymer introduces a large variety of morphologies including lamellar 

structure, hexagonally packed cylinder or body centered cubic phases that are stable over a 

wide range of copolymer composition [2, 3]. 

 In double crystalline diblock copolymer, phase behaviour is mostly governed by the 

interplay between crystallization and microphase separation. Usually, the block with higher 

melting point crystallizes first, followed by the second block with lower melting point [5-9]. 

During crystallization, first crystallizing block produces confinement for the crystallization of 

second block. As a result, the crystallization of second block slows down with lesser 

crystallinity [5, 6, 10-15]. A diblock copolymer of PE and PEO with 1:1 composition, 
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exhibits two sharp exothermic peak at 95.4 °C and 12.9 °C during DSC experiments, which 

triggers sequential crystallization of PE and PEO blocks [5]. In the diblock copolymer of 

linear polyethylene (LPE) and hydrogenated polynorbornene (hPN), although the melting 

points of hPN (156°C) and LPE (145.8°C) are marginally different, the final morphology of 

symmetric diblock copolymer was dictated by the hPN block while LPE block is forced to 

crystallize in between existing hPN lamellar morphology [8]. 

 Polymer crystallization is not a truly thermodynamically equilibrium process.  

Therefore, the crystallization temperature (
c

T ) and cooling pathways (viz., isothermal and 

non-isothermal) play a crucial role to establish final semi-crystalline morphology. The 

crystalline-crystalline diblock copolymer, PCL-b-PE quenched from a microphase separated 

melt produces PE lamellar morphology. This lamellar morphology is preserved after 

crystallization of PCL block when 
c

T < 30 °C. But when the polymer is crystallized at 
c

T > 30 

°C and 
c

T < 45 °C, PCL block completely destroys the previous morphology of PE, producing 

PCL lamellar morphology in which PE crystals are fragmentally dispersed [16].  Symmetric 

diblock copolymer PPL-b-PE, cooled from a microphase separated melt at a constant cooling 

rate (viz., non-isothermal crystallization), exhibit coincident crystallization; however, during 

isothermal crystallization both blocks crystallized separately (viz., sequential crystallization) 

[10]. 

 Apart from the difference in melting points, the extent of mutual immiscibility, 

determined by the   parameter influences the phase behaviour. The magnitude of  changes 

with changing type of blocks present in the diblock copolymer. Subsequently, the extent of 

microphase separation and the crystal morphology changes which would enable to tune the 

properties of the final materials. For example, PEO in PLLA-b-PEO diblock copolymer 

lowers 
g

T  of PLLA and makes it more flexible. However, the crystallization of PEO block is 

delimited by PLLA blocks [17]. On the other hand, the presence of PCL block in the PLLA-

b-PCL diblock copolymer increases the molecular stability of the resulting block copolymer 

while keeping the biodegradability of PLLA intact [18]. The existence of PEG block reduces 

the crystallization of PLLA block and the degradation of PLLA-b-PEG diblock copolymer 

happen faster than pure PLLA [19]. During crystallization of strongly segregated symmetric 

diblock copolymer (PLLA-b-PE), the crystallization is confined by the respective melt 

microdomains producing thin lamellar micro domains without forming spherulites [14]. 
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In most of the diblock copolymers, first crystallizing block suppresses the 

crystallization of second block. However, it has also been observed that during 

crystallization, both the block may crystallize together (viz., coincident crystallization) even 

if their melting points are widely different, or one block accelerates the crystallization of the 

other [20-24]. For example, the crystallization behaviour of PPDX-b-PCL diblock copolymer 

with a significant difference in the melting point of PPDX (100°C) and PCL block (57°C) 

exhibits coincident crystallization. This is attributed to the extremely slow crystallization rate 

of PPDX block [20, 21] compared to homopolymer. Recently, Monte Carlo simulation on 

lattice polymer reveals that the crystallization of one block accelerates the crystallization of 

other [22]. 

 

4.2 Results and Discussion 

4.2.1 Non-Isothermal Crystallization 

 We consider symmetric diblock copolymer having 480 polymer chains with 64 repeat 

units, out of which 32 units are A-type and 32 are B-type units. In this section, we are going 

to discuss thoroughly the location of transition point, development of crystallinity and 

dimension of crystallite sizes during non-isothermal crystallization. We vary segregation 

strength ( ) from 0 to 5 and calculate crystallinity, lamellar thickness and crystallization 

temperature by implementing non-isothermal crystallization. 

 

4.2.1.1 Monitoring Phase Transition 

 We cool the sample system from an equilibrated high temperature melt at 
p

U = 0 to 

p
U = 0.6 with a step size 0.02 to apply the cooling process of non-isothermal crystallization. 

During cooling, polymer chain segments are stiffened and aligned parallel with each other. 

This process is a realistic representation of the polymer crystallization. We start our 

simulation from a homogeneous melt at 
p

U = 0 where, A-type and B-type monomers are 

uniformly distributed (Figure 4.1).   

 

TH-1756_11610720



Chapter 4: Crystallization of Symmetric Diblock Copolymer 

 

27 

 

 

Figure 4.1 Snapshot of the simulation box at 
p

U = 0 representing homogeneous melt of 

diblock copolymer with comonomer composition (
B

x
 
= 0.5). Blue and orange line 

represents segments of A- and B-block respectively. 

 

 Increasing value of 
p

U
 
signifies the gradual evolution of disordered molten state to 

ordered crystalline state. We observe crystallization of diblock copolymer by following the 

change in equilibrium specific heat [25], calculated from energy fluctuations as a function of 

p
U . At the transition point, 

v
C  gives a peak as fluctuations in energy and the 

p
U

 
value at 

which peak appears on cooling from the melt is considered as crystallization 
p

U
 
in tune with 

experimental observation [25, 26]. We plot 
v

C  vs. 
p

U  (Figure 4.2) by varying segregation 

strength from   = 0 to  = 5 to obtain melt to crystal transition points in terms of 
p

U . 

 

 

Figure 4.2 Change in specific heat ( v
C ) with p

U  for  = 0, 1, 2, 3, 4 and 5. 
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 As diblock copolymer integrates two crystallizable blocks, Figure 4.2 gives two 

different peaks demonstrating the phase transition of A- and B-block at different values of 

p
U . The above observation is in accord with the experimental observation by Sun et al.  [5]  

where the symmetric diblock copolymer PE-b-PEO reveals sequential crystallization 

behavior at 95.4 °C for PE block and 12.9 °C for PEO block. A-block crystallizes first due to 

its higher driving force towards crystallization, followed by B-block. The transition point of 

both the blocks remains similar for  = 0, 1, 2, 3. But in case of  = 4 and  = 5, the 

transition points move towards higher value of 
p

U
 
for A-block and lower value of 

p
U

 
for B-

block which is evident from Figure 4.3. High segregation fabricates large de-mixing energy 

between two blocks which influences the transitions of both blocks. The magnitude of the 

peak value of 
v

C ( *

v
C ) decreases for both the blocks with increasing  , representing the 

suppression of the phase transition at the higher segregation strength which is available in 

Figure 4.4. 

 

 

Figure 4.3 Change in transition point, *

p
U  with   for A- and B-block. 
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Figure 4.4 Change in specific heat at transition point, *

v
C

  
with  . 

 

4.2.1.2 Locating Microphase Separation  

 In a diblock copolymer, due to block immiscibility, unlike contacts are minimized and 

similar contacts are maximized during microphase separation. Therefore, energy fluctuation 

based on the de-mixing energy of A and B units (viz.,
AB

U ) also display a peak through 

microscopic phase segregation. We evaluate specific heat of A-B contact as a function of 
p

U . 

The plot of 
v

C
 

of A-B contact (viz.,
v AB

C


) indicates a peak at an early stage of 

crystallization, close to 
p

U = 0.02. Figure 4.5 clearly shows the transition from homogeneous 

melt to microphase separated state by giving a peak at the transition point. This result is in 

agreement with the experimental observation of double crystalline PLLA-b-PCL diblock 

copolymer where miscible melt at 165°C, initially converted into a microphase separated 

lamellar morphology at 100°C before crystallization [13]. 
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Figure 4.5 Change in specific heat of A-B demixing energy,
v AB

C
  

with 
p

U
 
for = 1, 2, 3, 

4 and 5. 

 

 To get better idea, we again run our simulations from 
p

U = 0 to 
p

U = 0.02 with a step 

size 0.002 which is presented in Figure 4.6. Interestingly, the relative location of microphase 

separation point (viz., 
#

p
U ) varies with segregation strength  . 

#

p
U

 
shows decreasing trend 

with increasing value of  (Figure 4.7). With the increment of segregation strength, repulsive 

interaction between two blocks increases, which accelerates microphase separation at a 

relatively higher temperature (viz., lower 
p

U ).  

 

 

Figure 4.6 Change in specific heat of A-B demixing energy, v AB
C

  
with p

U ( p
U = 0 to 

0.06, with a step cooling of 0.002) for = 1, 2, 3, 4 and 5. 

 

TH-1756_11610720



Chapter 4: Crystallization of Symmetric Diblock Copolymer 

 

31 

 

 

Figure 4.7 Change in microphase separation point, 
#

p
U

 
with  . 

 

 As segregation strength χN can be estimated as:  2
AB

q U N   , the value of χN  = 

32 (~ 10) for  = 1 and 96 (~ 100) for  = 3, at 
p

U  = 0.02. Therefore, we may consider  ≤ 2 

as weak segregation and > 2 as strong segregation. Figure 4.8 exhibits the snapshots of 

microphase separated melt from simulation at 
p

U = 0.02 and 
p

U = 0.1 for  = 1 (weak 

segregation) and 3 (strong segregation). Microphase separation at strong segregation ( = 3 - 

5) initiates larger confinement which prevents crystal growth. 
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Figure 4.8 Snapshots of microphase separated melt for (a) weak segregation ( = 1) at 

p
U = 0.02, (b) weak segregation ( = 1) at 

p
U = 0.1, (c) strong segregation ( = 3) at 

p
U = 

0.02 (d) strong segregation ( = 3) at 
p

U = 0.1. Blue and orange line represents segments 

of A- and B-block respectively. 

 

 We have computed mean square radius of gyration, 2

g
R

 
as a function of 

p
U

 
for 

p
U

= 0 to 0.02 (Figure 4.9), to correlate the trend with 
v

C AB
 
data (Figure 4.6). 2

g
R

 
abruptly 

rises at a temperature, close to that where 
v

C AB
 
indicates a peak during microphase 

separation.  The abruptness in 2

g
R  value increases with increasing values of  , from 0 to 5, 

which correlates to the trend of 
v

C AB
 
with  .   

 

 

Figure 4.9 Change in mean square radius of gyration, 
2

g
R

 
with 

p
U  (

p
U = 0 to 0.06, 

with a step cooling of 0.002) for  = 0, 1, 2, 3, 4 and 5.   
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4.2.1.3 Development of Crystallinity 

 We notice the crystallization behaviour of symmetric diblock copolymer for a series 

of   (viz.,  = 0, 1, 2, 3, 4 and 5). Figure 4.10a displays the variation of crystallinity of A-

block, 
A

X
 
with 

p
U . 

A
X

 
shows an abrupt increase in its value at 

p
U ~ 0.3 for all   and 

extends up to saturated value, sat

A
X at 

p
U ~ 0.5. The saturation crystallinity declines with 

increasing . sat

A
X

 
reduces from 0.76 at  = 0 to 0.31 at   = 5. This reduction in crystallinity 

with an increase in   signifies that with the increase of  , system proceeds from soft 

confinement to hard confinement. As a result, chain mobility decreases and hence 

crystallinity decreases.   

 We detect a similar trend for the crystallinity of B-block, 
B

X
 
with 

p
U

 
(Figure 4.10b). 

As we have modelled B-block with lower melting point, the crystallization of B-block 

proceeds at a higher 
p

U
 
value (viz., lower temperature) compared to A-block. Figure 4.10b 

displays an abrupt increase in its value at 
p

U ~ 0.4 and reaches almost a saturated value, sat

B
X

at 
p

U ~ 0.55. The saturation crystallinity, sat

B
X also monotonically declines with  . However, 

the saturation crystallinity of A-block is higher than that of B-block for all value of  . The 

difference in crystallinity establishes that B-block crystallizes within the confinement created 

by A-block and hence crystallization of B-block slows down giving rise to lower crystallinity 

compared to A-block. On the other side, the change in crystallinity at  = 4 and 5 are quite 

substantial: sat

A
X = 0.36 and 0.31 whereas, sat

B
X = 0.23 and 0.20 respectively. So, the higher 

segregation strength ( = 4 and 5) produces hard confinement for B-block monomers 

resulting poor crystallinity. We also evaluate the trend of overall crystallinity, 
c

X  (combined 

crystallinity of A- and B-block units) as a function of 
p

U
 
(Figure 4.10c). The graph clearly 

highlights two different regimes for two crystallizable blocks. For all values of  , 
c

X

increases abruptly at 
p

U ~ 0.3 (where A-block starts to crystallize), and extends up to 

saturation crystallinity at 
p

U ~ 0.55, after a marginal increase (where A-block almost reaches 

the saturated crystallinity and B-block begins to crystallize) at 
p

U ~ 0.35. The overall 

saturation crystallinity also decreases monotonically with increasing segregation strength 

from 0.73 for  = 0 to 0.68, 0.63, 0.57, 0.3 and 0.25 for  =1, 2, 3, 4 and 5 respectively. The 

inter-block segregation strength dramatically inhibits the crystalline domain to develop. 
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During the crystallization of higher segregation strength (viz.,  = 3 to 5), repulsive 

interaction between blocks leads to phase segregation with the formation of a large number of 

smaller size microdomains of both the blocks. As a result, crystallization is confined within 

these micro-domains and produces less crystalline structure (viz., confined crystallization). 

Our simulation results are in line with experimental observations for various diblock 

copolymers, where, crystallization of the second block is inhibited due to confinement 

created by the crystallization of first block resulting in less crystalline materials [7, 13, 14].  

 

 

 

 

 

Figure 4.10 Change in crystallinity ( X ) of (a) A-block, (b) B-block and (c) Overall with 

p
U  for   = 0, 1, 2, 3, 4 and 5. 
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 We express chain mobility as mean square displacement of center of mass averaged 

over all polymer chains ( 2

cm
d ) and we plot chain mobility with 

p
U

 
at different values of   in 

Figure 4.11. At higher segregation, the chain mobility is mostly restricted which minimizes 

the diffusion of crystalline segments towards the growth front resulting less crystallinity. 

 

 

Figure 4.11 Change in mean square displacement ( 2

cm
d ) with 

p
U

 
(~1/T) for   = 0, 1, 2, 

3, 4 and 5. 

 

 Reheating from 
p

U = 0.6 to 
p

U = 0 with a heating step 0.02 reveals hysteresis on 

melting (Figure 4.12). This pattern is quite similar for non-equilibrium, first order phase 

transition in bulk polymers [25, 27]. 

 

 

Figure 4.12 Change in fractional crystallinity, c
X

 
with 

p
U  (~1/T) for λ = 2, during 

crystallization and melting of diblock copolymer displaying hysteresis. 
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4.2.1.4 Structural Analysis 

 We evaluate the average crystallite size and the average lamellar thickness as a 

function of 
p

U . We notice a wider distribution of crystallites size compared to that of 

lamellar thickness. The dimension of crystallite size is much higher than the lamellar 

thickness of crystallites, representing the formation of two dimensional crystals. We observe 

the change in average crystallite size over the entire range of 
p

U  at different   values for A-

block (Figure 4.13a) and B-block (Figure 4.13b). We detect that the average crystallites size 

of both A, A
S  and B-block, B

S  increases with increasing 
p

U
 
and saturates at 

p
U

 
≥ 0.55. 

The increment in the value of A
S  and B

S  is noticeable for lower values of   (  ≤ 3), 

whereas for higher values of   (viz.,  = 4 and 5), the increase in A
S

 
and B

S  is not 

visible. At high segregation strength, the growth of crystalline domains is restricted 

producing smaller size crystals, which is similar to crystallinity trend (Figure 4.10).  

 

 

Figure 4.13 Change in average crystallites size, S of (a) A-block and (b) B-block with 

p
U   at  = 0, 1, 2, 3, 4 and 5.   

 

 For better understanding, we also study the average lamellar thickness of A- and B-

block, A
l  and B

l  respectively as a function of 
p

U . The lamellar thickness of both A-block 

(Figure 4.14a) and B-block (Figure 4.14b) declines with increasing value of  , suggesting 

the formation of thinner crystals against the normal tendency of crystal thickening of 
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homopolymer. High segregation strength (viz.,   > 3), provides smaller size microdomains 

of individual block, which upon crystallization transform to smaller and thinner crystals.  

 

 

Figure 4.14 Change in lamellar thickness, l
 
of (a) A-block (b) B-block with 

p
U  at  = 

0, 1, 2, 3, 4 and 5. 

 

 During crystallization, block incompatibility enables the formation of phase separated 

domains which generates strong tension in the block junction resulting chain stretching. This 

stretching in the junction hampers the crystals from being thickened, producing smaller and 

thinner crystals. We also observe a significant increase in the mean square radius of gyration 

of the chain during crystallization in Figure 4.15.  

 

 

Figure 4.15 Change in mean square radius of gyration, 
2

g
R  with 

p
U

 
for  = 0, 1, 2, 3, 4 

and 5.   
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 With the increment of   (viz., segregation strength), the repulsive interaction 

between A- and B-block units increases. As a result, the effective chain mobility decreases 

and the formation of smaller size domains are favoured over the formation of larger size 

domain, which involves the diffusion of chain segments towards the growth font (Figure 

4.11). Figure 4.16 exhibits the snapshots for = 1, at 
p

U = 0.3 and 
p

U = 0.6. At 
p

U = 0.3, A-

block is almost crystallized forming lamellar morphology, leaving space for B-block to 

crystallize. When 
p

U
 
is increased to 0.6, B-block crystallizes within the confinement created 

by A-block. To understand the development of crystalline morphology as a function of  ( = 

0, 1, 2, 3, 4 and 5), we display the snapshots from our simulation at 
p

U = 0.6 in Figure 4.17. 

The decrease in crystallinity with smaller crystallite size is evident from these snapshots. 

 

 

 

Figure 4.16 Snapshots of semi-crystalline structure for  = 1 for (a) 
p

U = 0.3 and (b) 
p

U

= 0.6, during non-isothermal crystallization. Blue lines represent crystalline bonds of A-

block, orange lines represent crystalline bonds of B-block and yellow lines represent 

non-crystalline bonds of both the blocks. 
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Figure 4.17 Snapshots of semi-crystalline structure at 
p

U = 0.6 for (a)  = 0, (b)  = 1, 

(c)  = 2, (d)  = 3, (e)  = 4 and (f)  =5. Blue lines represent crystalline bonds of A-

block, orange lines represent crystalline bonds of B-block and yellow lines represent 

non-crystalline bonds of both the blocks. 
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4.2.2 Isothermal Crystallization  

4.2.2.1 One-step Cooling 

 To explore isothermal one-step cooling, we quench our sample system from an 

athermal state (
p

U = 0) to 
p

U = 0.6 directly and anneal for 10
5
 MCS. We observe the 

evolution in the overall crystallinity (Figure 4.18a) with Monte Carlo steps (MCS) for all 

values of  . We also estimate scaled crystallinity,    * i f i

c c c c c
X X X X X   , ranges from 0 

to 1, with  (Figure 4.18b). i

c
X

 
represents the initial crystallinity of the isothermal annealing, 

and f

c
X

 
represents the final crystallinity of isothermal annealing (viz., 

c
X at the end of 

1×10
5
MCS). The development of isothermal crystallinity with MCS reveals that the transition 

kinetics of diblock copolymer with two crystallisable blocks follows a distinct pathway for 

different magnitude of  . For  = 0, the overall crystallinity of isothermal crystallization is 

almost identical to that of the non-isothermal crystallization. However, with increasing value 

of  , the overall crystallinity is reduced monotonically. For example, isothermal 

crystallization at  = 1, 2, 3, 4 and 5 develops an overall crystallinity of 0.55, 0.22, 0.08, 0.05 

and 0.03 respectively (Figure 4.18). The corresponding overall crystallinity during non-

isothermal crystallization is 0.68, 0.64, 0.57, 0.30 and 0.26 respectively (Figure 4.10c). From 

the above data, we can conclude that when the segregation strength is high, the isothermal 

crystallization offers extremely poor crystallinity due to the lack of stability needed for 

equilibrium chain folding.   

 In Figures 4.19a and 4.19b, we compare the initial development of crystallinity (up to 

1000 MCS) for A- block and B-block individually at  = 0 and  = 2 respectively. For  = 0, 

the primary stage of crystallinity of both blocks is indistinguishable till ~ 10 MCS, after that 

A-block follows a different pathway with higher crystallinity than that of the B-block. The 

phenomenon is provoked by the higher driving force of A-block towards crystallization. For 

 = 2, from the preliminary stage, both blocks follow different trajectories with A-block 

producing higher crystallinity than that of the B-block. At  = 2, due to higher segregation 

strength, microphase separation occurs at a very early stage and as a result, the time evolution 

of crystallinity proceeds through different trajectories for A- and B-blocks. 
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Figure 4.18 Change in (a) overall crystallinity and (b) scaled crystallinity with Monte 

Carlo Steps (MCS) for  = 0, 1, 2, 3, 4 and 5 during isothermal one-step crystallization.   

 

 

Figure 4.19 Development of initial crystallinity for individual A- block and B-block at 

(a)  = 0 and (b)  = 2 with Monte Carlo Steps during isothermal crystallization.   

 

 The condition of crystallization (isothermal vs. non-isothermal) has an enormous 

influence on final crystal morphology. Time evolution of crystallinity can be delivered by the 

Avrami equation [28]. 

   *
1 exp

n

c
X kt         

Where, *

c
X

 
represents the scaled value of overall crystallinity. We calculate Avrami index, n 

(which specifies the type of crystal geometry), with different values of  , based on the 

primary crystallization, which is considered as the enlargement of crystallinity up to 20% 
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[29]. The value of n for both blocks exists in the range 0.6 to 1.2 (Figure 4.20), designating 

homogeneous nucleation with first order transition kinetics. The crystallization behaviour of 

several amorphous-crystalline diblock copolymers has been examined where the 

crystallization of one block is confined within lamellar microdomains of another block [30-

32]. When the crystallization is confined in glassy (hard) microdomain structures, it follows a 

first order transition kinetics with homogeneous nucleation with the Avrami index close to 

1.0 [31]. Confinement effect which is developed due to segregation strength compels both 

blocks to grow within small microdomains resulting into two dimensional growths. However, 

for higher segregation strength, where the development of crystallinity is very poor, it is 

difficult to investigate accurately the dimensionality of the crystals.  

 

 

Figure 4.20 Change in Avrami index  n  with   for A-block and B-block after 

isothermal annealing at 
p

U = 0.6.   

 

 We capture the final snapshots of crystal morphology at 
p

U  = 0.6 during isothermal 

one-step crystallization in Figure 4.21. Isothermal crystallization with high segregation ( >2) 

produces very poor crystallinity which is evident from following snapshots. During 

isothermal crystallization, the crystallization driving force (viz., in terms of temperature 

difference) is adequate for both the blocks. Therefore, both the blocks compete with each 

other for crystallization which leads to coincident crystallization. The above observation is in 

accord with PPDX-b-PCL diblock copolymer, where crystallization kinetics of both the 

blocks overlapped [20, 23].  
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Figure 4.21 Snapshots of semi-crystalline structure at p
U = 0.6 during isothermal 

crystallization for (a)  = 0, (b)  = 1, (c)  = 2, (d)  = 3, (e)  = 4 and (f)  =5. Blue 

lines represent crystalline bonds of A-block, orange lines represent crystalline bonds of 

B-block and yellow lines represent non-crystalline bonds of both the blocks. 
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4.2.2.2 Two-step Cooling 

 To apprehend the effect of quench depth on the development of crystalline structure, 

we implement isothermal cooling in two steps. During the first step, we quench the 

equilibrated melt from 
p

U = 0 to 
p

U = 0.3 and annealed for 1×10
5 

MCS and in the second 

step, we quench to 
p

U = 0.6 from 
p

U = 0.3 and annealed for 1×10
5 

MCS. At 
p

U = 0.3 

(temperature above the melting point of B-block), A-block crystallizes while B-block is still 

in a molten state. When we quench to 
p

U = 0.6 from 
p

U = 0.3, B-block crystallizes within the 

confined space created by A-block crystal. We compare the value of saturation crystallinity 

of A-block and B-block initiated by isothermal two-step and one-step crystallization in Table 

4.1 and Table 4.2 respectively. We notice a considerable improvement in the saturation 

crystallinity of A-block in two-step quenching compared to one-step quenching (viz., direct 

quench to 
p

U = 0.6). However, we detect a minimal change in the saturation crystallinity of 

B-block when we compare one-step and two-step quenching. But high segregation provides 

poor crystallinity for both the blocks. 

 

Table 4.1 Comparison in saturation crystallinity of A-block ( sat

A
X ) for  = 0, 1, 2, 3, 4, 

and 5 during two-step and one-step isothermal crystallization. 

 

Segregation 

strength ( ) 

Two-step cooling at 

p
U = 0.3 

Two-step cooling at 

p
U = 0.6 

One-step cooling at 

p
U = 0.6 

0 0.72 0.77 0.69 

1 0.67 0.70 0.57 

2 0.50 0.55 0.26 

3 0.20 0.22 0.09 

4 0.13 0.13 0.06 

5 0.08 0.08 0.03 
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Table 4.2 Comparison in saturation crystallinity of B-block ( sat

B
X ) for  = 0, 1, 2, 3, 4, 

and 5 during two-step and one-step isothermal crystallization. 

 

Segregation 

strength ( ) 

Two-step cooling at 

p
U = 0.3 

Two-step cooling at 

p
U = 0.6 

One-step cooling at 

p
U = 0.6 

0 0.07 0.68 0.66 

1 0.10 0.57 0.55 

2 0.11 0.30 0.20 

3 0.11 0.12 0.07 

4 0.08 0.08 0.04 

5 0.06 0.06 0.03 

 

 

 We interpret the above observation as follows. When we quench the sample to a 

temperature below the melting point of A-block (but above the melting point of B-block), 

crystallization of A-block occurs without much of hindrance from B-block units. In the next 

stage, we quench the sample to a temperature below the melting point of B-block where the 

crystallization of B-block does not experience interference from A-block, since A-block has 

already developed crystalline domain leaving spaces (viz., confined space) for the B-block 

units to crystallize. Therefore, the mode of crystallization in two-step quenching is sequential 

crystallization, which is similar with the isothermal crystallization of PPL-b-PE diblock 

copolymer where both blocks crystallize separately [10]. In one-step crystallization, we 

quench our sample to a temperature below the melting point of both A- and B-block (
p

U = 

0.6), where both the block compete with each other to crystallize, since the driving force for 

the crystallization is adequate for the crystallization of both the blocks.  Therefore, the mode 

of crystallization in one-step quenching can be designated as coincident crystallization, where 

both the blocks crystallize simultaneously. This observation is in close agreement with the 

isothermal crystallization of PPDX-b-PCL diblock copolymer where crystallization kinetics 
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of two blocks are overlapped [20]. In one-step isothermal crystallization, inter-block 

entanglement also plays a pivotal role in suppressing the development of crystalline structure. 

When we quench directly to 
p

U = 0.6 (from an equilibrated melt at 
p

U = 0), the 

crystallization of A-block is hindered by the inter-block entanglement, and the interplay 

between microphase separation and crystallization resulting suppression of saturation 

crystallinity of A-block. But the amount of saturation crystallinity of B-block is almost 

similar in both the cooling process. The saturation crystallinity of B-block is 0.57 and 0.55 

for  =1 (Table 4.2) in two-step and one-step isothermal crystallization respectively, 

suggesting that the effective driving force for the crystallization is almost same irrespective 

of the mode of quenching. Thus, two-step quench gives a better crystallization than one-step 

quench for first crystallizable block.   

 We also compare the development of lamellar thickness of A-block and B-block 

during isothermal two-step and one-step quenching in Table 4.3 and 4.4 respectively. 

Analysis based on the evolution of lamellar thickness demonstrates that the lamellar 

thickness of A-block at 
p

U = 0.6 during one-step cooling is less compared to its value at 
p

U = 

0.3 during two-step cooling (Table 4.3), which is in accord with the Hoffman-Weeks 

formulation [33] and recent experimental observation on the PCL-b-PE diblock copolymer 

[9]. However, the lamellar thickness of B-block when measured at 
p

U = 0.6 by one- and two-

step cooling, are almost identical. We interpret this finding as follows. The development 

lamellar thickness is largely determined by the degree of undercooling  m
T T T


   . When 

we quench the sample system to 
p

U = 0.6, the effective T for B-block remains same in one- 

and two-step cooling. Therefore, the crystal thickening (development of crystal thickness) 

remains almost same (Table 4.4) for both the cooling processes. Moreover, the crystallization 

of B-block is confined by the space created by A-block crystals, restricting the crystal 

thickening of B-block. As a result, B-block produces lamellae with comparable thickness 

during one-step and two-step isothermal crystallization. Our simulation result is in close 

agreement with the recent experimental observation by Sakurai et al. [9], on isothermal 

crystallization of the PCL-b-PE diblock copolymer, where the long range order is almost 

constant when crystallized below 35°C (25 °C ≤ c
T ≤ 35 °C). The final crystal morphology at 

 =1 during two-step cooling is available in Figure 4.22. 
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Table 4.3 Comparison in average lamellar thickness of A-block for  = 0, 1, 2, 3, 4 and 5 

during two-step and one-step isothermal crystallization. 

 

Segregation 

strength ( ) 

Two-step cooling at 

p
U = 0.3 

Two-step cooling at 

p
U = 0.6 

One-step cooling at 

p
U = 0.6 

0 3.67 3.91 3.02 

1 3.10 3.28 2.50 

2 2.54 2.72 2.19 

3 2.18 2.23 2.10 

4 2.11 2.13 2.06 

5 2.07 2.08 2.05 

 

Table 4.4 Comparison in average lamellar thickness of B-block for  = 0, 1, 2, 3, 4 and 5 

during two-step and one-step isothermal crystallization. 

 

 

Segregation 

strength ( ) 

Two-step cooling at 

p
U = 0.3 

Two-step cooling at 

p
U = 0.6 

One-step cooling at 

p
U = 0.6 

0 2.08 3.00 3.0 

1 2.09 2.49 2.50 

2 2.09 2.18 2.15 

3 2.09 2.10 2.08 

4 2.07 2.07 2.05 

5 2.06 2.06 2.04 
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Figure 4.22 Snapshots of semi-crystalline structures for  = 1 (a) at 
p

U = 0.3, (b) at 
p

U = 

0.6 during two-step isothermal crystallization. Blue lines represent crystalline bonds of 

A-block, orange lines represent crystalline bonds of B-block and yellow lines represent 

non-crystalline bonds of both the blocks. 

 

 

4.3 Summary 

 We present Monte Carlo simulation results on the crystallization behavior of 

symmetric diblock copolymer from a homogeneous melt state to a phase separated crystalline 

state. Segregation strength,   (viz., demixing energy between A- and B-block units) is one 

of the pivotal factors to determine crystallinity and final morphology of diblock copolymer 

crystal. With increasing value of   (from 0 to 5), we observe a gradual decrease in 

crystallinity associated with smaller and thinner crystals of both the blocks. In our model, A-

block has higher crystallization driving force, and hence crystallizes first, forming lamellar 

morphology. The crystalline lamella of A-block generates confinement for the crystallization 

of B-block. Therefore, the crystallinity of B-block is suppressed compared to A-block. We 

notice a significant increase in the mean square radius of gyration of the polymer chain 

during crystallization, which is due to the tension at the block junction induced by the 

segregation strength. Higher the value of  , higher is the influence of the chain stretching at 

the block junction which leads to the formation of smaller size domains and restricts the 

development of crystal growth. With increasing , microphase separation takes place at a 

relatively higher temperature (viz., lower 
p

U ).  
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 Isothermal crystallization establishes that the crystallization pathway is strongly 

influenced by the segregation strength ( ). The value of Avrami index  n , which is close to 

1.0, denotes homogeneous nucleation with two dimensional crystals, where the process of 

crystallization is influenced by spatial confinement. Two-step isothermal crystallization 

produces sequential crystallization whereas one-step exhibits coincident crystallization. Two-

step, compared to one-step quenching yields higher crystalline materials in A-block. In one-

step quenching (at 
p

U = 0.6), both the blocks compete with each other towards the 

crystallization resulting in the formation of less crystalline materials in the first crystallizable 

block. However, the crystallinity of the second block in one-step and two-step quenching is 

close to each other suggesting that the effective driving force for the crystallization is almost 

same irrespective of the mode of quenching. Lamellar thickness of A-block, A
l

 
at 

p
U = 0.6 

(one-step cooling) is less than that of at 
p

U = 0.3 (during two-step cooling), which is in 

accord with the Hoffman-Weeks relation. However, the lamellar thickness of B-block is 

almost same irrespective of one-step or two-step cooling. Therefore, controlling the 

crystallization pathway (viz., non-isothermal crystallization, single step and two-step 

isothermal crystallization) is a viable option to tune crystalline morphology of diblock 

copolymers. 
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Chapter 5 

Effect of Block Asymmetry on Crystallization 

 In this chapter, we present Dynamic Monte Carlo simulation results on the 

crystallization and morphological evolution of a diblock copolymer. We follow the effect of 

block asymmetry on crystallization during non-isothermal as well as isothermal 

crystallization. We implement two different levels of segregation. At weak segregation, the 

value of segregation strength ( ) is 1 and for high segregation, the value of   is 4. 

 

5.1 Literature Review 

 The crystallization of amorphous-crystalline diblock copolymer has been widely 

explored in the last few decades [1-22]. However, the complex behaviour associated with the 

crystallization of double crystalline diblock copolymer needs further attention. In double 

crystalline diblock copolymer, the final crystal morphology is determined by the competition 

between two blocks towards crystallization along with microphase separation. Diblock 

copolymer usually exhibits the sequential crystallization mechanism, where the difference 

between melting points ofthe two blocks is relatively large [23-30]. During crystallization of 

double crystalline diblock copolymer, high melting block crystallizes first generating spatial 

confinement for the crystallization of the low melting block ensuing less crystallinity in the 

second block [23-27, 29, 31-36]. However, in some cases, they may crystallize 

simultaneously known as coincident crystallization [30, 31, 37-40]. 

 Primarily, the interplay between crystallization and microphase separation dictates the 

final crystal morphology of the semi crystalline diblock copolymers. Apart from that, 

crystallization temperature ( c
T ), degree of immiscibility (viz., value of χ), and block 

composition are the other crucial factors which effect the crystallization of diblock copolymer 

to a large extent. By altering the block length ratio, one can easily influence the sequence of 

crystallization and crystal orientation of final crystal morphology [33, 34]. For instance, the 

crystallization behaviour of linear poly(ethylene)-block-hydrogenated poly(norbornene) 

(LPE-b-hPN) diblock copolymer, where the melting points of two blocks are adjacent 
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(~150°C), is largely tuned by the relative block length ratio. In hPN rich diblock copolymer, 

hPN crystallizes primarily whereas in LPE rich diblock copolymer, LPE crystallizes first, 

followed by the hPN block [33]. Moreover, numerous experimental studies confirm that the 

crystal orientation is equally influenced by the block length ratio. The first crystallizable 

block generates a structural template in which the crystallization of the second block is 

confined with a perpendicular orientation [34]. Similarly, during crystallization of 

poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) diblock copolymer, the block 

with higher composition crystallizes first [41]. 

 Several interesting morphological evolution have been observed during the 

crystallization of asymmetric diblock copolymers. For example, PCL-b-PE diblock 

copolymer exhibits confined crystallization during isothermal crystallization where PE block 

crystallizes first ensuing lamellar morphology, which confines the crystallization of the PCL 

block [25, 26]. However, block composition strongly dominates the crystallization behaviour.  

When the block composition of PE is less than 56%, PCL block partially interrupts the 

lamellar morphology of previously crystallized PE block, as the crystalline layers of PE block 

deliver soft confinement during crystallization of the PCL block. When the composition of 

PE block is larger than 76%, the lamellar morphology of the crystalline PE block remains 

intact as it offers hard confinement during crystallization of the PCL block [36]. Isothermal 

crystallization of poly(p-dioxanone)-b-PCL (PPDX-b-PCL) diblock copolymer discloses that 

when the composition of the PCL block is large enough (~ 60 – 77 %), the crystallization rate 

of PCL block (in terms of crystallization half time) is enhanced, as the previously crystallized 

PPDX block turns into a nucleating agent to accelerate the crystallization of PCL block. 

However, when the composition of PCL block is ≤ 50%, the previously crystallized PPDX 

block enforces topological restrictions (viz., confinement) which suppress the crystallization 

of PCL block. On top of that, the hydrolytic degradation of PPDX is minimized by PCL 

block, but the increased resistance to hydrolysis is a complex function of block composition 

[39]. Degree of asymmetry of the block composition impacts the crystallization and melting 

temperatures of the constituent blocks [29, 31, 41, 42].  For instance, poly (L-lactic acid) 

(PLLA) in PLLA-b-PCL diblock copolymer shows higher crystallization and melting 

temperature with increasing content of PLLA. On the other hand, at lower composition of 

PLLA, the reverse phenomena are noticeable with the reduced crystallization rate, which is 

endorsed by the PCL block (major component) as it acts as a diluent, and causes the 

depression of crystallization and melting temperatures of PLLA block [29]. Kinetic analysis 
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based on Avrami equation indicates the evolution of 3-dimensional sphurelitic superstructure 

with Avrami index 2.5 – 3, for most of the block compositions, whereas the diblock 

copolymer containing 10 wt.% PLLA forms axialites (viz., non-spherical and irregular 

superstructures) with Avrami index 1.0 [29]. Similar diluent effects on the PLLA blocks have 

been detected for miscible PLLA-b-PEO diblock copolymer with the increasing composition 

of poly(ethylene oxide) (PEO)  block [43, 44]. 

 

 

5.2 Results and Discussion 

 We are going to start our discussion by exploring the effect of block composition on 

crystallization of double crystalline diblock copolymer during non-isothermal crystallization. 

We limit our discussion with two levels of segregation strengths:  = 1 for weak and  = 4 

for strong segregation. Subsequently, we discuss transition kinetics over a wide range of 

block composition by isothermal crystallization with both the segregation levels. 

 

5.2.1 Non-Isothermal Crystallization  

5.2.1.1 Monitoring Phase Transition    

 To simulate crystallization of diblock copolymer, we first generate an equilibrated 

high temperature melt at 
p

U = 0 (T = ∞, athermal state), where both the blocks are miscible. 

Figure 5.1 displays the snapshots of homogeneous melt composed of A- and B-type units at 

B
x  = 0.125, 0.25, 0.375, 0.625, 0.75 and 0.875 respectively (blue lines represent A-block and 

orange lines represent B-block segments). The snapshots clearly signify an isotropic 

orientation of polymer chains at  = 1.   
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Figure 5.1 Snapshots of the simulation box at 
p

U = 0 representing homogeneous melt of 

diblock copolymer for (a) 
B

x  = 0.125, (b) 
B

x  = 0.25 (c) 
B

x = 0.375 (d)
B

x = 0.50 (e) 
B

x = 

0.625 (f) 
B

x = 0.75 and (g) 
B

x = 0.875. Blue and orange line represents segments of A- and 

B-block respectively.  

 

 We cool the homogenous melt from 
p

U = 0 to 
p

U = 0.6 with a step size of 0.02 to 

implement non-isothermal crystallization which generates parallel alignment of polymer 

chains indicating ordered crystalline regions. We observe the transition of diblock copolymer 

by tracking the change in specific heat (
v

C ) calculated from energy fluctuations as a function 

of 
p

U . During crystallization, 
v

C
 
display a peak at a certain value of 

p
U

  
reflecting transition 

point from a homogeneous disordered melt to an ordered crystalline state [45-47]. We plot 

v
C

 
vs. 

p
U

 
over an extensive range of block compositions (viz., 

B
x = 0.125 to 

B
x = 0.875) in 

Figure 5.2 at two diverse range of segregation strength (viz.,  =1 and 4). As the 

crystallization driving force of the A-block is greater than the B-block, they introduce a 

sequential crystallization mechanism, which is determined by the presence of two different 

transition peaks at two different values of 
p

U . The previous result is in accord with the 

experimental results of PE-b-PEO diblock copolymer which offers sequential crystallization 

at two different temperatures which are 95.4 °C for PE block and 12.9 °C for PEO block [23].   
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Figure 5.2 Change in specific heat (
v

C ) with 
p

U  for different block compositions (
B

x ) at 

(a) weak segregation ( = 1) and (b) strong segregation ( = 4). 

 

 We estimate the change in the crystallization temperatures (
*

p
U ) of two blocks in 

weak segregation limit in Figure 5.3a. We notice that the crystallization temperatures of A-

block (
*

pA
U ) remain similar for all block compositions except at 

B
x = 0.875, where it 

generates higher value of 
p

U  (
*

p
U = 0.3). The above observation represents that, there is a 

small depression in crystallization temperature (
p

U ~ 1/T) of A-block at 
B

x = 0.875. As the 

primary stage of crystallization is motivated by the thermodynamic driving forces (viz., 

degree of cooling), the transition point of A-block is unaffected with most of the block 

compositions, because the crystallization driving force ( T ) is almost comparable for all the 

compositions investigated. However, at 
B

x = 0.875, a small depression in crystallization 

temperature of A-block is detected which is influenced by the dilution effect of the B-block. 

At higher B
x , B-block acts like a “solvent” for A-block. To follow this non-intuitive and 

unexpected trend, we simulate the mobility of polymer chains by calculating mean square 

displacement of the centre of mass in terms of 
p

U . During the crystallization of A-block 

(viz., 
p

U ~ 0.28), the mean square displacement of the centre of mass of the A-block ( 2

cm
d

 
of 

A-block) increases at higher 
B

x  (Figure 5.4) compared to that of the B-block. Higher 

mobility makes the chain segments less attractive towards crystallization at that temperature 

(viz., less thermal driving force). On lowering the temperature further (viz., higher 
p

U ), A-

block starts to crystallize owing to the fact that it has now higher thermal driving force 

towards crystallization. On the other hand, we notice that the crystallization temperature of 
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B-block increases (viz., decline of 
p

U ) with increasing block length (Figure 5.3a), and the 

mean square displacement of the centre of mass of the B-block ( 2

cm
d of B-block) decreases 

with composition (Figure 5.4). The presence of higher fraction of the B-block assists the 

formation of larger size domains with reduced chain mobility. For this reason, the 

crystallization occurs at a relatively higher temperature while the thermodynamic driving 

force for the crystallization is relatively less (viz., at a higher temperature). This observation 

is in line with the experimental results of PLLA-b-PCL diblock copolymer where the 

crystallization temperature of PLLA block increases with the increased composition of PLLA 

blocks [29, 35]. In the PEO-b-PCL diblock copolymer, the crystallization temperature of PCL 

block also rises with an increasing weight fraction of PCL block in the copolymer [42]. 

Similarly, in PLLA-b-PEG diblock copolymer, the crystallization temperature of PLLA block 

increases with increasing molecular weight of PLLA block [43]. We also notice the transition 

points in terms of 
p

U
 
for both the blocks at  = 4 (higher segregation strength) in the Figure 

5.3b. The transition points for both the blocks show a non-monotonic trend with composition 

(Figure 5.3b) due to the effect of strong segregation, which causes hard confinement and 

developing large numbers of microdomains in the phase separated melt. On top of that, due to 

the strong confinement, chain mobility of both the blocks is highly restricted at strong 

segregation (viz.,  = 4), which is in accord with Figure 5.4. 

 

 

Figure 5.3 Change in transition points (
*

p
U ) for A- and B-block with block composition (

B
x ) at (a)  = 1 and (b)  = 4. 
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Figure 5.4 Change in mean square displacement of centre of mass ( 2

cm
d ) of A- and B- 

block with 
B

x
 
at 

p
U = 0.3. 

 

5.2.1.2 Locating Microphase Separation 

 Typically in a diblock copolymer, immiscibility between two blocks results into 

microphase separation with numerous morphological patterns [3, 4, 6-8, 11-14]. Therefore, 

the energy fluctuation based on A-B contacts also exhibits a peak at the transition point [47].       

Figure 5.5 summarizes the plots of 
v AB

C


 with 
p

U
 
at a wide range of block composition 

which leads to the location of microphase separation for weak as well as strong segregation.  
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Figure 5.5 Change in specific heat of A-B demixing energy ( v
C AB ) with 

p
U  for (a) B

x

= 0.125, (b) 
B

x = 0.25 (c) 
B

x = 0.375, (d) 
B

x  = 0.50, (e) 
B

x = 0.625, (f) 
B

x  = 0.75 and (g) 
B

x

= 0.875 within weak segregation ( = 1) and strong segregation ( = 4). 

 

TH-1756_11610720



Chapter 5: Effect of Block Asymmetry on Crystallization 

 

61 

 

 We estimate the value of microphase separation points (
#

p
U ) with block compositions 

(
B

x ) in Figure 5.6 at two different segregation strengths. At weak segregation (viz.,  = 1), 

the relative location of microphase separation point fluctuates with block composition of B (

B
x ) whereas at strong segregation (viz.,  = 4), the microphase separation points are ~ 0.01 

which signifies that the relative location of microphase separation point is independent of 

block composition of B (
B

x ). During high segregation strength, composition enforces a 

minimal effect on microphase separation point, because segregation between two blocks 

plays a crucial role to develop microphase separation. At weak segregation, the degree of 

microphase separation is controlled by the block length (viz., composition), whereas, at 

strong segregation, demixing energy dominates over composition. From Figure 5.6, we can 

conclude that, the value of 
#

p
U

 
declines from 0.052 for 

B
x = 0.125 to 0.016 for 

B
x = 0.50 and 

again 0.05 for 
B

x = 0.875. The above data reveals that the microphase separation is retarded 

(viz., happens at a lower temperature) with the increase of the degree of asymmetry in the 

diblock copolymer. The above observation is in good agreement with ethylene-b-

ethylethylene (E-b-EE) diblock copolymer, where microphase separation (measured in terms 

of order-disorder transition temperature, 
ODT

T ) is affected by composition. Diblock 

copolymer with 0.25, 0.49 and 0.75 weight fraction of ethylene exhibits 
ODT

T  at 255, 121 and 

148 °C respectively [3]. Similarly, PLLA-b-PCL diblock copolymer shows 
ODT

T
 
at 175 and 

220 °C for the sample having 37.4 and 46 weight % PCL block respectively [48]. The 

snapshots of microphase separated melt at 
p

U = 0.1 from 
B

x = 0.125 to 0.875 at weak 

segregation limit are available in Figure 5.7, and at strong segregation limit are available in 

Figure 5.8 where the development of phase segregated melt microdomains are clearly visible. 

 

TH-1756_11610720



Chapter 5: Effect of Block Asymmetry on Crystallization 

 

62 

 

 

Figure 5.6 Change in microphase Separation point (
#

p
U ) with block composition (

B
x ) at 

two different segregation levels. 
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Figure 5.7 Snapshots of microphase separated melt at 
p

U = 0.1 for (a) 
B

x  = 0.125, (b) 
B

x  

= 0.25, (c) 
B

x  = 0.375, (d) 
B

x  = 0.50 (e) 
B

x = 0.625, (f) 
B

x = 0.75 and (g) 
B

x = 0.875 within 

weak segregation limit. Blue and orange line represents segments of A- and B-block 

respectively. 
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Figure 5.8 Snapshots of microphase separated melt at 
p

U = 0.1 for (a) B
x  = 0.125, (b) B

x  

= 0.25, (c) 
B

x  = 0.375, (d) 
B

x  = 0.50 (e) 
B

x = 0.625, (f) 
B

x = 0.75 and (g) 
B

x = 0.875 within 

strong segregation limit. Blue and orange line represents segments of A- and B-block 

respectively. 
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5.2.1.3 Development of Crystallinity 

 We observe the evolution of crystallinity during non-isothermal crystallization as a 

function of block composition at two different segregation levels. We calculate the change in 

overall crystallinity (
c

X ) with 
p

U
 
in Figure 5.9a at weak segregation. Overall crystallinity is 

considered as the weighted average of the summation of crystallinity of A- and B-block (viz.,

c A A B B
X x X x X    ). With the enlarged value of 

p
U , the overall crystallinity gradually 

increases and at 
p

U ~ 0.3, it shows an abrupt change in its value to reach saturation 

crystallinity where there is no significant change in crystallinity. The change in crystallinity 

of A-block (
A

X ) and B-block (
B

X ) individually with 
p

U
 
for   = 1 is presented in Figure 

5.9b and 5.9c respectively. The saturation crystallinity of A-block, B-block and overall at 
p

U

= 0.6 are summarized in Figure 5.10 as a function of the block composition of B (
B

x ). At 

weak segregation, overall crystallinity does not differ too much with the block composition 

(Figure 5.10). The values are almost 0.70 for all the block compositions explored. This occurs 

due to the similar driving force for all block compositions during crystallization which is 

primarily dominated by the degree of cooling. The saturation crystallinity of A-block is 

almost independent of block composition, whereas the saturation crystallinity of B-block 

monotonically increases with the increasing composition of the B-block (viz.,
B

x ). The values 

of saturation crystallinity of A-block at  = 1 are 0.72, 0.71, 0.71, 0.70, 0.70, 0.71 and 0.71 

for 
B

x = 0.125, 0.25, 0.375, 0.50, 0.625, 0.75 and 0.875 respectively. As we simulate each 

composition within the same degree of cooling, the crystallization driving force in each case 

is identical. Therefore, the development of crystallinity of A-block over a wide range of 

composition appears to be independent of 
B

x . On the other hand, the saturation crystallinity 

of the B-block at  = 1 is 0.60, 0.63, 0.66, 0.66, 0.67, 0.68 and 0.69 for 
B

x = 0.125, 0.25, 

0.375, 0.50, 0.625, 0.75 and 0.875 respectively. As the crystallization driving force of A-

block (viz., high melting point) is more than the B-block, the saturation crystallinity of B-

block is always less than the A-block. With increased value of block composition of B, the 

saturation crystallinity of B-block increases due to the enhanced number of B-block units. 

The above observation is in good agreement with the experimental results of the PCL-b-PE 

[36] and PEO-b-PCL [42] diblock copolymers, wherein the crystallinity of PE and PCL block 

increases with increasing their content in PCL-b-PE and PEO-b-PCL diblock copolymer 

respectively. The snapshots of the final crystalline structure (viz., at 
p

U = 0.6) for 
B

x = 0.125 
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to
B

x = 0.875 are presented in Figure 5.11 within weak segregation ( = 1). The blue and 

orange lines represent the crystalline segments of A- and B-block, respectively, and yellow 

lines represent the non-crystalline segments of both the blocks. 

 

 

 

 

Figure 5.9 Change in (a) overall crystallinity ( c
X ), (b) crystallinity of A-block ( A

X ) and 

(c) crystallinity of B-block ( B
X ) with 

p
U

 
at  =1 for different block compositions ( B

x ). 
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Figure 5.10 Change in saturation crystallinity at 
p

U = 0.6 with block compositions (
B

x ). 
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Figure 5.11 Snapshots of semi crystalline structures at  = 1 for (a) 
B

x  = 0.125, (b) 
B

x  = 

0.25, (c) 
B

x = 0.375, (d) 
B

x = 0.50, (e) 
B

x = 0.625, (f) 
B

x = 0.75 and (g) 
B

x = 0.875 during 

non-isothermal crystallization. Blue and orange lines represent crystalline bonds of A- 

and B-block respectively; yellow lines represent non-crystalline bonds of both the 

blocks.  

 

 At strong segregation (viz.,   = 4), the development of overall crystallinity as a 

function of 
p

U
 
is available in Figure 5.12a. Similarly, the changes in crystallinity of A-block 

and B-block with 
p

U  are available in Figure 5.12b and 5.12c respectively. We also plot the 

value of saturation crystallinity ( sat
X ) with respect to block composition (

B
x ) in Figure 5.13. 

The overall crystallinity covers a wide range from 0.3 to 0.6 with a non-monotonic trend as a 

function of 
B

x . The values of saturation crystallinity of A-block at  = 4 are 0.56, 0.60, 0.50, 

0.36, 0.43, 0.46 and 0.25 for B
x = 0.125, 0.25, 0.375, 0.50, 0.625, 0.75 and 0.875 
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respectively. On the other side, the values of saturation crystallinity of the B-block at  = 4 

are 0.15, 0.44, 0.31, 0.23, 0.36, 0.50 and 0.41 for 
B

x = 0.125, 0.25, 0.375, 0.50, 0.625, 0.75 

and 0.875 respectively. The saturation crystallinity at  = 4 is always lesser than the 

saturation crystallinity at  = 1 for all the block compositions. At  = 4, the inter-block 

segregation strength is strong enough to confine the crystallization within the large number of 

microdomains created during microphase separation, and as a result crystallization is strongly 

suppressed. The snapshots for 
B

x = 0.125 to 0.875 at the end of crystallization (viz., at 
p

U = 

0.6) are presented in Figure 5.14 at  = 4. The snapshots clearly demonstrate that at strong 

segregation, the crystallinity decreases regardless of composition. 

 

 

 

 

Figure 5.12 Change in (a) overall crystallinity ( c
X ), (b) crystallinity of A-block ( A

X ) 

and (c) crystallinity of B-block ( B
X ) with 

p
U

 
at  =4 for different compositions ( B

x ). 
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Figure 5.13 Change in saturation crystallinity at 
p

U = 0.6 with block compositions (
B

x ). 
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Figure 5.14 Snapshots of semi crystalline structures at  = 4 for (a) 
B

x  = 0.125, (b) 
B

x  = 

0.25, (c) 
B

x = 0.375, (d) 
B

x = 0.50, (e) 
B

x  = 0.625, (f) 
B

x  = 0.75 and (g) 
B

x  = 0.875 during 

non-isothermal crystallization. Blue and orange lines represent crystalline bonds of A- 

and B-block respectively; yellow lines represent non-crystalline bonds of both the 

blocks.  

 

 

5.2.1.4 Structural Analysis 

 We evaluate the average crystallites size and lamellar thickness individually for both 

the blocks as a function of 
p

U
 
for all block compositions. There is a wider distribution in 

crystallites size than lamellar thickness, and the extent of lamellar thickness is smaller 

compared to crystallites size, signifying the development of two dimensional crystals. Figure 

5.15a represents the change in average crystallite size (at 
p

U = 0.6) as a function of B
x

 
for 

= 1. At weak segregation (viz.,  = 1), the crystallite size of A-block reveals a non-
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monotonic trend, whereas the crystallite size of B-block monotonically increases with 
B

x  

(Figure 5.15a). The non-monotonic trend of A-block crystallites is endorsed by the dilution 

effect of B-block. When 
B

x
 
is low (viz., 

A
x >

B
x ), the development of larger crystallites of A-

block is naturally assisted as A-block is more crystallizable than B-block. But when 
B

x

increases up to 0.5, the relative stability of microdomains of B-block in the phase separated 

melt increases and as a result, the formation of larger size crystallites of A-block is restricted. 

We also calculate the chain mobility of both the blocks separately by calculating the mean 

square displacement as a function of 
p

U
 
in Figure 5.16. From figure 5.16, it is evident that 

the chain mobility of A-block is delimited by B-block up to block composition 0.5 ensuing 

smaller crystallites of A-block due to suppression of diffusion towards crystalline segments. 

This observation is in accord with SAXS results on PLLA-b-PCL diblock copolymer, which 

gives decreasing domain spacings of the PLLA block on increasing its content producing 

additional confinement for the crystallization of PCL block [29]. On further increasing of 
B

x  

(viz., 
B

x
 
> 0.5), B-block now turns as the continuous phase and A-block acts as the disperse 

one. During crystallization of A-block (
p

U ~ 0.3), B-block is still in a molten state, and 

behaves like a “solvent”, weakening the topological restriction, which is reflected by the 

enhancement of mean square displacement of the centre of mass of B-block compared to A-

block (Figure 4.16). This enhanced mobility of A-block helps the formation of larger size 

crystallites when 
A

x <
B

x  as it is shown in Figure 5.15a.   

 For better understanding, we notice the change in average lamellar thickness of both 

the blocks as a function of compositions (Figure 5.15b). At weak segregation (viz.,  = 1), 

the lamellar thickness of A-block A
l

 
does not differ with block compositions ( B

x = 0.125, 

0.25, 0.375 and 0.5, Figure 5.15b). However, at higher values of B
x  ( B

x
 
> 0.5), the value of 

A
l

 
significantly increases and it is endorsed by the dilution effect of the B-block. When the 

composition of the B-block is less than 0.5, the crystallization of A-block is typically 

dominated by the chain entanglement and follows “melt crystallization”, where the diffusion 

of chain segmentsof A-block is delayed by intra- and inter-chain entanglement which is 

available in Figure 5.16, imposing folded chain crystals. On the other side, when B
x

  

increases, A-block crystallizes within the matrix of the molten B-block, which act like a 

“solvent”. The molten B-block enforces a marginal hindrance towards the diffusion of chain 
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segments of A-block, and we observe enhanced mobility of A-block compared to the B-block 

in Figure 5.16. The dilution effect introduces extended chain crystals, which is typically 

related to the increased value of A
l

 
in Figure 5.15b. As a result, A-block crystallites 

thickens, giving rise to thicker crystals with larger crystallites size.  

 The average crystallites size S   and lamellar thickness l   of both the blocks give a 

non-monotonic trend with block compositions at strong segregation (Figure 5.17a and 5.17b). 

During strong segregation, demixing energy between two blocks plays a crucial role to 

determine crystal morphology and composition effect is overruled by the confinement effect. 

 

 

Figure 5.15 Change in (a) average crystallites size S   and (b) average lamellar 

thickness l   of A- and B-blocks with block compositions (
B

x ) at  =1. 
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Figure 5.16 Change in mean square displacement of centre of mass ( 2

cm
d ) of A- and B- 

block with 
p

U
 
at weak segregation ( =1) for (a) 

B
x = 0.125, (b) 

B
x  = 0.25, (c) 

B
x  = 

0.375, (d) B
x  = 0.50, (e) B

x = 0.625, (f) B
x  = 0.75 and (g) B

x = 0.875. 
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Figure 5.17 Change in (a) average crystallites size S   and (b) average lamellar 

thickness l   of A- and B-blocks with block compositions (
B

x ) at  = 4. 

 

 

5.2.2 Isothermal Crystallization  

5.2.2.1 One-step Cooling 

 To follow the transition kinetics, we quench our sample from 
p

U = 0 to 
p

U = 0.6 and 

allow the system to anneal for 10
5
 Monte Carlo steps ( MCS ). Figure 5.18 represents the 

development of overall crystallinity (
c

X ) as a function of MCS  for all the block 

compositions in weak segregation as well as strong segregation. Overall crystallinity is 

considered as the summation of weighted average crystallinity of A- and B-blocks. The 

overall crystallinity indicates a non-monotonic trend with composition at both the levels of 

segregation; however, it establishes the dependence of transition kinetics on composition. 

During one-step isothermal cooling, as the driving force for crystallization (viz., in terms of 

the temperature difference) is adequate for both the blocks, they compete with each other 

which lead to the coincident crystallization. This observation is in accord with the isothermal 

crystallization of PPDX-b-PCL diblock copolymer, where the crystallization kinetics of both 

the blocks are overlapping [37, 38]. 
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Figure 5.18 Change in Overall Crystallinity (
c

X ) with Monte Carlo steps ( MCS ) on 

isothermal one step crystallization at (a)  = 1 and (b)  =4. 

 

 To get an insight on the transition kinetics, nucleation type (viz., homogeneous or 

heterogeneous) and crystal geometry, we investigate the evolution of isothermal 

crystallization with the help of the Avrami equation [49, 50]. 

(1 ) exp( )
n

X kt    

Where, X  is the crystallinity, k  and n  are constants. The value of Avrami index ( n ) 

designates the type of crystal geometry. We estimate the value of Avrami index (n) based on 

the primary crystallization, which is considered as the development of crystallinity up to 20% 

[50]. At the weak segregation limit, the values of Avrami index of both the blocks are within 

the limit of 0.5 to 1.5 (Figure 5.19a) which signifies first order transition kinetics with 

homogenous nucleation. However, at the strong segregation limit, due to confinement effect 

the value of Avrami index is decreased to the range of 0.5 to 1 (Figure 5.19b). This result is 

in accord with the experimental observation of the crystallization of asymmetric double 

crystalline diblock copolymer, PLLA-b-PCL, which follows a homogeneous nucleation 

pathway with Avrami index close to 1.0 [29]. Similar phenomena have also been detected 

during the crystallization of crystalline-amorphous diblock copolymers, where the crystalline 

block is confined within the matrix of amorphous block, follows homogeneous nucleation 

pathway with Avrami index ~ 1.0. For example, the crystallization of PEO block in 

poly(ethylene oxide)-b-poly(styrene) (PEO-b-PS) or PCL block in PCL-b-PS diblock 

copolymer, is confined by the large numbers of isolated microdomains of PS block (viz., 

spheres or cylinders) and finally it crystallizes via homogeneous nucleation [14]. Similarly, 
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PLLA block in PLLA-b-PS diblock copolymer [15] and PE block in styrene-b-ethylene-b-

butane random terpolymer [13] also obey similar mechanism with the Avrami index ~ 1.0. 

The final semi-crystalline structures of diblock copolymer after isothermal one-step 

crystallization are available in Figure 5.20 for weak segregation and Figure 5.21 for strong 

segregation. Blue and orange lines represent crystalline bonds of A- and B-block, 

respectively and yellow lines represent non-crystalline bonds of both the blocks. However, at 

strong segregation (viz.,  = 4), the development of crystallinity of both the blocks is 

confined which ranges from 3 to 10% in one-step cooling. 

 

 

Figure 5.19 Change in Avrami index  n  with block composition (
B

x ) for A- and B-

block at (a)  = 1 and (b)  =4. 
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Figure 5.20 Snapshots of semi crystalline structures at  = 1 for (a) B
x  = 0.125, (b) B

x  = 

0.25, (c) B
x  = 0.375, (d) B

x  = 0.50, (e) B
x  = 0.625, (f) B

x  = 0.75 and (g) B
x  = 0.875 during 

isothermal crystallization.  
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Figure 5.21 Snapshots of semi crystalline structures at  = 4 for (a) 
B

x  = 0.125, (b) 
B

x  = 

0.25, (c) 
B

x  = 0.375, (d) 
B

x  = 0.50, (e) 
B

x  = 0.625, (f) 
B

x  = 0.75 and (g) 
B

x  = 0.875 during 

isothermal crystallization.  

 

 

5.2.2.2 Two-step Cooling 

 In order to gain insight, we implement isothermal crystallization in two steps. We 

quench our sample from 
p

U = 0 to 
p

U = 0.3 in the first step, and from 
p

U = 0.3 to 
p

U = 0.6 in 

the second step, with annealing for 10
5
 MCS in each step. During the first step of quenching 

at 
p

U = 0.3 (temperature below the melting point of A-block, but above the melting point of 

B-block) only A-block is going to crystallize and B-block is still in a molten state. During the 

second stage of quenching at 
p

U = 0.6 (temperature below the melting point of B-block), B-

block crystallizes within the confined space created by A-block. Therefore, the mode of 

crystallization in two-step isothermal cooling is sequential crystallization. Table 5.1 compares 

the crystallinity of A-block during one- and two-step isothermal crystallization of a wide 

range of block compositions at  = 1 (viz., weak segregation). The crystallinity of A-block is 

close to 0.71 for 
B

x
 
up to 0.625 in two–step isothermal cooling, whereas, for 

B
x = 0.75 and 

0.875, the crystallinity of A-block increases to 0.78. As the initial development of 

crystallinity is largely dominated by the degree of cooling, the crystallization of A-block is 

unaffected by block composition up to a certain point. However, at B
x = 0.75 and 0.875, 

dilution effect of B-block dominates the system, which reduces the topological restriction 

resulting in an increase in crystallinity of A-block. In the one-step isothermal cooling, the 

dilution effect is not prominent at higher composition. The above observation is basically 
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related with the change in mode of crystallization. In two–step isothermal crystallization, we 

observe a sequential crystallization similar to the non-isothermal crystallization. However, in 

one-step isothermal crystallization, we observe a coincident crystallization, where both the 

blocks compete for crystallization and develop crystallinity simultaneously. Table 5.2 

compares the crystallinity of the B-block in two-step and one-step isothermal cooling at  = 1 

(viz., weak segregation). There is a monotonic increase in crystallinity of B-block with an 

increasing block length which is in line with the previous observation of non-isothermal 

crystallization. However, at strong segregation (viz.,  = 4), the final value of crystallinity for 

both the blocks are marginal which ranges from 3 to 30% in two–step isothermal cooling 

(Table 5.3 and Table 5.4). Therefore, it appears that the effect of block asymmetry on the 

development of crystallinity at strong segregation is negligible. The final crystalline 

structures of 
B

x = 0.50 at 
p

U = 0.6 are available in Figure 5.22. 

 

Table 5.1 Comparison in fractional crystallinity (
A

X ) of A-block with block 

compositions of B (
B

x ), during two-stage and one-stage isothermal crystallization at 

weak segregation ( = 1). 

 

Composition Two-step at  
P

U  = 0.3 Two-step at  
P

U  = 0.6 One step at  
P

U  = 0.6 

0.125 0.69 0.72 0.64 

0.25 0.68 0.71 0.60 

0.375 0.68 0.71 0.58 

0.50 0.66 0.71 0.57 

0.625 0.67 0.71 0.57 

0.75 0.69 0.73 0.58 

0.875 0.72 0.78 0.58 
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Table 5.2 Comparison in fractional crystallinity (
B

X ) of B-block with block 

compositions of B (
B

x ), during two-stage and one-stage isothermal crystallization at 

weak segregation ( = 1). 

 

Composition Two-step at 
P

U = 0.3 Two-step at 
P

U  = 0.6 One step at 
P

U  = 0.6 

0.125 0.05 0.53 0.50 

0.25 0.08 0.56 0.53 

0.375 0.10 0.58 0.53 

0.50 0.10 0.58 0.55 

0.625 0.12 0.60 0.57 

0.75 0.12 0.62 0.60 

0.875 0.12 0.66 0.65 

 

Table 5.3 Comparison in fractional crystallinity (
A

X ) of A-block with block 

compositions of B (
B

x ), during two-stage and one-stage isothermal crystallization at 

strong segregation ( = 4). 

 

Composition Two-step at 
P

U  = 0.3 Two-step at 
P

U  = 0.6 One step at 
P

U  = 0.6 

0.125 0.33 0.35 0.175 

0.25 0.19 0.20 0.09 

0.375 0.150 0.155 0.06 

0.50 0.130 0.135 0.06 

0.625 0.116 0.120 0.05 

0.75 0.109 0.114 0.04 

0.875 0.106 0.112 0.04 
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Table 5.4 Comparison in fractional crystallinity (
B

X ) of B-block with block 

compositions of B (
B

x ), during two-stage and one-stage isothermal crystallization at 

strong segregation ( = 4). 

 

Composition Two-step at  
P

U  = 0.3 Two-step at  
P

U  = 0.6 One step at  
P

U  = 0.6 

0.125 0.050 0.056 0.033 

0.25 0.070 0.073 0.036 

0.375 0.077 0.080 0.036 

0.50 0.085 0.088 0.045 

0.625 0.10 0.103 0.057 

0.75 0.122 0.127 0.08 

0.875 0.131 0.150 0.14 

 

 

 

 

Figure 5.22 Snapshots of semi crystalline structures for B
x  = 0.50 at (a)  = 1 and (b) 

= 4 during isothermal two-step crystallization.  
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5.3 Summary 

 We investigate the effect of block asymmetry on crystallization of double crystalline 

diblock copolymer by dynamic Monte Carlo simulation at two different segregation levels. 

Diblock copolymer exhibits sequential crystallization mechanism regardless of composition 

during non-isothermal crystallization. At weak segregation (viz.,  = 1), we detect a small 

depression in crystallization temperature of A-block at 
B

x = 0.875, which is attributed to the 

dilution effect, imposed by B-block. We also notice a significant increase in chain mobility 

(in terms of mean square displacement of the centre of mass) of A-block at 
p

U = 0.3 

compared to that of B-block at higher 
B

x . The crystallization temperature of the B-block 

monotonically rises with increasing block composition. At strong segregation, the transition 

points of both the blocks exhibit non-monotonic trend with block composition due to the 

confinement effect offered by large numbers of microdomains in microphase separated melt. 

The crystallinity of A-block remains identical over a wide range of block composition, 

whereas the crystallinity of B-block increases with increasing block length of B at weak 

segregation. However the crystallinity of both the blocks gives non-monotonic trend with 
B

x  

within strong segregation. The lamellar thickness of A-block significantly increases for 
B

x = 

0.75 and 0.875 at   = 1 which is attributed to the dilution effect enforced by B-block. When 

the composition of A-block is very small in the system, B-block behaves as a “diluent”, 

which reduces topological restriction favouring crystal thickening. But the lamellar thickness 

of both the blocks produces non-monotonic trend with composition within strong segregation. 

 Isothermal crystallization confirms the dependence of the compositions on transition 

kinetics for both the levels of segregations. The values of Avrami index establish the 

presence of homogeneous nucleation with the formation of two-dimensional crystals. The 

dilution effect is active in two-stage isothermal crystallization compared to one-stage 

crystallization due to changing mode of crystallization. Two-stage isothermal cooling follows 

sequential crystallization whereas one-stage cooling follows coincident crystallization. 

Therefore, by manipulating the block asymmetry with a proper choice of crystallization 

process, one can easily achieve the desired morphological pattern. The present findings on 

the composition-dependent morphological evolution would enable us in gaining insight of 

crystallization of diblock copolymer for targeted applications. 
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Chapter 6 

Crystallization from Microphase Separated Melt 

 In this chapter, we demonstrate the effect of thermal history in addition to block 

asymmetry on the crystallization of a double crystalline diblock copolymer originated by 

microphase separated melt. Microphase separation introduces self-assembled nanostructures 

which can successfully be modified by the process of annealing. Effect of annealing on the 

subsequent crystallization and morphological evolution is the main focus of the present study. 

 

6.1 Literature Review 

 The confinement-induced crystallization in block copolymer has accelerated the 

recent development of nano technology as the intrinsic properties and final morphology of a 

crystal can successfully be tailored by judicious adjustment of constituent blocks [1-5]. The 

self-assembled microdomain characteristic of diblock copolymers is one of the convenient 

ways to achieve nanoscale confinement during crystallization [1, 6-12]. A diblock copolymer 

consists of two distinct repeat units which are in most of the cases thermodynamically 

incompatible [13]. This mutual incompatibility leads to microphase separation between 

blocks offering a large variety of morphologies including lamellar structure, hexagonally 

packed cylinder or body centred cubic phases that are stable over a wide range of 

compositions [14, 15]. Microphase separation in bulk provides ordered nanostructures which 

are advantageous for designing new functional materials for potential applications such as, in 

lithography, catalysis, filtration, photovoltaic, energy storage etc. [16-20].   

 The crystallization behaviour of amorphous-crystalline diblock copolymers has been 

considered as a prospective research topic during last few decades [6, 21-36]. Typically, 

crystallization happens after microphase separation and microphase separation offers 

confinement, which restricts crystallization in respective micro domains keeping melt 

morphology intact [1, 11, 12, 21, 22, 24, 26, 29, 31, 33, 37-39]. However, in some cases, the 

microphase structure of semi crystalline diblock copolymer is completely destroyed by the 

subsequent crystallization of crystalline block giving various morphological patterns [9, 22, 
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24, 26-28, 34, 40]. But the morphological perturbation of phase separated melt is typically 

driven by thermal history [9, 21, 22, 24, 26]. For example, asymmetric diblock copolymer of 

polyethylene-block-poly(3-methyl-1-butene) exhibits hexagonally packed cylindrical 

morphology in microphase separated melt. Faster cooling (cooling rate 10-20°C/min) 

confines crystallization within cylindrical microdomains; whereas slower cooling (cooling 

rate 8°C/min) ensures morphological perturbation by producing lamellar morphology [26]. 

Microphase separated melt structure of poly(ethylene glycol)-block-poly(butadiene) 

copolymer with weight fraction (
PEG

f ) of 0.7 also modifies from cylindrical to lamellar 

microstructure at high crystallization temperature (viz., 
c

T = 40°C) but the structure remains 

identical at low crystallization temperature (viz., 
c

T = 25°C) [24]. Symmetric diblock 

copolymer of polyethylene-block-(atactic polypropylene) shows spherulite growth with 

disruption of microphase separated lamellar structure when the crystallization temperature (

c
T ) is in between 95°C to 110°C. But when the crystallization temperature (

c
T ) is below 

95°C, microphase separated lamellar structure preserves it morphology without spherulite 

growth [22].  

 Additionally, the crystallization behaviour of double crystalline diblock copolymer 

instigated by microphase separated melt also presents interesting morphological evolution [5, 

7, 10, 35, 36, 41-43]. The nanoscale microdomains can be used as templates for producing 

long-range order within a polymer matrix. Thus, the incorporation of two different types of 

crystalline blocks in a diblock copolymer offers an effective way to explore polymer 

crystallization under confinement. During crystallization from microphase separated melt, 

polyethylene-block-poly(ε-caprolactone) diblock copolymer first exhibits an alternate 

lamellar structure of crystalline PE block and amorphous PCL block, and subsequently the 

crystallization of PCL block is followed later at a lower crystallization temperatures ( c
T ). 

When c
T < 30°C, the lamellar morphology of PE block remains intact after crystallization of 

PCL block, whereas at high crystallization temperature (45°C > c
T > 30°C), a morphological 

transition is observed where PE crystals are fragmentally dispersed in PCL lamellar 

morphology [7, 41, 42]. The crystallization process of Poly (L-lactide)-block-polyethylene 

(PLLA-b-PE) is confined within strongly segregated lamellar microdomain. In the first step 

of two-step crystallization process (190 °C to 130 °C), PLLA crystallizes first without 

morphological perturbation of melt microdomain, followed by PE block at 97 °C (in the 

second step from 130 °C to 97 °C).  In one-step crystallization from 190 °C to 80 °C, PE 
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crystallizes at a much faster rate and dictates the final crystal morphology [5]. The orientation 

and nanostructures of semiconducting polymers play a pivotal role in determining 

performances of electronic and optoelectronic devices [43]. For example, the crystallization 

of conjugated diblock copolymer of poly (2,5-dihexyloxy-p-phenylene)-block-(3-

hexythiophene) is mainly driven by the crystallization of P3HT which establishes final crystal 

morphology of the thin films. Higher block composition of P3HT promotes breakout 

crystallization, whereas lower block composition results in confined crystallization [43]. 

Similarly, asymmetric syndiotactic polypropylene-block-poly(ε-caprolactone) copolymer 

exhibits hexagonally packed cylindrical morphology in melt, which is completely disrupted, 

irrespective of the crystallization process, resulting crystalline lamellar morphology. 

However, in two-step crystallization, interactive crystallization is observed, whereas in one 

stage crystallization confined crystallization is prominent [10].  

 

6.2 Results and Discussion 

 To simulate crystallization of diblock copolymer initiated by microphase separated 

melt, first we prepare a set of phase segregated melt morphology of various block 

compositions and then we crystallize it through non-isothermal as well as isothermal 

crystallization. 

 

6.2.1 Preparation of Microphase Separated Melt 

 Finding a precise location of the microphase separation point is one of the important 

and challenging tasks in our simulation. Microphase separation creates self-assembled 

microdomain structures which offer spatial confinement within the system. Therefore, phase 

segregated melt morphology induces crystallization under confinement. 

 To monitor crystallization, we have considered three potential energies such as, 

parallel bond interaction energy (
p

U ), collinear bond interaction energy (
c

U ) and demixing 

energy ( AB
U ) between blocks, the strength of which is given by  . This demixing energy 

promotes phase segregation via microphase separation before crystallization. Therefore, to 
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develop phase separated melt system, we consider only demixing energy and the change in 

energy per MC move is now modified as: AB ABE N U    

 Then we simulate our system from 
p

U = 0 to 
p

U = 0.6 with a step size of 0.02 for 

different block compositions (
B

x ) ranging from 0.125 to 0.875 with the increment of 0.125. 

We plot 
v AB

C


 (viz, 
v

C  for A-B contacts) vs. 
p

U
 
for all block compositions in Figure 6.1. 

v AB
C

  
gives a peak as fluctuations in energy and the 

p
U

 
value associated with the peak is 

considered as microphase separation point (
#

p
U ) [44, 45].  
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Figure 6.1 Change in specific heat of AB contacts (
v AB

C


) with 
p

U  for (a) 
B

x = 0.125, (b) 

B
x = 0.25, (c) 

B
x =0.375, (d) 

B
x = 0.50, (e) 

B
x = 0.625, (f) 

B
x = 0.75 and (g) 

B
x = 0.875.   

 

 Figure 6.2 summarizes the changes in microphase separation point (
#

p
U ) with block 

compositions (
B

x ). For most of the compositions, 
#

p
U = 0.04 except for highly asymmetric 

blocks. For, B
x

 
of 0.125 and 0.875, 

#

p
U = 0.06 and 0.08, respectively. From the above data, it 

appears that with the increase of block asymmetry, microphase separation takes place at a 

relatively lower temperature (viz., higher 
p

U ). The above observation in line with poly(L-

lactide)-block-poly(ε-caprolactone) diblock copolymer which exhibits microphase separation 

temperature (measured in terms of 
ODT

T ) at 175 and 220°C for the sample having 37.4 and 46 

wt% PCL block, respectively [46, 47]. Semi crystalline diblock copolymer with 0.25, 0.49, 

0.75 wt% of ethylene shows ODT
T  at 273, 121, 148°C respectively [25]. The snapshots of 
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phase separated melt morphology for all block compositions (
B

x ) at their respective 

microphase separation points are presented in Figure 6.3, where blue line represents A-block 

and orange line represents B-block, respectively.   

 

 

Figure 6.2 Change in microphase separation point (
#

p
U ) with block composition (

B
x ). 
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Figure 6.3 Snapshots of microphase separated melt for (a) B
x = 0.125, (b) B

x = 0.25, (c) 

B
x = 0.375, (d) B

x  = 0.50, (e) B
x  = 0.625, (f) B

x  = 0.75 and (g) B
x  = 0.875. Blue and 

orange line represents segments of A- and B-block respectively. 
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 To generate phase separated melt, first we simulate our system for 10
4
MCS , out of 

which 5000 MCS is needed to equilibrate the system which is evident from 
g

R vs. MCS trend 

(Figure 6.4). Then we anneal the melt morphology for 10
6
MCS  for all the compositions at 

their respective 
#

p
U , to allow the chain molecules to relax further, disentangled and generate a 

better phase separated melt microstructure. The annealed temperature is much higher than the 

respective melting points. The similar process has been followed in semi crystalline diblock 

copolymer of polyethylene-block-atactic polypropylene where the samples are annealed at 

150°C for one day before quenching in liquid nitrogen [33]. Similarly, in polyethylene oxide-

block-polystyrene copolymer, the sample is annealed at 95°C for 12hours after solvent 

evaporation to ensure consistency of phase behavior [21]. Asymmetric diblock copolymer of 

polyethylene oxide-block-poly(1,4-butadiene) is first annealed at 80°C for 5 minutes before 

cooling to room temperature [34]. The snapshots of annealed melt morphology for various 

block compositions (
B

x ) are given in Figure 6.5, where blue line represents A-block and 

orange line represents B-block, respectively.   

 

 

 

Figure 6.4 Change in mean square radius of gyration 2

g
R  with Monte Carlo Steps at 

p
U = 0 for 

B
x = 0.50. There is no appreciable change in the value of 2

g
R

 
beyond 5000 

MCS and it is considered as the equilibration time. 
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TH-1756_11610720



Chapter 6: Crystallization from Microphase Separated Melt 

 

97 

 

 

 

Figure 6.5 Snapshots of microphase separated annealed melt for (a) 
B

x = 0.125, (b) 
B

x = 

0.25, (c) 
B

x = 0.375, (d) 
B

x  = 0.50, (e) 
B

x  = 0.625, (f) 
B

x  = 0.75 and (g) 
B

x = 0.875. 

 

 

6.2.2 Non-isothermal Crystallization 

6.2.2.1 Development of Crystallinity 

 After generation of high temperature melt, we cool our sample system from the 

respective microphase separation point (
#

p
U ) to 

p
U = 0.6 with a step size of 0.02 to 

implement the cooling process of non-isothermal crystallization. For block composition (
B

x ) 

of 0.125, we start simulation from 
p

U = 0.06 and for block composition (
B

x ) of 0.875, we 

start simulation from 
p

U = 0.08. For rest of the compositions, we start our simulation from 

p
U = 0.04 to simulate crystallization of diblock copolymer from microphase separated melt. 

We monitor crystallization by calculating overall crystallinity of diblock copolymer 

originated from microphase separated melt without annealing as well as with annealing. 

Overall crystallinity (
c

X ) is calculated as the weighted average of the summation of A-block 

( A
X ) and B-block ( B

X ). The change in overall crystallinity (
c

X ) with 
p

U
 
introduced by 

microphase separated melt without annealing and with annealing is available in Figure 6.6.  

In Figure 6.6, there is an abrupt increment of crystallinity at a certain value of p
U

 
and after 

that there is no appreciable change in crystallinity (cf., saturation crystallinity, sat
X ). The 

comparison in saturation crystallinity ( sat
X ) of both the blocks induced from two different 
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microphase separated melts with block compositions is given in Table 6.1. There is no 

significant difference in saturation crystallinity ( sat

A
X

 
and sat

B
X ) between microphase 

separated melt without annealing and with annealing. This happens because the development 

of crystallinity is primarily driven by the degree of cooling ( T ). For both type of melts, we 

use almost the same degree of cooling to implement non-isothermal crystallization. As we 

crystallize each composition within almost same of degree of cooling, the crystallization 

driving force in each composition is equal, resulting in the development of comparable 

crystallinity for all the compositions. However, the saturation crystallinity of B-block ( sat

B
X ) 

shows an increasing trend with increasing block composition (
B

x ). The enhanced number of 

B-units at higher 
B

x
 
facilitates in producing crystalline materials with higher crystallinity. 

This observation is in accord with the experimental results on the crystallization of poly(ε-

caprolactone)-block-polyethylene copolymers, wherein the crystallinity of PE blocks 

increases with an increment of PE content in PCL-b-PE diblock copolymer [41]. In order to 

follow the orientation of crystalline bonds with respect to Z-axis, we calculate bond order 

parameter (P) of individual blocks over all compositions. Figure 6.7 represents the change in 

bond orientation of individual blocks for different block compositions viz., (
B

x = 0.25, 0.50 

and 0.75) from microphase separated melt with and without annealing. From the above 

figures, it is evident that, annealed melt induces change in orientation of A-block compared to 

microphase separated melt without annealing; whereas there is no appreciable change in B-

block during annealing. It happens because microphase separated melt (without annealing) 

induces morphological perturbation during non-isothermal crystallization. Therefore, the 

rearrangement of crystalline bonds is possible and it gives perpendicular orientation with 

respect to the Z-axis. However, annealed melt retains the melt morphology set during the 

annealing, no appreciable rearrangement of crystalline bonds is observed, and the orientation 

becomes parallel to the Z-axis. The confinement induced by crystallization of A-block makes 

B-block less facile for the re-arrangement of crystalline bonds. 
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Figure 6.6 Change in overall crystallinity (
c

X ) with 
p

U
 
for different 

B
x

 
induced from 

microphase separated melt (a) without annealing and (b) with annealing.   

 

 

 

Table 6.1 Comparison in saturation crystallinity ( sat
X ) at 

p
U = 0.6 induced from 

microphase separated melt without annealing and with annealing. 

 

x
B
 A-Block B-block 

 
Without With Without With 

0.125 0.72 0.72 0.60 0.61 

0.25 0.71 0.70 0.64 0.63 

0.375 0.71 0.71 0.66 0.65 

0.50 0.70 0.71 0.67 0.65 

0.625 0.70 0.71 0.67 0.67 

0.75 0.70 0.71 0.68 0.69 

0.875 0.72 0.70 0.70 0.70 
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Figure 6.7 Change in bond orientation parameter ( P ) with P
U

 
for (a) A-block of B

x = 

0.25, (b) B-block of B
x = 0.25, (c) A-block of B

x = 0.50, (d) B-block of B
x = 0.50, (e) A-

block of B
x = 0.75 and (f) B-block of B

x  = 0.75 crystallized from microphase separated 

melt without and with annealing. 
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6.2.2.2 Morphological Evolution 

 We calculate the average lamellar thickness l
 
separately for both the blocks as a 

function of 
p

U
 
for all compositions (

B
x ). Figure 6.8 and 6.9 represent the variation of l

 
as 

a function of 
p

U
 
induced from microphase separated melt without annealing and with 

annealing, respectively. The trend of l  vs. 
p

U
 
is similar to the crystallinity behaviour 

(Figure 6.6). With the increase of 
p

U , the lamellar thickness increases to saturation value and 

after that there is no substantial change. We compare the saturation value of lamellar 

thickness l
 
for both the blocks at 

p
U = 0.6 induced from microphase separated melt 

without annealing and with annealing in Table 6.2. There is no remarkable difference in the 

value of lamellar thickness between the two different melt systems (viz., with and without 

annealing) as we have seen in crystallinity trends. However, the lamellar thickness, l
 
of 

both the blocks shows an unusual behavior with block composition (
B

x ). Lamellar thickness 

of A-block A
l  remains almost similar (~3.1) up to block 

B
x = 0.5, due to the confinement 

effect induced by microphase separated melt microdomains ensuing thinner crystals within 

the system. The magnitude of A
l  shows a steep increase with increasing 

B
x

 
beyond 0.50. 

This increase in value of A
l  at higher value of 

B
x

 
(viz., lower value of 

A
x ) is attributed to 

the dilution effect exhibited by B block. At higher value of 
B

x , B-block acts like a solvent, 

diminishing topological restriction, for the crystallization of A-block, producing thicker 

crystals [45]. On the other hand, the lamellar thickness of B-block, B
l  does not change 

effectively with block composition ( B
x ) due to confinement created by phase separated melt.  
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Figure 6.8 Change in average lamellar thickness of (a) A-block A
l

 
and (b) B-block B

l

with 
p

U
 
for different 

B
x

 
induced from microphase separated melt without annealing.   

 

 

 

 

 

Figure 6.9 Change in average lamellar thickness of (a) A-block A
l

 
and (b) B-block B

l  

with 
p

U
 
for different B

x
 
induced from microphase separated annealed melt. 
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Table 6.2 Comparison in lamellar thickness l
 
at 

p
U = 0.6 induced from microphase 

separated melt without annealing and with annealing. 

 

x
B
 A-Block B-block 

 
Without With Without With 

0.125 3.20 3.19 3.01 3.00 

0.25 3.11 3.10 3.01 2.96 

0.375 3.14 3.15 3.00 2.99 

0.50 3.11 3.16 3.01 2.96 

0.625 3.24 3.37 3.00 2.96 

0.75 3.38 3.56 3.00 3.04 

0.875 3.90 3.62 3.08 3.09 

 

 

6.2.2.3 Calculation of Radius of Gyration 

 We calculate the change in mean square radius of gyration 2

g
R

 
with 

p
U

 
for all the 

block compositions investigated in both the systems (viz., without and with annealing). 

Figure 6.10 shows the change in 2

g
R  with 

p
U

 
for all the block compositions. It is clearly 

visible from the figures that the system induced from phase separated melt without annealing 

gives appreciable change in 2

g
R

 
value compared to the system induced from an annealed 

melt. When we anneal our microphase separated system for long enough time (1x10
6
MCS ), 

it yields a more relaxed structure with relatively larger microdomains. Therefore, the change 

in 2

g
R  is negligible in crystals introduced by annealed melt compared to that of without 

annealing. By definition, the square radius of gyration is the average squared distance of any 

point from its center of mass. This is an important parameter to understand morphological 

evolution. Therefore, we found a significant change in the value of the radius of gyration 

from microphase separated melt without annealing during crystallization which triggers 

morphological perturbation (Figure 6.12). On the other side, for the annealed melt there is no 
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significant change in the value of radius of gyration which leads to unperturbed morphology 

(Figure 6.13). We also calculate the ratio of 2

g
R  without annealing and with annealing, 

2 2

g g
without with

R R for all the block compositions (
B

x ) in Figure 6.11. Figure 6.11 clearly 

demonstrates that the change in 
2 2

g g
without with

R R is relatively less in highly asymmetric 

diblock copolymer (viz., 
B

x = 0.125 and 0.875) compared to the rest of the compositions. 

Figure 6.12 displays the snapshots of semi-crystalline structure (at 
p

U = 0.6) for
B

x = 0.125, 

0.25, 0.375, 0.50, 0.625, 0.75 and 0.875, crystallized from microphase melt without 

annealing, where blue lines represent crystalline bonds of A-block, orange lines represent 

crystalline bonds of B-block and yellow lines represent non-crystalline bonds of both the 

blocks. We observe a morphological perturbation of phase separated melt during 

crystallization over all the compositions except highly asymmetric diblock copolymer (
B

x = 

0.125 and 0.875). This happens because microphase separated melt without annealing is 

associated with more intra- and inter-chain entanglement, and relatively less relaxed 

structure, which produces melt microdomain that can be modified during non-isothermal 

crystallization. Due to the above reason, we also observe a significant increase in the value of 

radius of gyration which triggers morphological perturbation. On the other hand, the 

morphology of microphase separated melt with annealing remains almost unperturbed during 

crystallization. Annealing of microphase separated melt develops microdomains within melt 

morphology, which are less facile to be modified upon crystallization, irrespective of the 

block compositions. There is no appreciable change in the radius of gyration which triggers 

unperturbed morphology upon crystallization. The snapshots of semi-crystalline structure 

crystallized from annealed melt for 
B

x  = 0.125, 0.25, 0.375, 0.50, 0.625, 0.75 and 0.875 are 

shown in Figure 6.13 where blue lines represent crystalline bonds of A-block, orange lines 

represent crystalline bonds of B-block and yellow lines represent non-crystalline bonds of 

both the blocks.  
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Figure 6.10 Change in mean square radius of gyration 2

g
R

 
with 

p
U

 
of (a) 

B
x = 0.125, 

(b) 
B

x = 0.25, (c) 
B

x = 0.375, (d) 
B

x = 0.50, (e) 
B

x = 0.625, (f) 
B

x = 0.75 and (g) 
B

x = 0.875 

induced from microphase separated melt. 

 

 

 

Figure 6.11 Change in 
2

g
without

R /
2

g
with

R in respect to 
p

U
 
of diblock copolymer induced 

from microphase separated melt without annealing and with annealing. 
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Figure 6.12 Snapshots of semi crystalline structures of diblock copolymer at 
p

U = 0.6 for 

(a) 
B

x = 0.125, (b) 
B

x = 0.25, (c) 
B

x  = 0.375, (d) 
B

x = 0.50, (e) 
B

x  = 0.625, (f) 
B

x  = 0.75 and 

(g) 
B

x = 0.875 induced from microphase separated melt without annealing. 
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Figure 6.13 Snapshots of semi crystalline structures of diblock copolymer at 
p

U = 0.6 for 

(a) B
x = 0.125, (b) B

x = 0.25, (c) B
x  = 0.375, (d) B

x  = 0.50, (e) B
x  = 0.625, (f) B

x  = 0.75 

and (c) B
x = 0.875 induced from microphase separated annealed melt. 
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6.2.3 Isothermal Crystallization 

6.2.3.1 One-step Cooling 

 To implement isothermal crystallization, we quench our sample from the respective 

microphase separation point, 
#

p
U

 
(see Figure 6.2) to 

p
U = 0.6 directly and annealed for 10

5

MCS . We observe the development of overall crystallinity (Figure 6.14) with MCS

crystallized from microphase separated melt without annealing and with annealing, for all the 

compositions. We also calculate scaled crystallinity, *
( ) /( )i f ic c c c

c
X X X X X   , ranges from 

0 to 1 for individual blocks with MCS . Figure 6.15 and 6.16 represent the scaled crystallinity 

( *

c
X ) of individual blocks of diblock copolymer crystallized from microphase separated melt 

without annealing and with annealing, respectively. Isothermal crystallization reveals that the 

transition kinetics follows different pathways for different block compositions in the diblock 

copolymer. As the crystallization driving force for isothermal crystallization (viz., 
p

U = 0.6) 

is sufficient to introduce crystallinity for both the blocks, the mode of crystallization is 

coincident crystallization where both the blocks crystallize simultaneously. The above 

observation is in accord with the isothermal crystallization of poly(ρ-dioxanone)-block-

poly(ε-caprolactone) diblock copolymer, where the crystallization kinetics of both the blocks 

are overlapping [3].   

 

 

 

Figure 6.14 Change in overall crystallinity ( c
X ) with Monte Carlo Steps ( MCS ) at 

p
U = 

0.6 for diblock copolymer introduced by microphase separate melt (a) without 

annealing and (b) with annealing during one-step isothermal crystallization.  
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Figure 6.15 Change in scaled crystallinity ( *

c
X ) with Monte Carlo Steps ( MCS ) at 

p
U = 

0.6 for (a) A-block and (b) B-block introduced by microphase separate melt without 

annealing during one-step isothermal crystallization.  

 

 

 

 

 

Figure 6.16 Change in scaled crystallinity ( *

c
X ) with Monte Carlo Steps ( MCS ) at 

p
U = 

0.6 for (a) A-block and (b) B-block introduced by microphase separate annealed melt 

during one-step isothermal crystallization. 
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 We compare the change in mean square radius of gyration, 2

g
R

 
with MCS for 

diblock copolymer introduced by microphase separated melt without annealing and with 

annealing in Figure 6.17. There is no substantial change in the value of 2

g
R

 
with MCS in 

both the melt systems, but the magnitude of 2

g
R

 
of microphase separated annealed melt is 

higher than microphase separated melt without annealing. The morphology set during the 

microphase separation and subsequent annealing remains unperturbed upon isothermal 

crystallization. In non-isothermal crystallization, which follows a step-wise cooling method, 

allow the chain segments to change conformational pattern, and we have observed a gradual 

increase in 2

g
R  upon cooling of the sample without annealing (Figure 6.10). However, in 

isothermal crystallization, wherein the sample is directly quenched to 
p

U = 0.6 from 
p

U = 0, 

the conformational change is restricted due to the onset of crystallization. We plot the 

saturation value of radius gyration at 
p

U = 0.6 for all the block compositions in Figure 6.18. 

The value of 2

g
R  of microphase separated annealed melt is higher compared to microphase 

melt without annealing for most of the block compositions except highly asymmetric block. 

The non-monotonic trend in 2

g
R  with composition is attributed to the block asymmetry 

present in the system. Figure 6.19 exhibits the snapshots of final crystal structure (viz., at 
p

U

= 0.6) of diblock copolymer, isothermally crystallized from microphase melt without 

annealing. Similarly, Figure 6.20 displays the snapshots of the semi crystalline structure of 

diblock copolymers developed during isothermal crystallization from microphase separated 

annealed melt. The snapshots clearly indicate that the molecular arrangement of phase 

separated melt morphology is almost unperturbed during isothermal crystallization, wherein 

the development of crystallinity is fast enough to restrict a morphological rearrangement 

(viz., perturbation). Finally, isothermal crystallization preserves microphase separated melt 

morphology intact. The above observation in accord with the semi crystalline diblock 

copolymer of polyethylene-block-atactic polypropylene where rapid quenching preserves 

melt morphology introduced by the microphase separated block copolymer [33].  
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Figure 6.17 Change in mean square radius of gyration 2

g
R

 
with MCS  at 

p
U = 0.6 for 

(a) 
B

x = 0.125, (b) 
B

x = 0.25, (c) 
B

x = 0.375, (d) 
B

x = 0.50, (e) 
B

x = 0.625, (f) 
B

x = 0.75 and 

(g) 
B

x  = 0.875 from microphase separated melt without and with annealing.   

 

 

  

 

Figure 6.18 Change in mean square displacement 2

g
R

 
with 

B
x

 
at 

p
U = 0.6 of diblock 

copolymer induced from microphase separated melt without and with annealing. 
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Figure 6.19 Snapshots of semi-crystalline structure of diblock copolymer induced from 

microphase separated melt without annealing at 
p

U = 0.6 for (a) 
B

x = 0.125, (b) 
B

x = 

0.25, (c) 
B

x = 0.375, (d) 
B

x = 0.50, (e) 
B

x  = 0.625, (f) 
B

x  = 0.75 and (g) 
B

x  = 0.875. Blue 

and orange lines represent crystalline bonds of A-block and B-block respectively, and 

yellow lines represent non-crystalline bonds of both the blocks. 
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Figure 6.20 Snapshots of semi-crystalline structure of diblock copolymer induced from 

microphase separated annealed melt at 
p

U = 0.6 for (a) 
B

x = 0.125, (b) 
B

x = 0.25, (c) 
B

x = 

0.375, (d) 
B

x = 0.50, (e) 
B

x  = 0.625, (f) 
B

x  = 0.75 and (g) 
B

x  = 0.875. Blue and orange 

lines represent crystalline bonds of A-block and B-block respectively, and yellow lines 

represent non-crystalline bonds of both the blocks. 

 

 

Time evolution of crystallinity can be described by Avrami equation [48]:  

*
(1 ) exp( )

n

c
X kt  

 

Where *

c
X

 
represents the scaled crystallinity ranges from 0 to 1. We estimate the value of 

Avrami index  n  for individual blocks based on primary crystallization [49] with block 

composition (Figure 6.21) which is suggestive about the type of crystal geometry. The value 
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of Avrami index  n for both the blocks ranges from 0.5 to 1.1 which indicates the presence 

of homogeneous nucleation with two dimensional crystal growths. Lower value of Avrami 

index  n attributes to the restricted growth under confinement due to microphase separated 

melt morphology. This result is in line with the partially miscible highly asymmetric poly(L-

lactide)-block-poly(ε-caprolactone) diblock copolymer, which follows a homogeneous 

nucleation pathway with Avrami index ~ 1.0 [50]. During isothermal crystallization of PCL 

block in asymmetric PLLA-b-PCL diblock copolymer, PCL block exhibits first order 

transition kinetics with Avrami Index close to 1.0 [51, 52]. Similarly the crystallization of 

crystalline-amorphous diblock copolymers where the crystalline block is confined within the 

microdomain of amorphous block also follows homogeneous nucleation [2, 31, 53] with 

Avrami index ~ 1.0 [31, 52, 53]. For example, crystallization of polyethylene oxide, confined 

within the large number of microdomain of polystyrene exhibits homogeneous nucleation [2]. 

Similarly PLLA block in PLLA-b-PS diblock copolymer also follows homogeneous 

nucleation with Avrami index close to 1.0 [31]. However, the value of Avrami Index  n  is 

smaller for both the blocks crystallized from microphase melt without annealing compared to 

that of annealed melt. The system with more relaxed microdomain structure gives a relatively 

higher value of Avrami Index  n  due to less entanglement effect in the polymer matrix. 

 

 

 

Figure 6.21 Change in Avrami Index  n  of (a) A-block and (b) B-block with 
B

x
 

induced from microphase separated melt without annealing and with annealing.   
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 We calculate crystallization half-time (
1/ 2
t ) [3] in terms of number of Monte Carlo 

Steps, to get an approximate idea of the rate of crystallization. We locate the number of 

MCS  required to produce a crystallinity, which is 50% of the saturated value (viz., at the end 

of isothermal crystallization). Table 6.3 displays the value of 
1/ 2
t  for both the blocks, in terms 

of MCS  for all compositions of diblock copolymer crystallized from microphase separated 

melt with and without annealing. From the above table, we observe that annealed melt 

crystallizes at a relatively faster rate in comparison with the microphase separated melt 

without annealing. This change in rate with annealing happens due to the presence less 

entanglement and more relaxed structure of the annealed melt which generates more stable 

micro domains. On the other hand, microphase separated melt without annealing would need 

to relax the melt structure over a few more MCS  before the crystallization.  Thus, the rate of 

crystallization is much faster for annealed melt than melt without annealing. 

 

Table 6.3 Comparison in crystallization half-time (
1/ 2
t ) of A and B-block separately for 

diblock copolymer induced from microphase separated melt without annealing and 

with annealing. 

 

x
B
 A-Block B-block 

 Without With Without With 

0.125 210 180 1870 1100 

0.25 400 250 1770 1165 

0.375 470 280 1275 800 

0.50 650 380 1100 720 

0.625 855 465 935 630 

0.75 875 400 550 350 

0.875 650 460 290 240 
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6.2.3.2 Two-step Cooling 

 We perform two-step isothermal crystallization to examine the effect of quench depth 

on the crystallization of microphase separated melt. In the first step, we cool the equilibrated 

system from the respective microphase separation point (
#

p
U ) to 

p
U = 0.3 and annealed for 

10
5
 Monte Carlo Steps. In this process, only A-block is crystallized while B-block remains in 

a molten state. Following this, we quench the system from 
p

U = 0.3 to 
p

U = 0.6 and annealed 

for 10
5
MCS  to initiate crystallization of B-block. We compare the saturation crystallinity (

sat
X ) of individual blocks during two step and one-step isothermal crystallization crystallized 

from microphase separated melt. Table 6.4 and 6.5 compare the saturation crystallinity ( sat
X ) 

of diblock copolymer, crystallized from microphase separated melt without annealing and 

with annealing respectively. We observe a comparable increase of crystallinity of A-block in 

two-step crystallization than one-step crystallization, whereas the crystallinity of B-block 

remains almost same for both the process. The changing mode of crystallization is 

responsible for this significant difference in crystallinity. Two-step cooling follows a 

sequential crystallization mechanism, where the development of crystallinity of A-block is 

unaffected by the crystallization of B-block. One-step cooling follows a coincident 

crystallization mechanism, where both the blocks experience a competition for 

crystallization. As a result, crystallization (also crystallinity) of A-block is hindered.   
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Table 6.4 Comparison in saturation crystallinity ( sat
X ) of diblock copolymer induced 

from microphase separated melt without annealing at 
p

U = 0.6 during two-step and one-

step isothermal crystallization. 

 

x
B
 A-Block B-block 

 Two-step One-step Two-step One-step 

0.125 0.73 0.65 0.54 0.56 

0.25 0.72 0.62 0.57 0.58 

0.375 0.71 0.61 0.59 0.59 

0.50 0.71 0.60 0.59 0.60 

0.625 0.72 0.60 0.60 0.61 

0.75 0.73 0.60 0.63 0.62 

0.875 0.76 0.62 0.65 0.66 

 

Table 6.5 Comparison in saturation crystallinity ( sat
X ) of diblock copolymer induced 

from microphase separated annealed melt at 
p

U = 0.6 during two-step and one-step 

isothermal crystallization. 

 

x
B
 A-Block B-block 

 Two-step One-step Two-step One-step 

0.125 0.73 0.65 0.58 0.56 

0.25 0.72 0.63 0.58 0.60 

0.375 0.71 0.62 0.60 0.61 

0.50 0.72 0.61 0.60 0.62 

0.625 0.72 0.61 0.62 0.63 

0.75 0.73 0.62 0.64 0.64 

0.875 0.75 0.64 0.66 0.67 

TH-1756_11610720



Chapter 6: Crystallization from Microphase Separated Melt 

 

122 

 

Similarly, we compare the lamellar thickness of both the blocks in Table 6.6 and 6.7 

for microphase separated melt without annealing and with annealing, respectively. The 

lamellar thickness of A-block is larger in two-step compared to one-step isothermal 

crystallization. The above observation is in accord with Hoffman-Weeks formula which 

describes the development of crystallinity governed by the degree of cooling [54]. When we 

implement two-step cooling at 
p

U = 0.3, the crystallization driving force induces 

crystallization of A-block; at 
p

U = 0.6, the crystallization driving force induces crystallization 

of B-block. Due to difference in degree of cooling, A-block produces different lamellar 

thickness in two-step compared to one step isothermal crystallization. However, in both the 

processes, the degree of cooling for B-block is similar as it is implemented at 
p

U = 0.6. So, 

the crystallinity and lamellar thickness is the same for B-block irrespective of two-step and 

one-step isothermal crystallization.  

 

Table 6.6 Comparison in lamellar thickness l
 
of diblock copolymer induced from 

microphase separated melt without annealing at 
p

U = 0.6 during two-step and one-step 

isothermal crystallization. 

 

x
B
 A-Block B-block 

 Two-step One-step Two-step One-step 

0.125 3.27 2.52 2.59 2.67 

0.25 3.21 2.46 2.54 2.60 

0.375 3.23 2.46 2.54 2.55 

0.50 3.25 2.46 2.50 2.52 

0.625 3.46 2.50 2.51 2.52 

0.75 3.69 2.59 2.55 2.55 

0.875 3.38 2.79 2.60 2.62 
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Table 6.7 Comparison in lamellar thickness l
 
of diblock copolymer induced from 

microphase separated annealed melt at 
p

U = 0.6 during two-step and one-step 

isothermal crystallization. 

 

x
B
 A-Block B-block 

 Two-step One-step Two-step One-step 

0.125 3.26 2.53 2.66 2.70 

0.25 3.23 2.48 2.57 2.61 

0.375 3.25 2.48 2.55 2.58 

0.50 3.25 2.48 2.53 2.55 

0.625 3.42 2.53 2.53 2.55 

0.75 3.60 2.63 2.60 2.59 

0.875 4.20 2.83 2.65 2.66 

 

6.3 Summary 

The simulation study of diblock copolymer crystallization, crystallized from 

microphase separated melt is reported with two different patterns of melt morphology (viz., 

annealed and without annealed). We observed a morphological perturbation during non-

isothermal crystallization for diblock copolymer crystallized from microphase separated melt 

without annealing, whereas melt morphology remains unperturbed for diblock copolymer 

crystallized from microphase separated annealed melt, as evidenced from the trend of 2

g
R . 

Annealing induces re-orientation of chain segments and coalescence of microdomains created 

during microphase separation. The morphology set during the annealing remains unaffected 

during crystallization (isothermal and non-isothermal). Highly asymmetric diblock 

copolymer (viz., high enough composition of B-block) shows an enhancement of lamellar 

thickness of A-block, which is attributed to the dilution effect shown by B-block. This 

dilution effect is observed in both the melts (with and without annealing). 

TH-1756_11610720



Chapter 6: Crystallization from Microphase Separated Melt 

 

124 

 

 We study isothermal crystallization with two different modes of cooling (viz., one- 

and two-step) to understand the effect of quench depth on crystallization. We implement one-

step isothermal crystallization by quenching microphase phase separated melt directly from 

the respective microphase separation point (
#

p
U ) to 

p
U = 0.6, which results in denial of 

morphological perturbation irrespective of melt morphology (viz., annealed and without 

annealed microphase separated melt). Simultaneously, we execute two–step isothermal 

crystallization by cooling microphase separated melt from the respective microphase 

separation point to 
p

U = 0.3, followed by cooling from 
p

U = 0.3 to 
p

U = 0.6. Two-step 

crystallization yields better crystallinity of A-block compared to one-step isothermal 

crystallization, but crystallinity of B-block remains identical for both the melts without 

morphological change. Crystallization of B-block happens in the presence of the confinement 

created during the crystallization of A-block. As a result, no morphological change is 

observed for B-block during crystallization. Our findings suggest that understanding on the 

morphological development with annealing (viz., varying the annealing temperature) would 

enable to tune the semi-crystalline morphology of diblock copolymers. 
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Chapter 7 

 Crystallization on Thin Films 

In this chapter, we present the crystallization behaviour of a diblock copolymer on 

thin films. The magnitude of film thickness and the role of substrate are the prime factors that 

dictate the crystallization mechanism and the final morphology. In a diblock copolymer, the 

interplay between crystallization and microphase separation plays an important role to 

determine final crystal morphology. By introducing thin film, we have added an extra 

confinement, where the molecular mobility of polymer chains is restricted within two 

dimensions. The crystallization under 1-D confinement affects nucleation, crystal growth and 

final orientation of crystal morphology. In our model system, substrate is considered inert and 

hence does not provide any effective interaction with diblock copolymer. 

 

7.1 Literature Review 

 Polymer crystallization under spatial confinement, especially in thin films (typical 

thickness less than 1000 nm) and ultrathin films (typical thickness less than 100 nm) is an 

interesting topic due to its unique structural property [1, 2]. Block copolymer thin films offer 

many prospective applications in the field of lithography, electronics, nonporous membranes 

and solar cells [2-5]. For example, poly (styrene-block-methyl methacrylate) diblock 

copolymer is widely used for nano patterning or creating periodic structure in nanoscale. At 

225˚C, PS-b-PMMA produces the perpendicular orientation of micro domains after annealed 

on a neutral substrate [3, 4]. There is a new feasibility to reshape the molecular properties of 

block polymers for the use of cost effective electronic devices [2, 6-8]. Several thiophene 

based all conjugated block copolymers (i.e, PPP-b-P3HT) have been fabricated due to their 

excellent charge transporting mobility and highly ordered structure [7].  Diblock copolymer 

consisting of polystyrene and poly(perylene acrylate) exhibits an outstanding n-type 

performance with high electron transport mobility, low threshold voltages, and good electron 

injection from gold electrodes [8].  Moreover, as thin polymer films are considered as one-

dimensional (1D) confinement system, it provides great opportunity to study the effects of 
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confinement and interface (viz., substrate-specific properties) on polymer crystallization [2, 9, 

10]. The chain orientation, segmental mobility, transport properties, and surface free energy 

at the interface, which are usually less significant in bulk, become important factors in thin 

films. Therefore, a set of new mechanisms other than bulk crystallization of polymers may be 

evolved [2, 11]. 

 The crystallization behaviour of diblock copolymer thin films unfolds a new avenue 

as it offers diverse orientation of the crystalline lamellar morphology [2, 10, 12-14]. The 

microphase separated morphology on thin films largely varies in respect to bulk behaviour.  

For example, the final crystal morphologies of poly(butadiene-block-caprolactone) diblock 

copolymer are compared in bulk (0.5 – 1mm) and thin films (~ 5μm) [15]. Bulk films of 

diblock copolymer (PB0.2PCL0.8, where subscripts denote the mass fraction of individual 

block) exhibit cylindrical microstructures. During crystallization, PCL block crystallizes 

within microphase separated structure without producing large scale spherulites. However, 

thermally treated thin films generate large and well defined spherulites upon crystallization 

[15]. Another pivotal point in thin film crystallization is whether the process of crystallization 

disrupts the previous melt morphology, or melt morphology keeps intact during the 

crystallization process. The crystallization behaviour of poly (butadiene-block-ethylene 

oxide) diblock copolymer in thin films (approximately 100nm) has been examined from 

microphase separated melt with the parallel lamellar orientation to the substrate [16, 17]. The 

process of crystallization under high cooling rate with short PEO block provides 

perpendicular lamellar orientation [16, 17], whereas annealing close to melting point or 

preserving the sample at room temperature for several months allows the development of 

lamellar structure with parallel orientation [17]. Again, the crystallization of polyethylene 

oxide (PEO) in 12nm spheres of PB-b-PEO diblock copolymer reveals that all the spheres 

crystallize individually and independently, which establishes new dimension to manipulate 

material properties in nanometer scale [18]. The transition of lamellar crystal from flat-on to 

edge-on in ultrathin films of polystyrene-block-polyethylene oxide has been investigated via 

solvent vapour treatment [19]. When PS-b-PEO films are annealed under toluene vapour for 

long enough time, break-out crystals develop quickly, and their orientation transforms from 

flat-on to edge-on [19]. The morphological evolution of poly (ethylene oxide-block-1,4 

butadiene) has been studied during crystallization from thin films with an average thickness 

of 40nm [20]. In melt system, PEO-b-PB diblock copolymer exhibits lamellar morphology 

oriented parallel to the substrate. Crystallization at high temperature preserves the phase 
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separated melt morphology with the formation of thicker lamella. The final crystal 

morphology consists of alternating layers of PEO and PBD, where PEO crystalline chains 

results in  perpendicular orientation to the lamellar layers of the microphase-separated 

structure [20]. On the other hand, the melt structure of PE spheres in SEB matrix of 

polyethylene-block-poly(styrene-r-ethylene-r-butene) diblock copolymer is completely 

disrupted upon crystallization of thin films (film thickness ≤ 33nm),where the primary island 

and hole structures transform to layered crystal structure [21]. The thin film morphology of 

symmetric oxyethylene-block-oxybutylene diblock copolymer has been also followed 

minutely for E76B38, E114B56, E155B76 and E224B113, where E and B denote oxyethylene and 

oxybutylene and subscripts refer to the average degree of polymerization [22]. The thin films 

with lower molar mass (E76B38, E114B56 and E155B76) give lamellar structure parallel to the 

substrate, whereas the thin film with high molar mass (E224B113) exhibits the lamellar 

orientation perpendicular to substrate [22]. Annealing at 35˚C for 30 hour in a vacuum 

system leads to the development of spherulite morphology with perpendicular lamellar 

structure to the surface [22]. 

 

7.2 Results and Discussion 

 To simulate the crystallization from a thin film, first we generate a set of 

homogeneous melts by varying the length of z-axis, and we implement non-isothermal 

crystallization as well as isothermal crystallization to study the effect of film thickness on 

crystallization. Film thickness is measured in terms of lattice units along the z-axis. The 

simulation has been carried out at weakly segregated system,  = 1. 

 

7.2.1 Preparation of Thin Films 

 To implement thin film crystallization, we restrict molecular mobility of polymer 

chains along z-axis. Periodic boundary condition is not implemented along z-axis. All 

attempted Monte Carlo moves along the z-axis are denied. We vary the length of z-axis from 

z = 4 to z = 20 to study the effect of film thickness on crystallization. The length along other 

axis remains same for the entire simulation. The occupation density of all system is taken as 

0.85. Therefore, the number of chains is variable for different film thickness (z). For z = 4, 
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we take 55 polymer chains with 64 repeat units. Similarly, we consider 110, 165, 220 and 275 

polymer chains for film thickness of 8, 12, 16, and 20 respectively. We start our simulation 

from a homogeneous melt at 
p

U = 0 where, A-type and B-type monomers are evenly 

dispersed for symmetric block composition (Figure 7.1).   

 

 

 

 

 

Figure 7.1 Snapshots of simulation box at 
p

U = 0 representing homogeneous melt of 

symmetric block composition ( B
x = 0.5) where blue lines represent A-block and orange 

lines represent B-block. 
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7.2.2 Effect of Non-Isothermal Crystallization 

7.2.2.1 Locating Transition Point 

 We monitor crystallization of the diblock copolymer by following the change in 

equilibrium specific heat (
v

C ), calculated from energy fluctuations as a function of 
p

U . At 

the transition point, 
v

C
 
gives a peak as fluctuations in energy and the 

p
U

 
value at which peak 

appears on cooling is considered as crystallization 
*

p
U

 
in tune with experimental observation 

[23].  We plot 
v

C
 
vs. 

p
U  (Figure 7.2a) for a series of film thicknesses (viz., z = 4 to z = 20) to 

locate the transition points for symmetric diblock copolymer. As the diblock copolymer 

consists of two crystallizable blocks, Figure 7.2a gives two different peaks of 
p

U
 

representing the phase transition of A- and B-block at different values of 
p

U , respectively. 

A-block crystallizes first due to its higher driving force towards crystallization, followed by 

B-block. The transition points of both the blocks get affected by the confinement introduced 

by thin films. Figure 7.2b displays the change of 
*

p
U

 
with film thickness (z). With the 

decrease in film thickness, the transition points of both the blocks move towards lower value 

of 
p

U
 
(viz., higher temperature). As the confinement is increased (viz., z is decreased), the 

mobility of polymer chains is drastically reduced. As a result, the diffusion of the crystalline 

segments towards the growth front is reduced, resulting increase in crystallization 

temperature. We calculate chain mobility by measuring the mean square displacement of 

centre of mass of polymer chains in Figure 7.3, which clearly signifies the reduced chain 

mobility with reducing film thickness. We also consider the effect of block asymmetry (
B

x ) 

on transition points of both the blocks.  Figure 7.4 displays the change in transition points in 

terms of 
p

U
 
with block composition (

B
x ) for a specific film thickness ( z = 8). From Figure 

7.4, we can conclude that, crystallization temperature remains similar for most of the block 

compositions except at higher block asymmetry. At 
B

x = 0.875, there is a small depression in 

crystallization temperature of A-block which is reflected by the increase of 
p

U
 
value. As the 

process of crystallization is primarily dominated by the degree of cooling ( T ), the transition 

points of both blocks remain unaffected with most of the compositions. However, at B
x = 

0.875, due to the dilution effect (see Chapter 05, page: 57) imposed by B-block, the 

depression in crystallization temperature of A-block is observed. At higher B
x , B-block acts 
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like a “solvent” which gives higher mobility to polymer chains, while A-block crystallizes. 

Therefore, polymer chains of A-block are less facile to crystallize, leading to a depression in 

crystallization temperature. On the other hand, crystallization temperature of B-block reduces 

to a lower value of 
p

U
 
resulting higher crystallization temperature for 

B
x

 
= 0.125. At 

B
x

 
= 

0.125, the confinement effect introduced by A-block reduces the molecular mobility of 

polymer chains which affects the transition point of B-block. 

 

 

 

Figure 7.2 (a) Change in specific heat, 
v

C with 
p

U  for z = 4, 8, 12, 16 and 20. (b) Change 

in 
*

p
U

 
with film thickness ( z ). 

 

 

 

Figure 7.3 Change in mean square displacement of centre of mass ( 2

cm
d ) with 

p
U

 
for z = 

4, 8, 12, 16 and 20. 
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Figure 7.4 Change in transition points, 
*

p
U

 
with 

B
x

 
for film thickness ( z ) of 8. 

 

7.2.2.2 Development of Crystallinity  

We monitor the crystallization by calculating crystallinity of individual blocks. 

Overall crystallinity (
c

X ) is calculated as the weighted average of the summation of A-block 

(
A

X ) and B-block (
B

X ). The change in overall crystallinity (
c

X ) with 
p

U
 
introduced by 

diblock copolymer thin film is available in Figure 7.5a for symmetric diblock copolymer. In 

Figure 7.5a, there is an abrupt increment of crystallinity at a certain value of 
p

U
 
and after 

that there is no appreciable change in crystallinity (cf., saturation crystallinity, sat
X ). The 

comparison in saturation crystallinity ( sat
X ) of both the blocks induced from thin films is 

given in Figure7.5b. There is no significant difference in saturation crystallinity of A- and B-

block ( sat

A
X and sat

B
X ) across different film thicknesses. This happens because the 

development of crystallinity is primarily driven by the degree of cooling ( T ). For all the 

film thickness, we use the same degree of cooling to implement non-isothermal 

crystallization. As we crystallize each film thickness within the same of degree of cooling, 

the crystallization driving force is equal, resulting development of comparable crystallinity 

for all the thin films. Figure 7.6 shows the change in saturation crystallinity ( sat
X ) with block 

composition (
B

x ) for a film thickness, z = 8. As the value of block composition (
B

x ) 

increases, the saturation crystallinity of B- block increases due to enhanced number of B-

units in the diblock copolymer. However, for A-block, the saturation crystallinity remains 

almost similar.  
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Figure 7.5 (a) Change in overall crystallinity, 
c

X with 
p

U  for z = 4, 8, 12, 16 and 20. (b) 

Change in saturation crystallinity, sat
X  with film thickness ( z ). 

 

 

 

Figure 7.6 Change in saturation crystallinity, sat
X  with block composition (

B
x ) at film 

thickness of z = 8. 

 

7.2.2.3 Structural Analysis  

 To understand the structural evolution during crystallization, we estimate the average 

crystallite size S   and the lamellar thickness l   as a function of 
p

U  for a series of film 

thicknesses.  We observe a wider distribution of crystallites size compared to that of lamellar 

thickness. The magnitude of crystallite size is much higher than lamellar thickness of 

crystallites, indicating the formation of two dimensional crystals. Figure 7.7 presents the 

change in S
 
and l   of A- and B-block with film thickness ( z ) for symmetric diblock 
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copolymer, at 
p

U = 0.6. With the decrease in film thickness, the crystallites size is decreased, 

whereas the lamellar thickness is increased for both the blocks. When we decrease the film 

thickness, due to confinement effect, the mobility of polymer chains is reduced, resulting in 

the lowering of entropy.  Hence to make the crystallization process feasible (viz., lowering 

the free energy), the change in enthalpy becomes highly negative, by increasing the number 

of contacts between similar units, which is reflected in the enhanced value the lamellar 

thickness at lower film thickness. We also calculate the average lamellar thickness l   for 

asymmetric diblock copolymers.  Figure 7.8 shows the change in l   at 
p

U = 0.6 with block 

composition (
B

x ) for z = 8. With increasing the block composition of B (
B

x ), the lamellar 

thickness of A-block remains almost same upto 
B

x = 0.50. After that, 
A

l 
 

increases 

appreciably in the presence of large proportion of B-block, which is attributed to the dilution 

effect imposed by B-block. When 
B

x
 
less than 0.5, the crystallization of A-block is typically 

affected by chain entanglements resulting in “melt crystallization”. However, when the block 

composition increases further, A-block crystallizes within a matrix of B-block which acts like 

a “solvent”, dictating “solution crystallization”. Therefore, the molten B-block provides 

marginal hindrance towards the crystallization of A-block, facilitating the formation of 

thicker crystals. The lamellar thickness of B-block does not change appreciably with block 

composition (
B

x ). The final snapshots of thin films after crystallization are available in 

Figure 7.9. 

 

 

Figure 7.7 (a) Change in average crystallites size, S
 
with film thickness ( z ). (b) 

Change in average lamellar thickness, l
 
with film thickness ( z ) for a symmetric 

diblock copolymer at 
p

U  = 0.6. 
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Figure 7.8 Change in average lamellar thickness, l
 
with block composition (

B
x ) at 

film thickness of z = 8. 
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Figure 7.9 Snapshots of semi crystalline structures of symmetric diblock copolymer on 

thin films at 
p

U = 0.6 for (a) z = 4, (b) z = 8, (c) z = 12, (d) z = 16 and (e) z = 20. Blue 

lines represent crystalline bonds of A-block, orange lines represent crystalline bonds of 

B-block and yellow lines represent non-crystalline bonds of both the blocks.   

 

 

 

7.2.3 Effect of Isothermal Crystallization 

 To follow transition kinetics, we implement isothermal crystallization. In isothermal 

crystallization, we have not calculated any average quantity; rather we have followed the 

time evaluation of crystallinity. We observe the change in crystallinity as a function of time. 

In our simulation, one time step is expressed as one Monte Carlo Step ( MCS ). We cool our 

system from 
p

U = 0 to 
p

U = 0.6 directly and anneal for 10
5
 MCS. Figure 7.10a represents the 

development of overall crystallinity with MCS for different film thickness ( z ). We observe 

that the transition kinetics follows different kinetic pathways for different z . To apprehend 

transition kinetics in more details, we analyze the Avrami index ( n ) for different film 

thickness ( z ), presented in Figure 7.10b. We estimate the value of Avrami index [24] based 

on primary crystallization, which is measured as the conversion of crystallinity up to 20% 

[25]. For all the film thicknesses, the value of Avrami index lies in between 1.0 to 1.7, which 

clearly indicates a first order transition kinetics with homogeneous nucleation. Figure 7.11 

exhibits the change in Avrami index ( n ) with block composition ( B
x ) for z = 8.  
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Figure 7.10 (a) Change in crystallinity, 
c

X with Monte Carlo Steps ( MCS ). (b) Change 

in Avrami index,  n
 
with film thickness ( z ). 

 

 

 

 

 

Figure 7.11 Change in Avrami index,  n
 
with block composition ( B

x ) at film thickness 

of z = 8. 
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7.3 Summary 

The crystallization of diblock copolymer thin films is explored by Dynamic Monte 

Carlo Simulation. Film thickness is one of the most influential parameters for thin film 

crystallization, which governs the final crystal morphology. We study the non-isothermal 

crystallization of symmetric diblock copolymer for a series of film thickness ( z ) ranging 

from z = 4 to z = 20. The transition points of both the blocks are influenced by film thickness 

( z ). The crystallization temperature of both blocks decreases with the increase in film 

thickness ( z ). With the increase in film thickness, the average crystallite size is increased. 

However, the average lamellar thickness reduces with increasing film thickness. Isothermal 

crystallization reveals that the transition kinetics follows different pathways with the 

variation of film thickness ( z ). The value of Avrami index confirms the presence of 

homogeneous nucleation with the formation of two-dimensional crystals. We have also 

investigated the effect of block asymmetry on thin film crystallization. At weak segregation 

(viz.,  = 1), we observe a small depression in crystallization temperature of A-block at 
B

x = 

0.875, which is attributed to the dilution effect imposed by B-block. The lamellar thickness of 

A-block also significantly increases for 
B

x = 0.75 and 0.875 at  = 1 which is attributed to the 

dilution effect enforced by B-block.  
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Chapter 8 

Conclusions and Future Studies 

 Crystallization of diblock copolymer is an active research topic due to its numerous 

applications in surface patterning and biomedical area. Continuous efforts have been 

executed to understand the process of crystallization under different modes of confinement. 

In the present thesis, crystallization mechanism has been explored from homogeneous melt 

and microphase separated melt. Subsequently, crystallization of diblock copolymer under thin 

film confinement has been investigated. In this chapter, we summarize our important findings 

and we explore future possibility of our study. 

 

8.1 Conclusions  

We first discuss the simulation results on crystallization behaviour of symmetric 

diblock copolymers from a homogeneous molten state to a phase separated crystalline state. 

The crystallization behaviour majorly driven by segregation strength,   (viz., demixing 

energy between A- and B-block units). With increasing value of   (from 0 to 5), we notice 

the gradual decrease in crystallinity of both the blocks associated with smaller and thinner 

crystals. In our model, A-block has larger driving force for crystallization than B-block. 

Therefore A-block crystallizes first with the development of lamellar morphology. The 

crystalline lamella of A-block generates confinement for the crystallization of B-block. As a 

result, crystallinity of B-block is reduced compared to A-block. There is a significant increase 

in the mean square radius of gyration of the chain during crystallization, which is attributed to 

the tension at the block junction promoted by the segregation strength. Higher the value of , 

higher is the influence of the chain stretching at the junction that leads to the formation of 

smaller size domains which restricts the development of crystal growth. Isothermal 

crystallization reveals that the crystallization pathway is strongly dictated by segregation 

strength. The value of Avrami index is ~ 1.0, which designates homogeneous nucleation with 

two dimensional crystals, where crystallization takes place within a spatial confinement. 

Two-steps, compared to one-step quenching produces higher crystallinity in A-block. In one-
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step quenching (at 
p

U = 0.6), both the blocks compete with each other towards crystallization 

resulting formation of less crystalline materials in first crystallizable block. However, the 

crystallinity of B-block in one-step and two-step quenching is close to each other. The above 

observation suggests that the effective driving force for the crystallization of B-block is 

almost same irrespective of the mode of quenching. Lamellar thickness of A-block, A
l  at 

p
U = 0.6 (one-step cooling) is less than that of at 

p
U = 0.3 (during two-step cooling), which is 

in accord with the Hoffman-Weeks relation. However, lamellar thickness of B-block is 

almost same irrespective of one-step or two-step cooling.  

We report the effect of block asymmetry on crystallization of double crystalline 

diblock copolymer at two different levels of segregations. Non-isothermal cooling produces 

sequential crystallization mechanism regardless of composition. We notice a small depression 

in crystallization temperature of A-block at 
B

x  = 0.875, which is attributed to the dilution 

effect of the B-block. We also observe a significant increase in chain mobility (in terms of 

mean square displacement of the centre of mass) of A-block at 
p

U = 0.3 compared to that of 

B-block at higher
B

x . The crystallization temperature of the B-block monotonically increases 

with increasing block composition. At strong segregation, the transition points of both the 

blocks exhibit non-monotonic trend with block composition due to the confinement effects 

dominated by microphase separated melt. The crystallinity of A-block remains same over a 

wide range of block composition whereas the crystallinity of B-block increases with 

increasing block length of B at weak segregation. However the crystallinity of both the 

blocks produce non-monotonic trend with 
B

x  at strong segregation. The lamellar thickness of 

A-block significantly increases for B
x  = 0.75 and 0.875 at   = 1 which is attributed to the 

dilution effect imposed by B-block. When the composition of A-block is very less in the 

system, B-block behaves as a “diluent”, which reduces topological restriction favouring 

crystal thickening. Isothermal crystallization confirms the dependence of the compositions on 

transition kinetics at both the levels of segregations. The Avrami indexes demonstrate the 

presence of homogeneous nucleation with the formation of two-dimensional crystals. The 

dilution effect is more prominent in two-stage isothermal crystallization compared to one-

stage crystallization due to the change in mode of crystallization. Thus, manipulating block 

asymmetry with a proper choice of crystallization pathway, desired morphological pattern 

can be achieved.   
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Simulation study of diblock copolymer crystallization, crystallized from microphase 

separated melt is followed with two different pattern of melt morphology (viz., annealed and 

without annealed). We observed a morphological perturbation during non-isothermal 

crystallization for diblock copolymer crystallized from microphase separated melt without 

annealing, whereas melt morphology remains unperturbed for diblock copolymer crystallized 

from microphase separated annealed melt. We study isothermal crystallization 

simultaneously with two different mode of crystallization. We implement one-step isothermal 

crystallization by quenching phase separated melt from the respective microphase separation 

point (
#

p
U ) to 

p
U

 
= 0.6 directly which results in denial of morphological perturbation 

irrespective of melt morphology (viz., annealed and without annealed microphase separated 

melt). Simultaneously, we execute two–step isothermal crystallization by cooling microphase 

separated melt from the respective microphase separation point to 
p

U = 0.3, followed by 

cooling from 
p

U
 
= 0.3 to 

p
U

 
= 0.6. Two-step crystallization yields better crystallinity of A-

block compared to one-step isothermal crystallization, but crystallinity of B-block remains 

similar for both types of crystallization. Two-step isothermal crystallization also preserves 

melt morphology intact. 

We first implement non-isothermal cooling to study the crystallization of symmetric 

diblock copolymer for a series of film thickness ( z ) ranging from z  = 4 to z  = 20. The film 

thickness ( z ) determines the relative location of transition points. The crystallization 

temperature of both blocks decreases with the increase in film thickness ( z ). With the 

increase in film thickness, overall crystallinity remains identical with the formation of thinner 

crystals. Isothermal crystallization reveals that the transition kinetics follows different 

pathways with the variation of film thickness ( z ). The value of Avrami index confirms the 

presence of homogeneous nucleation with two-dimensional crystals. To investigate the effect 

of block asymmetry on thin film crystallization, we vary the composition of B-block (
B

x ). At 

weak segregation (viz.,  = 1), we observe a small depression in crystallization temperature 

of A-block at B
x  = 0.875, which is attributed to the dilution effect imposed by B-block. The 

lamellar thickness of A-block also significantly increases for B
x  = 0.75 and 0.875 at  = 1 

which also triggers the dilution effect enforced by B-block.  
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8.2 Future Studies 

In this thesis, we have implemented Dynamic Monte Carlo simulation to study 

crystallization of diblock copolymer. There are numerous possibilities to extend this work in 

several dimensions. 

 The phase behaviour and crystallization of diblock copolymer can be observed 

through Molecular Dynamics simulation by using Gromacs or LAMMPS. 

 The current simulation methodology can be implemented to study surface induced 

crystallization of diblock copolymer. In thin film crystallization, film thickness as 

well as substrate plays a major role to determine the process of crystallization. 

 With the help of different type of substrate, surface patterning can be possible in thin 

films of diblock copolymer. 

 In our simulation process, additional confinement can be introduced. Polymer 

crystallization under droplet confinement can be examined. Similarly, polymer 

crystallization under nanotube confinement can also be followed. 

 It is possible to study triblock copolymer crystallization using Dynamic Monte Carlo 

Simulation. For that purpose, an extension of energy functions of current simulation 

methodology is necessary. 
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Appendix  

A Symbols and Abbreviations 

m
T  Melting temperature 

m
T

  Equilibrium melting temperature 

G  Growth rate 

v
G  Gibb’s free energy 

  Surface energy 

D
E  Activation energy 

g
T  Glass transition temperature 

l  Lamellar thickness 

  Lateral surface energy 

e
  Fold surface energy 

,g PS
T  Glass transition temperature of Polystyrene 

C
T  Crystallization temperature 

ODT
T  Order-disorder transition temperature 

N  Degree of polymerization 

A
N  Number of A-type repeat units  

B
N  Number of B-type repeat units 

AB
U  Repulsive interactions between two blocks 

P
U  Attractive interactions between parallel bonds 

C
U  Attractive interactions between collinear bonds 

PA
U  Parallel bond interaction energy of A-block 

PB
U  Parallel bond interaction energy of B-block 

CA
U  Collinear bond interaction energy of A-block 

CB
U  Collinear bond interaction energy of B-block 
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P
N  Net change in numbers of parallel bonds 

C
N  Net change in numbers of collinear bonds 

AB
N  Net change in contacts between A and B-units 

  Flory-Huggins interaction parameter 

  Segregation strength 

q  Coordination number 

k  Boltzmann constant 

A
X  Fractional crystallinity of A-block 

B
X  Fractional crystallinity of B-block 

C
X  Overall crystallinity 

v
C  Specific heat 

*

P
U  Crystallization temperature in terms of 

P
U  

*

PA
U  Crystallization temperature of A-block 

*

PB
U  Crystallization temperature of B-block 

A
x  Block composition of A-block 

B
x  Block composition of B-block 

2

cm
d  Mean square displacement of centre of mass 

v AB
C


 Specific heat based on demixing energy 

#

P
U  Microphase separation point 

2

g
R  Mean square radius of gyration 

sat

A
X  Saturation crystallinity of A-block 

sat

B
X  Saturation crystallinity of B-block 

A
S  Average crystallite size of A-block 

B
S  Average crystallite size of B-block 
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A
l  Average lamellar thickness of A-block 

B
l  Average lamellar thickness of B-block 

*

C
X  Scaled crystallinity 

n  Avrami index 

X  Crystallinity during single Monte Carlo step 

sat
X  Saturation crystallinity 

P  Bond order parameter 

  Angle of crystalline bond with Z-axis 

E b EP   Ethylene-b-Ethylene-alt-propylene 

PE b PEE   Polyethylene-b-Polyethylethylene 

PCL b PS   Poly(ε-caprolactone)-b-Polystyrene 

PE b PEO   Polyethylene-b-Polyethylene oxide 

LPE b hPN   Linear polyethylene-b-Polynorbornene 

PCL b PE   Poly(ε-caprolactone)-b-Polyethylene 

PPL b PE   Poly(β-propiolactone)-b-Polyethylene 

PLLA b PEO   Poly(ւ-lactide)-b-Polyethylene oxide 

PLLA b PCL   Poly(ւ-lactide)-b-Poly(ε-caprolactone) 

PLLA b PEG   Poly(ւ-lactide)-b-Poly(ethylene glycol) 

PLLA b PE   Poly(ւ-lactide)-b-Polyethylene 

PPDX b PCL   Poly(р-dioxanone)-b-Poly(ε-caprolactone) 

PEG b PCL   Poly(ethylene glycol)-b-Poly(ε-caprolactone) 

PEG b PBd   Poly(ethylene glycol)-b-Poly(butadiene) 

PE b aPP   Polyethylene-b-(atactic Polypropylene) 

3PPP b P HT   Poly (2,5-dihexyloxy-p-phenylene)-b-(3-hexythiophene) 

sPP b PCL   Syndiotactic Polypropylene-b-Poly(ε-caprolactone) 
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2. Kundu, C., Dasmahapatra, A. K., 2014, Effect of Block Asymmetry on the 

Crystallization of Double Crystalline Diblock Copolymers, J. Chem. Phys. 141, 

044902. 

3. Kundu, C., Dasmahapatra, A. K., 2015, Crystallization of Double Crystalline Diblock 

Copolymer by Dynamic Monte Carlo Simulation, Macromol. Symp. 354, 314-323. 

4. Kundu, C., Joshi, S. N., Dasmahapatra, A. K., 2016, Crystallization of Diblock 

Copolymer from Microphase Separated Melt (Manuscript under review). 

5. Kundu, C., Joshi, S. N., Dasmahapatra, A. K., 2017, Crystallization of Diblock 
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B2 Presentations 

1. Chitrita Kundu and Ashok Kumar Dasmahapatra, "Confinement Induced 

Crystallization of Double Crystalline Diblock Copolymer" presented on CCP 2015 at 

Indian Institute of Technology Guwahati during December 2-5, 2015. 

2. Chitrita Kundu and Ashok Kumar Dasmahapatra, "Crystallization of Double 

Crystalline Diblock Copolymer from Microphase Melt" presented on 4FAPS-IPC 

2015 at Kualalumpur, Malaysia during Octobor 5-8, 2015. 

3. Chitrita Kundu and Ashok Kumar Dasmahapatra, “Composition Dependent 

Crystallization behavior of Double crystalline Diblock Copolymer” presented on 

MACRO 2015 at IACS, Kolkata during January 23-26, 2015.  

4. Chitrita Kundu and Ashok Kumar Dasmahapatra, "Crystallization of Double 

Crystalline Diblock Copolymers Studied by Dynamic Monte Carlo Simulations", 
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Copolymer studied by Dynamic Monte Carlo simulation” presented on MACRO 

2013 at Indian Institute of Science Bangalore during May 15–18, 2013. 

TH-1756_11610720



C: Awards 

 

150 

 

C Awards 

1. Best Poster Presentation award in CCP 2015, XXVII IUPAP Conference on 

Computational Physics at IIT Guwahati during December 2-5, 2015. 
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4FAPS-IPC 2015, The 4
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Polymer Congress at Kuala Lumpur, Malaysia during October 5-8, 2015. 
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2014. 

 

TH-1756_11610720


