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CHAPTER I 

INTRODUCTION 
 

 Polymer is a macromolecule which is composed of monomers, numerous of the 
repeating structural units. Each polymer molecule may comprise hundreds to a million 
monomers with the possibility to be a linear, branched, or network structure. It is 
generally known that the length of a polymer chain is a very important factor to 
determine its material properties. For polyolefin, as the number of carbons increases 
to several hundred atoms, the materials transform from the liquid state to glassy solid. 
When the quantity of carbon atoms in the polymer chain excels a thousand, the solid 
polymeric material with strength, flexibility and toughness properties is obtained, which 
called polyethylene (PE). Change in the thermodynamic state takes place when the 
length of the polymer increases along with the total binding forces between molecules. 

In this thesis, we are interested in chemical and physical modification of 
polyethylene by means of (1) copolymerization with propylene monomers in the 
whole composition range (propylene fraction = 0.0 to 1.0) and the change in the 
structures and dynamics of these polymeric materials, and (2) change in molecular 
topology, such as cyclic structure in comparison to linear structure, of the same 
ethylene repeating units for the difference in crystallization characteristics.  

In the first case, the properties of polymer can be altered by the incorporation 
of co-monomer to the homopolymer backbone. New polymeric materials can be 
obtained with new properties, such as lowering its melting and glass transition 
temperatures, decreasing the crystallinity, being more transparent and having higher 
impact resistance. In this part, ethylene-propylene copolymers were studied by a 
molecular simulation method in order to study the influence of the comonomer 
composition and sequence to their structural, dynamic and surface properties at the 
melt state.  

In the second case, cyclic isomers with the same chemical structure with the 
linear PE chains were investigated for the crystallization behavior. The molecular 
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topology is known as the key aspect in various research topics in polymer science due 
to its influence on the polymer physical properties. Notably, development of various 
cyclic topologies has recently received high attention. Because of having no chain end 
group, cyclic polymers possess unique characteristics, including higher glass transition 
temperatures, less viscosity, and a smaller hydrodynamic radius. Some cyclic polymers 
have been successfully prepared using two synthetic methods, so-called 
intramolecular ring closure reactions and ring expansion polymerizations.  

Since the melt processing has important role on the application of polymeric 
materials. It is significant to perceive the crystallization mechanism of polymer from 
the molten state in which chain folding to the lamella structure has an important role. 
Chain folding and chain orientation is expected to be different for linear and cyclic 
polymers during the crystallization process. Due to polymer synthesis being extremely 
difficult, this issue can be investigated alternatively using computer simulation 
technique, in which the polymer structure can be controlled precisely, unlike the 
experimental approach. In this proposal, crystallization characteristics of linear and 
cyclic PEs will be investigated and compared. Next, general introduction to this 
proposal will be given as follows: (1) molecular simulation (2) copolymers melts (3) 
copolymers surface and (4) crystallization of cyclic polymers. 

 

1.1 Molecular simulation 
For the past 30 years, modeling and simulation of materials has become an 

important tool for the research and development in chemical and pharmaceutical 
industries. Competition in chemical synthesis and separation advancement occur 
mainly through the development and usage of materials with specific physico-chemical 
characteristic, e.g. metallocene catalysts for polyolefin production, polymer 
membranes with better permeability and selectivity, and green solvent with specified 
thermo-physical properties. In addition, product design has been focused more than 
the process, which is directly related to material behavior. Scientists or engineers play 
a major role on development of new materials within the range of 0.1-10 nm length 
scale, to achieve mechanical, electronic, magnetic, optical and other features at this 
level. Development of the quantitative understanding for structure–property–
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processing–performance is very important, which is the main goal of computer 
simulation and modeling of materials. Using these computational methods along with 
experimental techniques should be powerful tools to study materials at the fine scale.  

At the present, the advancement in computer hardware greatly benefits the 
polymer modeling and simulation. Development of new methods and algorithms is 
much more important for simulations, which are based on the physical and chemical 
science. Each method is used in diverse time and length scales that are appropriate 
for structures and dynamics occurring in polymeric materials. Currently, multiscale 
modeling and simulation, involving a consolidation of atomistic (< 10 nm), mesoscopic 
(10-1000 nm), and macroscopic approaches are generally accepted as successful 
solutions for materials design. (Kotelyanskii and Theodorou, 2008)  

Computer simulation of polymeric materials with coarse-grained lattice models 
have been taken into account as an efficient simulation method for the time and 
length scale of these system. High coordination lattice, such as the second-nearest-
neighbor diamond (2nnd) lattice simulation has the key advantage because it can keep 
detailed chemistry of polymer. This method is relevant for the study of large polymer 
systems with more efficiency, while atomistic simulation cannot equilibrate the large 
system within the appropriate computation time (Antoniadis et al., 1999; Logotheti and 
Theodorou, 2007; Antoniadis et al., 1998). The effect of stereochemistry of side chain 
in vinyl polymer chain on various properties can also be studied using this technique. 
Unlike enantiomer of small-molecules, computer simulation studies on 
stereochemical effects on dynamic properties of polymer materials are still not well 
understood. It is therefore important to have more comprehensive study for the 
influence of different stereochemical sequences on the dynamics of vinyl polymer 
chains. For isotactic polypropylene (PP), structural modification of this polymer was 
tried by Thai company to have iPP with a small amount of C2 (ethylene) units in the 
chain structure which can alter the properties of these plastics. In this proposal, we 
used dynamic Monte Carlo simulation to investigate the structures and dynamics of 
iPP-PE copolymer with the broader range of ethylene fraction (PE) of 0.25, 0.50, and 
0.75. For each fixed values of ethylene content, the effect of different stereochemical 
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sequences will be studied to see how each specific PP and PE sequence affects the 
dynamics of polymer melt states. 
 

1.2 Copolymers melt 
- Polymers with only one monomer type: These polymers consist of identical 

repeating units in a long straight chain structure linked with covalent bonds.  

- Polymers with different monomer types/chemical groups: This type of 
polymer may contain either branched structure or having functional groups 
linked to the end unit. 
The properties of polymers often reckon on the stereochemical structure. 

Control of the stereochemistry of homopolymers and copolymers is facilitated by the 
development of metallocene catalysts (Kaminsky and Arndt, 1997; Soga and Shiono, 
1997; Busico and Cipullo, 2001). Using this kind of catalysis can also control the specific 
sequences of the chains for length scale at the diads i.e. meso (M) or racemo (R) 
placement. Atactic chains can be considered as random copolymers, since the 
stereochemical sequences are random (Flory and Volkenstein, 1969). Atactic 
polypropylene (aPP) has unique conformational partition function in each isomer as a 
result of a varied fraction of meso and racemo diads (Mattice, et al., 2007). Changing 
tacticity can cause high impact on many of its properties, such as thermal, diffusion 
and crystallization (Soga and Shiono, 1997; Mattice and Waheed, 2006; Chen, Ozisik    
et al., 2007). For dynamic properties, isotactic polypropylene (iPP) with tg conformers 
has a higher diffusion rate than syndiotactic polypropylene (sPP) chain with tt 
conformers (Antoniadis et al., 1999). From the previous publication, aPP chains with 
random stereochemical sequence and with the fraction of meso diad (Pm) in between 
those of iPP and sPP chain (Mattice and Waheed, 2006; Mattice et al., 2007; Chen et 
al., 2007) can diffuse faster (Waheed et al., 2007).  In addition, the irregular chain 
structure of aPP can prevent crystallization, which causes aPP to have an amorphous 
rubbery property, while iPP and sPP are semicrystalline. Both iPP and sPP usually have 
some stereochemical defects, which greatly influence their crystallization and the 
melting point (Chen et al., 2007; Madkour and Mark, 1997).  
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1.3 Copolymers surface  
Even though investigation for the surface and interface of polymeric material 

has been carried out by numerous experimental techniques, it is still very challenging 
to characterize polymer thin film at the molecular level. Likewise, many simulation 
approaches have been employed to inspect the effect of surface confinement on 
properties of polymeric nano-structured materials. Simulations can be performed using 
variety of methods, such as the system with discretized lattice (Madden, 1987; 
Theodorou, 1988; Doruker and Mattice, 1998; Müller and MacDowell, 2000) or 
continuous space (Mansfield and Theodorou, 1990; Mansfield and Theodorou, 1991), 
using coarse-grained or fully atomistic detailed model for investigation of either static 

or dynamic (Doruker and Mattice, 1999) aspects of polymer surface. 
 

1.4 Crystallization of cyclic polymers 
Cyclic polymers have unique properties in terms of preserving their old 

topology. They never change their state of concentration which deliver a 
supplementary and global constraint for the conformation statics, unlike the linear 
polymers that take any available conformation under the local constraint of excluded 
volume. The conformational entropy of polymer melts will be reduced if it is prepared 
by concentrating a dilute solution of non-concentrated cyclic polymers, which is not 
the case for linear chains. If the molar mass of the cyclic polymers is larger than the 
entanglement molecular mass of their linear counterparts, the dynamics at the melted 
state will be accelerated. This is relevant to the missing of classical reptation dynamics.  
(Obukhov et al., 1994; Halverson et al., 2011) Since cyclic polymers do not diverge in 
any other chemical details from their linear counterparts, they offer an intriguing 
system to study the influence of topology on polymer crystallization. 

Structure formation as well as crystallization of polymer chains is an engrossing 
topic in chemistry, physics and biology (Fujiwara and Sato, 1999). For decades ago, 
many theoretical and experimental have been developed since chain folding was 
proposed in polymer science (Keller, 1957). Nevertheless, there is insufficient detail of 
structure formation mechanism on the molecular level to be fully understood. Small-
angle and wide-angle X-ray scattering (SAXS and WAXS) approaches were employed 
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to examine the crystallization of polymer from melt state throughout the induction 
period and the spinodal kinetic has been reported in different polymer melt, such as 
poly(ethylene terephthalate) (PET) (Imai et al, 1994), poly(ether ketone ketone) (PEKK) 
(Ezquerra et al., 1996), isotactic polypropylene (iPP)  (Terrill et al., 1998) ,and 
polyethylene (PE) (Ryan et al., 1999). The coupling between density and chain 
conformation (Olmsted et al., 1998) was proposed to be a reason to provoke this 
process in the coexistence part of the equilibrium liquid and crystalline solid.  

Several experimental results on crystallization of cyclic polymers have been 
gathered to compare with linear topology. Still, partially disputable conclusion has 
been drawn. (Su et al., 2013). There is a recent comparison review of various 
experimental studies. (Pérez-Camargo et al., 2015). A general opinion is procured about 
the fact that there is no influence of the ring topology to the crystalline structure 
which supports the hypothesis of the same equilibrium heat of fusion, ΔH, regardless 
of the cyclic topology. So far, the studies of cyclic polymers are usually tended to 
have higher melting temperature, Tm and higher crystallinity (Schäler et al., 2011) than 
their linear counterparts under a specified thermal history. Regarding the lamellar 
thickness contrary trends have been reported. Despite that, a key aspect of the 
experiments, especially in the melt state, is the purification of the cyclic polymers. A 
limited number of linear chains can cause a qualitative effect on the state of 
entanglement and the dynamics of cyclic polymers melts, (Everaers et al., 2004) a fact 
which potentially clarify some of the contradictory results. (Pérez-Camargo et al., 2015)  

In order to disclose the structure formation on molecular level, particularly at 
the initial stage, some studies based on computer simulation were done for polymer 
chains. Local structures at a beginning stage and an almost late stage were retrieved 
from molecular dynamics (MD) simulation and it was found that the global order 
parameter raised only after the chains were stretched to some extent (Takeuchi, 1998). 
The folding of long polyethylene chain from solution was studied using MD simulation 
(Yamamoto, 1997; Martoňák et al., 1996) and Monte Carlo (MC) simulation (Chen and 
Higgs, 1998). Even so, the structure formation on the molecular level from the dense 
polymeric system was done with less effort. Hu (Hu, 2000) introduced collinear energy 
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and parallel energy between two Kuhn segments to simulate structures and melting 
point of chain polymers on a simple cubic lattice.  
 

1.5 Copolymer crystallization 
For the basic of crystallization from liquid substance, adding the second 

component would strongly alters from the nucleation rate to the overall rate of 
crystallization at melt state. This cause phase diagrams for two-component systems 
extent the crystallization region. Therefore, the relative changes for the crystallization 
process of copolymers, can be expected, and are actually validated by kinetic studies. 
However, it is the sequence propagation probability rather than the composition of 
copolymer that is important.  (Buzarovska, 2004) 

The overall crystallization kinetics and spherulite growth rates of the copolymer 
composed of isotactic polypropylene with small amount of ethylene defect will be 
analyzed in this thesis, using experimental techniques. It should be reminded from the 
point of view of polymer chemistry that (1) polyethylene usually contain a lot of 
branched points so that using PE as the main component is not possible to study by 
experiments and interpretation at the molecular level is very difficult, (2) 
polypropylene with large amount of ethylene content is rubbery materials so that it 
prohibits the crystallization study as the amount of crystallization should be none or 
very small amount to observe experimentally and (3) isotactic polypropylene with 
small amount of ethylene defect (< 5 mol%) should be an ideal system for 
investigation as the percent of crystallinity from iPP portion is large enough to be 
investigated by thermal analysis and X-Ray technique. In addition, real samples can be 
obtained from the company in Thailand. For this part, the experiments were carried 
out based on thermal analysis (differential scanning colorimeter, DSC) and synchrotron 
X-Ray (Small Angle X-ray Scattering, SAXS) techniques to study the crystallization 
kinetics of isotactic polypropylene with small fraction of ethylene monomer from the 
melt state to shed some light on the effect of monomer defect on structure formation 
of copolymer.  
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1.6 Objectives 
 

1. To investigate the effect of comonomer sequence on the structural and 
dynamic properties of bulk ethylene-propylene copolymer melts. 

2. To study the effect of ethylene content on the molecular and surface 
properties of ethylene-propylene random copolymer thin film. 

3. To study the effect of chain topology (linear vs. cyclic) on the 
crystallization characteristics of polyethylene from the melt state. 

4. To investigate the effect of a small amount of ethylene defect on 
crystallization characteristics of isotactic polypropylene.  

 

1.7 Scope and limitation 
 This research work has been divided into 2 main parts 
 

1.7.1 Molecular simulation 
   The simulation technique employed to study molecular, structural, dynamic and 
surface properties of iPP-PE copolymers and the crystallization behavior of linear and 
cyclic PE homopolymer is based on lattice Monte-Carlo simulation of coarse-grained 
polymer models. The studies will include:  

• Determination of the molecular size (Rg), chain packing (pair correlation function) 
and dynamics (translational and rotational motion) of bulk melts. 

•  For polymer thin film, structures and orientation at the molecular and bond 
level will be investigated.  

• For crystallization studies, structural formation and ordering at bond/chain scale 
will be studied. 

 
1.7.2 Experiments 
Crystallization of isotactic polypropylene with a small amount of polyethylene 

defect (iPP-E) will be investigated based on thermal analysis and X-ray scattering. The 
experimental techniques employed in this section are: 
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• Differential Scanning Calorimeter (DSC): to determine crystallization behavior of 
iPP-PE for both isothermal and non-isothermal kinetics 

• Small Angle X-ray Scattering (SAXS): to determine the crystallization behavior 
of iPP-PE for both isothermal and non-isothermal kinetics 

 

 

 

 

 



 
CHAPTER II 

LITERATURE REVIEWS 
 

2.1 Introduction 
Natta et al. firstly synthesize the isotactic polypropylene (iPP) In addition to its 

mechanical performance, lightness, chemical endurance and transparency advantages, 
iPP has become a popular product in the global thermoplastic market. It has a wide 
range of applications, such as containers, wrappers, medical and laboratory equipment 
(Utracki, 1998).  The outstanding performance is strongly related to its semicrystalline 
structures controlled by its crystallization kinetics. To improve the properties of iPP, 
placing some comonomer units at random positions within the chain is one of the 
possible methods to modify material properties. This approach leads to decreased 
ranges of crystallization and melting temperatures, as well as crystallinity reduction 
(Flory, 1953; Balbontin, 1992 and Hauser, 1998). Many previous works have been 
performed to examine the crystallization behavior of random copolymer based on 
poly(propylene) containing a small fraction of comonomers (Auriemma, Ȁ2; Hosoda, 
2002; Hosier, 2003; Gou, 2007; Rosa, 2007 and Jeon, 2009).  
 

2.2 Copolymers  
 Synthesis of the polymer can be conducted with higher potential to control the 
stereochemical and fractional of homopolymer and copolymer according to the 
development of metallocene catalysts (Kaminsky, 1997; Soga, 1997 and Busico, 2001). 
Even for the advancement of catalyst, isotactic polypropylene synthesis still has some 
raceme defect on the product yield. The modern catalysts can control not only on 
the polymerization of 100% isotactic and 100% syndiotactic chains, but also to 
synthesize polymers in which the stereochemical sequence is longer than diads. For 
PP chains with different tacticity, atactic PP (aPP) is an amorphous rubbery material as 
it has an irregular structure that prevent the formation of crystallites while both 
isotactic PP (iPP) and syndiotactic PP (sPP) are semi-crystalline. The crystallization and 
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the melting temperature of iPP and sPP are also strongly depended on stereochemical 
structure (Chen, 2006; Chen, 2007 and Waheed, 2007).  
 In addition, copolymerization of two different monomers can result in many 
kinds of structure besides random copolymers (Flory, 1969). We anticipate that new 
kind of catalyst or synthesis method may be possible in the future to precisely control 
the sequence of different monomer to arrange in specific position in copolymer chains. 
The specific sequence of ethylene-propylene copolymer should have some influence 
on the thermal, diffusion and crystallization properties. In practice, adding ethylene 
units on polypropylene chain cause the materials become more rubbery behavior.  
 Theoretical model to describe chain conformational characteristics for 
copolymer with specific monomer sequence should have the unique conformational 
partition function (Mattice, 2007). Computer simulation of polymeric materials is still a 
challenging work due to the nature of long time and length scales involved in the real 
systems. The simulation with coarse-grained model have been attempted to improve 
the computational efficiency for polymers system. Simulation of coarse-grained 
polymer models on the high-coordination second-nearest-neighbor diamond (2nnd) 
lattice (Mattice, 1999; Akten, 2001 and Clancy, 2001) maintain adequate detail to 
enable the nature of specific chemical details of the simulating polymers, and allows 
more efficient study for the larger systems which cannot be covered on appropriate 
length and time scales as done by atomistic simulation (Antoniadis, 1998; Antoniadis, 
1999 and Logotheti, 2007). This simulation technique has been used to study various 
problems including the influence of stereochemistry of polymer chain on structural 
and dynamic properties. For example of polypropylene case, the stereochemical 
sequence of atactic chain with quenched randomness causes samples with 
intermediate stereochemical composition at probability of a meso diad, Pm (Mattice, 
2006; Mattice, 2007 and Chen, 2007), resulting in meso and racemo sequences in aPP 
chain diffuse faster than iPP and sPP chain (Waheed, 2007) but each atactic chain is 
composed of different stereochemical pattern of  racemo and meso diads resulting 
from random sequence on each chain. Despite the stereochemical effect are well 
studied for mixtures of small organic molecules (Mattice, 2006), the fundamental 
perspective of the stereochemistry of polymer chain is required to understand the 

 



 

 

12 

 

structural and dynamic properties. Accordingly, more extensive study is vital for 
abovementioned effect on material properties related to the specific monomer 
sequences of copolymer chains. 

Polymer surface and interface are crucial importance for various technologies 
such as adhesion, coatings and paints (Feast, 1987 and Stamm, 1992). The substantial 
understanding of polymer surfaces covers various issues, for example, the contact 
angle and wettability, surface energy, tribology, interactions/reactions at surfaces, 
adsorption/adhesion, and surface modification (Mittal, 1983). Molecular level 
comprehension of polymer surfaces can bestow great chance to modify surface 
properties to meet specific interests. Several theoretical and experimental approaches 
have been sought to investigate the research problems of polymer surfaces with 
infrequent success especially at the molecular level due to their exceptionally small 
length scale at Angstrom level. Over the years, molecular simulations have been 
developed to study nanostructure of polymeric materials with free surface. These 
simulations use various techniques including the lattice (Madden, 1987 and Theodorou, 
1988; Doruker, 1998) or of-lattice approaches (Mandsfeld, 1990 and Müller, 2000) of 
coarse-grained (Doruker, 1998) or fully atomistic models (Mandsfeld, 1990; Mandsfeld, 
1991 and Müller, 2000) to study both static and dynamic properties of the surface. 
One way to modify polymer surface at the molecular level is to use random copolymer 
with two or more different monomers covalently bonded at statistically random 
position in the chains which can give new properties compared to the individual 
homopolymers (Fried, 2014). Molecular simulation is also sturdy to investigate 
copolymers where different monomer units can affect their physical and chemical 
properties. In principle, simulation at the fully atomistic level should deliver better 
details and include the specific characteristics of monomer units in copolymer chain. 
However, atomistic simulation become rough for structural relaxation and equilibration 
(Mandsfeld, 1990 and Misra, 1995). The relaxation of copolymer chains should be 
adequate so that the end-to-end vector of copolymer chain lost any memory with its 
starting configuration, and the center of mass of copolymer molecule should diffuse 
at least a distance larger than its radius of gyration. 
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To prevail this difficulty, Monte Carlo simulation of coarse-grained polymer 
model on the second nearest neighbor diamond (2nnd) coordination lattice has been 
developed during the past two decades to study polymeric nanostructured materials 
with free surfaces including thin film, nanofiber and nanoparticle (Doruker, 1998; Vao-
soongnern, 1999; Baschnagel, 2000 and Vao-soongnern, 2001). This simulation 
technique handles homopolymer systems with the Hamiltonian comprised the short-
range intramolecular and long-range intermolecular interactions based on the 
Rotational Isomeric State (RIS) model (Flory, 1969 and Mattice, 1994) and the Lennard–
Jones (LJ) potential energy function, respectively. Earlier, this simulation approach 
combined with the reverse-mapping procedure to the fully atomistic description was 
employed to study poly(ethylene-ran-propylene) thin films (Rane, 2004) and 
compared results with the sum-frequency generation (SFG) spectroscopy (Opdahl, 
2002). Methyl groups become more abundance on the surface than in the bulk region. 
Nevertheless, structural and surface properties of poly(ethylene-ran-propylene) thin 
films at all range of comonomer composition had not yet reported 

 
2.3 Polymer crystallization 
 Crystallization of long chain molecules is an interesting  and challenging topic 
in polymer science. There are many factors that can affect crystallization, such as type 
and structure of polymer, crystallization temperature, cooling rate and polydispersity. 
In this thesis, we are interested in the effect of polydispersity, which is used to describe 
the degree of non-uniformity of a distribution of the polymer, on the degree of 
crystallinity. There have been many experimental results and theoretical 
developments in the concept of chain folding proposed in polymer science many 
decades ago (Keller, 1957 and Wunderich, 1976). In particular, those studies are based 
on static light scattering, microscopy, and differential scanning calorimetry use to 
characterize the crystal morphology obtained during the crystallization of 
polyethylene (PE) which is largely dependent on molecular weight and polydispersity 
(Mandelkern, 1968; Maxfield, 1977 and Voigt-Martin, 1980). Although many 
experimental studies have been proceeded on polymer crystallization and nucleus 
formation, as emphasized by recent reviews (Schick, 2017; Cui, 2018 and Yue, 2018), it 
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remains challenging for experiments to attain the nanoscale temporal and spatial 
resolutions required to track the molecular-level evolution of nuclei. Hence, the 
detailed mechanism of structure formation on the molecular level is not fully 
understood. In order to expose the formation of structures at the molecular level, 
especially in the early stages, some works on molecular simulation were needed to 
perform for polymer crystallization.  
 Local structures at an early and relatively late stages can be derived from 
molecular dynamic (MD) simulations and it was realized that the global order 
parameter only propelled after the chains were stretched to some extent (Sadler, 1986; 
Takeuchi, 1998 and Fujiwara, 1999). The folding of the long PE chain from solution 
was also studied through MD (Martonák, 1996 and Yamamoto, 1997) and MC 
simulation (Chen, 1998). However, less work has investigated the construction of 
molecular structures from a dense polymer system. Hu (Hu, 2000) simulated the 
structure and melting point of the polymer chain on a simple cubic lattice through 
collinear energy and parallel energy between two Kuhn sections. To investigate 
polymer crystallization based on more realistic polymer model and to reduce 
computational time compared with fully atomistic MD, MC simulation was performed 
for coarse-grained PE chains on a high coordination lattice (Xu, 2001). This approach 
avoided introducing artificial energies, such as collinear energy and parallel energy, 
which were involved inevitably in other coarse-grained lattice MC simulations. The 
method was demonstrated for simulation of structure formation in the case of 
monodisperse PE. In this thesis, the same simulation method will be extended to 
investigate the crystallization of polymer mixture composed of short and long PE 
chains. 

Recently, cyclic alkanes were also used in polymer crystallization studies, for 
the onset of chain folding in comparison to linear alkanes (Ozisik, et al., 2002). 
Investigation for the reptation theory can be carried out by using polymer chain 
confined in a topological constrained tube and the previous studies founded that all 
portion along the chain could move except the chain ends (de Gennes, 1979) as in the 
case of cyclic polymers. In addition, recent experiments found that cyclic 
poly(dimethyl siloxane) (PDMS)  diffuses faster than the linear PDMS (Klein, 1986), which 
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conflict with the argument that the cyclic chains should have slower motion compared 
to linear chains.   

 

 

 



 
CHAPTER III 

RESHEARCH METHODOLOGY 
 

3.1 Experimental part 
 3.1.1 Apparatus and materials 

- Aluminum sample pans 

- PerkinElmer PYRIS (Diamond) Differential Scanning Calorimeters. 

- Linkam THMS600 hot stage 

- Synchrotron Small X-ray Scattering (SAXS) 

- Isotactic Polypropylene with small ethylene defect, SCG Chemical 
 
Table 3.1 Data of iPP samples from SCG company. 

Sample 
(iPP-ran-E) 

MHD-RPP1 
or MH002 
(PPE009) 

MHD-RPP2 
(PPE016) 

MHD-RPP3 
(PPE185) 

MHD-RPP5 
(PPE059) 

MI 3.1 2.3 2.34 2.64 
mmmm (%) 95.63  96.42 96.05 

meso run length   411 188 
C2 (%mol) 0.09 0.16 1.85 0.59 

Mw   406,383 479,098 
Mn   31,452 30,742 

MWD   12.92 15.58 
Mz   1,858,212 2,135,517 
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3.1.2 Sample preparation  
- For thermal analysis, polymer samples were cut to fit into 3mm diameter 

of aluminum pan and sample load was about 10 mg. Thermal analysis were performed 
using PerkinElmer PYRIS (Diamond) Differential Scanning Calorimeters.  

- For scattering experiment, all samples were melted and re-shaped into 
the square sheet with 1 mm thickness to suit with the sample holder of temperature 
programmed SAXS/WAXS. The plastic sheet was cut to 8 x 1.5 - 8 x 2 mm dimension 
to fit with the sample holder and covered with Kapton tape on both sides of sample 
holder, which the X-ray can penetrate through the samples at the melt state.  
 
   3.1.3 Sample characterization 
 3.1.3.1 Differential Scanning Calorimeter (DSC) 

For thermal analysis, melting temperature (Tm) and the percent of 
crystallinity of all polymer samples were determined using PerkinElmer PYRIS 
(Diamond) Differential Scanning Calorimeters (DSC). First, the calibration was done using 
indium standard material. For the non-isothermal crystallization kinetic studies, The 
temperature is scanned from 50 °C to 200 °C with the heating rate of 10 °C/min under 
nitrogen atmosphere. The samples were initially melted at 200 oC for 2 min in order 
to erase all previous thermal history. Then the samples were cooled down at the 
different rates of 5, 10, 15, 20, 25 and 30 oC/min. The percentage of crystallinity of all 
samples were then determined. Finally, DSC thermograms were analyzed 
quantitatively and fitted with various theoretical models to understand the role of 
ethylene defect on the non-isothermal crystallization kinetics.   
 
 3.1.3.2 Small Angle X-ray Scattering (SAXS) 

For SAXS experiment, non-isothermal crystallization of polymer samples 
was was conducted at BL1.3W beamline, Synchrotron Light Research Institute (SLRI), 
Nakhon Ratchasima (X-ray wavelength = 1.38 Å and the sample-to-detector = 4.5 m). 
Silver behenate (d = 3.838 nm) was used to calibrate WAXD scattering angle. The 
scattering patterns was captured by CCD detector (Mar SX165) with a diameter = 165 
mm. An ionization chamber was placed in front of and behind the sample holder with 
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the photodiode attached in front of a beam stop to monitor the beam intensity. 
Styrene-ethylene-butadiene-styrene block copolymer (SEBS) with d = 32.8 nm was 
used as a standard material to calibrate SAXS scattering angle. The sample cell with 
Kapton windows with 1 mm thickness was used to hold the sample. All specimens 
were heated to 200 °C and annealed for 5 min to eliminate all the crystalline phases 
and thermal history. Sample holder was then cooled down to 130 °C which SAXS 
signals were accumulated at each crystallization temperatures with as exposure time 
of 60 second. Measurement was made every 5 minutes upto one hour (0, 5, 10, 15, 
20, 25, 30, 35, 40, 45, 50, 55, 60 min) with the 120 s.   
 

3.2 Computational method 
3.2.1 Monte-Carlo simulation (MC) 

3.2.1.1 Coarse-graining of polymer chains 

The decision of which method will be used to study the specific 
phenomenal of each polymer are depending on the length scale and time scale for 
the properties of interest. The coarse-grained simulation methods will be applied to 
improve the efficiency of the simulation. Recently, a high coordination lattice (Rapold 
& Mattice, 1995; Doruker & Mattice, 1999; Baschnagel, et al., 2000) was employed in 
polymer simulation, in which only two terms of energies (short- and long-range 
interaction) are included. On this lattice, one occupied site represents two backbone 
atoms. In the case of polyethylene (PE), one site represents CH2=CH2 repeating unit as 
depicted in Figure 3.1. This method can be employed to study much larger systems 
due to the restriction of bond length and bond angle and the use of discrete space. 
Furthermore, this model keeps a certain degree of details for chemical bonds. For 
instance, after the reverse-mapping from coarse-grained into the fully atomistic 
description, the neglected side methyl groups in polypropylene (PP) can be recovered. 
At the same time, the stereochemical structure is also retained in this model.  
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Figure 3.1 Coarse-grained beads of polyethylene with one ethylene repeating unit 
(two backbone carbons) for each coarse-grained bead. 

 

3.2.1.2 High Coordination lattice  

In this study, the simulation will be performed using a coarse-grained 
Monte Carlo (MC) method on a high coordination lattice. The most natural lattice for 
polymeric materials is the diamond lattice which gives the tetrahedral structure and 
the angle between two consecutive bonds and torsion angles (trans and gauche) are 

separated by 120, which is appropriate for polyolefin. 

Construction of high coordination lattice, which is called the 2nd nearest 
neighbor diamond (2nnd) lattice, can be done by eliminating every other site from a 
diamond lattice. The length of all coarse-grained bonds for both PP and PE are at the 
same length (2.5Å). This high coordination lattice has the angle between any two axes 

along the sides of the unit cell equal to 60 (unlike the cubic lattice which has the 

angle of 90).  The coordination number of the ith shell is 10i2 + 2 (12 nearest neighbors 
in the first shell) which is high enough to provide a flexible definition for rotational 
state on the lattice. The lattice sites are equivalent to hexagonal packing. Each 2nnd 
lattice site can be occupied with C2H4 (C3H6) or C2H5 (C3H7) repeating unit in the 
simulation of PE (PP). Therefore, the lattice is partially occupied even when it portrays 
a dense polymer system with the occupancy for bulk PE and PP around 24% and 12% 
respectively. Low occupancy has the advantage to improve the simulation efficiency 
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compared with Molecular Dynamics (MD) simulation. In addition, the coarse-grained 
chains can be reverse-mapped to fully atomistic model and chain conformation in 
continuous space can be restored after energy minimization. (Doruker and Mattice, 
1997) Furthermore, this high coordination lattice can retain the stereochemical 
structure which is suitable to study polymers with different stereochemical sequence. 
Figure 3.2 presents the construction of 2nnd lattice from a diamond lattice. The 12 
nearest neighbors of a center bead are demonstrated in Figure 3.3. The configurations 
of sub-chains are depended on the position that the third bead occupied, which the 
relation is shown in Table 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Construction of 2nnd lattice from a diamond lattice and two reference 
lattices.  
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Table 3.2 Relation of real sub-chain conformations and the distances between every 
other bead on 2nnd lattice. 
 

Type Length (Å) Conformation 

A 5.00 tt 

B 4.33 tg+, tg-, g+t, g-t 

C 3.53 g+g+, g-g- 

D 2.50 g+g-, g-g+ 

 

 

 

 

 

 

 

 

Figure 3.3 Twelve nearest neighbors and chain conformation. 
 

 

 

 

 

 

 

 

 

Figure 3.4 Single bead movement on 2nnd lattice. 
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3.2.1.3 Moves in the simulation  

The simulation employs two types of moves. The first one the “single 
bead moves” (Doruker & Mattice, 1997) where each individual bead is possible to move 
to its nearest vacant neighbors under the restriction of bond length and energy. The 
single bead movement on the 2nnd lattice can change the position of either two or 
three consecutive carbon atoms on the underlying fully atomistic diamond lattice.  
The movement of a single bead is shown in Figure 3.4. 

Another type of move is the multiple beads moves, introduced for the 
improvement of computational efficiency, called “pivot move”, which was proposed 
by Clancy et al. Figure 8 depicts the example of two-bead pivot move. Using the pivot 
moves can greatly enhance the rate of equilibration. In every Monte-Carlo Step (MCS), 
single bead moves and multiple bead pivot moves are occurred arbitrarily. Every bead 
is tried once, on average. The Metropolis rule (Metropolis et al., 1953) is applied to 
prevent the movement that cause double occupation and collapses (Carmesin and 
Kremer, 1998) (Figure 3.5). This formalism criterion is utilized to determine whether the 
move is made or not. 

𝑃 = {
𝑒𝑥𝑝( − 𝛥𝐸/𝑅𝑇)               Δ𝐸 > 0

1                                     Δ𝐸 ≤ 0
.  (3.1) 

For E is the energy difference between the new and old conformation, which 
includes the short- and long-range interactions. R is the universal gas constant and T 

is the absolute temperature. If E  0, the move is permitted. Otherwise, a random 
number will be generated to determine whether the move is successful or not. 
Determination for the permission of the movement by random number is applied to 
avoid the chain trapping at the local minima. 
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Figure 3.5 Schematic representation of two-bead pivot move. Two middle gray 
beads change their positions after the movement. 
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3.2.1.4 Short-range interaction 

 Simulation on the 2nnd lattice contains a Hamiltonian consisted of 
short-range and long-range interaction. The short-range interaction is defined by the 
intramolecular contribution of the chain conformation, based on the Rotational 
Isomeric State (RIS) models to depict the nature of the polymer chains. The statistical 
weight matrix used in the RIS model for PE is defined by: (Abe, et al., 1966) 

.    (3.2)  

where )/exp( RTE −= ,      
)/exp( RTE −= .      

 E, = 2.1 and E = 8.4 kJ/mol for PE 
 

The rows and columns of U are the statistical weights for the conformation of 
(i-1)th and ith bond, respectively. The orders of indexing are t, g+ and g- for both row 
and column. The description of the statistical weight matrix in detailed for coarse-
grained PE bonds was addressed earlier. (Doruker et al., 1996)  

For the RIS model of PP, the one described by Suter, et al. (in 1975) is used i.e.  

E, E and E equal to 0.29, 3.9 and 8.0 kJ/mol, respectively. RIS model for PP is more 
complicated than that for PE since PP chains can have different stereochemical 
sequences, such as isotactic, syndiotactic and atactic. PP chains can be represented by 
the different statistical weight matrices for each type of configuration, such as meso 
and racemic diads. More detailed description is reported in previous publication. 

(Haliloglu, 1998) Different tacticity has the following statistical weight matrices.  
 

𝑈𝑑 = [
𝜂 1 𝜏
𝜂 1 𝜏𝜔
𝜂 𝜔 𝜏

]     (3.3a) 

   𝑈𝑙 = [
𝜂 𝜏 1
𝜂 𝜏 𝜔
𝜂 𝜏𝜔 1

]     (3.3b) 
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𝑈𝑑𝑑 = [

𝜂𝜔 𝜏𝜔 1
𝜂 𝜏𝜔 𝜔

𝜂𝜔 𝜏𝜔2 𝜔
]    (3.3c) 

𝑈𝑑𝑙 = [

𝜂 𝜔 𝜏𝜔
𝜂𝜔 1 𝜏𝜔

𝜂𝜔 𝜔 𝜏𝜔2
]    (3.3d) 

𝑈𝑙𝑑 = [

𝜂 𝜏𝜔 𝜔

𝜂𝜔 𝜏𝜔2 𝜔
𝜂𝜔 𝜏𝜔 1

]    (3.3e) 

𝑈𝑙𝑙 = [

𝜂𝜔 1 𝜏𝜔

𝜂𝜔 𝜔 𝜏𝜔2

𝜂 𝜔 𝜏𝜔
]    (3.3f) 

In the simulations, the above statistical weight matrixes are applied to calculate 
the partition function in the discrete form. (Mattice and Suter, 1994) 
 

=
i

iUZ      (3.4) 

Then the bond probability of a specific state  at bond i could be expressed by  
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Likewise, the probability of two different states neighbor bonds, for example, bond i-

1 in  state and bond i in  state, can be written as 
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The conditional probability q;i, which is defined that bond i is in  state given the 

bond i-1 is in  state, has the following expression.  
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Throughout the simulation, the bond states will be changed before and after 
the movement. The probability can be calculated by the conditional probability of 
C–C bonds using Equation (3.8) if the bonds have the notation of Figure 3.6. 
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Here, the sign (*) denotes the new state. The following logarithm expression is used 
to find the difference between short-range interactions before and after the move. 
 

shortshort ln pRTE −=     (3.9) 
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Figure 3.6 Schematic representation of a sub-chain on the 2nnd lattice and the 
corresponding detailed backbone chain on the underlying diamond lattice. 
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3.2.1.5 Long-range Interaction 

The long-range interaction is a kind of non-bonded interaction which 
contains the intermolecular interaction and long-range intramolecular interaction, 
which can be achieved by modification using the portrayal of the second virial 
coefficient of a non-ideal ethane (for PE) or propane (for PP) gas using the Mayer 
function and the Lennard-Jones (LJ) potential energy function. (Cho and Mattice, 1997) 

On 2nnd lattice, this interaction represents the interaction between two 
monomers, one at the origin and the other in the specified 2nnd lattice site. A 
symmetric spherical potential is acting between two monomers. From the flawed gas 
theory, (McQuarrie, 1976) the second virial coefficient can be written as 
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2  ,  (3.10) 

where,  = 1/kT; k is the Boltzmann constant. The Mayer function substitutes 
the integral in Equation 3.11. The integral in B2 is separated into sub-integrals for each 
lattice cell and regrouped in each neighboring shell: 
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where Vc is the volume element cell
   rd  for one lattice cell of 2nnd lattice. 

<f> is the cell averaged Mayer function, 
 

=
cellcell
   / rr dfdf ,   (3.12) 

In the calculation of <f>, the center of one monomer is fixed at the origin, 
while the other one is allowed to be anywhere in the given lattice cell. Therefore 
Equation 3.12 can be rewritten as 
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zi is the coordination number of the ith shell with the form of 10 i2 + 2. The arithmetic 
means of <f> gives the overall average Mayer function. The effective interaction 
parameter, ui, representing the ith neighbor can be finally defined as 
 

th1)exp( ii fu =−−      (3.14) 

In this simulation, the LJ potential energy function with hard core is used to 
assure the volume exclusion. 
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Parameters used in the simulations are derived from experimental  and  values. 
 

 

 3.3 Simulation procedure on 2nnd lattice 
The procedure of the simulation is listed as the following steps: 
1. Set the desired chain number and chain length in the lattice to match the 

experimental density; 
2. Select beads for the attempt of moves; 
3. Retrieve the new configuration according to the rule of moves; 
4. Check the excluded volume effect to remove double occupancy of 

lattice site; 
5. Check bond reverse and unphysical collapse; 
6. Calculate short- and long-range interactions; 
7. Use the Metropolis rule to determine whether the move is permitted or 

not; 
8. Record the chain configurations every set interval of MCS; 
9. Analyze the configuration to obtain static and dynamic properties. 
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3.4 Film formation 
Polymeric film can be initially constructed by adapting the method of Misra et 

al.85 to lattice simulations. First bulk NVT simulations are carried out at 473 K with 85 
parent chains of 48 beads each in a periodic box with a length of 30 lattice units (step 
length 2.5 Å) on each side and 22.4% of the site occupancy. After equilibration of this 
melt system, the periodic length of the simulation box will be extended in z direction 
to 90 lattice units for film formation. Then, equilibration run at same temperature is 
performed for at least 5 x 106 MCS. Another 5 x 106 MCS is needed to obtain data for 
analysis (snapshots are taken in every 10,000 MCS)  

 
3.5 Crystallization 

Polyethylene chains (both cyclic and linear) are generated randomly in the 
2nnd simulation box with various chain length and chain number for bulk melts and 
thin films as shown in Table 3.4. For cyclic chains, it is first generated with large 
extension in one direction of periodic box. Then employed the fast-equilibration run 
to shrink the box and fold the cyclic-PE back to the appropriated density. While the 
linear-PE chains were generated using the normal method. Both systems are generated 
in bulk melts at 473K for 5 million MCS to reach the initial equilibration. Then the 
system temperature is dropped to 298K instantaneously and run for data collection 
up to 80 million MCSs. For annealing, the temperature will be changed to the target 
underneath its melting point in the range 360 K - 380 K.  
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Table 3.3 Long-range interaction (kJ/mol) of coarse-grained C2H4 units at various 
temperatures.   

T (K) 1st shell 2nd shell 3rd shell 

473 15.048 0.620 - 0.625 

460 14.659 0.580 - 0.626 

440 14.056 0.517 - 0.627 

420 13.448 0.453 - 0.629 

400 12.835 0.388 - 0.630 

395 12.681 0.371 - 0.631 

390 12.527 0.355 - 0.631 

380 12.198 0.322 - 0.632 

350 11.281 0.220 - 0.635 

298  9.625 0.038 - 0.642 

 

Table 3.4 Condition of each system for cyclic and linear PE crystallization simulation. 

System 
Box dimension (x,y,z) 

 in lattice unit 
Number of chain 

Chain length 
 (PE bead per chain) 

Bulk 1 (16,16,16) 46 20 
Bulk 2 (16,16,16) 23 40 
Film 1 (24,24,72) 154 20 
Film 2 (24,24,72) 77 40 

 

 



 
CHAPTER IV 

RESULTS AND DISCUSSION 
 
 There are four main parts in this chapters. Monte Carlo simulation of coarse-
grained polymer models were employed in the first three chapters to investigate 
copolymer structures and dynamics at the melt state for different copolymer 
composition and sequence, molecular and surface properties of copolymer thin film 
as a function of comonomer content, and crystallization characteristics of linear and 
cyclic polymers. Subsequently, the effect of few ethylene defects on crystallization 
behavior of poly(ethylene-ran-propylene) as a function of comonomer content was 
studied by experimental techniques i.e. thermal analysis and X-ray scattering.  
 

4.1 Structural and surface properties of poly(ethylene-ran-propylene)  
thin films 
 In this section, molecular simulation of coarse-grained copolymer model is 
developed and applied to study the variation of structural and surface properties for 
random copolymer thin films as a function of comonomer composition.  
 

4.1.1 Copolymer model 
The systems of 85 coarse-grained poly(ethylene-ran-propylene) chains 

containing 48 beads of ethylene and propylene units with regular stereochemical 
placement, in a random sequence were mapped onto the 2nnd lattice. The length 
two connecting beads is 0.250 nm determined from the contour length of the 
backbone bond and the bond angle.  The periodic boundary condition box with sides 
of length equal to 30 units given 15.15% bead occupancy which is equivalent to the 
simulated bulk density of polyethylene and polypropylene of 0.825 and 0.832 g/cm3, 
respectively (closed to experimental values of 0.778 and 0.784 gcm-3) (Orwoll, 1996).  

All copolymer chains were generated randomly on the lattice points of the 
simulation box with periodic boundary condition with no double occupancy at the 
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same lattice position and the three states RIS models of ethylene-propylene 
copolymer as described by Mark (in 1972). The interactions dependent on only one 

bond torsional angle is called the first-order interaction. The statistical weight  is for 
the conformation such that a CH or CH2 group interact with another CH2 group, where 

 is for CH to interact with CH3 group. For the conformation in which CH interact to 

both CH2 and CH3, the statistical weight is the product of  This (, , ) parameter 

set is normalized to (, 1, ) where  =  The second-order interaction ( 

<< 1) is depended on two consecutive rotational angles which bring the CH2/CH3 

groups into close proximity with strongly repulsive.  
 

For CH2-CH2-CH2 segment, the statistical weight matrix Ue is  
 

𝑈𝑒 = ⌈

1 𝜏/𝜂 𝜏/𝜂
1 𝜏/𝜂 𝜏𝜔/𝜂
1 𝜏𝜔/𝜂 𝜏/𝜂

⌉     (4.1.1) 

where  

𝜂 = 𝜂0 exp (−
𝐸𝜂

𝑘𝑇
) , 𝜏 = 𝜏0 exp (−

𝐸𝜏

𝑘𝑇
) 𝑎𝑛𝑑 𝜔 = 𝜔0 exp (−

𝐸𝜔

𝑘𝑇
) 

For the bond pairs at CHCH3 group, the statistical weight matrix with d configuration 
is, 

𝑈𝑑 = ⌈
𝜂 1 𝜏
𝜂 1 𝜏𝜔
𝜂 𝜔 𝜏

⌉      (4.1.2) 

The matrix Ul with 1 configuration can be obtained from Ud by interchange of the 
2nd and 3rd rows and columns.  

In the case of bond pairs separating two CHCH3 groups, the statistical weight 
matrices are  

𝑈𝑑𝑑 = ⌈
𝜂𝜔 𝜏𝜔 1
𝜂 𝜏𝜔 𝜔

𝜂𝜔 𝜏𝜔𝜔 𝜔
⌉     (4.1.3) 
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𝑈𝑑𝑙 = ⌈

𝜂 𝜔 𝜏𝜔
𝜂𝜔 1 𝜏𝜔
𝜂𝜔 𝜔 𝜏𝜔𝜔

⌉     (4.1.4) 

The matrices Ull and Uld can be obtained from Udd and Udl, respectively, by the 
interchanges of the 2nd and 3rd rows and columns.  

For CHCH3-CH2- CH2, the matrices Ude and Ule are 
 

𝑈𝑑𝑒 = ⌈

𝜂/𝜏 𝜔 1
𝜂/𝜏 1 𝜔
𝜂/𝜏 𝜔 𝜔

⌉     (4.1.5) 

where U1d is obtained from Ude by the interchanges of the 2nd and 3rd rows and 
columns.  

Similarly, for the bond pairs of CH2-CH2-CHCH3, the matrices Ued and Uel are 
 

𝑈𝑒𝑑 = ⌈
𝜂 𝜏 1
𝜂 𝜏𝜔 𝜔

𝜂𝜔 𝜏𝜔 1
⌉     (4.1.6) 

where Uel is related to Ued as the usual relationship 
For the coarse-grained RIS description of copolymer chains on 2nnd lattice, the 

transformation from 2nnd to diamond lattice can be related to two C-C bonds to each 
bead uniquely. The vector connecting bead i to j and bead j to k, are denoted by the 
12 x 12 matrix which can be reduced to 16 3x3 blocks as (Haliloglu and Mattice, 1998) 

 

[

𝐴 𝐵
𝐵 𝐴

𝐴 𝐵
𝐵 𝐴

𝐴 𝐵
𝐵 𝐴

𝐴 𝐵
𝐵 𝐴

] and 𝐴 =  [
𝑎 𝑏 𝑐
𝑐 𝑎 𝑏
𝑏 𝑐 𝑎

]  𝐵 =  [
𝑏 𝑐 𝑎
𝑐 𝑑 𝑏
𝑑 𝑏 𝑐

]  (4.1.7) 

where a = tt or g+g+ state, b and c = tg+, tg- , g+t, g-t, g+g+, g-g+, and collapse 
state, d = g-g- or reverse state. 

The intermolecular non-bonded interactions can be estimated using the 
temperature-dependent discretized Lennard-Jones (LJ) potential (Cho & Mattice, 1997) 
with the input parameters between propylene (P-P) and ethylene (E-E) beads as 
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ε/kB=237.1 K and σ=5.118 Å, and ε/kB=185.0 K and σ=4.400 Å, respectively (Poling, 
et al., 2002). For ethylene-propylene (E-P) interaction, the Lorentz-Berthelot averaging 

method gives ε/kB=209.4 K and σ=4.759 Å (Takhulee & Vao-soongnern).. The first three 
shell energies at the simulation temperature at 473 K are: E–E (12.980, 0.101, –0.593 
kJ/mol); P–P (26.693, 3.066, –1.087 kJ/mol) and E–P (18.400, 1.177, –0.880 kJ/mol). The 
first shell energy (u1) is large due to highly repulsion interaction as the distance 

between beads (2.5 Å) is less than σ. The second shell (u2) is on average between 
repulsive and attractive interaction. The third shell (u3) is the attractive interaction in 
all cases whereas the other shell energies beyond u3, being very small negative 
number close to zero as corresponding to the LJ attractive tail. In the simulations, we 
took the cut-off distance for the first three shells (equivalent to 0.750 nm) for the long-
range energies to speed up the simulation as most of the time-consuming step in this 
simulation was from the calculation of intermolecular non-bonded interaction. It is 
important to include the attractive third shell energy to bring about the cohesion of 
polymer thin films as if only the first two repulsive shell energies were used, it would 
be impossible to form stable films. 

 
4.1.2 Film formation 
Independent coarse-grained poly(ethylene-ran-propylene) chains were place in 

the box with periodic boundary condition for bulk system of 30 × 30 × 30 units 
(equivalent to 75 × 75 × 75 Å3). After equilibration of the bulk, the length of one lattice 
size (Z direction) was increased to 90 units. This new dimension was long enough such 
that there was no effective interaction between the original chains with their self-
replica and the effective periodic boundary condition was complimented only in two 
directions. From this technique, free-standing thin films were formed and then 
equilibrated.  

 
4.1.3 Movement of the coarse-grained polymers 
Single and pivot bead moves to the vacant sites were applied in this Monte Carlo 

simulation. The energies associated with the RIS models and the intermolecular 
interactions were used for the move acceptance using Metropolis criteria. A Monte 
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Carlo step (MCS) is equal to the mean number of moves required to change the 
position for every bead once. The equilibration of each system was evaluated by the 
end-to-end vector relaxation to lost memory from its initial orientation, and the chain 
center of mass to move to the distance larger than its radius of gyration (Clancy & 
Mattice, 2000). The method to generate the copolymer thin films need around 1- 2 
million MCS in order to obtain equilibrated structures. Analysis of the properties was 
obtained by an average of the subsequent 10 million MCS after equilibration. 
Snapshots were taken every 10,000 MCS during this period. 

Structural equilibration of poly(ethylene-ran-propylene) films at the molecular 
scale can be determined using the criterion of complete chain relaxation based on the 
normalized orientation autocorrelation functions (OACF) of the end-to-end vector 
<R(t)R(0)>/<R2>. As shown in Figure 4.1.1a, OACFs for the extreme cases of both PE = 
0.0 and 1.0 rapidly decay to zero within 2 million MCS. In addition, as shown in Figure 
4.1.1b, the mean square displacements (MSD) for the copolymer center of mass diffuse 
at the distance larger than <Rg2>1/2 of copolymer chains within 5 million MCS. As judged 
by MSD and OACF, structural equilibration of all copolymer chains in thin films could 
be archived within 5 million MCS at 473 K. To illustrate the structural and surface 
characteristics of poly(ethylene-ran- propylene) free standing thin film, Figure 4.1.2 
present the sample snapshots of copolymer thin films at different ethylene fraction. 
In general, when copolymer chains contain more amount of ethylene units, copolymer 
films become thinner and have sharper surface. 
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Figure 4.1.1 Structural relaxation of thin films through (a) the mean square 
displacement (MSD) for the center of mass and (b) the normalized orientation 
autocorrelation functions (OACF) of the end-to-end vector of poly(ethylene-ran-
propylene) chains at ethylene fraction = 0.0 and 1.0. 
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Figure 4.1.2 Sample snapshots for poly(ethylene-ran- propylene) free-standing thin 
film at different ethylene fraction. 
 

4.1.4 Density profiles 
The density profiles of poly(ethylene-ran-propylene) thin film can be evaluated 

by summing the number of coarse-grained beads in each bin volume and averaging 
for all chains from simulation trajectory as a function of displacement from the film 
mid plane (Z). The bead densities were then normalized by the bulk density relative 
to the system of 100% PE. In Figure 4.1.3, the relative density profiles are compared 
for all random copolymer films with different ethylene fraction (PE).  The increased 
density in the middle or bulk region is observed for larger PE. To quantitatively analyze 
the characteristics of film density profiles as a function of PE, the theoretical function 
developed by Helfand and Tagami (in 1972) was fitted to the relative density profiles 
of these random copolymer surfaces. 
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𝜌(𝑍) =
𝜌𝑏𝑢𝑙𝑘

2
[1 − 𝑡𝑎𝑛ℎ [

𝑍

𝑤
]]   (4.1.8) 

where ρbulk is the relative film density in the bulk region compared to 100% PE, Z is 
the distance from the film mid plane along the normal direction, R is the film thickness 
defined as the position where the density drops to 50 % of the relative bulk density, 
and w is the surface thickness (the correlation length).  The Helfand-Tagami equation 
fits the density profiles quite well and the fitting parameters are listed in Table 4.1.1. 
Apparently, the relative densities in the bulk region become larger and the interfacial 
widths are sharper with increasing PE. From Figure 4.1.4, the relative bulk density is 
nearly linear dependent with PE.  The ethylene content also causes films to become 
thinner (R) and narrower interfacial thickness (w). In general, when the film density 
increases as a function of ethylene content, copolymer thin films are more condensed, 
interfacial profiles are sharper and the interfacial width is sharper 
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Figure 4.1.3 (a) The relative and (b) the normalized density profiles of poly(ethylene-
ran-propylene) films as a function of Z.  
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Table 4.1.1 Parameters from density profile of poly(ethylene-ran-propylene) films at 
different ethylene fraction. 

 

 

Figure 4.1.4 Surface characteristics of poly(ethylene-ran-propylene) films from 
the fitting with Eq. (4.1.8), at each ethylene fraction. 

Ethylene 
Fraction 

Relative beads 
density  

relative   

Film thickness  

R (nm) 

Interfacial thickness  

w (nm) 

0.00 0.47 5.02 3.84 
0.20 0.58 4.15 2.61 

0.40 0.67 3.68 2.48 

0.60 0.77 3.19 2.34 

0.80 0.88 2.87 1.75 

1.00 1.00 2.52 1.60 
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 Next, the normalized profiles of the middle and end bead divided by total bead 
density of copolymer chains are depicted in Figure 4.1.5. In the bulk region of films, 
both end and middle bead densities are almost the same. In the region near film 
surface, the profiles of middle bead density tend to drop, while the end bead density 
increases significantly. The end beads are more located near the film surface and this 
effect is more apparent for films with larger amount of ethylene content. The end 
beads are located near the film surface as they have more mobility and thus need 
larger free volume. In the middle region of films, the structures pack more effectively. 
When the copolymer chains contain more repulsive propylene units, these monomer 
units and end beads are in competition to be located near the surface resulted in 
broader interfacial profiles.  
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Figure 4.1.5 (a) Relative end bead densities and (b) relative middle bead densities as 
a function of Z. 
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To further characterize the structures of poly(ethylene-ran-propylene) films, 
Figure 4.1.6(a) presents the profiles for the chain center of mass and their cumulative 
distribution as a function of Z. For the larger PE, copolymer chains are more or less 
uniformly distributed along the normal direction to the surface. For larger PE, the 
magnitudes are higher with sharper profiles. In opposite to the entropic effect for the 
profiles of end beads, the behavior of chain centers of mass in the surface region is 
from energetic contribution. For comparison, the cumulative distribution of chain 
centers of mass for films with copolymer chains at different PE are plotted in in Figure 
4.1.6(b). Clearly, Films with larger amount of ethylene units have faster increase of 
cumulative distribution of chain centers of mass and reach the plateau value at shorter 
distance indicating copolymer chains are more densely packed as ethylene units are 
less repulsive than that of propylene beads.   
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Figure 4.1.6 (a) The distribution for the copolymer chain center of mass and (b) the 
corresponding cumulative distribution  
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  4.1.5 Bond orientation 

 Bond arrangement defined from the chord vectors which connect the 
backbone atom i to i + 2, can be determined in term of the order parameter as follows: 
 

𝑆 =
1

2
〈3(𝑐𝑜𝑠2𝜃) − 1〉    (4.1.9) 

where θ is the angle between the chord vectors and the perpendicular axis to 
the film surface. Bond is considered to orient in parallel or normal direction to the 
surface when S = -0.5 or 1.0, respectively. Random orientation is defined when the 
order parameter S = 0.0. Figure 4.1.7 depicts the orientation parameter for all chord 
vectors. All profiles exhibit similar trend for the chord arrangement as a function of Z. 
Apparently, chord vectors are quite randomly oriented in most region of thin film 
except near the surface. Copolymer chains containing more repulsive propylene beads 
have order parameter closer to 0. Interestingly, the bond orientation become slightly 
more anisotropic in the surface region for the copolymer chains with larger amount of 
ethylene content. Similar results in the past simulation were also reported (Doruker 
and Mattice, 1998), the middle bonds tend to orient parallelly near the free surface, 
while the end beads tend to orient perpendicular to the surface. As the end beads are 
segregated near the surface, the overall order parameters are increased near the free 
surface.  
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Figure 4.1.7 The order parameter for all chord vectors as a function of Z  

  4.1.6 Molecular properties 
The mean square end-to-end vector, <Re

2>1/2, and the mean square radius of 
gyration, <Rg

2>1/2 of copolymer chains were calculated for quantitative analysis of the 
average molecular size of copolymers in free-standing films as presented in Table 4.1.3 
as a function of ethylene content. Both <Re

2>1/2 and <Rg
2>1/2 tend to decrease for larger 

ethylene content implying that copolymer chains are more compacted as ethylene 
beads are less repulsive interaction compared to propylene units. In addition, the 

<Re
2>/<Rg

2> ratios are close to 6 for all systems implying that the chain length used 
in this simulation is long enough to be consistent with theoretical prediction (Fixman, 
1962).  

To view the overall chain shape, an equivalent ellipsoid of polymer chain is 
defined by three major axes (L1 > L2 > L3) which can be obtained from the 
diagonalization of the radius of gyration tensor (Solc and Stockmayer, 1971). The 
theoretical random flight chain model predicts the ratio of L1

2: L2
2: L3

2 = 11.7:2.7:1. The 
L1

2: L2
2: L3

2 ratios from our simulation determined at different ethylene contents are 
presented in Table 4.1.3. The normalized ratio of the largest and smallest axes are 
presented in Figure 4.1.8(a) and 4.1.8(b). These eigenvalues are relatively unchanged 
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in the region near the center of films and then L1 drops while L3 increase near the 
surface which are related to the chain flattening near the surface. The major axes are 
slightly changed as a function of ethylene fraction. To analyze the change of molecular 
shapes quantitatively, the normalized asphericity (b/Rg

2) was determined by 𝑏 = 𝐿1
2 −

1/2(𝐿2
2 − 𝐿3

2 ) as presented in Table 4.1.3 and Figure 4.1.8c. Simulation results imply 
that copolymer chain with larger ethylene content become more compact shape and 
the chain shape factor (asphericity) decreases in the direction toward the film surface 
as a result of chain flattening. The shape distortion of copolymer chains in thin film 
should be related not only to the co-monomer content but also the confinement 
from impenetrable free surfaces.  

 
Table 4.1.2 The root mean square radius of gyration <Rg

2>1/2 and the root mean 
square end-to-end vector <Re

2>1/2 for copolymer chains in thin films. 
 

 
 
 
 
 
 
 
 
 

PE 0.00 0.20 0.40 0.60 0.80 1.00 

<Re
2>1/2  

(nm) 
31.26 + 
27.01 

30.78 + 
26.71 

30.90 + 
26.75 

30.95 + 
26.91 

30.54 + 
26.64 

30.60 + 
26.86 

<Rg
2>1/2  

(nm) 
12.72 + 

8.32 
12.58 + 

8.26 
12.61 + 

8.29 
12.61 + 

8.34 
12.52 + 

8.28 
12.54 + 

8.34 

<Re
2>/<Rg

2> 6.04 5.99 6.00 6.03 5.95 5.96 
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Table 4.1.3 Three molecular major axes and the relative asphericity for copolymer 
chains. 

PE <L1
2>:<L2

2>:<L3
2> <b>/<Rg

2> 
0.00 9.90:2.65:1 0.602 
0.20 9.53:2.62:1 0.594 
0.40 9.66:2.63:1 0.599 
0.60 9.25:2.60:1 0.591 
0.80 8.43:2.51:1 0.589 
1.00 8.75:2.52:1 0.593 

 

 

Figure 4.1.8 The normalized major axes of copolymer chains, (a) L1/Rg2, (b) L3/Rg2 
and (c) the chain shape factor (asphericity) as a function of Z for different ethylene 
fraction. 

 

a) 
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Figure 4.1.8 (Continued) (b) and (c). 

 

b) 
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To study more about the change of chain dimension in parallel and perpendicular 
direction to the film surface, the radius of gyration component of copolymer chains 
versus the distance from the film center is depicted in Figure 4.1.9 where xy and z 
refer to the average of X-Y and Z component, for parallel and perpendicular to the 
film surface, respectively. The parallel (X-Y) and perpendicular (Z) components are 
getting smaller along the distance from the film center with increasing ethylene 
content and is decreased for chains close to the surface. These findings are also from 
the chain flattening as chain centers of mass are located close to the surface. Chains 
become flatter as a function of higher ethylene content. 
 

  4.1.7 Chain orientation 

 Using similar definition to the chord orientation in Eq. (4.1.9), the order 
parameter of the longest (L1) axes of copolymer chains in reference to the normal 
vector to the film surface is presented in Figure 4.1.10. The orientation of L1 is quite 
randomly isotropic in the bulk region of films and the magnitude of L1 order parameter 
is slightly proportional to ethylene content. The chains become more anisotropic 
orientation with larger amount of ethylene content (in other words, chain become 
more random orientation for larger amount of more repulsive propylene units). Toward 
the free surface, L1 tends to orient in parallel direction to the film surface. This 
anisotropy at the surface region become more apparent for copolymer films contain 
larger amount of ethylene fraction as ethylene beads have less repulsive interaction. 
Denser film structures are formed and copolymer chains are slightly more oriented as 
a function of ethylene fraction.  
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Figure 4.1.9 The components of the mean-squared radius of gyration of copolymer 
films in (a) the parallel (X-Y) and (b) perpendicular (Z) direction.  
  

 

a) 

b) 
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Figure 4.1.10 The arrangement of the longest (L1) axes of copolymer chains as a 
function of Z with different ethylene content. 
 

    4.1.8 Summary 
 Structural and surface properties of poly(ethylene-ran-propylene) free stand 
thin film with different ethylene fraction were investigated using Monte Carlo 
simulation of coarse-grained copolymer model on the 2nnd lattice. The relative bead 
densities near the mid-plane center of films are relatively constant and significantly 
dropped in the surface region. The profiles become denser with sharper surface for 
copolymer films with larger ethylene content. The chain ends are more segregated 
while the middle beads are decreased in the free surface region and this observation 
become more signify for copolymer with more ethylene fraction. The bonds prefer to 
orient perpendicularly to the surface due to end bead segregation and are slightly 
sensitive to ethylene fraction in copolymer. For chain properties, the largest axis tends 
to orient in parallel to the film surface and the orientation become more isotropic for 
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copolymer chain with less ethylene fraction. Chain size in normal direction become 
contraction along the direction from the film center and is decreased in the region 
close to the surface, while the molecular size in parallel direction component has no 
noticeable changed. Molecular shape in term of asphericity becomes more distorted 
as a function of ethylene content. The overall size of copolymer chains near the 
surface was also slightly changed. For chain orientation, the largest molecular axis 
tends to oriented in a parallel direction to the film surface, and relatively changed 
toward random orientation for less ethylene content. It should be noted that the data 
are wide fluctuation for the bond and chain properties in the low-density region near 
the surface probably due to the small number of observations. 
 

4.2 Effect of monomer composition and sequence on molecular and 
dynamic properties of ethylene-propylene random copolymer melts 
 In this section, the effect of comonomer composition and sequence placed as 
the regular pattern at fixed ethylene fraction (PE) on the structures and dynamics of 
ethylene-co-propylene copolymer melts are reported.  
 
  4.2.1 Model and method 

 Ethylene-propylene random copolymer (EPRC) were modeled as coarse-
grained chains mapped on the 2nnd lattice, which E bead is represented for ethane 

unit, -CH2-CH2-, and P bead is represented as propane unit, - CH2CH(CH3)-  with d 

configuration. Coarse-grained ethylene beads are consolidated on C2H2 backbone 
carbon atoms and propylene beads on the same C2 backbone bonded to the methyl 
side group.  

The second nearest diamond lattice (2nnd) lattice is a high coordination lattice 
constructed by elimination of every second position from the diamond lattice with the 
step length of 2.5 Å determined from the contour length of the backbone bond and 
the bond angle. The lattice has 10i2+2 coordination numbers in the ith shell, identical 
to the closest packing of FCC lattice.  The periodic boundary condition box with sides 
of length equal to 30 units. The lattice is occupied by the fraction of the site = 0.1185 
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which provides more computational efficiency of the bead movement and is 
equivalent to a density of 0.75 g/cm3. Temperature is kept at 473 K so that polymer 
chains are in the melt stage. 

Copolymer chains were represented by the Rotational Isomeric State (RIS) model 
of ethylene-propylene copolymer [23].  For CH2-CH2-CH2 segment, the statistical weight 
matrix Ue is  

𝑈𝑒 = ⌈

1 𝜏/𝜂 𝜏/𝜂
1 𝜏/𝜂 𝜏𝜔/𝜂
1 𝜏𝜔/𝜂 𝜏/𝜂

⌉     (4.2.1) 

where  

𝜂 = 𝜂0 exp (−
𝐸𝜂

𝑘𝑇
) , 𝜏 = 𝜏0 exp (−

𝐸𝜏

𝑘𝑇
) 𝑎𝑛𝑑 𝜔 = 𝜔0 exp (−

𝐸𝜔

𝑘𝑇
) 

For the bond pairs at CHCH3 group, the statistical weight matrix with d 
configuration is, 

𝑈𝑑 = ⌈
𝜂 1 𝜏
𝜂 1 𝜏𝜔
𝜂 𝜔 𝜏

⌉      (4.2.2) 

The matrix Ul with 1 configuration can be obtained from Ud by interchange of 
the 2nd and 3rd rows and columns.  

In the case of bond pairs separating two CHCH3 groups, the statistical weight 
matrices are  

𝑈𝑑𝑑 = ⌈
𝜂𝜔 𝜏𝜔 1
𝜂 𝜏𝜔 𝜔

𝜂𝜔 𝜏𝜔𝜔 𝜔
⌉     (4.2.3) 

For CHCH3-CH2- CH2, the matrices Ude is 

𝑈𝑑𝑒 = ⌈

𝜂/𝜏 𝜔 1
𝜂/𝜏 1 𝜔
𝜂/𝜏 𝜔 𝜔

⌉     (4.2.4) 

Similarly, for the bond pairs of CH2-CH2-CHCH3, the matrices Ued is 

𝑈𝑒𝑑 = ⌈
𝜂 𝜏 1
𝜂 𝜏𝜔 𝜔

𝜂𝜔 𝜏𝜔 1
⌉     (4.2.5) 
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The intermolecular non-bonded interactions can be estimated using the 
temperature-dependent discretized Lennard-Jones (LJ) potential with the input 
parameters between propylene (P-P) and ethylene (E-E) beads as ε/kB=237.1 K and 
σ=5.118 Å, and ε/kB=185.0 K and σ=4.400 Å, respectively. For ethylene-propylene (E-
P) interaction, the Lorentz-Berthelot averaging method gives ε/kB=209.4 K and σ=4.759 
Å. The first three shell energies at the simulation temperature at 473 K are: E–E (12.980, 
0.101, –0.593 kJ/mol); P–P (26.693, 3.066, –1.087 kJ/mol) and E–P (18.400, 1.177, –0.880 
kJ/mol).  

Boltzmann-weighted chain generating algorithm was used for the initial melt stage 
equilibration. Phase space was rapidly sampled on the following equilibrium Monte-
Carlo simulation. Single and pivot bead moves to the unoccupied sites were carried 
out in this Monte Carlo simulation. The energies correlated with the RIS models and 
the intermolecular interactions were applied for the move allowance using Metropolis 
criterion. The equilibration of each system was assessed by the end-to-end vector 
relaxation to eliminate its initial orientation memory, and the chain center of mass to 
move to the distance surpass its radius of gyration. The data collecting stage of 
equilibration for the long-range energy performed by the combined single bead and 
pivot moves of Monte-Carlo simulation of 80 million Monte-Carlo steps (MCS). One 
Monte-Carlo step is defined as the mean number of moves required to undertake the 
movement of every bead once.  The Metropolis criterion for accepting the movement 
is considered using the probabilities of before and final states. The algorithm for 
dynamical Monte-Carlo is appropriate to represent molecular mobility and the Monte-
Carlo Steps (MCS) can be proportional to real time. 

The simulations of EPCR were composed of 85 chains, each chain contained 48 
beads. E and P were represented for ethylene and propylene units, respectively, with 
regular stereochemical placement, in a random sequence. The ethylene fraction (PE) 
was varied at 0.00, 0.25, 0.50, 0.75 and 1.00. Different patterns of comonomer sequence 
repeating units at each set at PE = 0.25, 0.50 and 0.75 are listed in Table 4.2.1, 4.2.2 
and 4.2.3, respectively.  
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4.2.2 Results and discussion 
  The rotational and translational mobility of ethylene-co-propylene random 
copolymer (EPRC) at the ethylene fraction (PE) = 0.00, 0.25, 0.50, 0.75 and 1.00 with 
random monomer sequences are presented as the orientational autocorrelation 

function (OACF) for the end-to-end vector (<R(t)∙R(0)>) and the average mean-square 
displacement for the center-of-mass (MSD) in Figure 4.2.1(a) and 4.2.1(b), respectively. 
Chain mobility of EPRCs is strongly increased as a function of ethylene content for 
both OACF and MSD. The increased diffusion rates are not linearly dependent on PE 
values but in the order of 0.75 >> 0.50 > 0.25. In this study, EPRC chains with identical 
PE values used in Figures 4.2.1 and 4.2.2 but with different chain pattern were 
investigated to gain more understanding of the correlation of monomer sequence with 
conformation and dynamics of EPRCs. 
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Figure 4.2.1 (a) Decay of the orientational autocorrelation function (OACF) for the end-
to-end vector and (b) the mean-square displacement (MSD) for ethylene-co-propylene 
random copolymer melts at PE = 0.00, 0.25, 0.50, 0.75 and 1.00.  
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4.2.2.1 Copolymer at PE = 0.25 
At PE = 0.25, there exist 4 possible sequences, namely EEPPPPPP, 

EPEPPPPP, EPPEPPPP and EPPPEPPP. The OACF of the aforementioned sequences are 
presented in Figure 4.2.2(a). It is obvious that the EEPPPPPP and EPEPPPPP sequences, 
which has more “block-like” character, decay at a much faster rate than the alternating 
sequences as: EEPPPPPP > EPEPPPPP > EPPEPPPP > EPPPEPPP. Similarly, the average 
mean-square displacements of the center-of-mass (MSD) also exhibit a similar trend in 
which EEPPPPPP > EPEPPPPP > EPPEPPPP > EPPPEPPP in Figure 4.2.2(b). Relative 
diffusion coefficients for all monomer sequences were calculated based on the MSD 
as a function of the number of MCS and the results are listed in Table 4.2.1. These 
data suggests that the mobility of copolymers increases as a function of the length of 
propylene sequence. 

 The relative diffusion coefficients can be divided the into two groups for 
the (A) fast and (B) slow diffusion of copolymer sequence. For group A, the longer P 
block (EEPPPPPP and EPEPPPPP) sequences diffuses obviously faster than the group B 
with shorter P block (EPPEPPPP and EPPPEPPP) sequences. The correlation of chain 
mobility with molecular dimension and chain rigidity as represented by radius of 
gyration and the characteristic ratio, respectively, is not clear. It was observed that the 
EPPPEPPP sequence exhibits the smallest magnitude suggesting the more compact 
chains and higher flexibility should have higher mobility. Nevertheless, for the case of 
two sequences (EPPPEPPP and EPEPPPPP) with almost the same chain rigidity, the 
EPPPEPPP sequence has much higher mobility. Thus, the intrachain factors (molecular 
dimension and chain flexibility) is not only the factor to govern the dynamics of EPRC 
melts at low ethylene fraction (PE = 0.5). 

The local intermolecular packing can be characterized using the intermolecular 
pair correlation function (PCF) defined as the probability of finding one monomer at a 
distance r from another monomers. On the discrete lattice space, PCF is defined based 
on the shell ith, instead of the normal definition based on a continuous distance, r. 
This discretized form of the pair correlation function can be defined as: 
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𝑔𝑀𝑀(𝑖) =
1

(10𝑖2+2)𝑉𝑀𝑛𝑠
∑ 𝑛𝑀𝑀(𝑖),   (4.2.6) 

Where VM is the volume fraction of monomers in the system, ns is the number of 
snapshots from the simulation, and nMM(i) is the number occupancy of monomer in 
the ith shell from other monomers from different chains. As shown in Figure 4.2.3, all 
four sequences have significant difference in the second to the fourth shell where the 
EEPPPPPP and EPEPPPPP sequences exhibit lower PCFs values. This result implies that 
these two sequences have less effective interchain packing. Examining the radii of 
gyration and characteristic ratios of these two sequences, the results suggest that 
intermolecular packing plays a more important role than intrachain effect in 

determining the copolymer mobility at low ethylene fraction (PE = 0.5). 
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Figure 4.2.2 (a) Decay of the orientational autocorrelation function (OACF) for the end-
to-end vector and (b) the mean-square displacement (MSD) for EPRC melts at PE = 
0.25, with different co-monomer sequences.  
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Figure 4.2.3 Intermolecular pair correlation function (PCFs) of EPRC melts with different 
co-monomer sequences at PE = 0.25.  
 
Table 4.2.1 Comonomer sequences, the mean square radius of gyration, <Rg

2>1/2 (Å) , 
the characteristic ratio, <r2>0/nl2, the relative intermolecular PCFs in the third shell, 
gtatol(3) and the relative diffusion coefficient, D of EPRC melts at PE = 0.25.  
 

Group Sequences <Rg
2>1/2 Cn (RIS) relative gtatol(3) relative D 

A EEPPPPPP 12.18 4.05 0.86 1.78 

EPEPPPPP 12.04 3.93 0.89 1.51 

B EPPEPPPP 12.18 4.09 1.02 1.10 

EPPPEPPP 12.00 3.90 1.00 1.00 
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  4.2.2.2 Copolymer at PE = 0.50 
Figure 4.2.4(a) depicts the decay of the end-to-end vector autocorrelation 

functions of 10 monomer sequences of EPRC at PE = 0.50. Obviously, all copolymer 
chains achieved equilibration quite fast and the decay rates are relatively difference. 
More apparently, all sequences can have distinguishable MSDs over a given period of 
time as shown in Figure 4.2.4(b) and demonstrate quite distinguishable lines. The MSDs 
from the raw data are used to determine the relative diffusion coefficient (D) as 
presented in Table 4.2.2. Again, these data also suggests that the block-like sequences 
exhibit faster diffusion. The relative motion can be ordered as: PPPPEEEE > PPPEPEEE > 
PEPPEEPE > PEPEPEPE > PPEEPPEE = PPPEEEPE > PPEPPEEE > PPEPEPEE. Note that the 
order for the translational motion is different from those for rotational motion.  

All intermolecular PCFs of EPRC melts for each co-monomer sequence at PE = 
0.50 have quite similar pattern with the most distinguishable at the 3rd shell. In general, 
the block-like and alternating sequence can be distinguishable from other patterns.  In 
addition, the block-like (PPPPEEEE) sequence has the largest chain dimension but 
exhibit faster mobility than the PPPEPEEE sequence. Hence, there might be the effect 
from comonomer arrangement on molecular mobility stronger than other structural 
properties in this case. An insertion of different monomer to break up the continuous 
sequence seem to slow down the chain rotational motion. Three copolymer 
sequences with the slowest mobility are PPEPPEEE > PPEPEPEE > PPEPEEPE. From 
Table 4.2.2, the relative diffusion coefficients can be divided into four groups (A > B > 
C > D). The average chain dimension can be arranged for each group as: A = D < B < 
C. The average relative magnitudes for the 3rd shell of PCFs are not significant difference 
but can be ordered as: A < B < C < D. As expected, the general trend of chain diffusion 
seems to inversely depended on molecular dimension and intermolecular packing 
(except group D exhibit the slowest diffusion possible due to the highest 
intermolecular packing dominating its small dimension). Interestingly, the copolymer 
with perfectly alternated (PEPEPEPE) sequence is not the slowest diffusion but can 
diffuse faster than other 5 sequences.  
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In group A, when the first three maximum diffusions rates are considered, all 
these three sequences containing PPP blocks have smaller chain dimension but higher 
local intermolecular packing (Figure 4.2.5 and Table 4.2.2). The diffusion seems to be 
affected by the chain dimension. For lower diffusion coefficient in group B, most of 
copolymer chains have rather alternating sequence (except PPPEEEPE). Unlike the 
situation in group A, the alternating sequences tend to give larger chain dimension and 
higher intermolecular packing. In overall, the relative diffusion rates of are relatively 
about the same. For the diffusion behavior in group C, PPEPPEEE and PPEPEPEE 
sequences have almost the same diffusion rate. Except the packing density, the 
molecular size and chain rigidity of PPEPPEEE sequence are higher than the PPEPEPEE 
pattern. It can be conferred that lower chain packing maybe the reason to have slightly 
faster diffusion for PPEPPEEE sequence even though both chains contain PPEP block. 
For the remaining pattern, the PPEPEEPE sequence has smallest molecular size but 
the highest intermolecular packing. The slowest different rate should be governed by 
the preferred local packing than other groups. 

Furthermore, the acceptance rate of MC moves can be employed to quantify 
the diffusion of these sequences by comparing the mobility of E and P units. In general, 
moving of consecutive E pattern is relatively faster than continuous P sequence. The 
EPE segment has faster mobility than PEP units. Comparing between 4 units, the 
acceptance rate can be ordered as EEPP, PPEE > PEEP > EPPE > EPEP, PEPE. These 
results suggested that the diffusion of PEPEPEPE sequence was faster 
than others because it contains more EPE or PEP segments as well as it has more 
flexible chain. The diffusion of EPRC melts depends not only on both intramolecular 
contribution and intermolecular interaction. The intermolecular packing seems to be 
more influence than the intramolecular contribution at an intermediate ethylene 
composition (PE = 0.25 and 0.50). 
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Figure 4.2.4 (a) Decay of the orientational autocorrelation function (OACF) for the end-
to-end vector and (b) the mean-square displacement (MSD) for EPRC melts at PE = 
0.50, with different co-monomer sequences. 
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Figure 4.2.5 Intermolecular PCFs of PE-iPP melts at PE = 0.50, with different co-
monomer sequences. 
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Table 4.2.2 Comonomer sequences, the mean square radius of gyration, <Rg
2>1/2 (Å) , 

the characteristic ratio, <r2>0/nl2, the relative intermolecular PCFs in the third shell, 
gtatol(3) and the relative diffusion coefficient, D of EPRC melts at PE = 0.5   
 

Group Sequences <Rg
2>1/2 Cn (RIS) relative 

gtatol(3) 
relative 
D 

A PPPEEPEE 12.27 4.09 1.06 1.24 
 PPPPEEEE 12.39 4.20 0.97 1.20 
 PPPEPEEE 

Average  
12.24 
12.30 

4.07 1.03 
1.02 

1.16 
1.20 

B PEPPEEPE 12.48 4.30 1.06 1.01 

 PEPEPEPE 12.35 4.19 1.00 1.00 
 PPEEPPEE 12.46 4.24 1.06 0.98 
 PPPEEEPE 

Average 
12.34 
12.41 

4.17 1.01 
1.03 

0.98 
0.99 

C PPEPPEEE 12.64 4.43 1.03 0.89 
 PPEPEPEE 

Average 
12.57 
12.61 

4.36 1.05 
1.04 

0.88 
0.89 

D PPEPEEPE 12.31 4.11 1.05 0.77 
 

  4.2.2.3 Copolymer at PE = 0.75 
Figure 4.2.6(a) depicts the decay of the end-to-end vector autocorrelation 

functions of copolymers with four different comonomer sequences with a fixed PE = 
0.75. The OACFs of all chain sequences decay to zero within 2 million MCS and are 
quite similar and difficult to distinguish. On the other hand, the MSDs for the longer 
consecutive ethylene sequence (PPEEEEEE and PEPEEEEEE) exhibit higher mobility in 
the translational motion than the shorter ones (PEEPEEEE and PEEEPEEE) as depicted 
in Figure 4.2.6(b). Accordingly, the relative diffusion coefficients listed in Table 3 can 
be ordered as: PEPEEEEEEE > PPEEEEEEE > PEEPEEEE > PEEEPEEE. 
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The intermolecular PCFs for all monomer sequences at PE = 0.75 are compared 
in Figure 4.2.7. All four sequences exhibit almost identical PCFs. As a result, the 
intermolecular packing of all copolymers is not correlated well with chain mobility. 
Upon investigation of the radii of gyration, characteristic ratios and the values of the 
third cell of the PCFs, it is clearly that the fast-moving sequence, specifically 
PEPEEEEEEE and PEPEEEEE are not correlated well with the characteristic ratio and 
have similar chain packing. Difference in chain translational motion is related to the 
monomer sequence. Copolymers with long consecutive ethylene sequence tend to 
form more random coil conformation. This is rather comparable to the case in which 
PE = 0.25 in which long consecutive propylene units with meso diads cause the helix-
like sequence that leads to less chain packing, thereby increasing their mobility. 
Although, the intermolecular interaction appeared to be not the factor to control the 
mobility of the chains in the case of PE=0.75. Despite PPEEEEEE sequence has its size 
approaching to that of PEEEPEEE sequence, it moves faster due to a raising of the 
acceptance rate for longer ethylene sequence. The slowest mobility is seen for 
PEEEPEEE sequence which is the shortest EEE sequence interrupted by M unit. The 
consecutive ethylene block sequence seems to exhibit noticeable faster diffusion, so 
the effect of intramolecular contribution seems to be dominant in governing the 
diffusion at high ethylene composition (PE = 0.75). 
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Figure 4.2.6 (a) Decay of the orientational autocorrelation function (OACF) for the end-
to-end vector and (b) the mean-square displacement (MSD) for EPRC melts at PE = 
0.75, with different co-monomer sequences. 
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Figure 4.2.7 Intermolecular PCFs for EPRC melts at PE = 0.75, with different co-
monomer sequences.  
 
Table 4.2.3 Repeating sequences, the mean square radius of gyration, <Rg

2>1/2 (Å), 
the characteristic ratio, <r2>0/nl2, the relative intermolecular PCFs in the third shell, 
gtatol(3) and the relative diffusion coefficient, D of EPRC at PE = 0.75 . 
 

Sequence <Rg
2>1/2 Cn (RIS) relative gtatol(3) relative D 

PEPEEEEE 12.69 4.44 1.02 1.24 
PPEEEEEE 12.80 4.52 1.00 1.21 
PEEPEEEE 12.73 4.48 1.02 1.14 
PEEEPEEE 12.71 4.45 1.00 1.00 
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4.2.3 Summary 
Monte Carlo simulations of coarse-grained copolymer model were employed 

to investigate molecular and dynamic characteristics of EPRC melts. EPRC chains were 
consisted of the fixed fractions of ethylene monomers (PE = 0.25, 0.50, and 0.75). The 
variation of comonomer sequences on EPRC can influence the conformational 
properties in term of molecular size and chain rigidity especially for low ethylene 
content but with some exception in few patterns. Simulation results imply that the 
intrachain interaction exhibited itself in the radius of gyration (chain dimension) and in 
the characteristic ratio (chain stiffness) and interchain interaction in term of the pair 
correlation function contributed to the dynamic properties of the copolymers 
differently depending on the PE value and the specific monomer sequence. At low to 
intermediate (PE = 0.25 and 0.5), EPRC chains exhibit higher mobility so long as the 
chains contain block-like structure. Copolymers with long consecutive monomers of 
the same type tend to have faster mobility than those with more randomly mixed 
comonomers. EPRC chains with low PE have higher molecular packing efficiency for the 
patterns close to alternating sequence, resulting in slower mobility. At high PE = 0.75, 
the chain dynamics are quite similar for all comonomer sequence due to large amount 
of ethylene beads. Nevertheless, the intramolecular interaction seems to play more 
crucial role than the intermolecular packing in determining the chain mobility 
especially for copolymer with long ethylene block sequence. 

 

4.3 Crystallization characteristics of isotactic polypropylene with 
ethylene defects 

In this section, the effect of few ethylene defects on crystallization 
characteristics of isotactic polypropylene is investigated by experimental techniques 
including differential scanning calorimeter (DSC) and synchrotron small angle x-ray 
scattering (SAXS). 
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4.3.1 Differential Scanning Calorimeter 
For non-isothermal crystallization, the kinetics of this process can be evaluated 

from the thermogram of heat flow versus temperature. Figure 4.3.1 depicts the non-
isothermal DSC thermograms of MH001, MH002, RPP02, RPP03, and RPP05 at six cooling 
rates from 5 to 30 oC/min. The crystallization onset temperature (Ti), and peak 
temperature (Tp) are listed in Table 4.3.1 With increasing the cooling rate, both Ti and 
Tp have a tendency shift to lower temperature. The lower cooling rate cause the 
crystallization to start earlier. The relative crystallinity, X(T) as a function of 
temperature can be obtained from the following equation: 
 

𝑋(T) =
∫ (𝑑𝐻/𝑑𝑇)dT

𝑇
𝑇𝑖

∫ (𝑑𝐻/𝑑𝑇)dT
𝑇∞

𝑇𝑖

    (4.3.1) 

where dH is the enthalpy of crystallization within a miniature time interval dT, Ti and 

T∞ are the onset and the end crystallization temperatures, respectively. 
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Figure 4.3.1 DSC thermograms of polypropylene sample with ethylene defect a) 
MH001, b) MH002, c) RPP02, d) RPP03 and e) RPP05 at various cooling rates. 
 

 

a) b) 

c) d) 

e) 
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The relative degree crystallinities at each cooling rates as a function of 
temperature can be determined by Eq. (4.3.1). Figure 4.3.2 shows the relationship 
between X(T) and temperature which all curves are sigmoidal. Obviously, the changes 
in percent of crystallinity for all polymers is depended on the cooling rate. As the 
temperature of sample gradually decreases, the crystallization rates are found to 
increase and indicate the presence of slow nucleation, fast primary crystallization and 
then slow secondary crystallization stages in different temperature ranges. The 
sigmoidal curves in Figure 4.3.2 presents the change in sample crystallinity with 
temperature. The changes of inflection points are significantly affected by different 
cooling rates. Higher cooling rate cause the shifting of crystallization region.  
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Figure 4.3.2 Relative crystallinity as a function of temperature of a) MH001, b) 
MH002, c) RPP02, d) RPP03 and e) RPP05 at various cooling rates. 

 

 

a) b) 

c) d) 

e) 
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For nonisothermal crystallization, the time and temperature have the 
relationship as:  

t =
|T0−T|

ϕ
    (4.3.2) 

where t is the crystallization time, T0 is the temperature at which crystallization starts 
(t = 0), T is the crystallization temperature and ϕ  is the cooling rate. Figure 4.3.3 
presents the relative crystallinity X(t) as a function of time (t). All these curves are 
sigmoidal shape. As the cooling rate increases, it takes less time to crystallize. The half-
time (t1/2) is defined to measure the overall rate of non-isothermal crystallization. As 
listed in Table 4.3.2, t1/2 decreases with the increasing cooling rates.  

Next, the Avrami, Ozawa and Mo models were employed to analyze 
quantitatively the kinetics of non-isothermal crystallization. The Avrami model was 
developed for the case of isothermal crystallization and need modification (Avrami, 
1939; Avrami, 1940). The original Avrami model is in the form as: 

 

1 − 𝑋(𝑡) = exp (−𝑍𝑡𝑛)   (4.3.3) 

or 

log[− ln(1 − 𝑋(𝑡))] = 𝑛log 𝑡 + log Z (4.3.4) 

where X(t) is the relative degree of crystallinity at time t, n is the constant to specify 
the type of nucleation and the growth dimension and Z is non-isothermal 
crystallization rate constant. Although, the physical meanings of Z and n are not for 
the non-isothermal case in principle, it still can give good perception into the kinetics 
of non-isothermal crystallization.  
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Figure 4.3.3 Fraction of crystallinity versus crystallization time of a) MH001, b) MH002, 
c) RPP02, d) RPP03 and e) RPP05 at various cooling rates. 
 

 

a) b) 

c) d) 

e) 
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Later, Avrami equation was modified by Jeziorny (in 1978) for the case of 
non-isothermal crystallization by 

log(𝑍𝑐) =
log 𝑍

Φ
   (4.3.5) 

Where Zc is the overall rate constant and Φ  is the cooling rate. Based on this 
modification, the plot between log[-ln(1-X(t))] and log t is analyzed in Figure 4.3.4. The 
Avrami exponent (n), non-isothermal crystallization rate constant (Z) and the overall 
rate constant (Zc) can be evaluated from the slope and intercept from Figure 4.3.4 and 
Eq. (4.3.5) as presented in Table 4.3.1. An increase of Z as a function of the cooling 
rate means that the crystallization become faster in the cooling experiment. Although 
the exponents (n) exhibit scattered data, n for RPP05 is still larger than other samples 
at the same cooling rate. Zc for MH001 (iPP with no ethylene content) is the highest 
and decrease slightly for the sample with small ethylene content (RPP02: 0.16%) and 
then increase for RPP05 (ethylene content = 0.59%).  
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Figure 4.3.4 Avrami plots for the crystallization of a) MH001, b) MH002, c) RPP02, d) 
RPP03 and e) RPP05 samples at various cooling rates. 
 

a) b) 

c) d) 

e) 
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Table 4.3.1 Avrami parameters for non-isothermal crystallization of polymer samples. 

Sample Φ  
oC/min 

Tp 
oC 

Ti 
oC 

t1/2 

min 
Zc n 

MH001 (PPE000) 

 

5 118.58 122.32 1.28 1.79 2.77 
10 117.09 120.82 0.91 1.20 2.88 
15 112.92 117.84 0.56 0.95 3.50 
20 113.92 117.52 0.49 0.88 3.42 
25 109.44 114.32 0.39 0.92 3.53 
30 107.97 113.32 0.41 0.96 3.26 

MH002 (PPE009) 5 117.44 122.32 0.91 0.98 2.92 
10 111.86 118.32 0.69 0.87 3.62 
15 110.17 116.31 0.46 0.83 3.54 
20 107.89 115.81 0.47 0.90 3.25 
25 105.43 113.48 0.39 0.88 3.56 
30 103.94 112.81 0.38 0.89 3.63 

RPP02 (PPE016) 5 116.39 121.84 0.89 0.96 3.06 
10 114.08 118.34 0.58 0.86 3.49 
15 110.93 116.84 0.44 0.84 3.52 
20 110.58 115.34 0.44 0.89 3.55 
25 107.46 112.78 0.30 0.85 3.60 
30 105.48 111.87 0.34 0.90 3.51 

RPP03 (PPE185) 5 113.46 116.36 1.09 1.10 3.04 
10 109.89 113.36 0.91 1.19 2.77 
15 106.53 110.86 0.71 1.05 3.00 
20 103.94 109.86 0.69 1.01 2.97 
25 102.48 108.36 0.52 0.98 3.12 
30 101.00 106.90 0.42 0.94 3.25 

RPP05 (PPE059) 5 114.38 120.36 0.96 1.04 3.22 
10 110.20 116.86 0.56 0.83 3.52 
15 108.26 114.86 0.41 0.81 3.59 
20 107.44 113.86 0.47 0.92 3.39 
25 106.47 111.84 0.30 0.85 3.72 
30 105.00 111.67 0.29 0.86 3.77 
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Taking into account for the cooling rate on the non-isothermal 
crystallization, Ozawa (in 1971) modified the original Avrami model by assuming that 
the crystallization proceeds similar to at constant cooling rate and the new model is; 

 

1 − 𝑋(𝑇) = exp (−
𝑃(𝑇)

Φ𝑚 )   (4.3.6) 

log[− 𝑙𝑛(1 − 𝑋(𝑇))] = log𝑃(𝑇) − 𝑚 logΦ  (4.3.7) 

where X(T) is the fraction of polymer crystallinity at temperature T, m is the Ozawa 
exponent, and P(T) is the cooling function related to nucleation and crystal growth 
rates. Based on Ozawa model, the plots between log[-ln(1-X(T)) ] and log Φ at each 
temperature are presented in Figure 4.3.5 and the linear line should be obtained. The 
kinetic parameters m and P(T) can be determined. Obviously, all the plots are not 
quite linear and the Ozawa model may be inadequate to explain the non-isothermal 
crystallization. Next, another suitable model should be used.  
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Figure 4.3.5 Ozawa plots for the crystallization of a) MH001, b) MH002, c) RPP02, d) 
RPP03 and e) RPP05 at various temperature. 
 

 

 

a) b) 

c) d) 

e) 
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Mo et al. (Liu, Mo, Wang, et al., 1997) tried to analyze the non-isothermal 
crystallization by the combination of Avrami with Ozawa model to: 
 

log Φ = log 𝐹(𝑇) − 𝑎 log 𝑡   (4.3.8) 

Where (T) = [P(T)/Z]1/m, 𝑎= n/m, (n and m are the Avrami and Ozawa exponents, 
respectively). F(T) is the cooling rate at the selected crystallinity in the unit of 
crystallization time. A set of linear plots based on Eq. (3.8) at different crystallinities 
are presented in Figure 4.3.6, and the parameters 𝑎 and log F(T) can be retrieved from 
the slope and intercept. 

As demonstrated in Figure 4.3.6, the plot between log Φ and log t gives a 
linear line at each degree of crystallinity, and the parameters 𝑎 and F(T) are listed in 
Table 4.3.2. F(T) increase as a function of the relative crystallinity. The larger relative 
crystallinity, the faster the cooling rate is needed. From the magnitude of F(T), the 
overall crystallization rate of MH001 (or PPE000) is the fastest, while the slowest one 
is MH002 (or PPE009). Nevertheless, there is no specific correlation between F(T) and 
ethylene content. However, these data set is correlated well with the expanded 
Avrami equation. 
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Figure 4.3.6 The combined Avrami and Ozawa plots for a) MH001, b) MH002, c) RPP02, 
d) RPP03 and e) RPP05 at selected crystallinity, Xc(t) . 
 

 

a) b) 

c) d) 

e) 
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Table 4.3.2 Non-isothermal crystallization kinetic parameters from the combined 
Ozawa and Avrami model for all samples.  
 

Sample X(t) a F(T) 
MH001 0.1 0.65 2.26 

(PPE000) 0.3 0.68 3.23 
 0.5 0.69 3.93 
 0.7 0.69 4.55 
 0.9 0.72 5.68 

MH002 0.1 0.40 0.88 
(PPE009) 0.3 0.47 1.52 

 0.5 0.51 2.06 
 0.7 0.54 2.76 
 0.9 0.61 4.14 

RPP02 0.1 0.44 0.93 
(PPE016) 0.3 0.52 1.59 

 0.5 0.58 2.23 
 0.7 0.62 3.00 
  0.9 0.67 4.29 

RPP03 0.1 0.36 1.19 
(PPE185) 0.3 0.44 1.98 

 0.5 0.50 2.70 
 0.7 0.54 3.39 
 0.9 0.57 4.24 

RPP05 0.1 0.53 1.17 
(PPE059) 0.3 0.61 1.92 

 0.5 0.65 2.61 
 0.7 0.64 3.24 
 0.9 0.68 4.57 
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In overall, DSC results for non-isothermal condition show that the sample 
with ethylene defects crystallize slower than the neat iPP probably due to lower chain 
diffusion rate. These samples also have lower enthalpy of crystallization which may 
be related to better nucleation ability as the crystallization should be nucleation-
dominated.  Avrami analysis indicates that the crystal dimension for iPP-E sample is 
closed to 3D at the higher ethylene content.  There is an increment in crystallization 
rate as a function of cooling rate. At any cooling rate, normal iPP crystallizes faster 
than iPP-E implying that the non-isothermal crystallization should be diffusion-
dominated. 
 

4.3.2 Synchrotron Small Angle X-ray Scattering  
SAXIT software (Soontaranon and Rugmai, 2012) was used to reduce 2D-

SAXS patterns to 1D-SAXS profile by circularly averaging these 2D patterns. 
Subsequently, the Lorentz corrected SAXS profile could be obtained from the beam 
intensity after correction with sample transmission and background scattering 

subtraction, then multiplying by q2 (Vonk and Kortleve, 1967) where q is the scattering 

vector (Pilz et al., 1979): 
q = (4π/λ) sin θ     (4.3.9) 

λ is the X-ray wavelength and 2θ is the scattering angle defined by: 

2θ = tan-1 (D/L)    (4.3.10) 

where D is the path length from the origin to the data point on the detector plane 
and L is the distance from sample to detector. 

The semi-crystalline polymers can be analyzed in term of some properties, 
for instance, the crystalline volume fraction, the crystalline/amorphous electron 
densities difference, which is proportional to the total scattering intensity. SAXS 
profiles can be the fingerprint of lamellar structure in polymer. In this work, the SAXS 
patterns of iPP with and without small amount ethylene defect were recorded to 
study the role of monomer defect on the crystallization characteristics. 
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In this part, the paracrystalline model was used to determine the 
morphological parameters, such as the average long period (L) and the average 
lamellar thickness (Lc). Bragg's correlation length (LB = 2π/qmax, where qmax is the 
scattering vector at the maximum intensity) can also be used to find the average long 
period (Xia et al., 2001). This model assumes the long-range disorder of lattice affects 
the amorphous layer and crystalline component. Thus, both amorphous layer and 
crystalline phases are treated equally in the interpretation of paracrystalline structure 
(Crist, 1973) and this model can also give the average lamellar thickness obtained by 
the fitting the SAXS data with the equation (Vaĭnshteĭn, 1966). 

 

𝐼(𝑞) = 𝐶 ∗ {
𝐼0𝑒𝑥𝑝(−𝜎𝑖𝑛

2 𝑞2)|𝐹(𝑞, 𝐿)|2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑆(𝑞)

+𝑎𝑞−𝑥 +
𝑏

1+𝑞2+𝜉2 +
𝐼0𝑏

1+(|𝑞−𝑞0|𝜉0)𝑚

} + 𝑘    (4.3.11) 

where C, I0, a, b, x, and k are adjustable parameters. The SAXS peak and crystalline 

structure can be described by the first term while the exponential exp(−σ2inq2) is from 

the interface between crystalline and amorphous phase. The diffusive scattering is 
defined by the second term as the power-law model. The third term represents the 
scattering of random polymer chains by the Ornstein-Zernike function. The broad peak 
defined by the fourth term to describe the scattering of amorphous phase. The form 
factor of the averaged crystalline lamella can be expressed as: 
 

|𝐹(𝑞, 𝐿)|2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =
1

√2𝜋𝜎𝐿
∫ |𝐹(𝑞, 𝑥)|2𝑒𝑥𝑝 (−

(𝑥−𝐿)2

2𝜎𝐿
2 ) 𝑑𝑦

∞

−∞
  (4.3.12) 

The form factor of crystal with lamella thickness L is: 
 

𝐹(𝑞, 𝐿) =
sin(

𝑞𝐿

2
)

𝑞𝐿

2

    (4.3.13) 

The structure factor, S(q), is derived from the interference between the 
scattered X-ray of lamellae oriented in one dimension, which can be expressed by: 

 

𝑆(𝑞) =
1−|𝐺(𝑞)|2

1−2|𝐺(𝑞)| cos(𝑞𝛼)+|𝐺(𝑞)|2    (4.3.14) 
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where α is the average long period. G(q) is the Fourier transform of the Gaussian 
distribution function of long period given by: 
 

𝐺(𝑞) = 𝐹[𝐻(𝑦)]    (4.3.15) 

The original form before the Fourier Transform is: 

𝐻(𝑦) =
1

√2𝜋𝜎𝑎
𝑒𝑥𝑝 (−

(𝑦−𝛼)2

2𝜎𝛼
2 )    (4.3.16) 

where σ is the standard deviation of the distribution of long period. 
In this analysis, SAXS data for the crystallization were recorded at 130 °C every 

5 minutes for 1 hour of crystallization times for all samples (PPE000, PPE009, PPE016, 
PPE059, and PPE185 with the percentage of ethylene content per mol = 0.00%, 0.09%, 
0.16%, 0.59% and 1.85% respectively). 
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(a) 

 

 
(b) 

 
(c) 
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Figure 4.3.7 Evolution of SAXS profiles for isothermal crystallization at 130 oC of (a) 
PPE000, (b) PPE009, (c) PPE016, (d) PPE059, and (e) PPE185 samples  

 

 
(d) 

 

 
(e) 

 

Figure 4.3.7 (Continued) (d) and (e)  
 

It is noted that there was no observation peak for SAXS profiles in non-
isothermal crystallization experiment for all polymer samples. The crystallization can 
be observed in the isothermal condition as seen from the difference of SAXS profile 
as a function of time. From Figure 4.3.7, fully crystallization can be confirmed   after 
20 minutes due to no significant change of the peak maxima. 
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The maximum intensities are plotted to monitor the progress of 
crystallization for all polymer samples for qualitatively comparison but not for 
quantitative comparison crystallinity due to the unequal amount of each sample in 
the specimen. The crystallizations had progressively growth from an initial stage and 
then reached the equilibration after 20 min. Data fluctuations can be seen due to the 
electron flux movement during the experiment. The maximum intensity for RPP03 
sample (the highest amount of defect) tend to increase from 20 to 60 min. while the 
others are relatively constant. The amount of monomer defect was largely affected 
on the crystallization kinetics. 

 

 
 

Figure 4.3.8 The evolution of maximum intensity (Iq2) as a function of crystallization 
time. 
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Figure 4.3.9 Evolution of the lamella thickness (LC) and long-period parameter (L) as a 
function of crystallization time. 
 

Results from the paracrystalline fitting give the lamella thickness (LC), the 
size of crystal layer, and the long-period parameter (L), the length of amorphous plus 
and crystal region. Figure 4.3.10 shows that LC of RPP03 (highest defect) is the highest 
(5.42 nm) accompanied with the lowest L (14.31 nm). For MH002 (iPP homopolymer) 
sample, Lc has the smallest (3.54 nm) with L = 16.59 nm. The lamella thickness (Lc) 
and long period parameter (L) for each sample become higher as a function of the 
crystallization time. The magnitude of Lc may be a very high due to the error from the 
undesired form of non-crystallized sample during the fitting step. In Figure 4.3.10 and 
4.3.11 depict the relationship for the intensity maximum and the crystal structure 
parameters, respectively, with the percentage of ethylene defect.  
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Figure 4.3.10 The change in Iq2 with the percentage of ethylene defect. 

 
 

Figure 4.3.11 The lamella thickness (Lc) and long-period parameter (L) as a function of 
the percentage of ethylene defect from the fitting by paracrystalline model. 
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Table 4.3.3 Structural parameters of iPP at each ethylene defect as fitted by the 
paracrystalline model. 

 

 %PE L (nm) LC (nm) Iq2 
MH001 0.09 15.10 4.98 2.07E-06 
MH002 0.00 16.59 3.54 2.47E-06 
RPP02 0.16 17.69 4.11 3.69E-06 
RPP03 1.85 14.31 5.42 1.19E-06 
RPP05 0.59 17.02 3.40 3.95E-06 

 

From Figure 4.3.10 and 4.3.11, results show that Iq2 and the crystal structure 
parameters from fit by paracrystalline model are not correlated well with the amount 
of ethylene defect. It is noted that the method to use 1-D electron density correlation 
function should be better to obtain structural information of these polymer samples 
as depicted in Figure 4.3.12.  

The proposed diagram to describe structural evolution during isothermal 
crystallization is presented in Figure 4.3.10 to guide SAXS analysis. Polymer chains are 
needed to stay close to each other before crystallization and X-ray scattering signals 
are from electron density fluctuations which is related to the spinodal decomposition 
i.e. high density regions initiate nucleation (Crist, 1973; Terrill et al.,1998; Heeley et 
al.,2003).  

Imai et al. (in 1992) proposed the mechanism that these dense regions are 
from parallel interactions of polymer segments with the lengths must surpassed the 
critical value (persistence length), about 2.38 nm for iPP as estimated by Zhuetal (Zhu, 
Yan and Fang 2001). As time progresses, chains can be folded and assemble the 
stacked lamellae growing in the radial direction to form the spherical structure at sub-
micron scale (Imai and Kaji, 2006) which can be detected by SAXS.  
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Figure 4.3.12 Lamella thickness (Lc), lamellar core thickness (L0), interface thickness 
(Ltr), and long-period parameter (L) as a function of the percentage of ethylene defect 
from 1D-electron correlation function. 

 

 

Figure 4.3.13 Schematic illustrating structure evolution of iPP under isothermal 
treatment (Imai et al., 1992).  
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The morphological parameters, such as the long period (Lp) and the average 
lamellar thickness (Lc) can be better determined using the 1D-electron density 
correlation function, K(z). Note that the long period can also be calculated from the 
first maximum at the lowest scattering angle by employing Bragg's law in the SAXS 
profiles as given by: 

𝐿𝐵 =
2𝜋

𝑞𝑚𝑎𝑥
          (4.3.17) 

where qmax is scattering vector at maximum intensity. This method assumed that the 
long-range disorder of the lattice affects the amorphous layer and crystalline 
component’s size fluctuations. Therefore, each phase is treated equally to define the 
paracrystalline macrolattice [30]. The structural parameters of stacked lamellae can be 
determined using the 1D-electron density correlation function, K(z). The two-phase 
model composed of the alternatively stacked crystalline and amorphous layers is 
presumed. K(z) can be expressed by (Strobl and Schneider, 1980). 
 

  𝐾(𝑧) =< [𝜂(𝑧′)−< 𝜂 >] [𝜂(𝑧+𝑧′)−< 𝜂 >] > = 2 ∫ 𝜋−1∞

0
𝑞2𝐼(𝑞) cos(𝑞𝑧) 𝑑𝑞    (4.3.18) 

where < > is the ensemble average, η(z) and <η> are the electron densities along the 
normal direction of lamella and the averaged electron density, respectively 
(Rungswang et al., 2015 and Rungswang et al., 2017).  

The correlation function was calculated from Eq. (4.3.18) and the model is 
presented in Figure 4.3.13. Multiple points on the K(z) curve can give several structural 
parameters including the average lamellar thickness (Lc), the long period (Lp), the 
average interface thickness (Dtr) and the average core thickness (D0). In addition, the 
amorphous-layer thickness (La) can also be determined as La = Lp - Lc. All these 
parameters derived from K(z) for all samples 5 at 130°C are displayed in Table 4.3.4.  
 The parameters derived from 1-D electron density correlation function presented 
in Figure 4.3.14 and Table 4.3.4 give similar trends of L and LC compared with the 
paracrystalline model. L and LC values from this technique are less difference. 
Nevertheless, L and LC are not directly correlated to the amount of PE defect. For 
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example, RPP02 (0.16% of ethylene defect) has the shortest LC but the longest L even 
if this sample has the least defect content. 

 

Figure 4.3.14 The method of 1-D electron density correlation function to determine 
lamellar parameters. 

 
Table 4.3.4 Parameters of semi-crystalline structure iPP samples with ethylene defect 
from the method of 1-D electron density correlation. 

 

 %PE L LC L0 Ltr 
PPE009 0.09 18.46 6.76 5.43 1.87 
PPE000 0.00 18.67 6.59 5.22 1.66 
PPE016 0.16 18.93 5.56 3.27 0.04 
PPE185 1.85 18.23 6.75 5.51 1.95 
PPE059 0.59 18.36 6.53 5.26 1.65 
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4.3.4 Summary 
Crystallization of isotactic polypropylene with a small amount of ethylene 

defects was investigated by differential scanning calorimetry (DSC) and synchrotron 
small angle X-ray scattering (SAXS). The crystallization is slowed down for iPP with 
ethylene defects. Isothermal crystallization kinetics of these samples was fit by Avrami 
analysis and the results suggest that the dimension crystal growth (n) and the 
crystallization rate (k) tend to increase for iPP with ethylene defects. For SAXS analysis, 
both paracrystalline model and electron density correlation function were used to 
estimate the long period (D) and the lamellar thickness (L). The D is increased for iPP 
with ethylene defects such that there were higher amorphous (La) and L, but lower 
L/D ratio than L-iPP. the degree of crystallinity is lower for for iPP with defects, this 
result agrees with DSC and SAXS.  

 
4.4 Molecular simulation of the crystallization of linear and cyclic 
polymers 

In recent years, cyclic polymers can be prepared and are interesting materials 
with new properties. Understanding the physics of crystallization of cyclic in 
comparison to linear polymer should be significant for polymer science. In this part, 
molecular simulation is employed to investigate the effect of polymer chain topology 
on structural formation of cyclic and linear polyethylene models upon cooling from 
the melt to crystallization temperature. 
 

4.4.1 Polymer model 
Low molecular polyethylene (PE) model was coarse-grained to keep only every 

second carbon in the backbone and mapped onto the 2nnd lattice . Polymer systems 
were composed of 46 linear C40H82 or cyclic C40H40 chains (equivalent to 20 beads) 
placed randomly in the 2nnd box of 18x18x18 dimension .The distance from beads i 
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to i+1 = 0.25 nm .The intrachain interactions was handled by the Rotational Isomeric 
State (RIS) model of PE. The 9x9 statistical weight matrix was condensed to 3x3 
dimension which includes three new parameters, a, b and c, in addition to  and  

as: 

UPE = 

 

→  U2nnd =                                  (4.4.1) 

where   = 0 exp(-E/kT), =0exp(-E/kT) and a = 1/8, b = 1/4 and c = 1/2. 

Interchain interactions were represented by Lennard-Jones (LJ) potential in the 
lattice form. The interaction parameter ui at the ith shell can be obtained as: 

 

i

B

i f
Tk

u
−








− 1exp

                                                   (4.4.2) 

The LJ parameters for PE are /kB = 185 K and  = 4.4 Å. Only the first three shell 
parameters were applied to increase the speed of simulation. 
 

4.4.2 Simulation 
A single bead moves were allowed for each PE bead on 2nnd lattice as the 

self-avoiding random walk. Each bead was chosen randomly to move to the empty 
position and accepted according to the Metropolis criteria.  

 Pmove = min[1, PLRPnew/Pold] (4.4.3) 

where PLR is the Boltzmann weights from long-range interaction for each move and 
Pnew/Pold

 
is the probability ratio for moving bead to a new site. Monte Carlo step (MCS) 

was defined when all the beads are moved once by average. Data analysis was 
obtained by an ensemble average of the 80 million MCS after equilibration at 298 K. 
Data was recorded every 10,000 MCS during this period for subsequent analysis.  
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4.4.3 Results and discussion 
4.4.3.1 Equilibration 
Simulation was performed by stepwise cooling from the molten state 

at 473 K and equilibrated at each step for 10 million MCS (473 → 400 → 350 → 298 
K). Then, the crystallization was monitored at 298 K for 80 million MCS equilibration 
for crystallization. Figure 4.4.1 presents the results for intra-, inter-chain and total 
energies for linear and cyclic PE systems during the crystallization at 298 K. System 
energetics was a conventional way to validate thermodynamic equilibration. The 
energy change became stable after 20 million MCS, for both systems. The 
intramolecular energy for cyclic system is higher than that of the linear system because 
of more amount of high energy (gauche) conformation whereas the intermolecular 
energy for linear system is lower due to better chain packing that pull more beads to 
the shells with attractive interaction. In overall, cyclic systems have higher total 
energies implying that the intrachain energy is dominated. Nevertheless, the 
equilibration as determined by energetics alone may be not enough. For the purpose 
of validate the equilibrium, chain properties including the relaxation of the end-to-end 
vector (mid-to-end vector for cyclic chain) and the mean square displacement for the 
center of mass were evaluated. 
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Figure 4.4.1 Total (Etotal), intermolecular (Einter), and intramolecular energy (Eintra) of the 
linear and ring polymers as a function of MCS at 298K. 
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The orientational auto-correlation function (OACF) and the mean-
squared displacement (MSD) were determined to evaluate the equilibration in 
term of rotational and translational relaxation of polymers.  The OACF can be 
formulated both from the head-to-mid vector i.e. the vector connecting the head bead 
to middle bead, <M(t).M(0)>/(M2) and the bond vector, <m(t).m(0)>/<m2>. The MSD 
of the chain center of the mass, gcm can be defined as 

 𝑔𝑐𝑚(𝑡) =< [𝑟𝑐𝑚(𝑡) − 𝑟𝑐𝑚(0)]2 >  (4.4.1) 

Here, rcm(t) and rcm (0) are the coordinates of the chain center of the mass at time 
t and 0, respectively. The angle bracket means ensemble average.  

The OACF of the end-to-end and mid-to-end vectors were used for linear 
and cyclic chains, respectively, to justify the system relaxation. It is seen that 
cyclic chains are relaxed readily whereas it is hard to justify for the linear chains. 
Nevertheless, bond relaxation for both linear and cyclic systems can be 
decayed to the value less than 1/e which is justified for the equilibration at 
least at the bond level. The MSD of the center of mass also exhibit that both 
chains can diffuse to the distance larger than its molecular dimension i.e. radius 
of gyration (Rg) to confirm the equilibration. In general, the MSD of linear chains 
is significantly higher than that of ring polymer.  
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Figure 4.4.2 (a) OCAF and (b) MSD of linear and cyclic PE as function of MCS at 298 K. 
The horizontal dashed line in MSD is the mean square radius of gyration of polymer 
chains. 
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Figure 4.4.3 illustrates the final snapshots of the ordered structures of coarse-
grained model of linear and ring PE at 298 K. Apparently, the linear PE is similar to 
crystal structure with one domain whereas the cyclic system is composed of multiple 
ordered domains. 
 

 

 

 

 

Figure 4.4.3 The final structure of (a) linear and (b) ring PE after 8x107 MCS at 298 K. 
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b) 
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4.4.3.2 Chain conformation 
The structure formation process at the local scale can be examined 

by the looking at the conformational change. In Figure 4.4.4, the time dependence of 
the fraction of trans state at each temperature at 473, 400, 350 and 298 K is presented. 
The trans fraction is relatively small at the beginning compared to the intermediate 
step where it increases dramatically. In general, the fraction of trans should reach 1.0 
for the fully crystallization i.e. all polymer chains are completely elongated. For these 
simulation results, the fraction of trans reach the constant value about 0.8 indicating 
that polymer chains still have some gauche states. Interestingly, the fraction of trans 
is increased even in the period that the global orientational order does not occurred 
(see also at Figure 4.4.6(b)). These findings imply that polymer chains have to stretch 
first and the orientation can take place afterward during the crystallization process. 
 To compare the crystallization between linear and cyclic PE chains at the 
molecular level, Figure 4.4.4 depicts the evolution of trans fraction at 298 K. After 20 
million MCS, the fraction of trans states reach 0.8354 + 0.0079 and 0.7047 + 0.0063 for 
linear and cyclic chains, respectively. As expected, the trans fraction of linear chains is 
higher. These results imply that linear chains should be able to form crystal structure 
better than the cyclic polymer. As seen in Figure 4.4.3b, the crystallization for cyclic 
chains is possible with the ordered structures containing multiple domains. 
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Figure 4.4.4 Evolution of trans fraction as a function of MCS for linear and cyclic PE 
chain at 298 K.  

 

4.4.3.3 Overall chain conformation 
The overall chain conformation can be described by the mean square 

radius of gyration for linear and ring chains denoted by <R2
g,L> and <R2

g,R>, respectively 
to represent the overall expansion and distortion of chains. As shown in Figure 4.4.5, 
both <R2

g,L> and <R2
g,R> increase with simulation time and reach constant values at 

later time. In addition, the <R2
g,L>/<R2

g,R> ratio at 473 K is around 2.1 + 0.1 which is 
closed to 2.0 from theoretical prediction for polymer melt at long chain limit. The 
<R2

g,L>/<R2
g,R> ratio change from 2.1 + 0.1 to 2.3 + 0.1 at 473 K and 298 K, respectively. 

The strongest increase of <R2
g,L>/<R2

g,R> ratio is observed during the first 15 million 
MCS at 298 K.  
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Figure 4.4.5 (a) Mean square radius of gyration <R2
g> for linear vs ring PE and (b) 

<R2
g>Linear/<R2

g>Ring as a function of MCS of polyethylene. 
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b) 

 



 

 

107 

 

Then, the components of <R2
g>in the directions of x, y and z axes, 

represented by <R2
gx>, <R2

gy> and <R2
gz> in a laboratory-fixed coordinate system, are 

investigated and presented in Figure 4.4.6. For the purpose of revealing the anisotropy 
of the expansion of these independent parent chains in each direction, the polymer 
coordinates can be determined after reverse mapping using Eq. (4.4.5). 

 

[
𝑥
𝑦
𝑧

] = [
1 𝑐𝑜𝑠60° 𝑐𝑜𝑠30°√3

0 𝑠𝑖𝑛60° 𝑠𝑖𝑛30°√3

0 0 √2/√3

] [
�̅�
�̅�
𝑧̅

]    (4.4.5) 

 Upon crystallization, the linear polymer chain in Figure 4.4.6a has the largest 
<R2

gz> due to chain expansion in the crystallization process which is the preferred 
direction for chain elongation. On the other hand, there is no general trend for the 
expansion of cyclic polymer because there is no specific trend for <R2

gx>, <R2
gy> and 

<R2
gz> which are about the same values as seen in Figure 4.4.6b. The linear chains can 

form one domain crystal which are oriented in one direction while the cyclic chains 
form multiple domain crystal oriented in many different ways. 
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Figure 4.4.6 The component of <Rg
2> along three axes of Cartesian coordinate system 

as a function of MCS for (a) linear-PE and (b) ring-PE. 
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In Figure 4.4.7, the number of consecutive bonds in the trans state was 
determined in comparison between two temperatures at the molten and crystalline 
states 473 K and 298 K, respectively. As expected, longer consecutive trans sequence 
is found at 298 K when the crystallization proceeds. Comparison between these two 
topologies at 298 K, linear chain has longer trans sequence (upto 25 C-C bonds) while 
the cyclic polymer can be at most around 16. The cyclic polymer needs to form some 
gauche conformation to maintain the ring topology and extra folding to form the 
ordered structure with multiple domains. 

 

Figure 4.4.7 The fraction of trans state as a function of consecutive bonds for the 
melt and crystalline state of linear and cyclic PE. 
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4.4.3.4 Chain Ordering 
Upon crystallization, PE chains adopt zigzag trans conformation. To 

study the growth process of structure formation, the overall orientation correlation 
function, SG, can be calculated by 

 𝑆𝐺 = 1

2
[3〈𝑐𝑜𝑠2𝜃〉−1] (4.4.6) 

Here,  is the angle between two main axes of polymer molecules, and SG is the 
ensemble average for all polymer pairs. From Eq. (4.4.6), SG = 1.0 and 0.0 when all 
polymers are parallel and randomly oriented, respectively. 

 
The overall chain orientation was investigated using the global order parameter 

calculated from the molecular axis. From Figure 4.4.2, SG of linear chains increases at 
the early stage and then reach the constant value afterward around SG = 0.7 which is 
substantially larger than those of cyclic PE (SG < 0.1). Linear chains can form much 
more ordered structure compared to the cyclic topology. It is noted that the lower SG 
value for cyclic chains does not represent no crystallinity but it is due to different 
orientation from the ordered structure with multiple domains.  
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Figure 4.4.8 Evolution of the global orientational order parameter for linear and 
cyclic PE chain at 298 K. 

 

Upon crystallization, PE chain has zigzag trans conformation and the bonds 
should have long distance correlation in the crystalline structure. To describe the 
degree of chain ordering, the intramolecular, M1(j) and M2(j), are used as defined by 

 

𝑀1(𝑗) =< 𝑚𝑖. 𝑚𝑖+𝑗 > = < cos 𝜃𝑖,𝑖+𝑗 >   (4.4.7) 

𝑀2(𝑗) =  
1

2
[3 < (𝑚𝑖. 𝑚𝑖+𝑗)

2
> −1] =  

1

2
[3 < 𝑐𝑜𝑠2𝜃𝑖,𝑖+𝑗 > −1]  (4.4.8) 

Here, 𝜃𝑖,𝑖+𝑗 is the angle between the ith and the (i+j)th bond in the same chain. The 
bond orientation correlation functions, M1(j) and M2(j), at the molten and crystalline 
stage for both linear and cyclic chains are presented in Figure 4.4.9. M1(j) represents 
the tendency for bond alignment in the parallel direction which decay gradually as 
the simulation proceeds. There is an upturn point at the bond n = 10, which is about 
the half unit of cyclic chain that the bond vector tends to orient parallel with the back 
folded bond from the other half. As expected, both systems have lower M1(j) in the 
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later crystallization stage. The second order, M2(j), is also used to represent the overall 
alignment of bonds along a common axis. From Figure 4.4.9(b), M2(j) exhibits the 
systematic change as the simulation proceeds and reach almost the constant value at 
the particular time. The development of a plateau in M2(j) expands roughly from j = 3 
to j = 14. In general, M2(j) for cyclic chain is larger than that of linear polymer especially 
at 298 K. There are the peak maxima of M2(j) for cyclic chains which can be exceed 
the value of linear chain even at 473 K suggesting the effect of chain topology on the 
bond alignment. It is noted that M2(j) is not responsive to the difference between 
parallel and antiparallel orientations, while M1(j) is more sensitive to this difference. In 
general, when the crystallization take place at 298 K, the order parameter is slower 
decayed as polymer chains adopt more trans conformation. The cyclic polymer 
exhibits an upturn point around the half length of chain due to the topology difference. 
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Figure 4.4.9 Intramolecular bond orientation correlation functions: (a) M1(j) and (b) M2(j), 
as a function of the separated bond number for linear and cyclic PE. 
  

a) 

b) 
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The intermolecular bond orientation is defined to investigate to determine how 
bonds from different molecules are oriented. Using similar equation to the 
intramolecular bond order parameter, the local (SL) and global intermolecular 
orientation order parameter (SG) can be denoted as 
 

SL(n) =
1

2
[3 < cos2ψ(n) > −1]    (4.4.9) 

SG =
1

2
[3 < cos2ψ > −1]    (4.4.10) 

where, ψ(n) in Eq. (4.4.9) is the angle between two bonds separated in the nth shell. 
𝜓 in Eq. (4.4.10) is the angle between the main axes of two chains. SG is averaged for 
every pair of chains and SL(n) is averaged for all bonds located in the nth shell. Figure 
4.4.10 depicts SL for both linear and cyclic systems in comparison between the molten 
and crystalline stages. The first shell has small values due to high repulsive interaction 
of the first shell. After the maxima correlation in the second shell, SL decays 
monotonically toward random orientation as a function of shell number. The largest 
value could be attained at n = 2 when all bond pairs (inter- and intramolecular) 
included in the calculation of SL. For the bond orientation at the global scale, as 
presented earlier in Figure 4.4.8 for the evolution of SG, polymers change from an 
isotropic disordered state (SG ≈ 0) toward the more ordered phase (SG → 1). As the 
crystallization proceed, the order parameter is monotonically increase. It is also seen 
that bonds at the second shell exhibit the highest correlation or parallel orientation. 
In contrast, the bond order parameters at higher shells are steadily decreased as a 
result of more random orientation for the further bonds. 
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Figure 4.4.10 Local intermolecular bond orientation correlation function SL as a 
function of shell number (n) for linear and ring-PE at 473 and 298 K. 

 

4.4.3.5 Intermolecular packing  
The local intermolecular packing of polymer chains can be determined 

from the pair correlation function (PCF) which is the probability of locating a particle A 
at a specified distance from another particle A. The PCF can be obtained from Eq. 
(4.4.11). 

 

𝑔𝐴𝐴(𝑖) =
<𝑛𝐴𝐴(𝑖)>

(10𝑖2+2)𝑉𝐴
  (4.4.11) 

where, nAA is a number occupancy of A in the ith shell from another A; VA is a volume 
fraction of A. The beads on the same chain are ignored and those are separated by 1 
or 2 bonds. The PCFs as a function of shell number are compared in Figure 4.4.11. The 
PCFs of the 2nd to 6th shells increase while those in the outer shells (7th and 8th) are 
slightly reduced to keep the same overall occupancy during the simulation progresses. 
The maximum PCF appears at the third shell as a consequence of the location of the 
strongest interaction in Lennard-Jones potentials and the next maximum point is at 
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the fifth shell. These results imply that polymer chains are packed denser in the 
crystalline phase as expected. PCF was also used to compare the chain packing 
between linear and cyclic PE system. In the melt state, the PCFs of both linear and 
cyclic chains are almost the same while there is a significant difference at 298K in that 
linear chain pack denser than those of cyclic polymer.  

 

 

Figure 4.4.11 Pair correlation function vs shell number for comparison of linear and 
ring PE chains at 473 K and 298 K 
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4.4.3.6 Scattering structure factor 
 To get some properties that are related to the real experiment, the 

progress of the polymer crystallization can be evaluated using the spherically averaged 
structure factors as: 

𝑆(𝑞) =  
1

𝑁𝑏
2 ∑ ∑

𝑠𝑖𝑛(𝑞∙𝑟𝑖𝑗)

𝑞𝑟𝑖𝑗

𝑁𝑏
𝑗=1

𝑁𝑏
𝑖=1    (4.4.12) 

where Nb is the number of all beads, and q is (4/)sin(/2). Figure 4.4.12(a) depicts 
the evolution of S(q) for cyclic polymers at time t subtracted by S(q) at the starting 
time. The intensity increases rapidly with time as the crystallization proceed while 
there is no significant change for the peak position. In comparison between cyclic and 
linear chains, the maximum intensity Imax is depicted in Figure 4.4.12(b). The S(q) results 
also suggest better crystallization for linear chains. The location of qmax (the distance 
from each ordered motifs) does not change much when the regular structure forms. 
The fluctuation in S(q) amplitude in the cyclic system is related to the instability of 
multiple domain crystals whereas there is always steadily increase for the 
crystallization of linear chains. 
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Figure 4.4.12 (a) Change in the St(q) - S0(q) for cyclic chains (b) Maximum intensity in 
St(q) - S0(q) for linear versus cyclic polymers as a function of MCS. 
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  4.4.4 Summary 
Computer simulation was employed to study the crystallization process of 

short polyethylene (C40) model with different chain topology (linear vs cyclic). The 
structures at the melt state were cooled down to 298 K and the evolution of chain 
conformation, intermolecular ordering and scattering structure factor were determined. 
All these properties exhibit an ordering process as the sign of crystallization for both 
chains especially linear polymer. For these relatively short chains, linear polymer may 
prone to better crystallization process compared to the cyclic topology. It is likely that 
cyclic polymers may form the multiple ordered domains with different orientation. 

 

 

 

 



 
CHAPTER V 

CONCLUSION 
 

In this thesis, molecular simulation and experimental techniques were 
employed to study found main parts related to the structures, dynamics, surface and 
crystallization characteristics of polyolefins with chemical and physical modification 
through copolymerization and cyclization of original polymer chains.  The conclusions 
are as follows: 

Structural and surface properties of poly(ethylene-ran-propylene) free 
stand thin film with different ethylene fractions were investigated using Monte 
Carlo simulation of a coarse-grained copolymer model on the 2nnd lattice. The 
relative bead densities near the mid-plane center of the films are relatively 
constant and significantly dropped in the surface region. The profiles become 
denser with sharper surface for copolymer films with larger ethylene content. The 
chain ends are more segregated while the middle beads are decreased in the free 
surface region and this observation becomes more significant for copolymer with 
a higher ethylene fraction. The bonds prefer to orient perpendicularly to the 
surface due to end bead segregation and are slightly sensitive to the ethylene 
fraction in the copolymer. For chain properties, the largest axis tends to orient in 
parallel to the film surface and the orientation become more isotropic for 
copolymer chain with less ethylene fraction. Chain size in normal direction 
becomes contraction along the direction from the film center and is decreased in 
the region close to the surface, while the molecular size in parallel direction 
component has no noticeable changed. Molecular shape in term of asphericity 
becomes more distorted as a function of ethylene content. The overall size of 
copolymer chains near the surface was also slightly changed. For chain orientation, 
the largest molecular axis tends to be oriented in a parallel direction to the film 
surface, and relatively changed toward random orientation for less ethylene 
content. It should be noted that the data have wide fluctuations in the bond and 
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chain properties in the low-density region near the surface probably due to the 
small number of observations. 

Monte Carlo simulations of coarse-grained copolymer model were 
employed to investigate molecular and dynamic characteristics of ethylene 
propylene random copolymer (EPRC) melts. EPRC chains were consisted of the 
fixed fractions of ethylene monomers (PE = 0.25, 0.50, and 0.75). The variation of 
comonomer sequences on EPRC can influence the conformational properties in 
terms of molecular size and chain rigidity, especially for low ethylene content, but 
with some exception in few patterns. Simulation results imply that the intrachain 
interaction exhibited itself in the radius of gyration (chain dimension) and in the 
characteristic ratio (chain stiffness) and interchain interaction, in terms of the pair 
correlation function, contributed to the dynamic properties of the copolymers 
differently subjected to the PE value and the specific monomer sequence. At low 
to intermediate (PE = 0.25 and 0.5), EPRC chains exhibit higher mobilit y so long as 
the chains contain block-like structure. Copolymers with long consecutive 
monomers of the same type is prone to express faster mobility than those with 
more randomly mixed comonomers. EPRC chains with low PE have higher 
molecular packing efficiency for the patterns close to alternating sequence, 
resulting in slower mobility. At high PE = 0.75, the chain dynamics are quite similar 
for all comonomer sequence due to large amount of ethylene beads. Nevertheless, 
the intramolecular interaction seems to play a more crucial role than the 
intermolecular packing in determining the chain mobility, especially for copolymer 
with long ethylene block sequence. 

Non-isothermal crystallization of isotactic polypropylene with a small amount 
of ethylene defects was investigated by differential scanning calorimetry (DSC) and 
isothermal crystallization by synchrotron small angle X-ray scattering (SAXS). The 
crystallization is slowed down for iPP with defects. Crystallization kinetics were 
modeled by Avrami analysis and the results suggest that the dimension crystal growth 
(n) and the crystallization rate (k) tend to increase for iPP with defect.  

For SAXS analysis, the paracrystalline model and the electron density 
correlation function were used to estimate the long period (D) and the lamellar 
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thickness (L). The D is increased for iPP with defects (from 19 to 26 nm). In general, for 
iPP with ethylene defects have higher amorphous (La) and L, but lower L/D ratio than 
pure iPP. Namely, the degree of crystallinity is lower for iPP with defects, which agrees 
with DSC and SAXS.  

Monte Carlo simulation of coarse-grained polymer models was applied to study 
the crystallization process of short polyethylene (C40) with different chain topology 
(linear vs cyclic). The structures at the melt state (473 K) were stepwise cooling and 
the crystallization was monitored at 298 K. The evolution of chain conformation, 
bond/chain orientation, molecular packing and scattering structure factor were 
determined. All these properties exhibit an ordering process as the signal for 
crystallization of linear and cyclic polymers. For these relatively short chains, linear 
polymer may be prone to exhibit a better crystallization process compared to the 
cyclic topology. It is likely that cyclic polymers may form the multiple ordered domains 
with different orientations. 
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Abstract 

Abstract. The crystallization characteristics of short linear and cyclic polyethylene (PE) 

models (C40) starting from the molten state at 473 K and then quenched to 298 K were 

investigated using lattice Monte Carlo simulation of PE model. Intra- and interchain 

interactions were based on the rotational isomeric state (RIS) model and Lennard-Jones 

(LJ) potential, respectively. The simulations suggest that crystallinity can be observed 

in feasible CPU time. Some properties evaluated from simulation to indicate 

crystallization are the fraction of trans conformation, orientation correlation function 

and evolution of the scattering structure factor. All these properties reveal an ordering 
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process as the sign of crystallization especially for linear chains whereas it is more 

difficult for cyclic polymer to form an ordered phase as shown by the evolution of 

intermolecular orientation correlation function, (SG). Although the trans fraction for 

both systems are quite high (0.85 and 0.70), SG is significantly different i.e., about 0.7 

and less than 0.1 for linear and cyclic PE, respectively.  By careful inspection for cyclic 

chain system, crystal may be able to form with multiple domains in different orientation. 

Nevertheless, simulation results suggest that linear chain is prone to form the ordered 

structure better than the cyclic polymer.   

 

Keywords: Polyethylene; Monte Carlo simulation; Crystallization; 

1.  Introduction 

Crystallization is significant topics in polymer science and technology [1]. There are 

many experimental techniques and theoretical treatment studies since the concept of 

chain folding was initiated many years ago [2,3]. Nevertheless, the molecular 

mechanism of polymer crystallization is still not well understood. For example, 

SAXS/WAXS methods were employed to study polymer crystallization from the melts 

has been reported in different polymers [4-6]. The correlation between melt density and 

molecular conformation [7] was used to explain this process. In recent years, cyclic 

polymers can be prepared and are interesting materials with new properties. To have a 

clear understanding of cyclic polymer crystallization should be significant for polymer 

science. In order to compare the crystallization characteristics between cyclic and linear 

polymer at the molecular level, in this work, we employ molecular simulation to 
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investigate the effect of polymer topology on structural formation upon cooling from 

the melt to crystallization temperature [8,9]. 

 

2.  Method 

2.1. Polyethylene model 

PE model was coarse-grained to keep only every second carbon in the backbone were 

mapped on the 2nnd lattice .Linear C40H82 or cyclic C40H40 are represented by 20 

beads .The distance from beads i to i +1 = 0.25 nm .The intrachain interactions of PE 

chain was treated by the Rotational Isomeric State (RIS) model. The 9x9 statistical 

weight matrix was condensed to 3x3 dimension which contains three new parameters, 

a, b and c, in addition to  and . 

 

 UPE = 

 

→  U2nnd =  (1) 

here   = 0 exp(-E/kT), =0exp(-E/kT) and a = 1/8, b = 1/4 and c = 1/2. 

Interchain interactions are represented by Lennard-Jones (LJ) potential in the lattice 

form. The interaction parameter ui at the ith shell can be obtained as: 
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The LJ for PE are /kB = 185 K and  = 4.4 Å. Only the first three shell parameters 

were used to increase the speed of simulation. 

2.2. Monte Carlo simulation 

1

1

1

 

 

 

















1 4 2 1

1 4 2 1

1 4 2 1

  

 



( )

( )

( )

+

+

+

















a b

b c

 



 

 

139 
 

A single bead moves were allowed for each PE bead on 2nnd lattice as self-avoiding 

random walk. Each bead was chosen randomly to move to an empty position and 

accepted according to the Metropolis criteria as:  

 Pmove = min[1, PLRPnew/Pold] (3) 

where PLR is the Boltzmann weights from long range interaction for each move and 

Pnew/Pold

 

is the of the probability ratio moving bead to a new bead site. Monte Carlo 

step (MCS) is defined when all the beads are moved once by average. Data analysis 

was obtained by an ensemble average of the 80 million MCS after equilibration. Data 

was recorded every 10000 MCS during this period for subsequent analysis [8,9].  

3. Results & Discussion 

3.1 Conformation 

To determine the crystallization at the molecular level, Figure 1 shows the evolution of 

trans fraction at 298 K. PE chains have more trans state compared to the melts. After 

20 million MCS, the fraction trans states reach 85% and 70% for linear and cyclic 

chains, respectively. As expected, the trans fraction of linear chains is higher. These 

results imply that linear chains should be able to form crystal structure better than the 

cyclic polymer.  
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Figure 1. Evolution of trans fraction for linear and cyclic PE chain at 298 K. 

 

 

 

 

 

3.2 Chain Ordering 

Upon crystallization, PE chains adopt zigzag trans conformation. To study the growth 

process of structure formation, the overall orientation correlation function, SG, was 

calculated by 

 𝑆𝐺 = 1

2
[3〈𝑐𝑜𝑠2𝜃〉−1] (4) 

Here,  is the angle between two PE main axes, and SG is ensemble averaged for all PE 

pairs. SG = 1.0 and 0.0 when all polymers are parallel and randomly oriented, 

respectively.  

 From Figure 2, SG for linear chains increases at the early stage and then changed 

to almost constant afterward to SG = 0.7 which is much larger than that of cyclic chains 

(SG < 0.1). These results suggest that linear chains can be oriented in parallel pattern 

better than the cyclic polymer. It should be noted that lower SG for cyclic polymers does 

not mean that the cyclic chain cannot crystallize. Upon inspection of simulation 
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snapshot, it is likely that cyclic chains form multiple crystalline domains with different 

orientation and this morphology gives very low SG value. 

 
Figure 2. Evolution of intermolecular orientational order parameter for linear and cyclic PE 

chain at 298 K. 

 

3.3 Scattering Structure Factor 

The progress of the polymer crystal can be evaluated using the spherically averaged 

structure factors as: 

 𝑆(𝑞) =  
1

𝑁𝑏
2 ∑ ∑

𝑠𝑖𝑛(𝑞∙𝑟𝑖𝑗)

𝑞𝑟𝑖𝑗

𝑁𝑏
𝑗=1

𝑁𝑏
𝑖=1    (5) 

where Nb is the number of all beads, and q is (4/)sin(/2). Figure 3a depicts 

the evolution of the  

S(q) at time t subtracted by S(q) at the starting time for cyclic polymers. The 

intensity increases rapidly while there is no significant change in the peak position with 

time. In comparison of the crystallization process between cyclic and linear chains, the 

maximum intensity Imax is depicted in Figure 3b. Evolution of S(q) also suggest better 

crystallization for linear compared to cyclic polymers because qmax (q at Imax), the 
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distance from each ordered motifs, does not much change when the regular structure 

forms. 

 

 

 
Figure 3. (a) Change in the St(q) - S0(q)  for cyclic chains (b) Maximum intensity in St(q) - 

S0(q) for linear versus cyclic polymers as a function of MCS. 

Conclusion 

Computer simulation was employed to study the crystallization process of short PE 

(C40) chains with different chain topology (linear vs cyclic). The structures at the melt 

state were cooled down to 298 K and the evolution of chain conformation, 

intermolecular ordering and scattering structure factor were determined. All these 

properties exhibit an ordering process as the sign of crystallization for both chains 

especially linear polymer. For these relatively short chains, linear polymer may prone 

to better crystallization process compared to the cyclic topology. It is likely that cyclic 

polymers may form the multiple ordered domains with different orientation. 
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