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The main subject of this dissertation is to study copolymer at the molecular 

level for both natural and synthetic copolymer. First, silk fiber is studied as the 

representative model for natural copolymer. Surface modification is applied to 

improve physical properties of silk fiber by grafted copolymerization and 

electrospinning technique. For the first approach, the yield and efficiency of grafted 

silk are increased with methacrylates- and dimethacrylates-grafted silk than those of 

MAA-grafted system. Methacrylic-grafted silk is hydrophilic and soft to hand except 

for HEMA-grafted silk which is stifffer. Thermal stability of dimethacrylates-grafted 

silk is increased. For the second approach, the silk solution viscosity is increased with 

increased concentration and the beaded-nanofibers are also slightly changed to 

smoother nanofibers. At high applied voltage, smaller nanofibers are formed when the 

spinning distance is increased. These fibers are changed to connected-fibers when 

ionic liquid i.e. AmimCl is added to the silk solution and the nanofiber surface 

becomes smoother when the amount of AmimCl is decreased with higher applied 

voltage. To understand the fundamental physics of stereochemical copolymer, iPP, 

sPP and aPP are used to study their structural and dynamic properties via Monte Carlo 
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Simulation. It is found that iPP diffuses faster than aPP and sPP, respectively. For the 

PP/PP mixtures with different chain tacticity, iPP and aPP diffuse slower, while sPP 

diffuses significantly faster as compared to the unmixed system. The effect of 

intrachain contribution is greater than interchain effect for iPP and aPP, in contrast to 

the case of sPP. For dynamic behavior of aPP melts, the mixed stereochemical 

sequence diffuses faster than that of the long consecutive diad of the same sequence. 

The effect of intrachain contribution is greater than that of interchain effect at Pm near 

0.0 and the opposite behavior is found at Pm near 1.0. Next, the model of PE brushes 

is employed as the conceptual model for grafted silks. The PE chains grafted on an 

interacting hard wall are more stretched in the outer layer when the grafting density 

and chain length are increased. Increasing temperature led to more chain stretching at 

the outer region with decreased brush density. For bidisperse brushes, the long chains 

in the outer region are more stretched while the shorter ones are compressed in the 

inner layer. The influent of an interacting surface on brush structure can be ordered 

as: repulsive > neutral > attractive wall system. In addition, poly(ethylene-ran-atactic 

propylene) is used as the conceptual random copolymer model in addition to an 

alternating copolymer such as natural silk. The properties of this random copolymer 

nanofiber depend on the PE/PP monomer ratio. When an ethylene fraction is 

increased, the total density is increased near the fiber axis and then decreased at the 

middle region toward the free surface where end beads are more abundant 

segregation. Molecular size and orientation are reduced and directionally changed 

near the surface. 
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CHAPTER I 

INTRODUCTION 

 

1.1  Significance of the study 

 Polymers are macromolecules built up by linking large numbers of monomer 

together by polymerization reaction. Homopolymer is made from only one type of 

monomer. Applications of such materials are limited by some of properties, such as 

their melting point and stiffness, are unsuitable to be used in some advanced 

application. These limitations can be overcome by both physical- and chemical 

treatments. For example, an addition of nucleating agent to reduce the average size of 

the spherulites, blending with a variety of polymers and by copolymerization with 

other polymers (Chen et al., 2009), offer the opportunity to obtain innovative 

materials of which their properties can be suitably modulated depending on all 

composition and microstructural characteristics of copolymers (Bartczak and Pracella, 

2006) that make them available for many advanced applications. In this respect, 

Copolymer can be made from two or more different types of monomers joined in the 

same polymer chain. Two monomers can be made to a copolymer in many different 

patterns such as an alternating copolymer, random copolymer, block copolymer and 

grafted copolymer. 

 As natural copolymer, Bombyx mori (B. mori) silk can be classified as an 

alternating copolymer of glycine (Gly) and alanine (Ala) with some minor component 

of other amino acid. Silk is an excellent fibers conventionally used for making yarn, 
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Figure 1.1 Schematic of typical copolymer. 

 

cloth or even the decorative articles in textile manufacturing due to its outstanding 

attractions, including strength, dyeability, luster and moisture absorption, which 

distinguish them from other fibers. However, it lacks some important characteristic of 

fiber in textile uses, such as dimensional stability, abrasion resistance, and color 

fastness. In addition, it has been known that the structure or monomer sequence of 
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polypeptide chain, poly(Ala-alt-Gly), in silk could not be altered or changed. So, to 

improve the value of silk fibers for various applications, surface modification is 

utilized to enhance the property of silk fibers. Graft copolymerization has long been 

used to modify physical and chemical properties of silk fibers and it depend not only 

depend on the extent of grafting but also on the characteristics of the functional group 

carried out by the monomer (Bhattacharya, 2004; Prachayawarakorn and Kryratsamee, 

2006). Moreover, besides textile uses, there is a high potentially interesting 

biomaterials with various applications, such as tissue-engineering scaffolds, wound 

dressings and drug delivery systems (Zeng, 2003; Sill and von Recum, 2008), good 

biocompatibility, biodegradability, and minimal inflammatory reaction and excellent 

mechanical properties (Altman et al., 2003). Those applications have an advantage 

from the high surface area of such materials. Accordingly, the electrospinning 

technique is applied to generate silk nanofibers to reduce the size and increase the 

surface area of natural silk fiber which are of considerable interest for various 

applications. 

 One of the simplest structures polymer used to study in this work is polyolefin 

copolymers of ethylene and propylene. There are many published information about 

copolymer of ethylene-propylene, including strength, toughness and degradation 

properties (Koh et al., 2005; Suárez et al., 2010). Poly(ethylene-co-propylene) 

copolymer (EP copolymer) have tremendous potential in various applications as their 

macroscopic properties can vary from elastomeric to plastic depending on the volume 

fraction of ethane and propane. 
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1.2  Scope and limitations 

 1.2.1 Grafted silk: The silk fibers would be degummed and then grafted 

copolymerization by both conventional method and microwave irradiation technique. 

 1.2.2 Silk nanofiber: The electrospun regenerated silk fibroin nanofibers would 

be prepared using formic acid, and Ionic liquid as solvent and co-solvent, respectively. 

 1.2.3 Conceptual studied by computer simulation: Lattice Monte Carlo (MC) 

Simulation would be applied to all computer simulation works to study structural and 

dynamic properties of copolymer model: (1) PP melts: PP/PP blend with different 

tacticity and its melts with different stereochemical sequences, (2) PE brush: the 

model of grafted copolymer onto the silk surface (mono- and bidispersed PE brush on 

both inert and interacting surface including the temperature effect), and (3) EP 

copolymer nanofiber: A model of copolymer nanofiber using poly(ethylene-co-

propylene) random copolymer as amodel. 

 

1.3  Research objectives 

 1.3.1 To investigate the correlation between structures and properties of silk 

surface modification via grafted-copolymerization and electrospinning. 

 1.3.2 To apply computational simulation technique to gain more understanding 

of copolymer model: including copolymer blend, grafted polymer surface and 

interface, and random copolymer nanofiber. 
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1.4  Expected outcome 

 Understand at the molecular level for the correlation between structure and 

properties of modified- and regenerated silk fiber and copolymer model via molecular 

modeling study. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1   Graft copolymer of silk fibers 

  Graft copolymer is a polymer which different types of monomers are covalently 

bonded together. For grafted-silk fiber, grafting process usually occurs in the 

amorphous region of silk fiber which is owing to steric and chemical reasons, such as 

reagent diffusion, availability of reactive groups, etc. The physical and chemical 

properties of the grafted silks are depended on both the extent of grafting and the 

characteristics of the functional group carried out by those monomers 

(Prachayawarakorn and Kryratsamee, 2006).  Many works on silk grafting various 

vinyl monomers are found that this monomer can improve the properties of silk fibers 

after grafted with such monomers, such as thermal stability, wrinkle recovery, 

increased hygroscopicity and dyeing affinity. Methacrylamide (MAA) is a widely 

used vinyl monomer because of its lower cost, higher water solubility, relatively 

lower toxicity. It also gives grafted silk product with soft hand, crease recovery and 

increase hygroscopicity. Most of various methacrylates and dimethacrylates monomer 

have graft yield higher than MAA and have hydrophilic properties that lead to more 

comfortable during the usage of silk fabric, except 2-hydroxyethy-methacrylate 

(HEMA) which exhibits stiffer fiber than other monomers (Freddi et al., 1996). 

 In addition, silk fibers which were grafted with HEMA or methyl methacrylate 

(MMA) were studied and it found that the HEMA-grafted silk has a higher moisture 
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regain and better acid and alkaline resistances than the degummed silk 

(Prachayawarakorn and Boonsawat, 2007). Moreover, silk fibers which were grafted 

with methacrylic monomers were also investigated. It was found that most of these 

monomers have a grafted yield higher than that of MAA and better properties 

including soft handle and good dyeing behavior. Differential Scanning Calorimeter 

(DSC) and Thermogravimetric Analysis (TGA) analysis of theses fibers also indicate 

a moderate increased thermal stability after grafting (Ferrero et al., 2007). 

 Furthermore, microwave irradiation was used to grafted-copolymerize onto silk 

fiber surface. It was found that the weight gain of Bombyx mori silk with HEMA 

significantly increased when the initial monomer concentration was raised to 400% on 

weight fiber (o.w.f). The tensile properties of silk fibers grafted with MAA and 

HEMA remained unchanged. The surface morphology of fibers treated with graft-

copolymerized with vinyl monomers was almost unaffected, with an exception for 

HEMA-grafted fibers, which had a presence of homopolymer deposited on the silk 

surface when the weight gain exceeding 20% (Tsukada et al., 2005). 

 

2.2   Regenerated silk fibroin (RSF) nanofiber by electrospinning  

  Electrospinning is an attractive method to produce fibers with diameters ranging 

from micrometers down to tens of nanometers. The electrospun regenerated silk fibers, 

with high specific surface area, high porosity and good biocompatibility, have 

extensive applications in the field of biomaterials, such as wound dressing, scaffolds 

for tissue engineering and drug delivery. Previously, Bombyx mori silk has been 

electrospun to produce fibers from 98% formic acid solution with various silk 

concentrations. The results showed that pH and concentration had a remarkable 
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influence on the properties of RSF solutions. With an increase in silk concentration 

and a decrease in pH, the rheological behavior of RSF solutions exhibited a transition 

from Newtonian to non-Newtonian fluid. At the same time, lowering pH could induce 

gel formation and decrease the electrospinnable concentration of RSF aqueous 

solutions. With a decrease in both pH and silk concentration, the morphology of the 

electrospun silk fibers changed from the belt-like shape to a uniform cylinder.  The 

average diameter of electrospun silk fibers was smaller than that of natural silk fiber 

which were reported in the range of 10-20 m (Wang et al., 2006). It was also 

decreased with decreasing concentration and pH (Ayutsede et al., 2005; Ki et al., 

2007; Zhu et al., 2007). Moreover, the structure and morphology of the fibers were 

strongly influenced by the solution concentration and the processing voltage, such as 

spinning velocity, elongation rate, and draw ratio. It has been suggested that high 

draw ratio was not the only factor in the transformation of SF from random-coil (Zhu 

et al., 2008) and -helix conformations to a -sheet conformation (Zainuddin et al., 

2008). 

  In addition, the behavior of the aged RSF solutions has also been investigated. 

Upon ageing, turbidity was developed in solution and the viscosity was continuously 

decreased prior to a drastic increased near the gelation time. Shear thinning with 

anomalous short recovery within a certain range of low shear rates occurred in both 

fresh and aged solution. While the solution behaved as pseudo-plastic materials. The 

chain conformation in aged solution adopted all secondary configurations with -

strand being the predominant (Zainuddin et al., 2008) 

  Multiple methods have been utilized to prepare electrospinning dopes with silk 

fibroin dissolved in formic acid or water. All of these spin dopes require a time-
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consuming more than 1 week. Moreover, the molecular weight of silk slightly 

decreased in dialysis step. Compared to the limited number of solvents available 

today, ionic liquids have taken the spotlight as the green and designer solvent, with 

many combinations that offer an unprecedented versatility and tenability (Phillips et 

al., 2004). Ionic liquids (IL) have been used to successfully dissolve other biological 

macromolecules such as cellulose by 1-butyl-3-methylimidazolium chloride 

(BmimCl). It can be used to prepare cellulose solutions up to 25 %w/w (Swatloski et 

al., 2002; Wu et al., 2004). The success of using BmimCl has been attributed to the 

ability of chloride anion to disrupt the hydrogen bonding present between the 

cellulose chains. The ability of ionic liquids to disrupt hydrogen bonding makes it an 

attractive solvent for silk fibroin. Hence, ionic liquids BmimCl, 1-butyl-2, 3-

dimethylimidazolium chloride (DmbimCl) and 1-ethyl-3-methylimidazolium chloride 

(EmimCl) have been used to dissolve silk fibroin. It was found that when the radical 

of IL increased, whereas anion was similar, the maximum concentration of silk fibroin 

are decreased (Phillips et al., 2004). 

  As a spin dope, ionic liquids exhibit several advantages over the aforementioned 

spin dopes, such as negligible volatility and ease of solvent recovery. All of spinning 

techniques for these solutions utilized a methanol coagulation bath to remove the 

spinning solvent and induce crystallization in the fibers. 10 %w/w silkworm cocoon 

silk was prepared by heating the solution at 95°C and stirred in EmimCl while it was 

exposed to an ambient air with 20 %RH. The spin dope was placed into the syringe 

with an inside diameter of 0.26 mm and an overall length of 23 mm while hot, and the 

air was removed.  The spinning was performed by extruding the spin dope into a 

coagulation bath with several types of solvents. The extruded fiber swelled to a 
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diameter of about 1 mm before entering the coagulation bath. It has been found that 

only the fibers from the methanol bath could be handled and formed clear, solid fibers. 

The diameters of the fibers were 250 and 150 nm. The as-spun fiber did not show 

significant crystallite alignment, while the fibers which were drawn appear to show 

crystallite alignment along the fiber axis. Methanol is known to induce -sheet 

formation in silkworm silk and was also able to dissolve EmimCl. Therefore, the 

methanol treatment may be primarily responsible for initial crystallinity in fibers. 

(Phillips et al., 2005; Phillips et al., 2007) 

  Viscosity became an important issue with ionic liquid solution when silk 

content was increased. To be useful as a spin dope, the solution must flow and must 

have a high enough silk fibroin concentration to allow the molecules to interact with 

hydrogen bonding during the spinning process. A desirable other low viscosity ionic 

liquids can be lead to lower solution viscosity. More recently, a novel IL, AmimCl, 

was synthesized and was used to carry out homogeneous esterification of cellulose 

(Wu et al., 2004; Zhang et al., 2005) and silk fibroin (Wang et al., 2012). It was also 

indicated that AmimCl was a good solvent for silk fibroin up to 15 %w/w. AmimCl 

exhibits a stronger solvation capability for RSF molecules, due to its lower melting 

point. Interestingly, if sealed at room temperature, that solution can be stored for more 

than 1.5 years without any apparent instability effects. Flow curves of the solution 

with low concentration showed lower shear thinning, followed by Newtonian flow in 

the subsequent shear rate range, which was similar to that of pure AmimCl solution. 

As the concentration increased, the region of lower shear thinning became less 

evident and found pseudo-plastic flow, which were the Newtonian region. Moreover, 
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the zero shear viscosity, η0, showed a power-law dependence on concentration and the 

critical concentration, C*, was identified as about 5 %w/w (Wang et al., 2012). 

 

2.3   Monte Carlo (MC) simulation of polypropylene (PP) with 

different tacticity 

  The tacticity of PP affects many properties such as the thermal properties, 

diffusion and crystallization (Chen et al., 2007). It was known that in the melts state, 

isotactic polypropylene (iPP) diffuses faster than syndiotactic polypropylene (sPP) 

but the maximum rate was found for the diffusion of syndiotactic polypropylene 

(aPP) (Antoniadis et al., 1999) at an intermediate stereochemical composition. It has 

been found that m and r sequences in aPP chain diffuse faster than that in iPP and sPP 

chain (Waheed et al., 2007).  

  A small difference in the covalent structure of the polymer chains was subject to 

strong change in qualitative appearance of the phase diagram (Krishnamoorti et al., 

1996). The mixing behavior of polymeric hydrocarbon melts to minor structure 

change was illustrated by various experimental and theoretical investigation of 

conventional polyolefin (Thomann et al., 1996; Akten and Mattice, 2001). However, 

most of polymer blends are heterogeneous on mesoscale and often leads to 

macroscopic phase separation, due to the micro-phase separation between polymers, 

though macroscopically homogeneous.  

  It is well known that the micro-phase separation structure of polymer blend is 

controlled by its compositions (Leung et al., 2009). PP melt provides very interesting 

example on the sensitivity of the mixing of hydrocarbon polymers. A two component 

melts of aPP and iPP are miscible (Lohse, 1986), but immiscibility was observed 
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when slightly replaced either aPP or iPP with sPP chain (Thomann et al., 1996). The 

mobility of iPP and sPP has also been studied and found that both iPP and sPP had 

similar average mobilities. But individual beads of each chain can be departed 

strongly from an average. Every bead in iPP melt can mobile in the short time. In case 

of sPP melt, a few beads could not move during the longer time. In sPP/iPP melts 

system, when the sPP was more strongly diluted by iPP, all beads of sPP had the 

mean-square displacement higher than that in pure sPP melts. The mobility analysis 

of individual beads in sPP chains in blended system expressed slow mobility of sPP 

when its environment changes from iPP to sPP(Clancy et al., 2000). 

 

2.4   MC simulation of polyethylene (PE) brush as a model of grafted  

  silk 

  Grafted polymers or polymer brush have been studied in various applications of 

polymer science and technology, such as surface modification, lubrication, adhesion,  

colloidal stability, biocompatibility and biotechnology (Eisenriegler, 1982).  

The most successful theoretical method to analyze the grafted polymer is the 

Self-Consistent mean-Field (SCF) theory which gives a valid mean-field description 

at high grafting density system (Birshtein et al., 1990). It has been found a parabolic 

form for the density profile supported by MC simulation of ideal chains in case of 

non-adsorption surface (Skvortsov et al., 1988). In addition, it usually deformed and 

stretched out in the perpendicular direction to form a brush at the surface, if there was 

no adsorption between solid surface and polymer chains (Milner, 1991). Moreover, 

the depletion layer was found at the region near the grafting surface while the free 

ends of the chains are not excluded form region near the grafting surface and 
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exhibited the universal behavior in good agreement with the prediction of SCF theory. 

Moreover, the region close to the substrate was fully occupied by segment belonging 

to grafted chains. As higher grafting density, free chains are progressively expelled 

from the surface region and the local melt density in the region which is closest to the 

interface illustrated systematically higher than that in the bulk, exhibited distinct local 

maxima due to polymer adsorption.  

  However in reality, it is unavoidable the polydispersity feature on the polymer 

brush structure. It has been found the completely change of the density profile from 

the uniform distribution polymers (Chakrabarti and Toral, 1990), the longer chain 

ends were localized at the brush edge (Descas et al., 2006) when the difference in 

molecular weight between the two chains was small, and the segment density profiles 

of two symmetrical brushes compresses together. Moreover, the inner structure was 

formed by a mixture of long and short chains, and the top region was composed only 

of the segment of longer chains. The width of the transition zone did not depend on 

the brush height. In addition, There was a compression close to the grafting interface 

for short chains, whereas longer chains have a characteristic flower-like distribution 

(Lai and Zhulina, 1992).  

For grafted polymer on an interacting flat surface (Chakrabarti et al., 1992), 

both attractive and repulsive interactions. It has been found that the layer thickness of 

polymer grafted on attractive interacting surface was depended on the total strength of 

the interaction potential without any dependence on the particular shape of the 

potential well. On the other hand, for repulsive interactions, the exclusion zone was 

found from which the free chain ends were excluded as predicted by SCF calculation. 

It also had to be noted that z = 0 played an important role to govern the structure of 
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the polymer brush (Ball et al., 1991). Moreover, there was a previous study on the 

effect of an interaction between the solid wall and PE thin film (Jang and Mattice, 

1999). The results showed a significant density increase near the solid wall with the 

strongest interaction, giving rise to the contraction of film thickness, which was in 

accordance with experimental observation. In addition, the presence of the solid wall 

reduced an interaction and the interfacial width relative to the free-standing film and 

the extent of this reduction had a tendency to grow with the strength of an interaction 

and lowering temperature. The population of chain end groups was significantly 

depressed near the attractive solid wall. 

 

2.5   MC simulation of poly(ethylene-co-atactic propylene) copolymer 

  Poly(ethylene-co-atactic propylene) copolymer, EP copolymer has been studied 

in a wide range of application in the past decade. It became an important class of 

thermoplastic elastomers with excellent physical properties. Two commercially 

classes of EP elastic copolymer were ethylene-based and propylene-based copolymer. 

  EP copolymers with ethylene content lower than 60 %w/w are essentially 

amorphous (Bassi et al., 1970). The non-crystalline of EP copolymer can be used to 

improve transparency, relative softness, sealing temperature, and impact strength, 

glass-transition temperature of elastic materials. The copolymers with 6-18  %w/w 

ethylene content are inherently elastic with an elongation at break ratio larger than 

1000% (Pegoraro et al., 2000). The EP copolymer with dominant propylene moiety 

and iPP has been also studied (Mighri et al., 2001) to develop the technological 

opportunity of these materials in fibers form. It indicated that an insertion of the 

propylene moiety led to a pseudo hexagonal crystalline structure at high-propylene 
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content and the disorder in the crystalline phase of ethylene sequence gradually 

increase (de Ballesteros et al., 1996). Moreover, the presence of ethylene units also 

reduced the melting point and crystallinity by introducing irregularities into the main 

polymeric chain (Blom et al., 1998). The reasons of the crystallization rate decreased 

in EP copolymer may be caused by a reduction of PP nucleation and the diffusion rate 

was slow down during crystallization (Li et al., 1997).  

  It has been known that the ethylene crystals can be formed in the ethylene-based 

copolymer and propylene crystals were formed in the propylene-based crystals. Such 

crystals were associated with the melting point and their corresponding structure was 

changed upon deformation. Two types of the categorized morphology of ethylene-

based copolymers crystallization were fringed-micellar, and both fringed-micellar and 

lamellar crystalline morphologies (Minick et al., 1995). 

  The effect of nanofiber size on properties of PE nanofibers have been recently 

investigated by MIT group (Curgul et al., 2007). The results were found that the mass 

density at the center of all fibers was constant and comparable to that of the bulk 

polymer. The surface layer thickness for all fibers slightly increased with fiber size 

and the chains at the surface were more confined compared to the chains at the center 

of the nanofiber. Moreover, the structural and dynamic properties of PE nanofiber 

were also studied (Vao-soongnern et al., 2000). The density profiles were hyperbolic 

tangent with end beads being more abundant than middle beads at the surface. The 

orientation preferred at the surface on the scale of individual bonds and the whole 

chains. The local and global equilibrium properties have been distinguishable when 

fibers were different in their thickness. 
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2.6   MC simulation of polymer system 

  MC method is a stochastic strategy that is relied on probabilities which gathers 

samplest in a random method. The simulation uses random numbers for making 

decision for enhance step during a run. In terms of molecular mechanics, MC 

simulation provides another way to explore a conformational space. This simulation 

can find a conformational state in a stochastic way by generating random numbers. 

For example, a given potential like Eq. 2.1, the simulation involves a successive 

energy evaluation to make a decision for acceptance of a move attempt which is 

chosen randomly. The decision is accomplished by Metropolis algorithm (Metropolis 

et al., 1953) in the most cases, which has the criteria as express in Eq. 2.2. 

 

     
    

bondedVnon

elecvdw

V

planeofouttorsionanglebondtotal rVrVVVVrVV

bonded


  )()()()()()(         (2.1) 

0)()(  oldnew rVrVE  accepted

)1,0()/exp(0)()( randkTEANDrVrVE oldnew   accepted       (2.2)   

)1,0()/exp(0)()( randkTEANDrVrVE oldnew   rejected 

 

  To consider the new state, if it is in a lower energy state, then, it will replace the 

previous state. If it is in a higher energy state, the energy difference between two 

states will be used to make a decision. MC simulation allows a system to move to 

higher energy state. The probability to overcome the higher energy barrier depends on 

the energy difference between the new and the current conformation. By such method, 

the ensemble averaged properties are calculated. One of the efforts to increasing the 

computational efficiency of MC simulation is to run the simulation on a suitable 
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lattice, which reduces the floating number calculation. Another way to gain speed in 

the MC simulation is to use an efficient move algorithm that allows the faster 

relaxation. With such that way, many polymer beads can move at a single move 

attempt. The computational time of the lattice simulation based on MC method is 

proportional to the power of 1 to 2 depending on the quality of the potential energy 

function. 

 

  2.6.1 MC simulation of polymeric materials on a high coordination lattice 

   There is considerable interest in an application of Monte Carlo algorithm 

to determine the properties of large molecules. The approach was used for small 

flexible molecules and could be extended to large molecular weight materials such as 

polymers. However, the practice of changing randomly the torsional angle leads to a 

high rejection rate. Even a relatively small change in the torsional angle in the middle 

of large flexible molecule results in a large translational displacement of the terminal 

atoms. Therefore, there is a high probability of molecular overlap resulting in the 

rejection of the move. The limitation of the small flexible molecule approach is 

determining Euler angles or using quaternion ions for each atom of a large molecule 

requires considerable computational effort. 

 

  2.6.2  Coarse graining of polymer model 

   Often the energy state of a molecule can be described by a sum of 

energetic contributions of internal coordinates and non-bonded interactions. The bond 

stretching and angle bending are very strong effect due to the large force constants. 

They just slightly change with time and stay at the most probable bond length and 
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bond angle. Since computational efficiency is indispensable for a polymer simulation, 

those terms are neglected in most cases. Accordingly, a property of a polymer chain is 

not dependent on the remaining energy terms, torsional energy and non-bonded 

energy. Furthermore, if a polymer chain is not perturbed by the existence of others, 

the importance of the long-range interaction is diminished. In that case, the partition 

function of a single chain can be expressed by only torsional partition function or 

conformational partition function, then the average of a property, <A>, can be written 

as Eq. 2.3-2.4. The continuous torsional states can be grouped to have several discrete 

states. This assumption is reasonable because the discrete torsional states are 

separated by an activation barrier. These torsional states are called Rotational 

Isomeric State (RIS), the conformational partition function can be rewritten as the 

summation over the discrete conformational space as express in Eq. 2.5. 
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   The RIS model (Mattice and Suter, 1994) is a coarse grained polymer 

model, which only considers the discrete rotational isomeric states with other internal 

coordinates frozen. Schematically, the mapping from a realistic polymer chain to a 

RIS chain is illustrated in Figure 2.1. Figure 2.2 shows the structure of the high  

 

 

 

 

 

 

 

 



 

Figure 2.1 
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Figure 2.2 Construction of 2nnd lattice from a diamond lattice. 

 

are 60°. The modification produces a coordination number of 12 (or 10i2 + 2 sites in 

shell i), which is higher than that of the tetrahedral lattice. The high coordination 

number provides a flexibility to define a rotational state in the lattice. The new lattice 

is identical to the closest packing of uniform hard spheres and is named as the 

“second nearest neighbor diamond (2nnd) lattice”. Each occupied site in this model 

represents an ether ethylene (-CH2-CH2-) or propylene (-CH2-CH-CH3-) group. 

 

Diamond Lattice 

Reference Lattices 

2nnd Lattice 
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  2.6.3  Short-range intramolecular interaction of PE and PP chain 

   A Hamiltonian consisting of two parts (short- and long-range interactions) 

is introduced into the simulation on the 2nnd lattice. The short-range interactions 

come from the local intramolecular contribution of the chain conformation, which is 

based on the RIS models to describe the nature of bead polymer chains. A RIS model 

for PE is defined by the following statistical weight matrix. 

 

                 (2.6) 

 

The unperturbed PE has the values E, E of 2.1, 8.4 kJ/mol, respectively. 

 

       )/exp( RTE            (2.7) 

       )/exp( RTE            (2.8) 

 

The rows and columns of the matrix are the conformation state of (i-1)th bond and ith 

bond, respectively. The orders of indexing are t, g+ and g-. The detailed description of 

the statistical weight matrix for coarse-grained PE bonds was discussed and 

summarized in textbook which written by Mattice and Suter. 

   In the case of PP, the specific RIS model is described the values for the 

short-range energies of E, E and E with 0.29, 3.9 and 8.0 kJ/mol, respectively 

(Suter et al., 1975). Due to PP have different stereochemical sequences, isotactic, 

syndiotactic and atactic, it could be represented by the statistical weight matrix of 
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diad, such as m and r diad. Different situations have the following statistical weight 

matrixes as expressed in Eq. 2.9 and 2.10. During the simulations, the statistical 

weight matrixes are applied to calculate the partition function in the discretized form 

which express in Eq. 2.11. Then the bond probability of a specific state, , at bond i 

could be expressed by Eq. 2.12. 
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   Similarly, the probability of two neighbor bonds, which have different 

states, for example, bond i-1 in  state and bond i in  state, can be written as Eq. 2.13. 

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 by Eq. 2.14. During the simulation, 

the bond states change before and after moves. The probability of the move can be 

calculated by the conditional probability of C–C bonds by the Eq. 2.15. Here, the 

asterisk denotes the new state. The difference of short-range interactions before and 

after move can be obtained by a logarithm expression.  

 

  2.6.4  Long-range intermolecular interaction of polymer model on 2nnd 

lattice 

   The long-range interaction includes the intermolecular interaction and 

long-range intramolecular interaction, which can be obtained by modification of the 

classic technique for description of the second virial coefficient, B2,  of a non-ideal 

ethane (for PE) or propane (for PP) gas using the Mayer function, f, and the Lennard-

Jones (LJ) potential energy function.  

   The long-range interaction is non-bonded interaction. On the 2nnd lattice, 

the parameters for this interaction may be equal to parameters representing the 

interaction between one monomer at the origin and the other in the specified 2nnd 

lattice site. A spherically symmetric potential is acting between two monomers. 

According to the imperfect gas theory, the B2 can be written as Eq. 2.17 where  = 

1/kT and k is the Boltzmann constant. The f replaces the integral in Eq. 2.17. On the 

2nnd lattice, B2 is written in a descretized form by separating the integral into the sub-

integrals for each lattice cell and regrouping them for each neighbor which are 
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expressed in Eq. 2.18. The volume element cell
   rd  is the volume Vc of one lattice cell 

of the 2nnd lattice. The cell averaged Mayer function, <f>, is introduced in Eq. 2.19. 

In the calculation of <f>, the center of the one monomer is allowed to be anywhere in 

the given lattice cell if the other one is fixed in the origin. Therefore Eq. 2.18 could be 

rewritten as Eq. 2.20. Here, zi is the coordination number of the ith shell with the form 

of 10 i2 + 2. The overall average Mayer function is the arithmetic mean of <f>. 
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Finally the effective interaction parameter, ui, representing the ith neighbor is defined 

as Eq. 2.21 which only one interaction parameter is applied to a given shell. In this 

simulation, the LJ potential energy function with hard core is used to ensure the 

volume exclusion as shown in Eq. 2.22. 
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Figure 2.3 Schematic of representation a subchain on the 2nnd lattice and the  

     corresponding detailed backbone chain on the underlying diamond  

         lattice. 

 

 

 

 

 

 

Figure 2.4 Schematic of representation for single bead move on 2nnd lattice. 

 

 The parameters used in the simulations were the values from the 

experiments. For PE, the LJ parameters employed= 185 K,  = 0.55 nm and interaction 

energies between first (u1), second (u2) and third (u3) neighboring shells were 16.214, 

0.731 and -0.623 kJ/mol at 473 K, respectively. In case of PP, the input LJ potential 

used = 0.512 nm and /kB = 237 K, which reproduced the experimental density of 

the melt at 473 K (Cho and Mattice, 1997). 

______     2nnd bond     

- - - - - -     real bond 
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        (a)      (b) 

Figure 2.5 Schematic of representation for two kinds of unphysical collapses; (a)  

       intramolecular collapse, and (a) intermolecular collapse. i´ and i+1´ in  

   (a), k´ and i´ in (b) occupy the same lattice site after reverse-mapping. 

 

  2.6.5  Moves 

   For every Monte Carlo Step (MCS), a single bead and pivot moves are 

performed. Every bead is tried once, on average, both in single bead moves and pivot 

moves, respectively. Therefore every bead is attempted twice, on average, within one 

MCS. Moves to cause double occupy and collapses are prohibited and the Metropolis 

rule with the following formalism is applied to determine whether the move is made 

or not. 
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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. In case of E  0, the move is accessed. Otherwise, a random 

number is generated to determine whether the move is successful or not. 
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 2.6.6  Polymer simulation procedure on 2nnd Lattice 

   The procedure of polymer simulation is listed as the following steps. First, 

set desired chains in the lattice with the experimental density and then select beads for 

the attempt of moves. After obtain new configuration according to the rule of moves, 

the excluded volume effect was checked to remove double occupancy of lattice site 

Similarly, bond reverse and unphysical collapse were also checked and calculated 

short- and long-range interactions. Next, apply Metropolis rule to determine whether 

the move is made or not and record the chain configurations every set interval of 

MCS. Finally, the configuration was analyzed to obtain static or dynamic properties. 
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CHAPTER III 

 GRAFTED-COPOLYMER OF BOMBYX MORI SILK 

FIBERS WITH METHACRYLIC MONOMERS: 

CONVENTIONAL PROCESS AND MICROWAVE 

IRRADIATION METHOD 

 

3.1  Abstract 

 Silk fiber surface was modified by graft copolymerization with various 

methacrylic monomers using both conventional chemical reaction process and 

microwave irradiation method. Textile properties of grafted silk fibers were examined. 

The yield and efficiency of grafting increased when add-on monomer was increased. 

Silk grafted with methacrylates and dimethacrylates gave graft yields higher than that 

of methacrylamide (MAA) in the same operating condition. However, silk fibers 

which were grafted with MAA and dimethcrylates had relative more hydrophilic 

properties and softer to hand touch while 2-hydroxyethy-methacrylate-grafted 

(HEMA-grafted) silk was stiffer fibers. Attenuated total reflectance-fourier transform 

infrared spectroscopy (ATR-FTIR) analysis was utilized to confirm the molecular 

functionality of grafted silk in the structural pattern of silk fibroin in addition to 

grafted copolymers. There was no change in X-ray diffraction peak confirmed that the 

silk fiber structure was not affected by the graft-copolymerization reaction with 

selected vinyl monomers. Differential scanning calorimeter (DSC) analysis was also

 

 

 

 

 

 

 

 



37 

 

performed to evaluate the influence of grafted copolymer on the thermal behavior of 

grafted silk fibers. Thermal stability of grafted silk was also examined by 

thermogravimetric analysis (TGA) to confirm DSC results. An increase of thermal 

stability for grafted silk samples weighted with dimethacrylates was observed. The 

surface morphology of grafted silk fibers was seen as the deposition of polymer on the 

surface of silk fibers and its amount was increased with increased monomer adding on 

grafting copolymerization. 

 

3.2  Introduction 

 For natural copolymer such as silk which was produced by Bombrx mori 

silkworm, it has long been known as the “queen of fibers” for over thousands of years. 

It is a high quality and performance fiber with outstanding properties and can be used 

as excellent materials, distinguish them from other natural and synthetic fibers. These 

characteristics, as well as their chemical properties and good biocompatibility, had 

made silk an attractive materials not only for textile but also for non-textile 

applications. Silk protein had been used in various fields;  for example,  biomedical 

and electrical application,  tissue-engineered scaffolds, wound dressings and drug 

delivery systems (Zeng, 2003). Silk was a good biocompatibility, biodegradability, 

minimal inflammatory reaction and excellent mechanical properties as well (Altman 

et al., 2003).  

 Silk fiber contains a fibrous protein termed “fibroin” in the fiber core and 

connected together by gluelike proteins termed “sericin”. The fibroin protein is highly  
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Figure 3.1  Repeated β -turn model of silk I proposed by Asakura et al .  

    (Asakura et al., 2001) 

 

insoluble protein and contains 90% of amino acid such as alanine, glycine, serine 

which leads to -pleated sheet formation in the fibers. The silk fibroin structure is 

organized as an alternating copolypeptide with a high content of a small side chain of 

amino acids, which is composed of 45.9% glycine, 30.3% alanine, 12.1% serine, 5.3% 

tyrosine, 1.8% valine, and only 4.7% of others 15 amino acid types. The structure of 

two fibroin forms has been reported as silk I and silk II. Silk I form, as well as the 
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Figure 3.2 Models of molecular conformations of silk II (Takahashi et al., 1999) 

 

random-coil form. It is meta-stable and easily converts to the more stable form under 

mild conditions which are known as an anti-parallel β-sheet structure in silk II. 

Moreover, silk fibroin could adopt with silk I structure with alternating copolypeptide, 

(Ala-Gly)n (Taddei and Monti, 2005; Gus’kova et al., 2008).  

 Silk fiber is facing some tough competition from the synthetic fibers that have 

many useful properties such as thermal stability, chemical resistance, washable, etc. 

So, silk fiber must be developed to improve its value. However, the structure or 

monomer sequence of polypeptide chain in silk could not be altered or changed. If  
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 (a)                       (b) 

 

           (c) 

Figure 3.3  Structure of various types of monomer; (a) MAA, (b) methacrylate  

  monomer, HEMA and (c) dimethacrylate monomer, where n = 1 for  

   G     n     for  G   -   n     for   G    and n        for  

  PEG550DMA. 

 

 

Figure 3.4 Schematic of graft copolymerization reaction. 

 

one needs to improve application properties of silk copolymer, one therefore has to 

modify at the silk surface. One interesting method is to directly graft copolymerize 

some selected monomers onto the silk surface where monomers are covalently 

bonded with the silk surface (Bhattacharya, 2004). The physical and chemical 

properties of the grafted silks are depended not only on the extent of grafting but also 

on the characteristics of the functional group carried out by the monomer 

(Prachayawarakorn and Kryratsamee, 2006).  Grafting occurs in the amorphous 

region of the silk fiber owing to steric and chemical reasons: reagent diffusion, 

availability of reactive groups, etc. Many works on silk grafting have been developed 
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using various vinyl monomers i.e. MAA (Freddi et al., 1996), methacrylonitrile 

(Tsukada et al., 1993) and several methacrylates: HEMA (Prachayawarakorn and 

Boonsawat, 2007), ethoxyethyl-methacrylate (Tsukada et al., 1992), and 

dimethacrylates: polyethylene glycol dimethacrylate (PEGDMA), diethylene glycol 

dimethacrylate (EGDMA-2) (Chen et al., 2006), ethyleneglycol-dimethacrylate 

(EGDMA), triethyleneglycol-dimethacrylate (TEGDMA) (Ferrero et al., 2008) to 

improve properties of silk fiber such as thermal stability, wrinkle recovery, increased 

hygroscopicity and dyeing affinity. MAA is a widely used vinyl monomer because of 

its lower cost, higher water solubility, relatively lower toxicity. It also gives the final 

product with soft hand, crease recovery and increase hygroscopicity. Most of various 

methacrylate and dimethacrylate monomers show grafted yield higher than MAA and 

have hydrophilic properties that lead to more comfortable during the wearing of silk 

fabric, except HEMA which exhibits stiffer product than others (Ferrero et al., 2007). 

Moreover, grafted silk fiber has an increased thermal stability and chemical 

resistance. Preparation of graft copolymerization includes chemical, radiation, 

photochemical, plasma-induced techniques and enzymatic grafting (Bhattacharya, 

2004). Redox reaction is the conventional technique to produce free radicals from the 

initiators and has been used in graft copolymerization as schematically presented in 

chemical reaction (3.1) – (3.3) (Tsukada et al., 1998), where     ,   , and   

represent silk, primary silk macroradical, and monomer, respectively. 

 

          
       

               (3.1) 
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                         (3.2) 

          
        

     

        
      

                        

 

        
             

                     (3.3) 

 

 Reaction 3.1 and 3.3 describe the primary radical formation, and the initial state 

of monomer homopolymerization. Reaction 3.2 shows the steps of graft 

copolymerization. Free radicals could be formed using an initiator that interacts with 

the reactive sites on silk fibroin backbones, formed a macroradical, mostly of 

carboxyl, amine, and hydroxyl side group of various amino acid residues. There was 

also emphasized the role of glycine residues as the site for grafting on silk, the -NH 

moieties of the peptide bond. The silk macroradicals were reacted with the monomer, 

leaded to the propagation of a grafted polymer chain. Homopolymer can be formed as 

well, by interaction of the initiating free radicals with the monomer. The coexistence 

of both grafted chains and homopolymer within silk fiber matrix cannot be excluded. 

 It has been known that such grafting process has large energy consumption. In 

recent years, microwave irradiation as the non-contact heating techniques is emerging 

as an efficient tool for the chemical and physical activities of the grafting process 

(Mahmoodi et al., 2010). In the case of a free-radical mechanism, various initiator 

systems, such as peroxide, ammonium persulfate and redox systems have been 

applied to generate free  radical (Misra et al., 1982). 
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 In this work, the silk surface modification by graft copolymerization was 

studied to improve the properties in textile application and focused mainly on the 

improvement of thermal property for grafted silk fiber. The grafted copolymerization 

was prepared by both conventional and microwave irradiation method. MAA, HEMA, 

EGDMA, Diethyleneglycol-dimethacrylate (EGDMA-2), TEGDMA and PEGDMA 

were utilized as monomer for graft-copolymerization. Characterizations of modified 

silk fibers were carried out by various techniques to obtain structure and properties of 

grafted silk fibers. 

 

3.3  Experimental 

 3.3.1  Materials  

  Raw silk fibers (B. mori) were obtained from local silk plant in Nakhon 

Ratchasima province, Thailand. MAA and EGDMA were supplied by Fluka 

analytical. EGDMA-2, TEGDMA and HEMA were supplied by Aldrich Chemistry. 

PEG550DMA was supplied by Aldrich. Ammonium persulfate (APS) which was used 

as radical initiator and formic acid was supplied by QRec. Terginol NP-10 which was 

used as non-ionic surfactant was supplied by Sigma and Sodium carbonate (Na2CO3) 

was supplied by Sigma-Aldrich. All chemical are used without further treatment. 

 

 3.3.2  Degumming process 

  Raw silk fibers were immersed in an aqueous solution containing 

0.05 %w/v Na2CO3 (Prachayawarakorn and Boonsawat, 2007) with 1:30 of the 

material-to-liquor and then heat to 90°C for 30 min and repeated 2 times. Then, fibers 

were washed with hot distilled water several times and then washed with room 
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temperature distilled water to remove sericin from fibers. The sample was dried in hot 

air oven at 60°C for 24 h and kept in desiccators over silica gel. 

 

 3.3.3  Grafting process 

  For the conventional reaction, the degummed silk fibers were soaked in 

grafting solution in sealed test tube for 1 h at room temperature. The grafting solution 

contains 3 % o.w.f. of initiator (APS), 40-70 % o.w.f. of methacrylic monomer. Non-

ionic surfactant (Terginol NP-10) at concentration of 1.0 g/L for TEGDMA, 

PEGDMA and 0.2 g/L for others monomer were used. The pH of system was adjusted 

by adding small amount of 99 % formic acid. The material-to-liquor was 1:60.  

  The experimental conditions were presented in Table. 3.1. Then, the 

sealed test tubes were heated up from room temperature to 80°C in shaking water bath 

and kept constant for 1 h. At the end of reaction, all samples were soaked at 80°C for 

30 min in 0.2-1.0 g/L terginol NP-10 solution as same concentration as grafting 

process. The sample was taken off and washed with terginol NP-10 solution at 80°C 

for 3 times and 10 min each to remove any unreacted monomer and oligomer, and 

then thoroughly rinse with distilled water at room temperature for several times to 

remove surfactant (Ferrero et al., 2008) . Finally, the samples were dried in hot air 

oven at 105°C for 2 h and cooled to room temperature in a desiccator for 10 h before 

characterization.  

  For microwave technique, degummed silk fibers were immersed in 

grafting solution for 5 min at room temperature in sealed container and was irradiated 

in microwave oven with power 450 watt for 10 min and repeated 3 times. Then, all 

samples were washed by distilled water in microwave oven with the same power and 
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Table 3.1 Experimental conditions for graft copolymerization. 

Chemical % (o.w.f.)* 

Initiator (APS) 4 

Monomer 40, 50, 60, 70 

Formic Acid ~ 0.40-0.45 ml, pH~3 

* % (o.w.f.) = % on weight fiber 

 

time as grafting process. At the end of reaction, the procedure was done as same as 

the conventional system. 

 

3.4  Characterization 

 3.4.1  Weight gain and graft yield 

   The weight gain of grafted silk fibers, which is the add-on of polymer was 

calculated using Eq. 3.4 and the fraction of the total polymer that was grafted onto 

silk fiber was also calculated by Eq. 3.5, where wgrafted is the weight of grafted silk, 

woriginal is the weight of original silk, and wmonomer is the weight of monomer 

introduced into the grafting solution. 

       eight gain ( )   
 grafted- origin  

 origin  
              (3.4) 

     Graft yield ( )   
 grafted- origin  

     mer
             (3.5) 

 

 3.4.2 Water retention value (WRV) use to represent water absorption ability 

of grafted silk fiber which were examined by following the literature method (Ojah 

and Dolui, 2006). Samples were immersed in distilled water for 2 h. Then the fibers 
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were taken out from the water. The excess water was removed by applying porous 

filter paper. The weight of fibers were recorded (wet weight) and then dried in a 

vacuum oven at 40°C for 10 h. water absorption measurement was calculated as 

follow: 

 

       R  ( )  
  et- dry

 dry
              (3.6) 

 

 3.4.3 ATR-FITR (Attenuated Total Reflectance-Fourier Transform Infrared 

Spectrophotometer Perkin Elmer model Spectrum GX, ATR-FTIR) was applied to 

determine the conformational structure of grafted fiber. FTIR spectra were gathered 

by utilizing an ATR-FTIR cell on FTIR spectrometer. The measurements were taken 

in the range of 4000-600 cm
-1

 at a resolution of 4 cm
-1

 with 128 scans. 

 

 3.4.4 Thermal analysis (DSC Q2000 and TGA Q50 TA instrument) was 

employed to study thermal property of grafted fiber. DSC and TGA thermograms 

were recorded in the temperature range of 50-400°C and from 50°C to 800°C, 

respectively, at heating rate of 10°C /min under nitrogen atmosphere. 

 

 3.4.5 X-ray diffraction (XRD) was used to determine the change in molecular 

crystallinity of grafted fiber. XRD patterns were obtained by utilizing X-ray 

diffractometer. Ni-filtered Cu-Kα (1.54 Å) radiation was used at 40 kV and 20 mA. 

All samples were scanned between 10°- 40° of  θ  ith the speed 0.5°/min. 
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 3.4.6 Scanning Electron microscopy (SEM) was employed to observe the 

macroscopic morphology and surface texture of grafted silk fiber. The surface 

morphology of the samples was determined with scanning electron microscope. All 

samples were kept in vacuum for 24 h before used and then were coated with gold in 

a sputtering coater for 10 minutes. The morphology was observed with operation at 

accelerating voltage of 15 kV. Acceleration voltage was 15 kV. The current probe 

was used at 9 and working distance were 15 mm. 

 

3.5  Results and discussion 

 3.5.1  Textile properties 

  3.5.1.1 Weight gain and graft yield 

      The comparison between different methacrylic monomers, at the 

same conditions is reported. Figure 3.5 presents the weight gain and graft yield of 

grafted silk fiber at various concentration of monomer. Both factors are increased 

with increasing monomer content for both grafting methods. The silk fibers which 

were grafted by microwave irradiation have slightly lower weight gain and graft yield 

than those by convention method for most monomers, except for HEMA, which 

shows a dramatically decrease in comparison with grafting by conventional method. It 

is seen that grafted silk fibers gives high weight gain when they were grafted with 

methacrylate, HEMA, and dimethacrylate (EGDMA, TEGDMA, PEGDMA, and 

EGDMA-2) monomers. MAA grafting seems to be less useful for weighting 

comparison with other monomers. This may be attributed from the distribution of 

reagents in grafting solution. Grafting by conventional method was done in shaking 
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bath which all reagents always move during the reaction. While grafting with 

microwave irradiation, the reagents could not move during the reaction.    

 

  3.5.1.2 Water retention value (WRV) 

      Comfortable during wearing of silk fabrics is very important for 

fabric application. It is indirectly determined via the ability to absorb moisture of the 

fabric. However, the weight gain shows an effect on the water absorption of grafted 

fibers which are displayed in Figure 3.6. Grafted silk fibers show various values of 

water absorption with various weight gain of grafted silk. It is found the difference of 

water absorption on grafted silk fiber. The ability of grafted silk to absorb and bind 

water is closely related to the hydrophobic/hydrophilic balance of the silk/polymer 

combination. Although the grafted polymer is thought to form separate domains 

within the silk matrix, filling the void space available in the amorphous regions and 

limiting chemical and physical interactions with silk fibroin chains to boundary 

contacts, its relative contribution to the total amount of absorbed water may become 

significant. For example, dimethacrylate monomers, such as EGDMA-2 show an 

increase of water retention value with increasing weight gain. This result confirms 

that EGDMA-2-grafted can enhance the moisture absorption of silk fibers more 

effectively and also improve the comfort of silk fabric greatly (Chen et al., 2006). In 

contrast, for acrylamide monomer, MAA, P(MAA) is hydrophilic in nature (Tsukada 

et al., 2001), as demonstrated by the positive slope of the curve slightly increase with 

increasing weight gain. This leads to less comfortable of MAA-grafted silk in 

comparison to EGDMA-2, and it results in a hand touching which is quite similar to 

ungrafted silk fiber but more smoother. However, silk fibers were treated with  
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Figure 3.5  Weight gains for silk fiber grafted with various methacrylic monomers; 

(a) conventional method and (b) microwave irradiation, and graft yield for 

silk fiber grafted with various methacrylic monomers; (c) conventional 

method and (d) microwave irradiation. 

 

dimethacrylate i.e, EGDMA, TEGDMA, PEGDMA, and EGDMA-2, gave softer 

hand fibers, whereas fibers of HEMA-grafted were stiffer than others. It had been 

reported previously (Tsukada et al., 1993; Prachayawarakorn and Boonsawat, 2007) 

that due to the hydrophilic characteristics of poly(HEMA), water retention value of 

the HEMA-grafted silk is slightly increased and as expected, a greater weight gain. 

This result in slightly higher water absorption (Tsukada et al., 2001). 
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Figure 3.6  (a) Water retention values and (b) tendency of water retention values 

against weight gain for grafted silk fiber with various methacrylic 

monomers. 

 

 3.5.2  ATR-FITR 

  The successful grafting process can be confirmed by FTIR 

characterization which grafted silk should show the characteristic absorption bands of 

fibroin with -sheet structure of crystalline regions. The typical absorption bands of 

silk fibroin which overlapped are observed at: (1) 1630 cm
-1

 which is attributed to 

C=O stretching of amide I, (2) N-H stretching of amide II at 1520 cm
-1

, 1265 cm
-1

 of 

amide III, and its intensity is increased by increasing the polymer add-on (Ferrero et 

al., 2008). Moreover, there is a CH2 stretching deformation of -CH2=CH- at          

2926 cm
-1

 (Ojah and Dolui, 2007) and the stretching deformation of N-H bond in -

sheet structure at 3411, and 3295 cm
-1

 (Prachayawarakorn and Kryratsamee, 2006). 

  Figure 3.7-3.9 demonstrate the ATR-FTIR spectrum of methacrylic 

monomers, degummed silk and immersed silk fiber, and grafted-silk with such 

monomers by both conventional method and microwave irradiation method,  
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Figure 3.7 ATR-FTIR spectra of methacrylic monomers. 

 

respectively. There was no difference between an immersed silk fiber and the 

controlled silk fiber or ungrafted silk fiber which shows in Figure 3.8. It can be 

confirmed an assumption that there is no any significant difference with respect to the 

controlled silk for all monomer types. The spectra of MAA-grafted silk are reported in 

Figure 3.9 which show weak additional bands at 1516 cm
-1

 and 1636 cm
-1

 which are 

attributed to C-O stretching and N-H bending in primary amide poly(MAA) (Ferrero 

et al., 2007), respectively. Stronger monomer features are found in the spectra of 

grafted silk with increasing add-on polymer. HEMA-grafted silk exhibits minor 

shoulders at 1724 cm
-1

 and 1262 cm
-1

 of C=O stretching in the ester group of 

poly(HEMA) in addition to the absorption bands of ungrafted fiber 

(Prachayawarakorn and Boonsawat, 2007). 
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Figure 3.8 ATR-FTIR spectra of degummed silk fiber and silk fiber which are  

     immersed in grafting solution with various methacrylic monomers. 

 

  FTIR analysis of grafted silk confirms that the structural pattern of fibroin 

was not substantially modified, but in the spectra of silk weighted with 

dimethacrylates the overlap of strong bands occur because the monomer could mask 

some minor features related to crystallinity and orientation of fibroin. The spectrum of 

grafted silk with EGDMA give a peak at 1730 cm
-1

 of C=O stretching of the ester 

group from mathacrylic acid (Ferrero et al., 2007). This is justified since for EGDMA, 

the ether group is lacking. Silk grafted with TEGDMA and PEGDMA show a strong 

peak at about 1110 cm
-1

, which is attributable to PEG aliphatic ether absorption. 

Moreover, the spectra also show an absorption band at 1730 cm
-1

 which is attributed 

to C=O stretching of the ester group derived from methacrylic acid (Ferrero et al., 

2007). 
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Figure 3.9 ATR-FTIR spectra of grafted silk fiber with various methacrylic  

   monomers; (a) conventional method and (b) microwave irradiation. 

 

3.5.3  X-ray diffraction 

  Figure 3.10 shows the X-ray diffractograms of silk fibers and grafted silk 

fibers with various monomers by both copolymerization methods.  he peak at  θ ≈ 

  . ° is the characteristic of the β-sheet crystals of silk fibroin which is indicated that  
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Figure 3.10 XRD patterns obtained by grafting of various methacrylic monomers 

      onto silk fiber; (a) conventional method and (b) microwave irradiation. 

 

there is also a different type of crystalline structure, which does not appear in the 

original silk fiber. The control sample exhibits a major x-ray diffraction peak which is 

slightly shifted forward from 21.5° corresponding to the crystalline spacing of 4.39 Å 

(Tsukada et al., 1993). It is the characteristic of silk fibers with high molecular 

 

 

 

 

 

 

 

 



55 

 

orientation. The position and intensity of the main x-ray diffraction peak do not 

change regardless of different monomer types as shown in Figure 3.10. These 

accumulated data are consistent with those reported for silk fibers grafted with other 

vinyl monomers, demonstrating that the crystalline structure with oriented p' crystals 

is not affected by the graft-copolymerization reaction occurring inside the fiber 

(Tsukada et al., 1993). 

 

 3.5.4  Thermal properties 

   Samples of silk obtained by various grafting tests were subjected to DSC 

measurement. Figure 3.11 shows DSC thermograms of ungrafted- and grafted silk 

fiber. The ungrafted silk fibers show a single endothermic peak at    312°C which is 

attributed to the thermal decomposition of silk fibroin with oriented -configuration 

(Tsukada et al., 1993). Some DSC thermograms of silk fiber grafted with various 

methacrylic monomers are different in weight gains by both conventional and 

microwave irradiation method. The shifting of decomposition temperature (Td) 

indicates that thermal stability of grafted silk fibers is enhanced (Ojah and Dolui, 

2006). The DSC curves of MAA-grafted silk fibers has two distinct peaks indicating 

incompatible of poly(MAA) and silk fibroin in the grafted fiber. It exhibits the 

endothermic peak at around 260°C owing to thermal decomposition of poly(MAA) 

and at 315°C is attributed to the thermal decomposition of silk fibroin with an 

oriented -configuration (Ferrero et al., 2008). 

   TGA curves with the weight retention in the range 100-800°C for 

ungrafted silk and grafted silk fiber via both conventional and microwave irradiation 

method are displayed in Figure 3.12. There are two distinct steps of weight loss which  
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Figure 3.11 DSC thermograms of degummed silk and grafted-silk fibers with various  

          methacrylic monomers; (a) conventional method and (b) microwave  

          irradiation. 

 

is attributed to the moisture content in fiber about 50°C and follows by the beginning 

of thermal degradation of the fibroin about 280°C (Tsukada et al., 1993), respectively. 

   The initial decomposition temperature for the ungrafted fiber is about 

310°C, whereas it shows two peaks for the MAA-grafted fibers.  However the 

derivative curves found in MAA-grafted silk which are the major signals at higher  
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Figureure 3.12 Thermogravimetric (TGA) curves of degummed silk and silk fiber  

     grafted with various methacrylic monomers; (a) conventional method  

     and (b) microwave irradiation. 

 

temperature is similar to that observed in the untreated sample. The smaller peak at 

lower temperature is attributed to the degradation of poly(MAA) due to thermal 

degradation of the fiber. Unlike MAA-grafted silk, DSC analyses of the fibers 

weighted with the other methacrylic monomers show only the endothermic peak of 
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fibroin decomposition, confirming that grafted silk fiber are compatible and have 

more enhance thermal stability. 

  TGA curves display only one inflection point in the range of 200-400°C, 

but the thermal stability is differently affected by the monomer type, as illustrated in 

Table 3.2 for conventional process and in Table 3.3 for microwave irradiation method. 

A similar trend is observed in other values of the weight loss of the fibers. 

  In terms of weight loss, the ungrafted fibers showed a 10% weight loss at 

370°C and grafted silk fiber are expressed higher thermal stability comparing with the 

ungrafted fiber. While, only MAA-grafted shows lower temperature at 268°C without 

substantial modification of the thermal stability possibly due to incompatibility of 

monomer and silk fiber. 

  For the case of HEMA and dimethacrylate monomers, the peak of the 

derivative curve was shifted to higher temperature than the untreated fiber, showing a 

moderate increase of thermal stability. However the degradation process seems to be 

faster for all grafted samples, as shown by 50% weight retention values about 350°C. 

However, microwave irradiation method also shows a similar trend for thermal 

stability of the grafted silk fiber and any weight loss temperature is quite similar. 

 

 3.5.5  SEM 

   The appeal of silk consists primarily in its smooth and shiny surface, 

whose modification may seriously impair the quality of silk articles. The drawback in 

grafting process is the surface deposition of homopolymer that occur during the 

reaction. The surface morphology of raw silk fiber and degummed silk fiber are 

observed in Figure 3.13 which can be seen that the fibers are smoother after removing 
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Table 3.2 Thermal analysis data for conventional method: weight loss for ungrafted  

          and grafted silk fibers at heating rate 10°C/min. 

Nature of silk fibers Temperature (°C) at %weight loss 

5% 10% 15% 50% 

Ungrafted 79 272 291 376 

MAA-grafted 69 268 293 378 

EGDMA2-grafted 226 280 300 349 

TEGDMA-grafted 190 278 298 348 

PEG550DMA-grafted 230 284 304 359 

HEMA-grafted 237 289 306 370 

EGDMA-grafted 160 291 310 375 

 

Table 3.3 Thermal analysis data for microwave irradiation method: weight loss for  

           grafted silk fibers at heating rate 10°C/min. 

Nature of silk fiber Temperature (°C) at weight loss 

5% 10% 15% 50% 

MAA-grafted 71 275 300 360 

EGDMA2-grafted 80 279 300 352 

TEGDMA-grafted 110 279 299 347 

PEG550DMA-grafted 160 284 304 359 

HEMA-grafted 75 272 298 359 

EGDMA-grafted 101 289 309 374 
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Figure 3.13 The morphology of raw silk fiber and degummed silk fiber. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 The morphology of silk fiber grafted with various methacrylic monomers. 
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sericin glue-like protein from raw silk fibers. All grafted silk has surface morphology 

are shown in Figure 3.14. MAA-grafted silk fibers are as smooth as that of untreated 

silk. The use of dimethacrylate monomers lead to much more morphological 

differences compared to other samples. Silk grafted with HEMA exhibits only slight 

traces of surface deposition of a very thin and uneven layer of poly(HEMA). The 

deposition becomes more frequent and thicker on the surface of silk fibers grafted 

with increased add-on monomer. 

 

3.6   Conclusions 

  Silk fibers were grafted with various methacrylic monomers by heating via both 

conventional process and microwave irradiation. The grafted yield and efficiency 

were increased with add-on monomer increased. Methacrylates and dimethacrylates 

grafted onto silk had graft yields higher than MAA in the same operating condition. 

Silk fibers grafted with MAA and dimethcrylates were hydrophilic properties and 

gave softer touch to hand while HEMA which was good dyeing behavior were stiffer 

fibers. The molecular structure of grafted silk was investigated by ATR-FTIR analysis 

to confirm the structural pattern of fibroin with some peaks in addition to grafted 

polymer. XRD peak did not change regardless of different monomer types which 

confirmed that the fiber structure did not affected by the graft-copolymerization 

reaction with vinyl monomers. DSC analyses of metacrylic-grafted silk were 

performed to evaluate the influence of grafted monomer on the thermal behavior of 

grafted silk fibers. Thermal stability of grafted silk was further examined by TGA, 

which confirmed the results of DSC analyses and showed an increase of thermal 

stability for samples weighted with dimethacrylates. The surface morphology of 
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grafted silk fibers was observed that the deposit of polymer on the surface of silk 

fibers grafted with increase monomer add-on. 
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CHAPTER IV 

THE EFFECT OF ADDING IONIC LIQUID ON 

SPINNABILITY AND CHARACTERISTICS OF 

REGENERATED BOMBYX MORI SILK FIBROIN 

NANOFIBER BY ELECTROSPINNING 

 

4.1  Abstract 

 The electrospinning of Bombyx mori silk fibroin in formic acid, ionic liquid, and 

formic acid/ionic liquid mixture were investigated. The concentration of solution, 

needle diameter and an electric field were the main parameter to study their effect on 

the regenerated electrospun silk fibroin nanofiber. The rheological behavior of silk 

fibroin solution exhibited a transition from Newtonian fluid to non-Newtonian and the 

viscosity of silk fibroin solution is increased with increased silk fibroin concentration. 

The fiber could not be formed if the concentration was low and molecular weight was 

not high enough for chain entanglement. There was less beaded-fiber and 

progressively more smoothed-fiber as the silk solution concentration was increased. 

The fiber diameter size was changed with changing the electric field, the ratio of an 

applied voltage and distance between a tip and collector. Using high applied voltage 

resulted in smaller fiber with increased spinning distance. For a co-solvent system 

(formic acid/AmimCl), the beaded-fiber was gradually changed to smoothed-fiber 

with increasing AmimCl concentration. The morphology of silk fibroin was
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slightly changed to connected-fiber with increasing AmimCl content and the fiber 

could not be formed as the concentration of ionic liquids was high enough. 

 

4.2  Introduction 

 Due to alternating amino sequences in silk fibroin is always at fixed pattern and 

the chemical structure of poly(Ala-alt-Gly) in natural silk fibroin could not be 

changed. Another possible method to enhance the property of silk apart from grafting 

with polymer is to increase its surface area of silk fiber using an electrospinning 

technique to generate nanofiber. Nanofiber is the fiber with a diameter in the range 

micrometer down to tens of nanometers, depending on the polymer type and 

processing conditions. These nanofibers are of considerable interest for various kinds 

of applications, because they have several useful properties such as high specific 

surface area and high porosity. Possible application area are fiber membranes, wound 

dressings and scaffolds for tissue engineering (Sill and von Recum, 2008).  

 Basically, an electrospinning system consists of three major components: (1) a 

high voltage D.C. power supply, (2) a spinneret (e.g. a pipette tip etc.) and (3) a 

grounded collecting plate (a metal screen in usually, plate, or rotating drum) and 

utilizes a high voltage source to inject charge of a certain polarity into materials in 

solution or melt state. Then, it is accelerated towards a collector of opposite polarity.  

Various parameters have a significant influence on its spinnability such as an 

applied voltage, tip to collector distance, concentration and viscosity. At high voltage, 

there have been reported that the fiber diameter was decreased and had a narrow 

diameter distribution, and the bead formation on the fiber was also decreased (Chen et 

al., 2006) with rapid evaporation of solvent from the fiber. The fiber diameter was 
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inject the solution from the tip to form fiber. High concentration can also cause the 

bead formation and the fiber diameter to be increased (Ayutsede et al., 2005). Table 

4.1 presents some conditions of electrospinning silk fibroin in various preparation 

conditions.  

 Generally, silk fibroin can be dissolved in Ajisawa’s reagent (Lv et al., 2005), 

LiBr (Chen et al., 2006) or LiSCN. Then, salt ions can be removed by dialysis method 

and silk solution can be lyophilized to obtain silk fibroin. The process is time-

consuming more than one week. Currently, ionic liquid has been used to successfully 

dissolve silk fibroin by disruption hydrogen bonding in silk fibroin (Phillips et al., 

2005; Sashina et al., 2008). Ionic liquid, such as 1-Butyl-3-methylimidazolium 

chloride (BmimCl) can be used to dissolve silk fibroin for film casting and spinning 

(Phillips et al., 2004; Philips et al., 2007) but there is little study of ionic liquid in 

spinning silk process. In addition, the effect of coagulant after spun can induce β-

sheet crystallite formation (Phillips et al., 2005; Philips et al., 2007). More recently, 

1-allyl-3-methylimidazolium chloride (AMIMCl) was used to carry out silk fibroin 

(Wang et al., 2012). It can be classified as good solvent for silk fibroin. The viscosity 

of ionic liquid solution was increased when its concentration was increased. For an 

electrospinning technique, the solution must flow and must have a high enough 

concentration to allow the molecules to hydrogen bond during the process to make 

long dimension fibers. A desirable other way to get low viscosity solution is to mix 

with other solvent to make a low viscosity of spinning dopes. 

Hence, the binary solvent can be applied by dissolving silk fibroin in the main 

solvent and then gradually add small amount of cosolvent to make electrospinning 

solution. In this study, the focus is on the effect of adding an ionic liquid as cosolvent.  
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Table 4.1 Summary of electrospinning of silk fibroin at various conditions. 

Condition (concentration, 

applied voltage, DTC, needle 

diameter, pH) 

Viscosity Fiber diameter size Ref.*

12-15%, 15 kV,  

7 cm, 0.495 mm. 

250-600 cP Average 80 nm.,  

range 30-120 nm., 

1  

12-18%, 15 kV,  

20 cm, 0.7 mm. 

- Range 100-400 nm. 2  

9-15%, 10-15 kV,  

5, 7, 10 cm, 1 mm. 

- (9%) 8-223 nm.,  

(15%) 12-397 nm. 

3  

17, 28, 39%, 20, 40 kV,  

11 cm, 0.9 mm.  

pH 7.68 

*natural silk fiber = 10-20 

um. 

17%- 40 mPas. 

28%- 250 mPas. 

39%- 3000 mPas. 

(17%) small droplets. 

(28%) 400-800 nm. 

(39%) 100-900 nm. 

 

4  

22-39%, 4 kV/cm,  

0.6 mm,  

pH 4.8-6.9 

0.1-5.3 Pas. 

(Increase with 

increasing 

concentration.) 

Av 265-893 nm. 

(Decrease with 

decreasing 

concentration and pH.) 

5 

* 1 (Park et al., 2004), 2 (Ki et al., 2007), 3 (Ayutsede et al., 2005), 4 (Wang et al., 

2006), 5  (Zhu et al., 2007). 

 

The small amount of ILs would be added into silk fibroin in formic acid 

solution little by little. The rheological behavior of some solution is also examined 
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before electrospinning. The morphology and the diameter size of electrospun fibers 

would be also investigated. 

 

4.3  Experimental 

 4.3.1  Materials  

  Raw silk cocoons (B. mori) were obtained from the local silk plant in 

Nakhon Ratchasima province, Thailand. Raw cocoons were washed with water to 

remove any impurity from cocoons and cut into small pieces with the dimension of 

1×1 cm approximately. Then, they were treated to remove sericin from fibroin by the 

same degumming process which described in prior Chapter III. Formic acid and 

methanol were supplied by QRec. Ionic liquid (ILs), BmimCl was provided by 

Takahashi’s Lab, Kyushu University, and AmimCl was also synthesized in that lab. 

Na2CO3 was supplied by Sigma-Aldrich. All chemical are used without further 

treatment. 

 

 4.3.2  Dissolving process 

  Degummed silk cocoons were dissolved in Ajisawa’s reagent at 80C for 

40 minutes until the solution was clear. Then, this solution was filtered to remove 

solidified silk fibroin and small fibers and followed by dialyzing against water for 3-4 

days in cellulose tube with the molecular weight cut off (MWCO) 12-14 kDa to 

remove salt ions from silk fibroin. The dialysis tubes were soaked in water and were 

changed every day. After that, pure fibroin solution was lyophilized at -20C for 24 h 

to obtain silk fibroin sponge. The sponges were kept in vacuum desiccators filled with 

silica gel for further use.  
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 The other way to obtain silk fibroin was dried in hot air oven at 60C. The pure 

fibroin after removed salt ion were dried in polystyrene dish in hot air oven at 60°C to 

obtain silk fibroin film. The fibroin was kept in vacuum chamber for electrospinning 

process. Electrospinning solution was prepared by dissolving silk fibroin sponge or 

film in the proper solvent. For Formic acid, fibroin was dissolved in 98% formic acid 

and stirred for 2 h or until the solution was clear and homogeneous. The concentration 

of silk fibroin solution was varied from 10-18% w/v. BmimCl and AmimCl were also 

used as solvent for electrospinning process, silk fibroin was dipped into ILs at a 

certain concentration and then heat in vacuum oven at 120 ºC for 2 h. In the case of 

mixed solvent, the solution was prepared by dissolving silk fibroin in formic acid and 

gradually added ILs into the solution and stirred until the solution became 

homogenous. 

 

 4.3.3  Electrospinning process 

  The silk fibroin solution in formic acid was contained in a plastic syringe, 

which was connected to a metal needle with an inner diameter of 0.2 and 0.6 mm. A 

high-voltage power supply applied a voltage of 5-30 kV to the collector (flat piece 

covered with an aluminum foil). The electrospinning process was carried out at room 

temperature. The collector contained nonwoven fibers were immersed into methanol 

bath overnight in order to remove solvent from the electrospun fibers. Then, these 

fibers mats sample were dried in vacuum chamber for 10-20 min to remove methanol 

and kept in vacuum chamber more than 24 h before characterization. 
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4.4  Characterization     

 4.4.1  Rheology and viscosity of silk fibroin solution 

 The rheological behaviors were measured by Rheometer, Physical 

MCR301 (Anton Paar). The measurement geometry was the parallel plate with 25 

mm diameter under air atmosphere for silk solution in formic acid. For silk solution in 

Ionic Liquids, geometry of measurement is the cone plate with a diameter of 25 mm 

under Nitrogen atmosphere. All measurements were carried out with 0.05 mm gap. 

 

 4.4.2  Surface morphology of fiber and average diameter size of fibers 

  The morphology of fiber was characterized by Scanning Electron 

Microscope: SEM JEOL JSM5310 and 3DSEM (KEYENCE VE9800 Real 3D 

system). Scanning electron microscope at 20 kV. Beam 6-8 and the working distance 

of 17-18 cm. 

  The diameter size of the electrospun fibers were examined by the 

statistical analysis. An image analysis software (WinRoof) was used to measure the 

diameter of fiber appeared in SEM image. SEM image was chosen at the same 

magnificent (5000X and 10000X). The diameter size of fibers was calculated to 

investigate the average value of the silk fibroin fibers which appeared in SEM. 

 

4.5  Results and discussion 

 There are many important processing parameters that affect the fiber 

morphology and its  diameter of the regenerated SF fibers in electrospinning process, 

such as solution concentration, voltage, the distance between tip and collection plate 
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and the solvent type. Concentration of silk fibroin also affects the viscoelasticity of 

electrospin solution. 

 

 4.5.1  Effect of RSF concentration and needle diameter on fiber mats 

  Table 4.2 presents the processing parameter for the regenerated silk 

fibroin electrospinning process, i.e., the range of concentration and needle inner 

diameter utilized in this experiment. Rheological behavior of solutions is very 

important for electrospinning. The viscosity and rheological behavior of RSF 

solutions with different concentrations is shown in Figure 4.3. It has been known that 

the shear thickening behavior is a stress induced phase separate and crystallization. 

However, the viscosity of silk fibroin solution is independent of shear rate. It can be 

observed that the shear thinning behavior at lower shear rate and the viscosity tends to 

be constant when further increasing the shear rates. This behavior indicates that the 

solutions are homogeneous and behave as a Newtonian fluid. These show that there 

are an intermolecular interactions at low shear rate for concentrated RSF solutions and 

constant viscosity is very helpful for electrospinning.  

  It is found that the viscosity of the RSF solutions at the concentration 

lower than 12 %w/v is too diluted. The silk fibroin molecules are in a random coil 

conformation with little entanglement between them (Wang et al., 2006). So, it cannot 

be regenerated to fiber. The fiber can be formed at the concentration higher than 13 % 

w/v when the viscosity is increased by an entanglement from silk fibroin molecules in 

the electrospin solution to prevent the breakup of the electrically driven jet and to 

allow the electrostatic stress to further elongate the jet and draw it to fiber. The 

fluctuation of the viscosity is observed as the concentration dependent. This may be 

 

 

 

 

 

 

 

 



75 
 

Table 4.2 Processing parameters of the electrospinning RSF dissolved in formic acid. 

 Process I Process II 

Needle inner diameter 0.9 mm 0.2 mm 

Electric field 1.20-1.50 kV/cm 0.67-4.29 kV/cm 

Concentration 12-18 %w/v 10-16 %w/v 
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Figure 4.3  (a) viscosity and (b) rheological behaviors of silk solution in formic acid  

  at various concentrations.  
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attributed to a difference of silk fibroin molecular weight from different batch in a 

preparation process. At higher concentration at 18 %w/v, the viscosity of solution is 

lower than 14 %w/v or 16 %w/v which is attributed to the sample ageing before 

measurement and the network-structure like conformation are formed during that time.  

These results suggest that there are intermolecular interactions of these RSF solutions 

and the constant viscosity or Newtonian fluid behavior is very is helpful for 

electrospinning. 

  To confirm the behavior of the silk solution, the storage and loss modulus 

of silk fibroin solution were also investigated. All solutions indicated that there was a 

network structure like conformation or chain entanglement in solution. For 12 %w/v 

solution, it behaves as shear thickening at high shear rate in agreement with the 

viscosity  data, while at higher concentration, 18 %w/v, the storage modulus (G’) 

dominated the loss modulus (G”) due to the -strand was more aligned in the solution 

and results in a solid-like behavior of such solution. 

  The morphology of electrospun fiber was observed by SEM technique. 

Table 4.3 shows the morphology of electrospun fiber of silk solution in formic acid 

with difference concentration and electric field (process I). The regenerated silk 

fibroin electrospun fibers were formed with many beaded-fibers at an initial 

concentration of 13 %w/v. At the same electric field, the electrospun fibers became 

more cylinder shape and thinner diameter with some beaded-fibers when the solution 

concentration was increased. This was attributed to lack of molecular entanglement in 

the solution. However, at high electric field and high concentration, the electrospun 

fiber became smoother and had less beaded in fibers. 
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  From Table 4.3, the uniform cylindrical fibers with an average diameter 

of 195 nm could be obtained from an electrospun of the silk solution at concentration 

of 18 %w/v and the electric field  (EF) at 2.0 kV/cm. Whereas, the smallest average 

fiber size was 166 nm at concentration of 14 %w/v at the same EF. Moreover, the 

largest average diameter fiber was 437 nm at concentration of 18 %w/v and EF at 1.2 

kV/cm. 

  Moreover, the effect of needle diameter size was also studied with various 

concentration of silk solution (comparison between process I and II). The condition 

for the electrospinning process is composed of a difference in (1) an inner diameter of 

needle, (2) concentration and (3) electric field applied during an experiment which is 

already presented in Table 4.3 There were also similar results with previous finding as 

shown in Table 4.3. The silk fibroin fiber at 10 %w/v also has beaded-fibers and it can 

be seen that the fiber gradually smoother when the concentration is increased. This 

result is attributed to very low molecular entanglement of silk fibroin resulting that 

the fiber cannot be formed. At high concentration, there is high enough molecular 

entanglement to form smoothed and less beaded-fibers. 

  An inner diameter of a needle is also considered here. It can be observed 

that the electrospun fiber gave the larger fibers when an inner diameter of needle is 

larger (process I). At EF 2.00 kV/cm and concentration 16 %w/v, the average 

diameter of fibers decreased from 210 nm (Table. 4.3) to 148 nm (Table. 4.4). The 

relationship between concentration and average diameter size of fibers is presented in 

Figure 4.4 which indicates similar results as previous discussion. 
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Figure 4.4  The relationship between an average fiber diameter and silk  

  concentrations in formic acid at 10-1 6%w/v and  electric field at 1.00- 

  3.00 kV/cm. 

 

 4.5.2  The effect of an electric field on nanofiber mats 

  Other factor which influenced the electrospinning process was also 

observed. Processing parameters for electrospinning is shown in Table 4.5 (Process 

III) to study the effect of an electric field (EF) and the distance between tip and 

collector (DTC) on the diameter size of electrospun fibers.  The morphology and an 

average size diameter of the electrospun RSF nanofibers at concentration 14 %w/v at 

various EF are expressed in Table 4.6. Similar trend is also observed for the 

relationship between an average fiber diameter and the EF which is exhibited in 

Figure 4.5. For low applied voltage, the fiber diameter was increased with increasing 

the distance between tip and collector. This was because there was not enough an 

electric force to pull out the fibroin molecule and this led to coagulation of silk fibroin 

molecule resulting in thicker fibers when they were deposited on the collector. In 

contrast, at high applied voltage, the diameter of electrospun fibers became greater  
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Figure 4.5  The relationship between an average fiber diameter and electric field at  

  concentrations of silk fibroin in formic acid at 10-16 %w/v. 

 

when the collector was placed close to the needle tip. These were attributed from the 

fibroin molecules which were pulled out and deposited on the collector in very short 

time. Hence, there was no enough time for the evaporation of solvent and the 

stretching of fibroin molecule to form a small fiber size. 

   Moreover, the DTC is one dominant factor on electrospun fibers. At same 

distance, the fiber diameter was increased with increasing applied voltage and it 

sometime gave connected-fiber. In contrast, at 15 cm DTC, the fiber diameter was 

decreased with increasing applied voltage which could be discussed by the same 

reason as prior effect. Furthermore, at the same EF, the fiber diameter was slightly 

decreased with higher applied voltage and DTC, but it was insignificant. 
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 4.5.3  The effect of ionic liquids on nanofiber electrospinnability  

  4.5.3.1 The effect of BmimCl on electrospinnability 

      For the silk in BmimCl solution, it was found that the viscosity of 

the solution was increased with increasing concentration of silk fibroin as shown in 

Figure 4.6. At low concentration, 10-12 %w/v, silk fibroin molecules were random 

coil conformation with less molecular entanglement. At higher concentration, 14-

18 %w/v of silk fibroin was higher viscosity with sufficient molecular entanglements. 

Hence, the viscosity of silk in BmimCl solution was higher than that in formic acid. 

The rheological behaviors of these solutions were also investigated, it was found that 

at concentration 10 %w/v and 12 %w/v, the G’’ dominated G’ at high shear rate and 

the crossover point was observed in both solutions which indicate the gelation 

behavior. For concentration at 18 %w/v, the solution was observed as the network-

like structure or there was sufficient chain entanglement of silk fibroin molecules. 

        Electrospinning of some solution was processed and it was found 

that silk fibroin solution in BmimCl could not be electrospun (no fibers were formed) 

which is shown in Figure 4.7. This was caused by too high viscosity and too large 

surface tension of the solution and it was resulted in gel formation.  
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Figure 4.6  (a) viscosity and (b) rheological behaviors of silk fibroin in BmimCl with  

  various concentrations. 

 

  4.5.3.2 The effect of adding AmimCl on electrospinnability 

     First, the silk fibroin in formic acid (Process IV) was studied to 

optimize the process parameters to compare with the co-solvent system (Process V). 

Similar results were observed as the previous experiment with some different 

conditions as displayed in Table 4.7. 
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Figure 4.7 The morphology of electrospun silk fibroin in BmimCl solution at  

      concentration of 12 %w/v. 

 

Table 4.7 Processing parameters of the electrospinning RSF in mixed-solvent. 

 Process IV Process V 

Solvent Formic acid Formic acid/AmimCl 

Needle inner diameter 0.2 mm 0.6 mm 

Electric field 0.67-4.28 kV/cm 2.00-3.40 kV/cm 

AmimCl (%v*) 0  1-4 %v 

Concentration 14 %w/v* 14 % w/v** 

*v = volume of formic acid; **v = volume of formic acid and AmimCl mixture. 

 

     Table 4.8 - 4.9 show the morphology of an electrospun regenerated 

silk fibroin fiber at 14 %w/v in formic acid with different applied voltage, and the 

distance between tip and collector. Figure 4.8 shows an average size diameter of the 

fiber. These processing conditions can be utilized to produce nanofiber. Even though 
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the distance was adjusted to 5 cm, the fiber can be obtained with a smoother fiber. 

Hence, the distance was fixed at 5 cm to study the co-solvent system.  

     The distribution of fiber diameter are manifested in Figure 4.9 

which is skewed to the left side but the values of the skewness are under acceptable 

limits and thus the distribution are assumed to be normal curve to carry out statistical 

analysis of the data. The morphology of electrospun silk fibroin in co-solvent is 

shown in Table 4.10-4.11 and they were connected-fiber after electrospun which was 

caused by the effect of high viscosity of co-solvent system with AmimCl.  

     At low concentration of AmimCl, the viscosity was low and the 

solution could be spun and silk fibroins could be formed into fibers. With an 

increasing the applied voltage, the fiber size was decreased due to the silk fibroin 

molecule was more stretched and the fiber had more beaded-fibers which was caused 

by the instability of an electrical charge jet during the electrospinning process. On the 

other hand, an increasing of AmimCl content led to high viscosity solution and the 

fibers were less stretched and coagulated. These effects were resulted in connected-

fiber formation. This was attributed to the non-volatilization of AmimCl. However, 

those connected-fibers could be separated to single fibers with high enough voltage 

was applied during electrospinning process. 

     At low applied voltage, when AmimCl was increased, the fibers 

were tend to connect together because there was not enough electric force to pull out 

fibroin molecule and deposite on the collector. Contrast results were observed at 

higher electric forces, more single fibers were formed as there was enough electric 

force to pull out fibroin molecule and can be more stretched until deposited on 

collector. 
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Figure 4.8 The relationship between average fiber diameter and electric field with  

   concentration of 14 %w/v at difference spinning distance. 
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   difference electric field and spinning distance. 
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4.6  Conclusions 

 The electrospinning of Bombyx mori silk fibroin in formic acid, ionic liquid, and 

formic acid/ionic liquid mixed solvent were investigated. The viscosity of silk 

solution increased with increasing silk fibroin concentration. The rheological behavior 

of the solution exhibited a transition from Newtonian to non-Newtonian fluid and it 

formed the gelation at high concentration. The concentration, needle diameter and an 

electric field are parameter to affect the electrospun silk nanofiber. The fiber cannot 

be formed if there was insufficient molecular entanglement. There were less beaded-

fiber and gradually changed to smoother fiber as increases concentration. Low electric 

field had no enough electric force to pull fibroin molecule and resulting in thick fibers. 

High applied voltage gave smaller fiber with increased spinning distance. For co-

solvent with AmimCl system, the beaded-fiber was gradually changed to smoothed-

fiber with increasing applied voltage and decreased AmimCl concentration. The 

morphology of silk fibroin slightly changed to connected-fiber with increasing 

AmimCl. 
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CHAPTER V 

STRUCTURAL AND DYNAMIC PROPERTIES OF PP/PP 

BLENDS WITH DIFFERENT CHAIN TACTICITY: 

MONTE CARLO SIMULATION 

 

5.1  Abstract 

 The conformational and dynamic properties of polypropylene (PP) chains with 

different tacticity were investigated based on a lattice Monte Carlo simulation of iPP, 

aPP and sPP pure melts and blends. The simulations of coarse-grained PP models 

were performed on a high coordination lattice, with incorporation of short range 

intramolecular interactions from a Rotational Isomeric State (RIS) model, and 

incorporation of long range interactions defined by a Lennard-Jones (LJ) potential 

function of propane pairs. The dynamics of PP chains in PP/PP binary mixture were 

simulated with the compositions of C150H302 at different taciticity. It was found the 

diffusion rate of polypropylene with different stereochemistry is generally ordered as 

iPP > aPP >> sPP. For PP/PP blend with 50:50 wt% binary mixtures, immiscibility 

was observed when sPP was introduced into the mixtures. The diffusion rate of iPP 

and aPP became lower after mixing, while sPP diffuses faster in the mixtures 

significantly. Intramolecular contribution does not provide any clear correlation to the 

diffusion changes of PP melts. Mobility of PP chains depends on both intramolecular 

contribution and intermolecular contribution. The effect of intramolecular 
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contribution (molecular size and chain stiffness) is greater than intermolecular 

contribution (chain packing) for iPP and aPP chains in binary mixtures. For sPP chain, 

intermolecular contribution affects the polymer dynamics greater than intramolecular 

interactions effects. 

 

5.2  Introduction 

Blending is one of the most effective methods to develop new materials for 

special applications by mixing two or more components together. This strategy is 

usually used to produce new polymeric materials. However, most of polymer blends 

are heterogeneous on mesoscale and often leads to macroscopic phase separation, due 

to the micro-phase separation between polymers, though macroscopically 

homogeneous. It is well known that the micro-phase separation structure of polymer 

blend is controlled by its compositions (Wang et al., 2001; Peng et al., 2004; Leung et 

al., 2009). Small difference in the covalent structure of the chains is subject to strong 

change in the qualitative appearance of the phase diagram (Graessley et al., 1995; 

Krishnamoorti et al., 1996). The mixing behavior of polymeric hydrocarbon melts to 

minor structure change is illustrated by various experimental and theoretical 

investigations of conventional polyolefins (Choi et al., 1995; Akten and Mattice, 

2001). 

The behavior of simple polymeric hydrocarbon pair is polyethylene (PE) and 

polypropylene (PP) blends, which are known to be incompatible in general (Wignall 

et al., 1982; Freischmidt et al., 2001). Phase separation in the melts consistent with 

short range order in liquid state of PE and PP. In case of PE, the radius of gyration of 

the molecules remained constant in both crystal and melt state (Ballard et al., 1977; 
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Aharoni et al., 1979). Immiscibility of PE/PP blends can be also illustrated by pair 

correlation function, the solubility parameter and Flory-Huggins parameter  

(Rajasekaran et al., 1995). 

PP melt provides very interesting example of the sensitivity of the mixing of 

polymeric hydrocarbon polymers. A binary mixture of aPP and iPP are miscible in the 

melts (Lohse, 1986), but immiscibility was observed when slightly replaced either 

species by sPP (Lohse, 1986; Thomann et al., 1996). However, the mechanism 

responsible of immiscibility in PP was found to be different from PE/PP blends in the 

melts state. The chain dimension and the cohesive energy of PP mixtures retained 

approximately the same in the two-component melts as they had in the one-

component melts (Haliloglu et al., 1998). Moreover, it has been found that the mixing 

energy change of the two-component, EAB, is indistinguishable from zero in case of 

aPP and iPP, but it shows increasing of the value, greater than zero, if either 

component is replaced by sPP (Clancy et al., 2000). These results agree with the 

transfer behavior of PP chain which the value of chemical potential, µis 

indistinguishable from zero if the transferred chain is either iPP or aPP. However, µ 

of sPP is greater than zero for transferred to either sPP/iPP or sPP/aPP melts (Xu et 

al., 2002). In addition, the pair correlation function utilized to characterize the 

intermolecular interaction of polymer blend, and it shows that sPP tends to avoid 

close contact with iPP stronger than aPP (Clancy et al., 2000). These results were 

observed in experiment too, that these two blends are immiscible, with the 

immiscibility being stronger in iPP/sPP than in aPP/sPP blends (Maier et al., 1997). 

In all those cases, focus was put on miscibility predictions and the miscibility 

behavior of the systems by statistical characterization. 
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The mobility of iPP and sPP were studied and found that both had similar 

average mobilities, where individual beads in individual chains can be departed 

strongly from the average. Every bead in iPP melt can mobile in the short time with a 

mean-square displacement (MSD) > 30 Å2. In case of sPP melt, a few beads had not 

moved during the longer time. So, the correlation times for conformational transitions 

for sPP were slower than iPP (Antoniadis et al., 1999). In sPP/iPP melts system, when 

the sPP was more strongly diluted by iPP, all beads of sPP had MSD higher than that 

in pure sPP melts. The mobilities analysis of the individual beads in sPP chains in 

blended system expressed slow mobility of sPP when its environment changes to sPP 

(Clancy et al., 2000). 

In this chapter, the dynamics change for each PP chains was investigated in 

PP/PP binary mixtures. The dynamical Monte Carlo simulation was utilized to 

examine the dynamic properties of each different tacticity PP chains in both pure 

melts and blend system. The different tacticity of neat PP melts and PP/PP blends 

with different tacticity of 50:50 %w/w binary mixtures were simulated and 

investigated. The structural and dynamic properties were then reported and compared 

between PP chains before and after mixing in PP/PP binary mixtures. 

 

5.3  Model and method 

 System description 

 The simulation was performed with 64 PP independent parent chains and 

each of 50 beads in periodic boundary condition of 30 × 30 × 30 lattice unit (2.5 Å per 

each lattice unit). This unit cell produced a density of 0.750 g/cm3 with 11.85% of 

bead occupancy on 2nnd lattice (but the remaining from bead occupancy (88.15%) 
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Table 5.1 Number of chains for PP pure melts and binary mixtures (50 %w). 

Systems Number of chains 

iPP aPP sPP 

iPP pure melts 64 - - 

aPP pure melts - 64 - 

sPP pure melts - - 64 

iPP/aPP mixture 32 32 - 

iPP/sPP mixture 32 - 32 

aPP/sPP mixture - 32 32 

 

was not freely accessible). The system density was determined by the geometry of the 

high-coordination lattice and the associated mass of a -CH2CH(CH3)- unit with each 

bead placed on this lattice. Simulations were reported for six compositions which 

composed of three systems of pure PP melts and of PP/PP binary mixtures as was 

expressed in Table 5.1. Monte Carlo simulation was performed by the method which 

was descripted in Chapter II. 

 

5.4  Results and Discussion 

5.4.1 Neat PP melts 

  The structural and dynamic changes of PP chains in neat melts are 

compared in Figure 5.1(a) which shows the orientation autocorrelation function of the 

end-to-end vector (OACF, <R(t).R(0)>) of PP melts with different tacticity. iPP and 

aPP  (Pm = 0.5) exhibit a complete decay from an initial value to zero within 107 MCS.  
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Figure 5.1 (a) Orientation autocorrelation function for the end-to-end vector and  

   (b) Mean-square displacement of the centers-of-mass in Å2 for PP  

   pure melts. 

 

While that of sPP decays to only about 0.6 from an initial value. The sPP melts is 

considerably decay slower rate than others which may be caused by longer trans 

sequences in sPP chain. In addition, the mean-square displacement (MSD) of the 

centers-of-mass of PP melts with different tacticity is also given in Figure 5.1(b). 

Similar results to the OACF decay are observed. iPP diffuses faster than aPP and sPP, 

and the diffusion rate can be ordered as: iPP > aPP >> sPP. 
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  Table 5.2 presents typical parameters to characterize the properties of PP 

melts which consist of the diffusion coefficient (D), the mean square radius of 

gyration, <Rg
2>1/2 and the characteristic ratio (Cn), which represent the system 

mobility, molecular size and chain rigidity, respectively.  The molecular size and 

chain stiffness are the largest due to the racemic diads in sPP prefer to hold up in 

trans conformation and these lead to the slowest diffusion rate for sPP compared to 

others. 

 On the other hand, the mean square radius of gyration and characteristic 

ratio of iPP is greater than aPP because all meso diad in iPP chain prefer to helix 

conformation instead of an extended trans conformation. Helix conformation in iPP 

chains induces smaller chain dimension and chain stiffness. iPP has the largest chain 

dimension and an intermediate chain stiffness compared to aPP and sPP. However, 

iPP exhibits the fastest diffusion rate; therefore, an intramolecular effect (chain 

dimension and chin stiffness) may not be the key factors to control the dynamics of 

iPP melts. Instead, the overall mobility of PP melts can be ordered as: iPP > aPP >> 

sPP in both rotational and translational mode.  These results suggest that not only 

intramolecular effect i.e. molecular size and chain rigidity can influence the mobility 

of PP chains but also the intermolecular effect (molecular packing). From the 

previous study in PP blend (Haliloglu and Mattice, 1999), intermolecular pair 

correlation functions (PCFs) of iPP, aPP, sPP melts were reported. PCFs data are 

more distinguishable from one another at in the range of 5-8 Å. sPP also exhibits the 

highest PCFs at the distance 5-8 Å compared to aPP and iPP. On the other words, sPP 

chains prefer to interact with itself more than others and have the highest chain 

packing density while aPP and iPP exhibit loose chain packing. These results suggest  
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Table 5.2 Mean square radius of gyration, <Rg
2>1/2 (Å), characteristic ratio (Cn),  

        <r2>0/nl2 and diffusion coefficient, D (Å2/MCS) of PP pure melts. 

Chain <Rg
2>1/2(Å) Cn D (Å2/MCS) 

iPP 12.97 4.40 3.42E-5 

aPP 12.72 4.23 2.35E-5 

sPP 13.54 4.80 2.98E-7 

 

that sPP melts retain more “structured” than those of aPP and iPP melts (Haliloglu 

and Mattice, 1999). Chain packing in sPP causes more difficulty for chain to move 

whereas iPP and aPP can move more easily. Both intramolecular and intermolecular 

contribution affect mainly on sPP while the effect of intermolecular contribution is 

significantly greater than intramolecular contribution in case of aPP and iPP.  

 

 5.4.2  PP/PP binary mixture 

  For the PP/PP blended system, the mobility of each PP chain with 

different tacticity compared to both pure melts and binary mixture system. The 

<R(t).R(0)> and MSD of PP/PP binary mixture are presented in Figure 5.2(a) and 

Figure 5.2(b), respectively. They represent the dynamic behavior of PP melts in 

overall mixtures. All PP/PP binary mixtures show the decay to about half of an initial 

value within 5×106 MCS which can be distinguishable from other systems. The 

overall diffusion rate of each PP mixture decreased when a half of iPP or aPP were 

replaced by sPP chains. 

 Similar to neat PP melts, which the chain interaction between itself is 

stronger than other chains with different tacticity and it leads to denser chain packing. 
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Figure 5.2 (a) Orientation autocorrelation function for the end-to-end vector and  

             (b) Mean-square displacement of the centers-of-mass in Å2 for PP  

     binary mixtures. 

 

In addition, the PCFs of PP binary mixture indicate that beads in each chain prefer to 

be surrounded by beads of other PP chains with the same tacticity (Clancy and 

Mattice, 2001). Similarly, the iPP chains which are consisted of meso diad are 

strongly avoid trans conformation (iPP chains prefer helix conformation instead). iPP 

chains prefer to stay apart from sPP chains (due to racemo diad from sPP which 

prefer trans conformation). On the other hand, iPP chains do not differentiate among 
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themselves and aPP chains in the melts because those iPP and aPP chains contain 

some meso diad portion. These effects cause looser chain packing for sPP/iPP binary 

mixture and exhibit phase separation in iPP/sPP and aPP/sPP mixtures. Demixing is 

observed more strongly in iPP/sPP than in aPP/sPP mixture. In other words, iPP/sPP 

and aPP/sPP are immiscible while iPP/aPP mixture is miscible. sPP is immiscible to 

both iPP and aPP when it is mixed in binary PP mixture. Furthermore, the overall 

chain mobility of iPP/aPP is faster than that of aPP/sPP mixture and the magnitude of 

the overall diffusion rate for each PP binary mixtures can be ordered as: iPP/aPP > 

iPP/sPP > aPP/sPP. 

 The mobility change of PP chains with the same tacticity is investigated 

after mixing in binary PP/PP blends. All PP/PP binary systems show different 

dynamic behavior for each chain tacticity in the PP mixtures. The overall mobility 

indicates that the diffusion of iPP and aPP in the mixture are slightly decreased while 

the mobility of sPP shows significant increasing rate up to 2 and 3 times for sPP in 

iPP/sPP and aPP/sPP binary mixtures, respectively. In general, the dimension of PP 

chains in the binary PP mixture is slightly decreased (less than 4% except for sPP 

which has 17% decreases) after mixing with other components with different chain 

tacticity.  

 

  5.4.2.1 iPP chains in PP/PP binary mixtures 

     OACF of iPP chains in pure melts and binary mixtures are 

compared in Figure 5.3(a). All iPP chains in binary mixtures decay at slightly 

different rate from the others. MSD for iPP chains in pure melts and binary mixtures 

are also compared in Figure 5.3(b) and they also exhibit similar trends with OACF of  
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Figure 5.3 (a) Orientation autocorrelation function for the end-to-end vector and  

    (b) Mean-square displacement of the centers-of-mass in Å2 for iPP  

    chains in pure melts and binary mixtures.  

 

PP melts. iPP chains in iPP/sPP mixture diffuse slightly slower than other binary 

systems for both rotational and translational motion which can be ordered as; pure iPP 

≈ iPP/aPP > iPP/sPP). 

     The relative values of Rg
2>1/2, Cn and D of PP chains in binary 

mixtures are presented in Table 5.3. These data obtained by comparing with those in 

pure PP system. iPP chains in binary mixtures diffuse slower rate than that of pure iPP 
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melts. The chain dimension of iPP chains in both iPP/aPP and iPP/sPP mixture are 

slightly decreased, ordering as pure iPP > iPP/aPP > iPP/sPP. In addition, the chain 

stiffness also shows similar trends with the molecular size. While both chain 

dimension and chain rigidity are decreased, the diffusion rate of iPP is instead 

decreased in binary mixture. These data indicate that the intramolecular effect (both 

molecular size and chain rigidity) is not the key factor to the dynamic behavior of iPP 

chains in PP/PP binary mixtures. 

     The local intermolecular packing can be obtained from PCFs of 

PP/PP binary mixtures which have been prior investigated by Haliloglu et al., and 

Clancy et al. (Haliloglu and Mattice, 1999). It was expressed that the presence of sPP 

chains causes the iPP chains to aggregate slightly, relative to the situation where iPP 

shares the melt with aPP. There is a more substantial preferential interaction of sPP 

with other sPP chains and provides iPP and sPP chains try to avoid contact one 

another in the melts (Clancy and Mattice, 2001). This implies less intermolecular 

packing for iPP/sPP and iPP/aPP binary mixtures and iPP chains in iPP/sPP give the 

evidence for a preference contact to itself more than that in iPP/aPP system which is 

quite similar to that in pure iPP melts. These results contribute to slower diffusion rate 

of iPP component in iPP/sPP and iPP/aPP binary mixtures. 

   In addition, these results can be described in term of intramolecular 

effect represented by stereochemical sequence. Because the consecutive meso diad in 

iPP chains is significantly less mobile when there is a small amount of racemo diad 

mixed randomly in the chain i.e. aPP (Mattice et al., 2007; Waheed et al., 2007). In 

binary mixtures, when the neighboring chains of iPP chains are either aPP or sPP, the 

mmm tetrad in iPP chains in the mixture has slightly slower mobility than in pure iPP  
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Table 5.3 Relative value of mean square radius of gyration, characteristic ratio and  

          diffusion coefficient of the chains in PP binary mixtures (50%w). 

Chain Mixture system <Rg
2>1/2

mix /<Rg
2>1/2

pure Cn(mix) /Cn(pure) Dmix /Dpure 

iPP iPP/aPP 0.98 0.95 0.94 

iPP/sPP 0.95 0.91 0.74 

aPP iPP/aPP 0.98 0.97 0.91 

aPP/sPP 0.96 0.93 0.43 

sPP iPP/sPP 0.83 0.68 2.06 

aPP/sPP 0.94 0.89 2.90 

    

melts. iPP/sPP mixtures are stronger different in their stereochemistry composition 

than those in iPP/aPP mixture. iPP chains in iPP/aPP mixture have more mobility 

than iPP/sPP mixture. This is because sPP has longer consecutive r diad than aPP. 

Hence, sPP should have more all-trans crystal-like sequence which retards the 

mobility of other chains in binary mixture. 

 

 5.4.2.2 aPP chains in PP/PP binary mixtures 

    Figure 5.4(a) demonstrates a plot of an OACF of aPP chains in 

pure PP melts and PP/PP binary mixtures. Each aPP decays at quite different from 

each other. Similar trends were also observed in the MSD data for aPP chains in both 

pure melts and binary mixtures as shown in Figure 5.4(b). aPP chains in aPP/sPP 

mixture have less mobility (rotational and translational mode) than those in pure aPP 

melts and iPP/aPP mixture whereas the mobility of aPP in their pure melts and in 

iPP/aPP system are not distinguishable from each other. 
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Figure 5.4 (a) Orientation autocorrelation function for the end-to-end vector and  

    (b) Mean-square displacement of the centers-of-mass in Å2 for aPP  

             chains in pure melts and binary mixtures. 

 

     Similar to iPP chains, the mobility of aPP chains in binary 

mixtures is slower than that of aPP in pure melts. Both molecular size and chain 

stiffness are decreased in the blended systems. Both chain dimension and chain 

rigidity of aPP chains in iPP/aPP mixture are slightly greater than those in aPP/sPP 

binary mixture. This leads to slower diffusion rate of aPP chains in iPP/aPP and 

aPP/sPP mixtures. aPP chains in aPP/sPP mixture diffuse slightly slower than in 
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iPP/aPP mixture while aPP chain has approximately the same molecular size and 

chain rigidity in both iPP/aPP and aPP/sPP systems. These results indicate that both 

molecular size and chain rigidity (intramolecular effect) are not only the key factor 

that affects the dynamic behavior of aPP chains in binary mixtures. 

    Haliloglu et al. reported that the PCFs is slightly decreased in 

binary PP/PP mixture when half of all chains were replaced by aPP chains. From 

those PCFs data, iPP/aPP melt is miscible while aPP/sPP blend is immiscible, which 

leads to inhomogeneity of aPP/sPP system. This contributes to slower diffusion rate 

of aPP in aPP/sPP than that in iPP/aPP mixture. 

    These results can also be described by the effect of intramolecular 

interaction from the stereochemical configuration of tetrad sequences in PP chains. 

The mobility of some tetrad sequences in aPP was depended on their counterpart 

environment. When tetrad sequences are surrounded by the same tetrad from different 

aPP chains, there is a greater intermolecular contribution resulting in looser chain 

packing. aPP/sPP binary mixture is consisted of quite different stereochemical 

composition compared to those in iPP/aPP mixture and it leads to slower mobility of 

the random tetrad in aPP chains in aPP/sPP binary mixture than that in pure aPP 

melts. 

 

 5.4.2.3 sPP chains in PP/PP binary mixtures 

    Figure 5.5(a) and 5.5(b) show OACF and the MSD for sPP chains 

in pure melts and binary PP/PP mixtures, respectively. Similar dynamic features of 

sPP are observed in both rotational and translation mode. Each sPP OACF decays and 

MSD are quite different from each other. sPP in binary PP/PP blend has more 
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mobility than that of its pure melts. For iPP/sPP binary mixture, due to the 

aggregation of iPP chains, this binary mixture exhibits an inhomogeneity. Hence, sPP 

chains in iPP/sPP system diffuse faster than sPP in aPP/sPP binary mixture. 

    The relative values for molecular size, chain rigidity and diffusion 

coefficient of sPP chains in binary PP/PP mixture are presented in Table 5.3. These 

values are quite similar trends for iPP and aPP in their binary PP/PP mixtures. The 

chain dimension and chain rigidity of sPP chains in iPP/sPP mixture are smaller and 

more flexible, respectively, than those in aPP/sPP binary mixture. Hence, sPP chains 

in binary mixtures can diffuse faster than those of pure sPP melts, ordering as: 

aPP/sPP > iPP/sPP > pure sPP melts. The dynamic behavior of sPP chain in binary 

mixture does not result from the intramolecular effect (the molecular size and chain 

stiffness) 

     The PCFs of PP binary mixtures depicts the general features for 

the sPP chains are similar to those of iPP chains but all three PCFs are clearly 

distinguishable (Haliloglu and Mattice, 1999). sPP chains are more closed packed in 

iPP/sPP mixture than those in aPP/sPP mixture and pure sPP melts. In addition, both 

iPP and sPP chains are avoided to contact one another and it leads to an iPP 

aggregation in binary mixture. It also causes slightly aggregation of aPP chains in 

binary mixtures. An inhomogeneity of binary PP/PP mixture is caused by preferential 

interaction of sPP to other sPP chains in the system. This preferential interaction 

forces the sPP chains trend to separate themselves from iPP chains in iPP/sPP mixture 

(Clancy and Mattice, 2001) and stronger than the separation of aPP in aPP/sPP blend 

system. 
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Figure 5.5 (a) Orientation autocorrelation function for the end-to-end vector and  

   (b) Mean-square displacement of the centers-of-mass in Å2 for sPP  

   chains in pure melts and binary mixtures. 

 

    The intramolecular interaction of tetrad in the PP chain is also 

utilized to describe the mobility of PP chains. When the neighboring chains consist of 

random tetrad, the rrr tetrad is more mobile than that in pure stereochemicals PP 

chains. sPP chains are more mobile in aPP/sPP mixture than those in iPP/sPP mixture. 

An increased mobility for sPP (2-3 times higher than that of the pure sPP melts) in 

blends may be related to both a reduction of molecular size and intermolecular 
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contribution when rrr tetrad is surrounded by different type of tetras. All these causes 

slower diffusion rate of sPP chains in iPP/sPP mixture than that in aPP/sPP mixture. 

 

5.5  Conclusions 

The structural and dynamic properties of polypropylene (PP) melts with 

different tacticity were elucidated by lattice Monte Carlo simulation. The molecular 

size, chain rigidity and diffusion of PP chains were investigated in both pure PP melts 

and PP/PP binary mixtures. The diffusion coefficients obtained from simulation 

results suggested both contribution from the intermolecular contribution 

(intermolecular pair correlation functions) and intramolecular contribution (the 

molecular size and chain rigidity).  

In neat PP melts system, the diffusion of PP with different tacticity is generally 

ordered as iPP > aPP > sPP. Both molecular size and chains rigidity provided no clear 

evidence contribution to diffusion of PP melts. Mobility of PP chains depends not 

only on an intramolecular but also intermolecular contribution between neighboring 

chains. 

Binary mixtures of 50:50 wt% PP/PP melts were studied for both the miscibility 

prediction and the transformation of chains in comparison with the pure PP melts 

system. The melts of PP blend was found miscibility of iPP/aPP binary mixture but 

iPP/sPP and aPP/sPP mixtures are immiscible. In general, molecular size and chains 

rigidity became lower when different tacticity was added in the PP mixtures. The 

diffusion rate of iPP and aPP chains in binary mixtures was rather decreased, 

regarding to the effect of intramolecular contribution which correlates to molecular 

size and chain stiffness, cooperates with intermolecular contribution which is 
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represented by intermolecular pair correlation functions. In case of sPP chains, the 

diffusion rate of sPP chains in the mixtures is higher than in pure sPP melts system as 

a result of the intermolecular contribution of other chains influence the dynamics 

greater than intramolecular interactions in PP chain.  
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CHARPTER VI 

EFFECT OF STEREOCHEMICAL SEQUENCE ON 

STRUCTURAL AND DYNAMIC PROPERTIES OF 

ATACTIC POLYPROPYLENE MELTS 

 

6.1  Abstract 

 Static and dynamics properties of aPP melts were studied by Monte Carlo 

simulation of coarse-grained PP model at 473 K with C192H578 at the same 

stereochemical composition but different sequences. aPP with alternate meso diad 

sequence have a tendency to diffuse faster than other sequences. Diffusion of polymer 

melts is depended not only on an intramolecular but also intermolecular contribution 

resulting from stereochemical sequence. At an intermediate stereochemical 

composition, m and r diad have more mobility when there are small amounts of mixed 

random sequence. The chains with long consecutive diad and with the same sequence 

diffuse slower than the mixed stereochemical sequence. The effect of intramolecular 

contribution is greater than the effect of intermolecular interaction at the 

stereochemical composition containing meso diad close to Pm = 0.0 (all racemo or 

syndiotactic chain). For Pm close to 1.0, the intermolecular contribution affects the 

diffusion greater than the intramolecular effects. 
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6.2  Introduction 

 The development in metallocenes catalysts provides the great potential 

opportunity to control the stereoregular and partial regular homopolymer and 

copolymers (Soga and Shiono, 1997; Busico and Cipullo, 2001). This control is not 

only on the preparation of pure tacticity vinyl polymers, which there are only m or r 

diad, respectively, but also to synthesize chains in which the fundamental repeat for 

the stereochemical sequence extends over a range longer than diad with only types, 

e.g., mmr, rmr, etc. Atactic chains, are actually random copolymers (Flory, 1969). 

Even monodisperse atactic chains usually have different fractions of m and r diad, 

indicating that each isomer has a unique conformational partition function (Mattice et 

al., 2007).  

 Tacticity of PP can affect many properties such as the thermal properties, 

diffusion and crystallization (Chen et al., 2006). It is well-known that iPP chain with 

tg conformers diffuses faster than sPP chain with tt conformers but the maximum rate 

was found for the diffusion of aPP chain which exhibits an intermediate behavior 

(Antoniadis et al., 1999). aPP is an amorphous rubbery material, it has an irregular 

structure which inhibits the regular packing required to create crystallites whereas iPP 

and sPP are semi-crystalline. The crystallization and the melting point of iPP and sPP 

were strongly are influenced by their stereochemical defected structure (Madkour and 

Mark, 1997).  

 Computer simulation of polymeric materials presents a formidable challenge 

due to the considerable range of length and time scales relevant in these physical 

systems. Coarse-grained lattice models have traditionally been applied to allow for an 

efficient simulation of polymers. Simulation of vinyl polymers on the high-
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coordination 2nnd lattice (Mattice and Clancy, 1999; Akten and Mattice, 2001) 

retains sufficient detail to enable distinction of the precise chemical composition of 

the polymers being simulated, yet allows for the efficient study of large polymer 

systems which cannot be equilibrated on reasonable time scale with an atomistic 

simulation (Antoniadis et al., 1998; Logotheti and Theodorou, 2007). This technique 

has been used to study the effect of stereochemistry of polymer chain on various 

properties. It was found that the stereochemical sequence of atactic chain with 

quenched randomness affects samples with intermediate stereochemical composition 

at the probability of meso diad, Pm (Chen et al., 2007), and it makes meso and racemo 

sequences in aPP chain to diffuse faster than that of iPP and sPP chain when each 

atactic chain is composed of different stereochemical pattern of  r and m diad with 

random sequence on each chain. Stereochemical effect are well understood for 

mixtures of small-molecule enantiomers (Mattice and Waheed, 2006) but to 

understand polymer dynamic properties, we need to know the fundamental aspects of 

the stereochemistry of polymer chain. Therefore, there is a need for a more 

comprehensive study of this effect on structural and dynamic properties in relative to 

the specific stereochemical sequences of vinyl polymer chains. 

 The subject of interest in this part is the effect of stereochemical sequence of 

aPP at the fixed Pm on the physical properties of aPP. Dynamic MC simulation was 

utilized to study structural and dynamic properties of aPP melt with the same 

stereochemical compositions. Pm for each aPP are fixed at 0.25, 0.50 and 0.75 but 

different stereochemical sequence to find how each specific sequence can affect 

molecular properties and chain dynamics. 
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 6.3  Computational method 

 System descriptions   

  aPP were modeled by a chain of beads, each bead represents a propane 

unit. The simulation placed 29 chains, each with 64 beads, in a 25×25×25 lattice unit. 

The stereochemical sequence of aPP chain was described using m and r diad with Pm 

were fixed at 0.25, 0.50 and 0.75. The repeating sequence of each stereochemical 

sequence chains were listed in Table 6.1, 6.2 and 6.3, respectively. Monte Carlo 

simulation was performed by method which was descripted in Chapter II. 

 

6.4  Results and discussion 

 The orientation autocorrelation function (OACF) of the end-to-end vector ( ⃗ ) 

(<R(t).R(0)>) and the mean-square displacement (MSD) of the centers-of-mass for 

aPP at the Pm = 0.25, 0.50 and 0.75 with random m and r diad are presented in Figure 

6.1(a) and 6.1(b), respectively. The order of decay rate can be observed as Pm = 0.75 

> 0.50 > 0.25, respectively. These results are in good agreement with recent report, 

which the maximum diffusion was seen at an intermediate stereochemical 

composition (Waheed et al., 2007). In addition to the previous study, the 

compositions at the same diad as shown in Figure 6.1 but constraints number of m and 

r diad for each fixed Pm to investigate the effect of specific stereochemistry sequence 

of aPP chain. 

 

 6.4.1 Atactic polypropylene at Pm = 0.25 

 OACF of the end-to-end vector and MSD for aPP at Pm = 0.25 which has 

the same stereochemical composition but different stereochemical sequences are 
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shown in Figure 6.2. The MRRRMRRR sequence decays at considerably faster rate 

while MMRRRRRR sequence gives a slower decay rate. The MSD also gives similar 

trends with the decay of the end-to-end vector i.e. MRRRMRRR sequence has a faster 

mobility for both rotational and translational mode. Other stereochemical sequences 

have similar dynamic characteristics. 

  Table 6.1 presents the diffusion coefficient which can be divided into two 

groups, A and B which denote the fast and slow diffusion, respectively. For group A, 

MRRRMRRR sequence diffuses faster than MRRMRRRR sequence. The radius of 

gyration and the characteristic ratio, representing the size and chain rigidity, 

respectively, of MRRRMRRR sequence gives minimum values indicating that both 

size and chain rigidity are influent chain mobility. In general, polymer chain with 

smaller size and more flexible chain should have higher molecular mobility. On the 

other hand, for the slower dynamics in group B, MMRRRRRR sequence moves faster 

than MRMRRRRR sequence. Even though both patterns have the same chain stiffness 

but MRMRRRRR sequence has smaller molecular size.  

  The Local intermolecular packing can be obtained from pare correlation 

functions (PCFs) as demonstrated in Figure 6.3. The intermolecular PCFs for 

MMRRRRRR and MRRMRRRR sequence are similar to each other while the other 

two sequences, MRMRRRRR and MRRRMRRR, are quite distinguishable. These 

results provide an evidence for a preference of each block to interact with itself. All 

four sequences have weak local maximum in the sixth shell and weak local minimum 

in the fourth shell but MRMRRRRR and MRRRMRRR sequence exhibit lower PCFs 

values from the third to the ninth shell. In other words, MRMRRRRR sequence 

prefers to interact with itself less than MRRRMRRR, MMRRRRRR and 
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Figure 6.1 (a) Orientation autocorrelation function for the end-to-end vector and  

           (b) Mean-square displacement for melts of aPP, Pm = 0.25, 0.50 and 0.75.  

 

MRRMRRRR sequence, respectively. This result implies that the chain packing of 

MRMRRRRR sequence in less effective than other three sequences which should lead 

to faster dynamics but it gives the slowest diffusion rate. The MRMRRRRR sequence 

has a packing efficiency close to MRRRMRRR sequence (the fastest mobility) but it 

is the smallest size and the most rigid chain which should be related to the effect of 

stereochemical sequence. The more orderly MRRRMRRR sequence has a smaller 

molecular size and the chains pack much looser than the MRRMRRRR sequence. 
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Figure 6.2 (a) Orientation autocorrelation function for the end-to-end vector and  

            (b) Mean-square displacement for aPP melt, Pm = 0.25, with different  

   stereochemical sequences pattern. 

 

 The acceptance rate can be used to elucidate the diffusion of sequence by the 

mobility of tetrad in the same stereochemistry (Waheed et al., 2007). Because the 

acceptance of moves in isolated chains is a factor of an intramolecular contribution, it 

should cause similar effect on the acceptance rate. The rrr tetrad is more mobile when 

there is a small amount of m diad to break the helix formation and enhance the chain 

aggregation (        et al., 2000). For group A, MRRRMRRR sequence has more 
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Table 6.1 Repeating sequences, mean square radius of gyration, characteristic ratio,  

         and relative intermolecular PCFs in the third shell and diffusion coefficient  

         of aPP at Pm = 0.25 with different stereochemical sequences pattern in  

         parent chain. 

Group Repeating sequences <Rg
2
>

1/2
 Cn (RIS) relative gtatol(3)  relative D 

A MRRRMRRR 14.25 5.54 1.00 1.00 

MRRMRRRR 14.46 5.62 1.09 0.77 

B MMRRRRRR 14.64 5.80 1.08 0.65 

MRMRRRRR 13.89 5.80 0.99 0.63 
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Figure 6.3  Intermolecular PCFs of total block for aPP melts, Pm = 0.25, with  

           different stereochemical sequence. 

 

m diad in linking to r diad than MRRMRRRR sequence. This leads to an ascending of 

the acceptance rate of rrr tetrad and results in higher diffusion coefficient. When the 

neighboring chain consists of random tetrad, the rrr tetrad is more mobile than in the 

regular stereochemistry chain. For group B, there is more consecutive r diad in the 
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chain. Even if MMRRRRRR and MRMRRRRR sequence have the same chain 

stiffness, MMRRRRRR sequence diffuses faster. This MMRRRRRR sequence also 

has a larger molecular size and closer local chain packing which is caused by the 

stereochemical sequence of rrr tetrad when long consecutive r diad instructs all-trans 

crystal-like sequence (Clancy and Mattice, 2000; Clancy and Mattice, 2001). 

 

 6.4.2  Atactic polypropylene at Pm = 0.50 

  Figure 6.4(a) shows an OACF for the end-to-end vector for aPP (Pm= 

0.50) with different stereochemical sequence. All systems achieve an equilibration 

quite fast and have little difference from others. The corresponding MSDs are 

displayed in Figure 6.4(b) manifested similar results with the decay of the end-to-end 

vector. It was found that the first two systems are distinguishable from other seven 

systems due to their lower mobility. The alternate sequence i.e. MRMRMRMR, has 

the fastest mobility and other systems have similar dynamic characteristics. 

  For the diffusion behavior in group C (in Table 6.2), MMRMMRRR and 

MRMMRRMR systems have the same diffusion rate while MMRMRMRR and 

MMRRMMRR systems diffuse slower, respectively. The chain rigidity, molecular 

size and packing density of MMRMMRRR system are higher than others. rrr tetrad is 

more mobile when they are mixed with some m diad and surrounded by different 

stereochemical diad (Waheed et al., 2007). For three remaining patterns, 

MRMMRRMR and MMRRMMRR sequence have similar molecular size and chain 

rigidity closed to each other because they have the same MM and RR triads in the 

middle of sequence while the MMRMRMRR sequence has RM triads in the middle of 

chain; making it more flexible than the other two sequences. Moreover, the local  
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Figure 6.4  (a) Orientation autocorrelation function for the end-to-end vector and  

   (b) Mean-square displacement for aPP melt, Pm = 0.50, with different  

    stereochemical sequence.  
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Table 6.2 Repeating sequences, mean square radius of gyration, characteristic ratio,  

         and relative intermolecular PCFs in the third shell and diffusion coefficient  

         of aPP at Pm = 0.50 with different stereochemical sequences pattern in  

         parent chain. 

Group Repeating 

sequences 

<Rg
2
>

1/2
 Cn (RIS) relative gtatol(3) relative D 

A MRMRMRMR 14.67 4.17 1.00 1.00 

MMRMRRMR 14.47 4.59 0.97 0.94 

B MMMRRRMR 14.84 5.71 1.09 0.84 

MMMRMRRR 14.86 5.44 1.08 0.83 

C MMRMMRRR 15.42 5.07 0.99 0.73 

MRMMRRMR 14.62 4.74 0.91 0.73 

MMRMRMRR 14.24 4.42 1.09 0.72 

MMRRMMRR 14.43 4.99 1.20 0.69 

D MMMRRMRR 14.02 5.54 1.19 0.51 

MMMMRRRR 14.58 6.58 1.20 0.42 

 

intermolecular packing are demonstrated in Figure 6.5. The MMRRMMRR system 

has denser local packing efficiency than others in this group, resulting in the slowest 

diffusion. For the last group, MMMRRMRR system diffuses faster than the 

MMMMRRRR system as the consecutive r diad are broken by m diad. The molecular 

size is smaller with less chain rigidity and the intermolecular chain packing is lower 

than those of the MMMMRRRR system, resulting in a faster diffusion rate. 
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  The acceptance rate can be utilized to confirm the chain diffusion by 

comparing the mobility of mmm and rrr tetrad. At an intermediate stereochemical 

composition, moving of tetrad is depended on their counterparts in the 

stereochemistry when these tetrads are surrounded by like tetrads, indicating greater 

intermolecular contribution. The rmr and mrm tetrad are the fastest mobility when 

they are in the same stereochemical composition and decrease in the order from rmr 

(or mrm), mmr and mrr, respectively (Waheed et al., 2007). These results imply that 

the diffusion of aPP with MRMRMRMR system diffuses faster than others because it 

contains more rmr or mrm tetrad as well as it has higher chain flexibility. The 

diffusion of aPP melts depends not only on intramolecular contribution but also on 

the intermolecular contribution. The effect of intramolecular contribution is greater 

than an intermolecular contribution at an intermediate stereochemical composition 

(Pm = 0.25 and 0.50). 

 

 6.4.3  Atactic polypropylene at Pm = 0.75 

  Figure 6.6(a) demonstrates the decay for aPP at Pm 0.75. RMMMRMMM 

and RMMRMMMM systems decay at considerably similar rate and faster than those 

of RMRMMMMM and RRMMMMMM systems. The corresponding MSD of these 

sequences are displayed in Figure 6.6(b). The RMMMRMMM system exhibits the 

fastest mobility and followed by RMMRMMMM, RMRMMMMM and 

RRMMMMMM systems, respectively. The diffusion coefficients presented in Table 

6.3 reveal that aPP with RMMMRMMM system diffuses faster than others and 

decreases as RMMRMMMM, RMRMMMMM and RRMMMMMM systems, 

respectively.  

 

 

 

 

 

 

 

 



128 

 

0 1 2 3 4 5 6 7 8 9
0.000

0.005

0.010

0.015

0.020

0.025

 

 

 MMMMRRRR    MMMRMRRR

 MMMRRMRR    MMMRRRMR

 MMRMMRRR    MMRMRMRR

 MMRMRRMR    MRMMRRMR

 MMRRMMRR    MRMRMRMR

In
te

rm
o

le
cu

la
r 

P
C

F

Shell  

Figure 6.5  Intermolecular PCFs of total block for aPP melts, Pm = 0.50, with  

           different stereochemical sequence.  

 

Table 6.3 Repeating sequences, mean square radius of gyration, characteristic ratio,  

         and relative intermolecular PCFs in the third shell and diffusion coefficient  

          of aPP at Pm = 0.75 with different stereochemical sequences pattern in  

         parent chain. 

Repeating sequence <Rg
2
>

1/2
 Cn (RIS) relative gtatol(3) relative D 

RMMMRMMM 14.81 5.58 1.00 1.00 

RMMRMMMM 14.90 5.08 1.09 0.87 

RMRMMMMM 14.43 5.13 1.20 0.51 

RRMMMMMM 14.91 6.15 1.34 0.43 

 

  RRMMMMMM system has the largest size, the most chain rigidity and 

the most densed intermolecular packing efficiency, due to the helix-like conformation 

of long consecutive m diad, which leads to the slow moving rate. Similar to the case 

for Pm = 0.25, the long consecutive r diad cause the all-trans crystal-like sequence  
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Figure 6.6  (a) Orientation autocorrelation function for the end-to-end vector for aPP  

  melts and (b) Mean-square displacement for aPP melts, Pm = 0.75, with  

  different stereochemical sequence . 

 

(Clancy et al., 2000; Choi and Mattice, 2004) but, in this case, the long consecutive m 

diad cause more chain to aggregate and less mobility (Waheed et al., 2007). Despite 

the size RMMMRMMM chains is close to that of RRMMMMMM system, it moves 

faster than others which are attributed to an increasing of the acceptance rate for mmm 

tetrad when some r diad are mixed in this stereochemical sequence. In addition, the 

most flexible chain was found for RMMRMMMM sequence which has the smallest  
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Figure 6.7  Intermolecular PCFs of total block for aPP melts, Pm = 0.75, with  

          different stereochemical sequence.  

 

size due to long consecutive m diad. 

  The intermolecular PCFs for four sequences are shown in Figure 6.7. The 

intermolecular PCFs of all four sequences were indistinguishable. All four systems 

exposed a weak local maximum in the sixth shell and a weak local minimum in the 

fourth shell but the values of PCFs curves slightly increase from RMMMRMMM, 

RMMRMMMM, RMRMMMMM to RRMMMMMM systems, respectively. This 

result elucidates that RMMMRMMM system prefers to interact with itself much more 

than others. Hence, the diffusion of polymer with meso diad closes to Pm=1.0 should 

be influenced by an intermolecular contribution more than intramolecular contribution. 

 

6.5  Conclusions 

 The effect of stereochemical sequence on the structural and dynamic properties 

of stereo isomer PP was illustrated by MC simulation of aPP model with fixed Pm at 

0.25, 0.50 and 0.75. The molecular size and motion of the aPP melts were studied 
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with different stereochemical composition and sequence. The diffusion coefficients 

obtained from simulation results suggest that there are the effects from an 

intramolecular contribution (molecular size and chain flexibility) and intermolecular 

contribution (intermolecular pair correlation functions). At an intermediate 

stereochemical composition, m and r diad have more mobility when small amount of 

diad randomness is mixed in compared with 100% isotactic and syndiotactic pattern. 

The chain with long consecutive diad with orderly sequence diffuses slower than the 

mixed stereochmical sequence. The stereochemical composition that contains m diad 

in equivalent to r diad, an intramolecular contribution affects the diffusion slightly 

greater than intermolecular contribution. The effect of intermolecular contribution is 

greater than intramolecular contribution at the stereochemical composition that 

contains m diad close to Pm = 0.0. On the other hand, for the stereochemical 

composition at Pm close to 1.0, intermolecular contribution affects more on the 

diffusion of polymer melts than an intramolecular effect. 
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CHARPTER VII 

MONTE CARLO SIMULATION OF POLYETHYLENE 

END-GRAFTED ON AN INTERACTING SOLID 

SUBSTRATE 

 

7.1  Abstract 

 The coarse-grained polymer model was applied to simulate polyethylene (PE) 

brushes that were grafted on an interacting solid substrate by lattice Monte Carlo 

simulation. Monodisperse and bidisperse PE brushes composed of a mixture of the 

short and long PE chains grafted on interacting surface were investigated. The 

temperature effect on the structure of monodisperse PE brush on an interacting 

surface was also studied. The structural, conformational and orientational properties 

of PE brush with 40 < C < 120 at grafting density in the range of 0.92-1.85 nm–2 were 

investigated. The temperature was set in the range of 298-473 K. The results were in 

good agreement with prior numerical and theoretical results. For monodisperse PE 

brush, the PE chains were more stretched in the outer layer with increasing both 

grafting density and PE chain length. An increasing temperature can lead to a more 

stretching of PE chains at the outer region and the density was decreased. The 

temperature at 298 K could induce the crystallization of PE chains and caused high 

density at the vicinity near solid surface. For bimodal PE brushes, the long chains at 

the outer layer were more stretched while the shorter chains were compressed in the 
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inner layer of the bidisperse PE brushes. The chain stretching was also found to 

depend on the nature of an interaction between PE chains and the solid grafting wall. 

There was larger chain stretching for both long and short chains when PE chains were 

grafted on the repulsive surface than other interacting wall systems. The influent of an 

interacting surface on properties of PE brush can be ordered as: repulsive > neutral > 

attractive wall system. However, there was similar effect of an interaction between 

polymer chains and the solid substrate on properties of high molecular weight PE 

brushes. 

 

7.2  Introduction 

 Polymer brush is the polymer with packed of densely chains, or high surface 

coverage, which are arrayed on hard surface by attaching one end to an interface. It 

usually deforms and stretches out in the perpendicular direction to form a brush at the 

surface, if no adsorption between solid surface and polymer chains (de Gennes, 1980; 

Milner, 1991). Brush polymers have been the subject to be studied by both 

experiment and theory in the past decade, mainly because of an important to various 

applications. In practice, the structural properties of brush surface is important and has 

been investigated for a wide range of applications, such as surface modification, 

lubrication, adhesion, colloidal stability, biocompatibility and biotechnology. 

 Various study of polymer brush based on Self-Consistent Field (SCF) method 

because this theory is a powerful tool for the quantitative understanding of polymer 

brushes beyond scaling theory. The most successful method to analyze the grafted 

polymer is the SCF equations which give a valid mean-field description at high 

grafting density system (Zhulina et al., 1991). The simplified SCF method has been 
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developed based on the assumption of long, strongly stretched chains and weak 

excluded-volume interactions, and is argued to be exact in the long-chain limit. Hence, 

it was found a parabolic form for the density profile and supported by Monte Carlo 

simulation in the case of non-adsorption wall (Skvortsov et al., 1988). There is a good 

agreement to parabolic form except a depletion zone very closed to the grafting 

surface. It was also found the free ends of the chain are included in the region very 

near the grafting surface (Chakrabarti et al., 1992). In contrast, the parabolic form for 

convex surface and melts condition no longer exist and indicating that the free ends 

are excluded from the grafting surface zone in order to regain self-consistency (Toral 

and Chakrabarti, 1993). Moreover, it was found the existence of an exclusion zone 

from which the free chain ends are expelled (Ball et al., 1991).  

 Initial investigation of polymer brushes focused on only monodisperse polymers 

by the monomer density profile shows a depletion layer near the grafting surface in 

agreement with phenomenological theories. Beyond that depletion layer, the density 

profile can be represented by a parabolic form. This result is in agreement with SCF 

calculation rather than with the scaling arguments that predict a plateau region for the 

density profile. The chain-end density is also found to be consistent with the SCF 

calculation. The free ends of the grafted chains are not excluded from the regions near 

the grafting surface (Chakrabarti and Toral, 1990). Moreover, the region close to the 

substrate is fully occupied by segments belonging to grafted chains. As high grafting 

density, free chains are progressively expelled from the surface region. In addition, 

the local melt density in the region closest to the interface illustrates systematically 

higher values than in the bulk, exhibiting distinct local maxima due to polymer 

adsorption. Moreover, the chain conformation tensor demonstrates that chains are 
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significantly stretched in the direction perpendicular to the surface. Furthermore, the 

chain-end density profile exhibits universal behavior in agreement with the prediction 

by the SCF theory (Daoulas et al., 2002). 

 However, it is often unavoidable feature of the polydispersity system, mostly 

molecular weight distribution, on polymer brush structure in an experiment. This is an 

important motivation to study a polydisperse brush in theoretical method. It is 

necessary to investigate the relationship between molecular weight distribution and 

brush properties in both purely scientific reasons and engineering applications (Terzis, 

2002), however, polydispersity can be used to one of an advantage in tailoring 

specific brush structure. 

 The first exploration of bimodal polymer brushes was investigated in the limit 

of strong stretching and for infinite molecular weight. The prototype of bimodal 

brushes has been examined in great detail by means of numerical SCF calculations 

(Dan and Tirrell, 1993). From uniform distribution polymers, there is completely 

change of density profile (Chakrabarti and Toral, 1990) but in the system where the 

difference in molecular weight between the two chains is small, the longer chain ends 

are localized at the brush edge  and also suggests that the segment density profiles of 

two symmetrical brushes compresses together show stratification persists under 

compression (Descas et al., 2006). 

 Moreover, the agreement between the experimental results and SCF result is 

very good. An investigation of bidisperse polymer brushes also provides the detail of 

the structure. The inner structure is described by the bottom region, formed by a 

mixture of long and short chains, and the top region is composed only of segment of 

the longer chains. The inner structure approximately scales with the total brush height, 
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although small deviation occurs. The width of the transition zone between two regions 

seems to be independent of the brush height (Terzis, 2002). Furthermore, bimodal 

polymer brush has a compression close to the grafting interface for short chains, 

whereas the longer chains have a characteristic flower-like distribution. Similar to the 

previous study, these longer chains stretch strongly (stem) when surrounded by 

smaller chains and decrease their stretching (crown) when only surrounded by longer 

chains (de Vos and Leermakers, 2009).  

 In addition, for a flat grafting surface and in good solvent condition, the short 

and long chains segregate vertically and the long chains stretch more in the coexisting 

region (Chen and Chakrabarti, 1995). The situation is different from the good solvent 

case where the stretching of the short chains increases as the short chain fraction 

increases (Chen and Chakrabarti, 1995). 

 The SCF method have been utilized to study polymer grafted on both non-

interacting (He et al., 2010) and interacting flat surface (Chakrabarti et al., 1992), for 

both attractive and repulsive interactions. The layer thickness of polymer grafted on 

attractive interacting surface is depended on the total strength of the interaction 

potential without dependence on the particular shape of the potential well. On the 

other hand, for repulsive interaction, the exclusion zone was found from which the 

free chain ends are excluded by SCF calculations, similar with the convex non-

interacting surface system. It should be noted that z0 plays an important role to govern 

the structure of the polymer brush (Ball et al., 1991).  

 In this work, polymers with all chain-ends attached to an interacting solid 

surface were investigated by MC simulation. Many of these studies were focused on 

PE model grafted on both non-interacting and interacting solid surface. Monodisperse 
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brush is investigated for end grafted on the surface with and without interactions. In 

addition, the temperature effect on monodisperse PE brush was also investigated. 

Finally, the grafted polymer with different molecular weight distribution was also 

studied in term of the effect of bimodal brushes consisting of a mixture of long and 

short PE chains. The density profile and the density of free end were analyzed. 

Moreover, conformational and orientation properties of all simulation were reported. 

All results would be presented for neutral (no interactions between surface and 

ethylene monomer), repulsive and attractive interaction to PE chains. 

 

7.3  Model and method 

 System description 

 The grafted polymer systems contain ethylene units (-CH-CH-)n, with 40 

≤ C ≤ 80 and 80 ≤ N ≤ 160 when C is the number of carbon in the chain and N is the 

number of PE chains. The periodic boundary condition was chosen in the x and y 

directions, while the two boundaries in z direction were treated as hard impenetrable 

walls. The total number of available surface sites was 40×40 lattice unit (surface area 

= 86.6 nm2). The grafting density () was varied from 0.92-1.85 nm-2. The solid 

substrate was located at z = 0 and z = M, where M > C. All beads were not allowed to 

move from z = 0 to -1. The simulations were done in the temperature range of 298-

473 K to investigate the temperature effect on properties of polymer brushes on an 

interacting solid surface. The interaction between polymer and surface was applied 

with repulsive and attractive interaction in comparison to non-interaction surface. The 

solid substrate was incorporated by introducing an external polymer-substrate 

interaction term. A modified Lennard-Jone potential for ethylene units was employed 
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with the well depth was  = 370, 185, and 18.5 kJ/mol in simulation to represent the 

attractive, neutral and repulsive interaction for the solid substrate-polymer interaction, 

respectively. Monte Carlo simulation was performed by the method previously 

descripted in Chapter II. 

 

7.4  Results and discussion 

 7.4.1  Monodisperse polyethylene melt brushes 

  7.4.1.1 Local melt density 

      The density profiles as a function of distance from the grafting 

surface (z) for several values of the surface coverage, is shown in Figure 7.1(a). It 

depicts the variation of monomer density distribution with different polymer-surface 

interaction. For PE chains in higher grafting density, the chains are more stretching in 

the coexisting region and corresponded to a plateau region of density profiles which 

indicate the polymer bulk region throughout the inner layer. In the bulk region, the 

densities for all systems do not different but the widths of the bulk region are 

dramatically increased with increasing grafting density. Moreover, the polymer chains 

which are grafted on an attractive surface have more local degree of stretching in the 

inner layer than polymer chains that are grafted on neutral and repulsive interacting 

surface. 

      For all values of grafting densities considered here, the density 

profiles have similar behavior which exhibit two main zones corresponding to the two 

boundaries. There are polymer/wall interface at the bottom region and at upper region 

with polymer/vacuum interfaces. At the upper region far from the grafting surface 

where polymer is subjected to gradually ramp-like descended, the sigmoidal shape 
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and the width of the profile of the melt is typically observed. The width of the density 

profile in three different interacting walls is distinguishable among attractive, neutral 

and repulsive wall system. For an attractive interaction surface, there is more 

compression of polymer chain than that in the neutral and repulsive wall, respectively. 

Moreover, the difference of depletion layers width, depletion zone, in the vicinity of 

the substrate surface are also observed. 

      Interestingly, there were strong dependence of on z, practically, 

in the first layers where monomer density achieves values considerable higher than in 

the bulk region, especially, in the attractive wall system, attributable to an adsorption 

of polymer chains which is found more for an attractive interacting wall than that in 

the neutral wall system. In contrast, for repulsive wall system, the depletion zone was 

lower than in the bulk region and lower than that in other interacting surface cases, 

which are attributed to the repulsion of substrate surface to polymer chains at the 

surface. 

      In addition, similar results were found when grafting density was 

fixed with different chain lengths (in Figure 7.1(b)). The density profile shows an 

interested stretching of polymer chains with an increasing chain length. The local 

chains with longer lengths are more stretched in the bulk region with distinguishable 

for three different interactions between polymer and grafting surface. The density 

profile of polymer chains grafted on an attractive surface became slightly broader than 

that in neutral and repulsive surface, respectively, which is contributed to more chain 

stretching than other two systems. 
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Figure 7.1 Density profile as a function of the distance from the grafting plane of PE  

  grafted on a hard interacting substrate with different ; (a) C80,  = 0.92,  

  1.39 and 1.85 nm-2, (b) C80, C120 and C160,  = 1.39 nm-2. 

  

  7.4.1.2 Conformational properties 

     The conformation properties of polymer chains grafted on the 

substrate can be characterized by grouping atoms along the chain according to their 

scaled coordinated, i/N. Hence, those atoms are considered to be equivalent and are 
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plot against the reduced mean height (s) which is defined by <z(i)/z(l)>. It should 

have a universal curve in case of  independent according to the prediction by SCF 

theories for polymer brush (Milner et al., 1988). 

      It is very interesting that all curves do not superimpose for all 

values of grafting density as presented in Figure 7.2(a). The superimposed can exist 

when the surface coverage achieve a high enough values and the curve are downward 

without any back folding. Moreover, the attractive interacting causes more chain 

compression than that in neutral and repulsive wall, respectively. At low grafting 

density,  = 0.92 nm-2, the curves of all three interacting surfaces are changed from an 

upward at the vicinity of the substrate surface to a downward at the distance far from 

the grafting surface, which is strongly affected by the nature of an interacting surface 

to chain characteristics. It is also found more chain stretching for grafted chains on 

repulsive wall and chain contraction in the case of an attracting wall. 

      There is an important effect from the interaction between polymer 

and the substrate. So, to confirm this effected on conformational properties of grafted 

polymer. Figure 7.2(b) shows a reduced mean height of PE grafted at  = 0.92 nm-2 

with different chain length and type of an interacting wall. The interacting wall 

influences the conformation similar to prior results and the superimposition can be 

seen when the chain length is increased. Similarly, as the chain length decreases, the 

chains at the upper region are folded to downward in all interacting surface system. 

The downward folding of chains is attributed to the strong effect of interacting wall 

on grafted polymers while a slightly different of curve at superimpose region can be 

attributed to the difference of an analytical details (Milner et al., 1989). 
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  7.4.1.3 End bead distributions 

      Figure 7.3 shows the distribution of end beads for grafted polymer 

on the substrate with different grafting density and interacting surface. It was found 

that end beads can be located anywhere in polymer brush. All curves were a 

systematic deviation from the SCF theory which predicts no end bead at the substrate 

surface, z = 0. The distribution near the substrate surface is dependent on the nature of 

an interaction between polymer chains and the wall. With an increased grafting 

density (in Figure 7.3(a)), the maximum peak of end bead profiles shift away from the 

grafting wall and exhibits a rather concave curve at the inner region, which is 

attributed to an extension of polymer chains in the z direction and force the end beads 

to extent a larger distance, which agree well with the density profile. Similarly, an 

attractive interacting wall causes larger values of the distribution of end bead than that 

in neutral and repulsive wall systems, respectively. 

     In contrast, when the grafting density was fixed (Figure 7.3(b)), 

the density of end bead was decreased with increasing chain length and the profile are 

shifted to the outer region caused by chain stretching while decreasing chain length 

causes the contraction in the inner region near the grafting surface. The results of an 

interacting wall provide that there was more chain extension grafted chains on an 

attractive wall than that in the neutral and repulsive wall case, respectively. 
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Figure 7.2  The normalized mean height z(s) as a function of the normalized bead  

  coordinate s along chain contour of PE grafted on a hard substrate with  

  different ; (a) C80,  = 0.92, 1.39 and 1.85 nm-2, (b) C40, C60 and C80,  

   = 0.92 nm-2. The solid line is the Milner et al. theory. 
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Figure 7.3 Distribution of free ends of PE grafted on a hard substrate with different ;  

  (a) C80,  = 0.92, 1.39 and 1.85 nm-2, (b) C40, C60 and C80,  = 1.39 nm-2. 

 

  7.4.1.4 Orientation of bond 

     Another parameter to determine of the chain stretching at the local 

scale is the orientation of bond which is represented by <cos(i)> as a function of the 

normalized bead coordinate along chain contour. From Figure 7.4(a), it is clearly seen 

that all chains are extended to the outer region with an increasing grafting density but  
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Figure 7.4 The chord-order parameter as a function of distance from grafting  

    substrate of PE grafted on a hard substrate with different ; (a) C40, 

     = 0.92, 1.39 and 1.85 nm-2, (b) C80,  = 0.92, 1.39 and 1.85 nm-2,  

             (c) C40, C60 and C80,  = 0.92 nm-2. 
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PE chains at the vicinity of the polymer/vacuum interface of low grafting density 

system were more stretching. 

   There is also the wall effect on the orientation of polymer bond. 

Due to an attractive interaction between polymer chains and the grafting surface, the 

chains are less stretched while the chains grafted on the neutral and repulsive surface 

are more and most stretched, respectively. Moreover, when the chain length is 

increased as displayed in Figure 7.4(b),  similar results are seen and the curve for 

these three surfaces are closed to each other and the stretching of short chain is 

disappeared at the upper interface. This is attributed to the less effect of solid surface 

on the long chain length system. Also, the polymer brushes at high grafting density (N 

= 160, 40 < C < 80) are more stretched in the inner layer but become less stretched at 

outer region, in Figure 7.4(c). 

 

 7.4.2 Temperature effect on monodisperse polyethylene brush 

 The temperature was set in the range 298-473 K starting from high 

temperature and was decreased to equilibrate structure at lower temperature from 473 

K→450 K→390 K→ 298 K.  

 

  7.4.2.1 Local melt density 

     The density profiles of monodisperse PE brush as a function of 

distance from the grafting surface with different temperature are displayed in Figure 

7.5. It depicts the variation of ethylene density distribution with different = 370, 185 

and 18.5 kJ/mol which are noted as an attractive, neutral and repulsive wall 

interaction, respectively. In all cases, studies are assumed an overall grafting density 
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of  = 1.39 nm-2 (N = 120 chains and C = 60 units). For all values of temperature 

considered here, the density profiles show different behavior for each different 

interacting wall which is distinguishable for an attractive, neutral and repulsive wall 

interaction system. 

      Similar to monodisperse PE brush system, there are strong 

dependence of on z in the first layer in which the monomer density is higher than 

that in the bulk region. Especially, in an attractive wall system, this is attributed to an 

adsorption of polymer chains on solid surface which is larger for an attractive surface 

than that in the neutral wall system. In contrast, for the repulsive wall system, its 

depletion zone is lower than that in the bulk region and also lower than other cases. 

      For an attractive wall (Figure 7.5(a)), density of PE at the vicinity 

near the solid substrate is increased about 2 times when the temperature is decreased 

from 473 K to 298 K. There is also a compression of polymer chains at the inner layer 

resulting from segregation of PE chains near the substrate surface. This behavior is 

caused by both temperature and wall interaction. It also leads to the structural 

formation of PE chains at the region near the grafting surface as most PE chains 

transform to an all-trans crystal like conformation and have higher density at lower 

temperature. Figure 7.5(b) presents the density profile of PE chains which are grafted 

on the neutral surface. PE chains grafted on the neutral surface are more stretched in 

the outer layer than those with an attractive surface. The density of PE brush at the 

surface is slightly increased with lower temperature. It also expresses a few ordered 

layers in the bulk region with different densities. At lower temperature, the density is 

more increased at the inner layer and the polymer chains are more compressed at the 

outer layer. 
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Figure 7.5  Density profile as a function of the distance from the grafting plane of C60  

  PE brush with different temp.; (a)  = 370 kJ/mol, (b)  = 185 kJ/mol, and  

  (c)  = 1.85 kJ/mol.  
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    Similarly, the density of PE chains in the repulsive wall system is 

shown in Figure 7.5(c). It has similar behavior as the neutral wall case which the 

chains are more stretched at the outer region. A “plateau” region of density profiles is 

seen and it indicates that there is the bulk region throughout an inner layer. It is seen 

that the density of bulk region is dramatically increased with lowering temperature. 

Moreover, the density profiles of polymer chains become slightly narrower when the 

temperature of system decreased. This leads to the contraction of polymer chains to 

the inner layer. Besides, at lower temperature, the polymer chains grafted on the 

repulsive wall has more local degree of stretching in the inner layer than those chains 

grafted on neutral and attractive interface. 

 

  7.4.2.2 Conformational properties 

      It is very interesting that all curves for the conformational 

properties do not superimpose anymore for all kinds of interface. From Figure 7.6, the 

curves are superimposed when the temperature achieves a high enough value and 

there is upward and downward with some folding shape for every curve. The 

attractive wall shows the largest compression of polymer chains than other cases. In 

an attractive wall system, the curve in Figure 7.6(a) is changed to downward at the 

distance far from the grafting surface when temperature is decreased. This is 

attributed to the compression of polymer chains at the outer layer for low temperature 

system. These data agree well with the density profile in the previous section. In 

contrast, the conformational properties for the neutral wall system are given in Figure 

7.6(b). The PE chains upward at the lower region but fold to downward at the upper 

region which is attributed to polymer chains are more stretched in the region near the 
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Figure 7.6 The normalized mean height z(s) as a function of the normalized bead  

   coordinate s of C60 PE brush with different temp.; (a)  = 370 kJ/mol,  

    (b)  = 185 kJ/mol and (c)  = 1.85 kJ/mol.  
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solid wall. The chains are contracted at the outer region for the case of the neutral 

wall system. For the repulsive wall case, the polymer chains are upward at the vicinity 

of the substrate surface without any back folding to the other region which is 

displayed in Figure 7.6(c). This leads to the stretching of polymer chains at the inner 

region and is attributed from the segregation of chains near the wall when the 

temperature is decreased. 

 

  7.4.2.3 End bead distributions 

      Figure 7.7 shows the end beads distribution of PE grafted on the 

substrate with different temperature and wall interaction. End beads can be seen in 

everywhere in polymer brush. All curves have systematic deviation from the SCF 

theory which predicts that there is no end bead at the substrate surface (z = 0). The 

distribution near the wall is dependent on the nature of wall interaction. For all cases, 

the maximum peak of end beads density shifts away from the grafting surface with 

lower density when the temperature is increased. The rather concave curve is found at 

the inner region with an extension of polymer chains along the z direction when the 

temperature is increased. This forces the end beads to extent a larger distance and it 

agrees well with the density profile data. The effect of wall interaction is also related 

to an extension of PE chains ordering as: attractive > neutral > repulsive wall. 

 

  7.4.2.4 Orientation of bond 

      Figure 7.8 shows the orientation of bond vector of PE brush at 

different temperature. All PE chains at lower temperature system are more 

compressed into the inner layer than at higher temperature. The significant changes 
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Figure 7.7 Distribution of free ends of C60 PE brush with different temp; 

     (a)  = 370 kJ/mol, (b) = 185 kJ/mol and (c) = 1.85 kJ/mol. 
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are found mostly at the vicinity of the polymer/wall interface at lower temperature. 

Due to an attractive interaction between PE chains and the grafting wall (in Figure 

7.8(a)), the chains are less stretched compared to the case of the neutral and repulsive 

wall which the chains are more stretched, respectively. 

 

 7.4.3  Bidisperse polyethylene grafted on interacting wall 

  7.4.3.1 Local melt density 

     For bidispersity system, all interacting wall cases were studied to 

determine an overall surface densities at  = 1.85 nm-2 (N =160 and 120 < C < 200). 

Figure 7.9(a) presents the variation of the density profile with distance from the solid 

surface of the long (NL) and short (NS) PE chains in bidisperse PE brushes. There are 

also three different interactions between polymer chains and the grafting wall, = 370, 

185 and 18.5 kJ/mol which are denoted to an attractive, neutral and repulsive wall, 

respectively. 

      For all density profiles, they are similar characteristic and also 

exhibit two main zones corresponding to two boundaries of the brushes; (1) 

surface/polymer interface at the bottom region and (2) polymer/vacuum interfaces at 

the upper region. There are the coexist region composed of long and short chains in 

everywhere. The long chains are more stretched in the outer layer when the density is 

increased in the middle region. On the other hand, the short chains at inner layer and 

the long chains at the lower layer are almost equally stretched. 
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Figure 7.8 The chord-order parameter as a function of distance from the grafting  

  substrate of C60 PE brush with different temp; (a) = 370 kJ/mol,  

  (b)  = 185 kJ/mol and (c)  = 1.85 kJ/mol.  
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     However, the density is strongly depended on the interaction 

between the wall and PE chains. Hence, the brush density at the first layer is higher 

than that in the bulk region. Also, the densities of PE grafted on the wall also have 

interesting results in that there is no bulk region in the PE brush. For an attractive wall 

case, the depletion layer is larger than that of other systems which is attributed to an 

adsorption of polymer chains onto the surface at the vicinity of solid substrate. In 

contrast, the depletion zone for the repulsive wall case is lower than in other systems. 

This is attributed to the repulsive force of grafting surface to polymer chains.  

     In addition, when the PE molecular weight is increased (Figure 

7.9(b)), the density profiles of the long and short chains are coincided in everywhere 

along the grafting surface. The overall densities are almost similar with the low 

molecular weight system as shown in Figure 7.9(a). Both long and short chains are 

much more stretched compared with lower molecular weight brushes. Besides, chain 

stretching is less depended on the interaction between the wall and PE chains. 

 

  7.4.3.2 Conformational properties 

      The conformational properties of polymer chains grafted on 

interacting substrate can be characterized by grouping atoms along the chain 

according to their scaled coordinated, i/N. Therefore, those atoms are considered to be 

equivalent and are plotted against the reduced mean height (s) which is defined by 

<z(i)/z(l)>. It should give a universal curve for the fixed grafting density according to 

SCF theories (Milner et al., 1989).  
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Figure 7.9 Density profile as a function of the distance from the grafting surface of  

  bidisperse PE brush which are grafted with different  ; (a) NS=C40 and  

  NL=C80, (b) NS=C80 and NL=C120.  

 

   The (s) as a function of normalized bead coordinate along the 

chain contour is presented in Figure 7.10(a). It is very remarkable because all curves 

do not superimpose as theory prediction. The long chains are upward in the upper 

layer while the short chains downward without any back folding which indicates the 

stretching of long chains in the outer region and the compression of short chains in the 

inner region close to the wall. 
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Figure 7.10 The normalized mean height z(s) as a function of the normalized bead  

     coordinate s of bidisperse PE brush which are grafted with different  ;  

     (a) Ns=C40 and NL=C80, (b) Ns=C80 and NL=C120.The solid line is the  

     Milner et al. theory. 

 

   Furthermore, the effect of an interaction between polymer chains 

and the substrate are investigated for conformational properties of PE brushes. 

Polymer chains are more stretched on the repulsive wall system and more contracted 

on an attractive and neutral surface, respectively. However, the curve can be 

superimposed in case of the higher molecular weight, which are displayed in Figure 
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7.10(b). An extension of long and short chains is observed with similar trends to low 

molecular weight grafted system. 

 

  7.4.3.3 End bead distributions 

     The end beads distribution of PE grafted on interacting substrate 

for bimodal molecular weight is illustrated in Figure 7.11(a). The end beads of both 

short and long chains can be located anywhere in the brush. All curves have a 

systematic deviation from the SCF theory which predicts that there are no end beads 

at the substrate surface. It is also noticed that long chains are always more stretched 

than the short ones. Not only the segregation of the short and long chains is observed 

but also the penetration of the short chains into outer layer is found. This is 

represented by the crossover region for both short and long PE chains lengths. 

      For the long chains, the maximum peak of end beads distribution 

is shifted away from the grafting surface and exhibits a rather concave in the inner 

region. This is attributed to an extension of polymer chains in the z direction and the 

end beads are pushed to the outer layer, which appears to have larger effect on tail 

stretching and it is in good agreement with the density profiles.  

      The distribution is strongly depended on the nature of interaction 

between the polymer chains and the wall. For example, both long and short chains are 

stretched more when they are grafted on the repulsive wall due to the repulsive force 

from the substrate to PE chains while it exhibits the less stretched chains. It is clearly 

confident that an interaction of the wall for the case of an attractive wall on polymer 

chains becomes more influence for polymer brush size. The attractive wall provides  
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Figure 7.11 Distribution of free ends of bidisperse PE brush which are grafted with  

     different  ; (a) NS=C40 and NL=C80, (b) NS=C80 and NL=C120. 

 

the larger amount of end beads distribution than those in the neutral and repulsive 

wall system, respectively. 

      In addition, the end bead distribution at higher molecular weight 

system is presented in Figure7.11(b). The PE chain distribution is decreased and 

shifted to the outer region caused by chain stretching, while the low molecular weight 

system (Figure 7.11(a)) shows a contraction at the vicinity of the grafting surface. PE 
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chains when they are grafted on the attractive wall are more extended than those in 

the neutral and the repulsive wall, respectively. 

 

  7.4.3.4 Bond orientation 

      Data for the stretching parameter in bidisperse PE grafted on 

interacting surface are demonstrated in Figure 7.12(a). The orientation of bonds is 

illustrated as a function of the normalized bead coordinate along the chain contour. 

Long chains in the outer region are more extended than those short chains at the same 

region. However, at the inner layer, the short chains are more stretched than those in 

the outer layer. This is in good agreement with SCF theory and previous numerical 

results. Next, the effect of wall interaction with PE chains on the bond orientation is 

examined. In the case of an attractive wall, polymer chains in the inner layer are less 

stretched than those in the neutral and the repulsive walls, respectively. This is 

attributed to an attractive interaction between polymer chains and the grafting surface. 

However, there is no different result at the area far away from the grafting surface. 

This is attributed to the influence of an interaction between PE chains and the solid 

substrate on properties of PE brush. The chord vector of PE brush with high 

molecular weight is also displayed in Figure 7.12(b). The orientations for all chain 

length are closed to each other and are less distinguishable among the attractive, 

neutral and repulsive wall. This is attributed to less effect of interacting surface on PE 

chains at the high molecular weight system. 
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Figure 7.12 The chord-order parameter as a function of distance from the grafting  

     substrate of bidisperse PE brush which are grafted with different  ; (a)  

             NS=C40 and NL=C80, (b) NS=C80 and NL=C120. 

 

7.5  Conclusions 

 Density profiles, conformation properties, distribution of end beads and bond 

orientation of polymer brush on interacting surface were investigated by MC 

simulation. For monodisperse PE brush, PE chains were more stretched in the outer 

layer with increasing grafting density and chain length. Increasing temperature leads 

to more chain stretching at the outer region with decreased density. Decreasing 
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temperature contributes an order structure formation of PE chains with high density at 

the vicinity of solid wall. The long chains at the outer layer were more stretched while 

the shorter chains in the inner layer were compressed. The two main boundaries of PE 

brushes system were illustrated there; surface/polymer interface in the inner layer and 

polymer/vacuum interfaces in the outer edge. The results are in good agreement with 

prior numerical and theoretical results as confirmed by density profile ρ(z), 

normalized mean height <zi/zl>, end bead distribution ρE,(z) and bond orientation 

<cos(θi)>. The distribution of PE chains depends on the nature of an interaction 

between the PE chains and the solid grafting wall. Both long and short chains have 

larger values for chains stretching than other systems, ordering as: repulsive > neutral 

> attractive wall case. For high molecular weight PE brush, there was slightly effect 

for an interaction between polymer chains and the solid wall on properties of PE 

brush. 
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CHAPTER VIII 

THE STUDY OF POLY(ETHYLENE-CO-ATACTIC 

PROPYLENE) COPOLYMER NANOFIBER BY 

LATTICE MONTE CARLO SIMULATION 

 

8.1 Abstract 

 Poly(ethylene-co-atactic propylene) copolymer nanofiber was studied using 

lattice Monte Carlo simulation. The simulation was performed with the coarse-

grained model of Poly(ethylene-co-atactic propylene) chains with a density in the 

range of 0.753-0.760 g/cm
3
 at 473 K. The properties of nanofiber were characterized 

at different PE:PP monomer ratio. When the ethylene fraction was increased, the total 

density of nanofibers was increased in the region near the fiber axis and dramatically 

decreased in the middle region toward the free surface along the radial direction. The 

interfacial width of radial density profile was also increased with high ethylene 

content. The end bead segregation became more abundant in the region closer to the 

vacuum side of this copolymer nanofiber. The bond at the surface preferred to orient 

in parallel direction to the surface. All bonds favored parallel and perpendicular 

orientation to the surface which were depended on the ethylene content in copolymer. 

Similarly, the largest and smallest molecular axis were oriented parallel and 

perpendicular to the fiber axis, respectively, and changed toward random orientation 

when the ethylene content was decreased, especially at PE content lower than 0.5. The 
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orientation of molecule on L1 axis was also increased while the orientation on the L3 

axis was decreased. Moreover, the molecular size in X component became smaller 

along the radial direction and decreased near the surface, similar to the total 

component, while the Rg in Y-Z component was unchanged. The molecular shape, 

both asphericity and acylindricity were increased along the radical direction and 

decreased at the fiber surface. There was a slightly change in the eigenvalues of 

copolymer radius of gyration of fiber near the surface and most of which were 

occurred close to the vacuum side. These values increased with ethylene content 

along the radial direction. 

 

8.2  Introduction 

 The most versatile vinyl polymers and simplest structure are polyethylene (PE) 

and polypropylene (PP) which can be used both as plastic and fiber. They are the most 

popular plastic in the world. It can be made us grocery bags, shampoo bottles, 

children’s toys, bullet proof vest, and even dishwasher-safe food container. Their fiber 

form has been used to make indoor-outdoor carpeting. Besides the homopolymer form 

of PE and PP, copolymer of ethylene and propylene random copolymers has also been 

studied in a wide range of application (Hongjun et al., 1999; Seki et al., 1999) by 

controlling copolymer compositions. Their structure is similar to iPP, but the regular 

repeating of propylene units is randomly disrupted by the presence of ethylene. EP 

copolymers have become an important class of thermoplastic elastomers with 

excellent physical properties. Two classes of EP elastic copolymer are available 

commercially: ethylene-based copolymer with ethylene being the major component 

and propylene-based copolymer with propylene being the major component.  
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 In fact, the EP copolymers with ethylene content lower than 60 %w/w are 

essentially amorphous (Bassi et al., 1970). The advantages of non-crystalline of EP 

copolymer are improved transparency, relative softness, lower sealing temperature, 

and moderate low-temperature impact strength due to the lowered glass-transition 

temperature. Moreover, it is commonly used for toughening of other polymers due to 

excellent properties, such as resistance to phosphate ester hydraulic fluids, heat and 

oxidation, good resistance to steam and hot water, standard lining material for steam 

hoses of EP copolymer but its drawback is easily attached by any petroleum products.  

 There have been several studies on the relationships among structure, 

morphology and properties for ethylene-based copolymers (Mathot et al., 1996; 

Guerra et al., 1999). It has been known that the physical properties of semi-crystalline 

polymers depend strongly on their crystalline morphology, which in turn is greatly 

affected by the crystallization condition during processing (Di Lorenzo and Silvestre, 

1999). The ethylene crystals can be formed in the ethylene-based copolymer and 

propylene crystals are formed in the propylene-based crystals, which are closely 

associated with the characteristics of the constituting crystals, such as melting point 

and their corresponding structure changed upon deformation. The crystallization of 

ethylene-based copolymers suggest the categorized morphology can be classified into 

two types (Minick et al., 1995): (1) fringed-micellar crystalline morphology without 

the presence of spherulites when density less than 0.89 g/cm
3
, and (2) both fringed-

micellar and lamellar crystalline morphologies in the presence of spherulites when 

density in the range 0.89-0.91 g/cm
3
.  

 A significant change in the melting point with decreasing ethylene content (or 

increasing propylene content) is caused by the reduction of the crystal size from the 
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ethylene sequence, whereas the corresponding structural behavior during static and 

dynamic conditions can also be altered. Hence, at research and industrial level, it is 

intriguing to control and master the crystallization behavior of a polymer, in order to 

design materials with desirable properties.  

 The copolymers with 6-18 %w/w ethylene content are inherently elastic with an 

elongation at break ratio larger than 1000% (Pegoraro et al., 2000). In spite of the 

relatively low crystallinity (5-15%), such materials can be readily formed into pellets 

which lead to highly desirable property for transportation/handling use and 

subsequent processing/mixing operations in the production of elastic fibers. Moreover, 

a recent study (de Ballesteros et al., 1996) indicates that an insertion of propylene 

moiety led to a pseudo hexagonal crystalline structure at high-propylene content and 

disorder in the crystalline phase of ethylene sequence gradually increase. The 

presence of ethylene units reduces the melting point and crystallinity by introducing 

irregularities into the main polymeric chain. This is caused by a reduction in the 

number of PP crystallization nuclei claiming that PE is able to delay nucleation and 

subsequent crystallization in PP resulted in consequence of crystallization from a 

miscible melt (Long et al., 1995; Blom et al., 1998). It has been indicated that 

decreasing the crystallization rate of EP copolymer may be caused by two reasons. 

First, the PP nucleation is reduced due to PP chains in PE which can be viewed as PP 

in solution. The other reason, the viscous PE slow down the diffusion of PP chains 

during crystallization (Li et al., 1997).  

 The formation of soft materials, elastic fibers of a composition based largely on 

propylene has long been the goal of the several major industrial laboratories. Those 

fibers can be made by the existing equipment for the production of inelastic fibers 
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with only minor modifications to accommodate and enhance the elasticity, which 

represent a significant breakthrough in the use of propylene-based polymers. In 

addition, the EP copolymer with dominant propylene moiety and PP has been studied 

(D'Orazio and Cecchin, 2001; Mighri et al., 2001) for the development of the 

technological opportunity of these fibers. It has been found the PP chains in EP 

copolymer can adopt a left-handed or right-handed helix in the solid phase which can 

be organized into three different polymorphs: α-monoclinic, β-hexagonal and γ-

orthorhombic crystal forms, depending on the conditions (Brückner et al., 1991; 

Caldas et al., 1994; Lotz et al., 1996). 

 Polymeric materials in nano scale were considerably interesting in past decade 

owing to their distinctive and fascinating properties in various applications. Confined 

macromolecules at nanometer scale exhibited a fascinating and unexpected dynamic 

behavior and provide many unique properties due to the size reduction to the point 

where critical length scales of physical phenomena become comparable to or larger 

than the size of the structure. Various experimental techniques have been applied to 

study polymer surfaces and interfaces. Individual polymeric nanofibers were 

challenging to characterize experimentally due to their small size. Various simulation 

techniques have been applied to investigate the confinement of polymeric systems in 

one or two dimensions. The simulations utilized variety approaches such as the 

system in discretized lattice (Madden, 1987) or continuous  (Müller and MacDowell, 

2000) space, adoption of coarse-grained (Doruker and Mattice, 1998) or atomistically 

detailed (Mansfield and Theodorou, 1991) models, and focus on either static 

(Theodorou, 1988) or dynamic  aspects of the surface. Molecular Dynamics 

simulation have been also utilized to investigate the effect of nanofiber size to size-
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dependent properties of PE nanofibers (Curgul et al., 2007). The results show that the 

mass density at the center of all fibers was constant and comparable to that of the bulk 

polymer. The surface layer thickness for all fibers slightly increased with fiber size. 

The chains at the surface were more confined compared to the chains at the center of 

the nanofiber. 

 The structural and dynamic properties of PE nanofiber have been studied. It was 

found that, the density profiles were hyperbolic tangent with end beads being more 

abundant than middle beads at the surface. There were orientational preferences at the 

surface on the scale of individual bonds and the whole chains. It was not observed any 

significant differences in the local and global equilibrium properties when fibers were 

different thickness. 

 In this chapter, the effect of ethylene/propylene monomer ratio in 

Poly(ethylene-co-atactic propylene) copolymer nanofiber was investigated by coarse-

grained polymer model. The density profile and density of free ends were analyzed. In 

addition, conformational, structural and thermodynamic properties of all simulation 

are studied in this work. 

 

8.3  Model and method 

 8.3.1 System description 

  Poly(ethylene-co-propylene) chains were modeled with different beads 

ratio of ethylene and propane for each chain, which were represented by an ethylene 

units (-CH-CH-)n and propylene unit -CH2CH(CH3)-, respectively. The simulation 

was performed with independent parent chains of 50 polymer beads in periodic 

boundary condition. This periodic cell produced a density in the range of 0.753-0.760 
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g/cm
3
 with 11.85-18.12% of bead occupancy on 2nnd lattice depended on 

ethylene/propylene ratio. The temperature was set at 473 K for all simulation. The 

system density was determined by the geometry of the high-coordination lattice and 

the associated mass of a -CH2CH(CH3)- and (-CH-CH-)n unit with each bead placed 

on this lattice. Simulations were reported for six compositions as expressed in Table 

8.1. MC simulation was performed by the method descripted in Chapter II. 

 

 8.3.2  System construction 

  8.3.2.1 Bulk system 

      Random configurations of poly(ethylene-co-atactic propylene) 

chains were generated by mapping ethylene or propylene beads on 2nnd lattice with 

an application of periodic boundary conditions in all three directions. In an initial step, 

the self-avoiding random walk with excluded volume condition was employed and 

followed by an introducing of an intra- and intermolecular interactions. After that, the 

initial structure was relaxed by minimizing the potential energy of the system by 

dynamical Monte Carlo technique. 

 

  8.3.2.2 Nanofiber formation   

      The periodic box was extended in x axis direction about 3 times to 

the bulk system because it had to ensure that that new box size was large enough for 

the parent chains and their images not to interact with each other. First, thin film was 

obtained and was then equilibrated. After that, an initial structure of nanofibers can be 

obtained by extending the y axis of the latest conformation of thin film about 3 times 

to prevent any interaction between the parent chains and their images with other  
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Table 8.1 Box size, chain number, bead occupancy and density of poly(ethylene-co- 

         atactic propylene) nanofiber. 

Ethylene fraction Bead Occupancy 

(%) 

Box size Number of 

chains weight ratio (bead) X Y Z 

0.00 0 11.85 30 30 30 64 

0.20 14 13.14 29 29 29 64 

0.40 25 14.36 28 28 28 63 

0.60 35 15.67 27 27 28 64 

0.80 43 16.88 27 27 26 64 

1.00 50 18.12 26 26 26 63 

 

                             

 

 

 

Figure 8.1 Schematic of methodology for generating a new cohesive polymer  

  structure from bulk to nanofiber; bulk (3D) → nano-thicked thin film  

  (2D) → nanofiber (1D) 

 

chains. Then the nanofiber system was simulated similar to the previous step. Finally, 

the equilibrated nanofibers were obtained. Step for structural generation can be 

described by Figure 8.1.  
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8.4  Results and discussion 

 8.4.1 Density profile 

  8.4.1.1 Radial density profile 

     To calculate the density profile, the fiber is divided into 

cylindrical bins. Start from the center of fiber with 0.2 nm of thickness. The number 

of beads that fall into each bin were counted and normalized by its shell volume. So, 

the radial density profile can be obtained (Vao-soongnern et al., 2000). Figure 8.2(a) 

shows the density profile of nanofiber with different ethylene content as a function of 

a displacement from the fiber axis. The total density of nanofibers is increased in 

region near the vicinity of fiber axis with increasing of ethylene content. Then, total 

density of high ethylene copolymer system is dramatically decreased at the middle 

region and the area far from fiber axis i.e. near the free surface. These results are 

attributed from the effect of propylene unit in copolymer chains. The density of fiber 

is higher with high ethylene content at the surface region. However, it is observed that 

there is a slightly different of the radial density profiles of fiber. The interfacial region 

of the radial density profile decays slower for low ethylene content system more than 

in high ethylene content system. This difference in radial density profile of the fibers 

is attributed to the difference in the curvature of their surfaces. 

 

  8.4.1.2 Bead distribution and segregation of chain ends 

      Figure 8.2(b) gives the density profile of the middle carbon atoms 

across the fibers. The profile is in qualitative agreement with the density profile for all 

beads. The density profile of middle beads of nanofibers is increased in region near 

the vicinity of the fiber axis. With increasing of ethylene content, middle bead density  
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Figure 8.2 The density profile as a function of radial displacement of the center of  

   mass for poly(ethylene-co-atactic propylene) nanofiber at different ratio  

   of ethylene monomer; (a) all bead, (b) middle- and (c) end-beads. 
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is dramatically decreased at the middle region. Similarly, it shows higher density of 

middle beads at the area far from the fiber axis with low ethylene content.  A small 

increase in middle bead density close to the fiber axis is indicative of some oscillatory 

behavior, which was also observed in MD simulation of a short alkane melt free 

surface (Harris, 1992) and PE thin film (Doruker and Mattice, 1998). The end beads 

density profile of nanofibers are displayed in Figure 8.2(c). Similar tendency of end 

beads density are observed at the vicinity of the surface. The density of end beads 

fluctuates but trend to increase as ethylene monomer increased, especially at the free 

surface region. 

     Figure 8.3 gives the bead density profiles which were normalized 

by the total bead density. It can be observed the segregation of end beads at the 

surface clearly. According to the results of free standing thin film simulation (Cifra, 

1992; Doruker and Mattice, 1998), this segregation is also typical in the sense that the 

end beads become more abundant closer to the vacuum with increasing ethylene 

fraction in copolymer nanofibers. The behavior of the end beads distribution is 

determined mainly by entropic effects, contrary to the enrichment of centers of mass 

in the interface layer which is dependent on the energetic situation. 

      All systems exhibit quite similar behavior for both middle beads 

and end beads with varying monomer composition. The segregation at the surface 

depends on the number of ethylene monomer in PE-PP copolymer fiber. The middle 

bead segregation (Figure 8.3(a)) is found near the fiber axis whereas end beads 

segregation (Figure 8.3(b)) is observed at the surface region. The fluctuation of end 

beads at the surface area may be results from the effect of monomer at the end of 

chain. The increasing of bead which adopts propylene monomer shows narrower 
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Figure 8.3 The relative density as a function of radial displacement of the center of  

   mass for Poly(ethylene-co-atactic propylene) nanofiber at different ratio  

   of ethylene monomer; (a) middle bead and (b) end bead. 

   

fluctuation than in high ethylene monomer composition, which may be due to PE can 

diffuse faster than PP. 

 

 8.4.2 Bond orientation 

  The chord order parameter is defines as: 
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       b 
 

2
〈3(cos2 )- 〉         (8.1) 

 

where  is the angle formed between a 2nnd bond and the fiber axis. 〈 〉 indicates an 

ensemble average within the cylindrical bin. The value of Sb are -0.5, 0.0 or 1.0, 

respectively, correspond to perfectly perpendicular, random, and parallel orientation 

with respect to the fiber axis. 

  Local orientational tendencies of chords (from carbon atom i to carbon 

atom i + 2) across the fiber are inspected. Figure 8.4 displays the order parameter of 

the chords which are plotted as a function of a normal displacement from the fiber 

axis for all, middle and end beads of copolymer fiber. All three curves show a similar 

trend of the bond orientation along fiber axis. 

  Refer to the fiber axis, there is very slightly preference for the bond 

orientation at vicinity of fiber axis as indicated by S = 0.15 which is closed to the 

random orientation. In the middle region, a little peak is observed for the fiber with 

high ethylene amount which indicates that some bonds prefer to orient in little parallel 

direction. Toward the surface, all bonds seem to prefer both parallel and perpendicular 

orientation to the surface which depended on ethylene content in copolymer. At high 

ethylene fraction, the orientation of bond at the surface shows a tendency of parallel 

orientation direction. These two opposite effects of middle- and end-bond orientation 

are averaged in the orientation of all bonds. 
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Figure 8.4 The orientation of chords as a function of radial displacement of the center  

   of mass for poly(ethylene-co-atactic propylene) nanofiber at different  

   ratio of ethylene monomer; (a) all bead, (b) middle bead and (c) end bead. 
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 8.4.3  Chain properties 

  8.4.3.1 Molecular orientation 

      Figure 8.5 shows the orientation of the largest and smallest 

eigenvectors of the whole chains (L1 and L3, respectively). The definition of the order 

parameter and the reference axis (fiber axis) are the same as the chord orientation. 

The first (largest) axis tends to orient parallel to the fiber axis with increasing ethylene 

monomer while it seems to orient more randomly when the ethylene fraction is lower 

than 0.5. For the third (smallest) axis, it orients perpendicular to the fiber axis when 

increased ethylene ratio and orient toward randomly at low ethylene content. The 

magnitude of both axis can be slightly changed at the surface from the bulk region at 

the fiber axis and depend on the monomer content in copolymer fiber. The orientation 

of the L1 axis increases while the orientation of the L3 axis decreases with increasing 

ethylene fraction. These results are similar to those in thin film and melts near a hard 

wall. The orientation parallel to the surface also appears in the mean-field theories of 

liquid alkane surfaces as well as in MC simulation of lattice models. It should also be 

mentioned that similar orientation effects in the interface have been observed for 

simulation of polymer surfaces and for the interface region of polymer blends. 

 

  8.4.3.2 Molecular size 

      The radius of gyration of the molecules as a function of the radial 

displacement of it center of mass from the fiber axis are investigated. Figure 8.6 gives 

the change of the square root mean squared radius of gyration of the X component 

(Figure 8.6(a)) the root of the average of the Y and Z components (Figure 8.6(b)) and 

the square root of 1/3 of the total mean-squared radius of gyration of the molecules 
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Figure 8.5 The orientation of (a) the largest and (b) smallest principal moment to axis  

   after equilibration as a function of radial displacement of the center of  

   mass for poly(ethylene-co-atactic propylene) nanofiber at different ratio  

   of ethylene monomer. 

 

(Figure 8.6(c)), respectively. It can be seen that the molecular size in X component 

become smaller along fiber axis with increasing ethylene ratio. It is also observed that 

Rg is decreasing as the chains approach the surface from the bulk side. Similarly, the 

total component decreases, while Y-Z the Rg remains relatively unaffected. These 
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results are simply a manifestation of the flattening of chains into pancake like objects 

as their centers of mass are forced to lie near an impenetrable surface.  

 

  8.4.3.3 Chain shape 

      The chain shapes are investigated by the acylindricity and the 

asphericity values, which are defined as follow 

 

                         
 -  

             (8.2) 

                      
 -

 

 
(  

 -  
 )           (8.3) 

 

These values were divided by the squared radius of gyration to determine the extent of 

deviation from cylindrical and spherical shape in the range of 0 to 1. 

      The principal moment of chains are presented in Figure 8.7. The 

chain shape slightly changes as a function of the displacement from the fiber axis. The 

asphericity increases with higher ethylene content along the fiber axis and decrease at 

the surface. The acylindricity is also slightly increased with ethylene monomer 

increased and trend to decrease at the surface. 

 

  8.4.3.4 Principal moment of radius of gyration 

      The principal moments of the fiber structure is defined by 

diagonalizing the radius of gyration tensor. The principal axis always lies parallel to 

the xˊ axis in coordinate of 2nnd lattice. The shape and orientation of the chains are 

defined more clearly by the principal components L1 < L2 < L3 of the radius of 

gyration tensor for individual configurations taken along the principal axes system. 
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Figure 8.6 The change in Rg components to the center of mass for poly(ethylene-co- 

  atactic propylene) nanofiber at different ratio of ethylene monomer; 

  (a) in X axis, (b) in YZ axis and (c) in XYZ axis. 
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Figure 8.7 The change in molecular shape as a function of distance from the fiber  

   axis for poly(ethylene-co-atactic propylene) nanofiber at different ratio  

   of ethylene monomer; (a) asphericity and (b) acylindricity. 

 

      Figure 8.8 shows the eigenvalues of the chains normalized by 

their square radius of gyration as a function of radial displacement of the center of 

mass of the chain from the fiber axis. There is a slightly change at the vicinity of the 

surface with increasing ethylene content and the most of which occurs close to the 

vacuum side. For ethylene ratio < 0.5, it is slightly decreased with decreasing ethylene 

content and it can be seen the dramatically increased at high ethylene content (> 0.6). 
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Figure 8.8 The principal moment of chains (normalized by   
 ) as a function of  

    radial displacement of the center of mass  for poly(ethylene-co-atactic  

    propylene) nanofiber at different ratio of ethylene monomer. 

 

8.5  Conclusions 

 The properties of poly(ethylene-co-atactic propylene) nanofiber were examined 

with different ethylene content. Increasing ethylene ratio, the total density of 

nanofibers was increased near the fiber axis and dramatically decreased at the middle 

region toward the fiber surface along the axis.  The interfacial width of density profile 

in decreased too. The end beads segregation become more abundant closer to the 

vacuum of copolymer nanofibers. The orientation of bond at the surface was parallel 

orientation. Similarly, the largest and smallest axis oriented parallel and perpendicular 

to the fiber axis, respectively, and changed to randomly orientation with decreasing 

ethylene fraction, especially at PE < 0.5. The orientation of molecule on L1 axis is 

also increased while the orientation on the L3 axis is decreased. Moreover, the 

molecular size in X component become smaller along the fiber axis and it is decreased 

near the surface from the bulk side, similar to the total component, while the Rg in Y-
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Z component is unchanged. The molecular shape, both asphericity and acylindricity 

increased along fiber axis and decreased at the fiber surface. There was a slightly 

changed in the eigenvalues of copolymer fiber near the surface and the most of which 

occurs close to the vacuum side. 
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CHAPTER IX 

CONCLUSION 

 

 The study of copolymer was the main subject of this dissertation. Both natural 

and synthetic copolymers were investigated to understand at the molecular level and 

some works were tried to improve properties of these copolymer. For an example of 

natural copolymer, silk as a model of alternating copolymer of glycine and alanine is 

known as high quality and performance fiber with outstanding properties and used as 

excellent materials. This made silk the attractive material for both in textile and in 

non-textile applications. Even though, silk lacks of some tough competition from the 

synthetic fibers, such as thermal stability etc. So, surface modification methods were 

utilized to improve natural silk properties, including graft copolymerization and 

electrospinning method. 

 Graft copolymerization of silk fiber was studied with vaious methacrylic 

monomers. The silk fibers were grafted by using both conventional and microwave 

irradiation method. The yield and grafting efficiency were increased when monomer 

content was increased. Silk grafted with methacrylates and dimethacrylates had graft 

yields higher than methacrylamide (MAA). MAA-grafted and dimethcrylates-grafted 

were hydrophilic and softer hand while HEMA-grafted was stiff fibers. The structural 

pattern of grafted silk fibroin confirmed an addition and was not affect by the vinyl 

monomers-grafted. Thermal stability of grafted silk was increased when grafted with 

dimethacrylate monomers. There was a deposit of some polymers on the grafted silk
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surface indicating there was a specific interaction between silk and polymer. 

 Silk fiber is a fixed pattern of alternating amino (Gly-Ala) sequence and the 

molecular structure of silk cannot be changed. One of an interesting approach is to 

enhance the property of silk is to increase the surface to volume ratio of silk fiber. The 

electrospinning was one of such technique and was applied to make silk fibroin 

nanofiber. It was found that the concentration of silk fibroin solution, needle diameter 

and an electric filed were effect on the regenerated electrospinnability of silk fibroin 

nanofiber. The rheological behavior of regenerated silk fibroin solution changed from 

Newtonian to non-Newtonian fluid and turned to gelation at high concentration. 

Moreover, the viscosity of silk solution also increased with increased concentration. 

Silk fibroin at low concentration had an insufficient molecular entanglement and 

cannot form fibers. They were less beaded on the fiber surface and slightly became 

smoother when the concentration of silk fibroin solution was increased. An averaged 

fiber diameter was affected by an electric field, ratio of an applied voltage to the 

distance between the tip and collector. At high applied voltage, small fibers were 

electrospun with an increase in the distance between tip and collector. For co-solvent 

system, the beaded-fibers became smoother fiber when an applied voltage was 

increased and when Ionic Liquids (AmimCl) concentration was decreased. Fiber 

characteristics were was slightly changed to connected-fiber when AmimCl 

concentration was increased. 

 Since the main sequence of copolypeptide in silk fibroin were Ala and Gly 

residues and presented as alternating poly(Ala-Gly). Hence, to represent the 

conceptual model of silk copolypeptide with other copolymer pattern, poly(ethylene-

co-propylene) was used to mimic the silk system to investigate a complicated of 
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copolymer pattern apart from an alternating copolymer when it form nanofiber. 

Moreover, PE and PP were first simulated to investigate static and dynamic properties 

of PP/PP blend with different tacticity and PP melts as a model of stereochemiical 

copolymer, PE brush with interacting wall as a conceptual model for grafted silk, and 

poly(ethylene-co-atactic propylene) nanofiber as the conceptual model to mimic silk 

behavior in addition to an alternating copolymer. 

 For PP/PP blend with different tacticity, the diffusion rate of PP was ordered as 

iPP > aPP > sPP. For PP blend with 50:50 wt% binary mixtures, immiscibility was 

observed when sPP was introduced into the mixtures. The diffusion rate of iPP and 

aPP became lower after mixing, while sPP diffused faster in the mixtures significantly. 

Intramolecular contribution did not provide the correlation to the diffusion rate of PP 

pure melts. The mobility of chains was depended on both intramolecular and 

intermolecular interaction. The effect of intramolecular interaction was a greater 

effect than intermolecular contribution in the case of iPP and aPP chains in binary 

PP/PP mixtures. In contrast, intermolecular contribution affects polymer dynamics 

greater than intramolecular interaction in sPP chain. 

 To understand the fundamental physics of copolymer behavior, copolymer with 

the same monomer unit but different side chain configuration i.e. stereochemical 

isomer was also studied. aPP melts were also studied and found that aPP chain with 

alternate m diads sequence had a tendency to diffuse faster than other sequences. At 

an intermediate stereochemical composition, the chains with long consecutive diads 

with the same sequence diffuse slower than the mixed stereochemical sequence. The 

effect of intramolecular interaction was greater than that of intermolecular interaction 

at the stereochemical composition containing m diads close to Pm = 0.0 (all r or 

 

 

 

 

 

 

 

 



194 
 

syndiotactic chain). For Pm close to 1.0, the intermolecular interaction affects the 

diffusion greater than the intramolecular effects. 

 PE brush grafted on interacting surface which was employed as a conceptual 

model for grafted silk were in good agreement with prior numerical and theoretical of 

polymer brush. For monodisperse PE brush, the PE chains were more stretched in the 

outer layer with increasing both grafting density and chain length. An increasing 

temperature can lead to a more stretching of chain at the outer region which the 

density in the bulk region was decreased. For bimodal PE brushes, the long chains at 

the outer layer were more stretched while the shorter chains were compressed in the 

inner layer of the bidisperse PE brushes. PE chains stretching were also found to 

depend on the nature of interaction between PE chains and the grafting wall. There is 

a larger chain stretching for both long and short chains when PE chains were grafted 

on the repulsive surface more than other interactive wall systems. The influent of an 

interacting wall on the properties of PE brush can be ordered as: repulsive > neutral > 

attractive system. However, there was a similar effect of an interaction between 

polymer chains and the solid substrate on the properties of PE brush at high molecular 

weight system. 

 Poly(ethylene-co-atactic propylene) copolymer nanofiber was studied as an 

additional model for silk nanofiber. The results indicated that the properties of 

nanofiber were depended on the ethylene/propylene ratio. When the ethylene fraction 

was increased, the total density of nanofibers was also increased near the fiber axis 

and decreased at the middle region toward the free surface. The interfacial region of 

radial density profile was increased at high ethylene content. The end beads 

segregation became more abundant closer to the vacuum side of copolymer 
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nanofibers. The bond at the surface preferred to orient in parallel rather than 

perpendicular direction. All bonds favored both parallel and perpendicular orientation 

to the surface which was depended on the ethylene content in this copolymer. 

Similarly, the largest and smallest axis of an equivalent ellipsoid representing 

molecular shape were oriented parallel and perpendicular to the fiber axis, 

respectively, and changed to randomly orientation when ethylene content was 

decreased, especially at lower than 0.5. The orientation of molecule L1 axis was also 

increased while the orientation of L3 axis was decreased. Moreover, the molecular size 

in X and total component became smaller along fiber axis and decreased near the 

surface, while the Rg component in Y-Z was unchanged. The molecular shape, both 

asphericity and acylindricity were increased toward the fiber axis and decreased at the 

surface. There was a slight change in the eigenvalues of the fiber near the surface and 

mostly occurred close to the vacuum side. It was increased with increased ethylene 

monomer. 
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