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Abstract 

The structure of semicrystalline polyethylene (PE) strongly affects its properties. Two important 

structural features, namely the concentrations of tie chains and entanglements cannot be directly 

assessed using experimental techniques. These parameters have a major impact on mechanical 

properties of the material, especially on its fracture toughness. The present study has therefore 

focused on developing methods based on computer simulation in order to determine the 

concentrations of tie chains and entanglements as a function of molecular structure in unimodal 

and bimodal PE systems. 

An off-lattice Monte Carlo (MC) method was developed to simulate the semicrystalline PE. The 

code was able to input molar mass distribution, short-chain branch distribution, and crystallinity 

data and model the crystalline-amorphous lamellar structure with the focus on determining the 

concentrations of tie chains and entanglements. Introduction of the short-chain branches 

significantly increased the tie chain and entanglement concentrations. The method was then used 

to simulate a typical semicrystalline structure, and this structure as well as other simulated 

variations of the PE structure were equilibrated using molecular dynamics (MD) simulations. A 

linear-scaling DFT (density functional theory) method was then used in order to determine the 

electronic structure of the materials. Bandgap of the semicrystalline model was found to be smaller 

than both pure crystalline or amorphous systems. This could indicate the preference for electrons 

to reside in the interfacial regions rather than in crystalline or bulk amorphous regions. Low 

effective activation energies obtained indicated a high mobility of holes, excess electrons, and 

charge carriers at room temperature. 

Coarse-grained (CG) potentials were derived using the iterative Boltzmann inversion (IBI) 

method to describe linear and branched PE. The potentials were then used in CG-MD simulations 

to crystallize and draw blends of low and high molar mass PE. The purpose was to determine the 

concentrations of tie chains and entanglements as well as their effect on the fracture toughness. 

Addition of a linear high molar mass component (only 25 % by weight) significantly increased the 

concentration of entanglements and thus the fracture toughness of the material. The introduction 

of a butyl-branched high molar mass fraction had an even stronger effect on the concentration of 

entanglements and, in particular, on the tie chain concentration. These latter systems exhibited the 

highest fracture toughness values of all systems studied. 
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Sammanfattning  

Strukturen hos delkristallin polyeten (PE) har stor inverkan på materialets egenskaper. Två viktiga 

strukturella parametrar, koncentrationerna av sammanbindningsmolekyler och låsta 

kedjeihoptrasslingar, kan inte direkt bestämmas med tillgängliga experimentella metoder. Dessa 

parametrar har stor inverkan på materialets mekaniska egenskaper, i synnerhet på dess brottseghet. 

Avhandlingen har därför haft ett fokus på att utveckla metoder baserade på datasimulering för att 

kunna bestämma koncentrationerna av sammanbindningsmolekyler och låsta kedjeihoptrasslingar 

som funktion av molekylär struktur i enmodala och bimodala PE system. 

En icke-gitterbaserad Monte Carlo (MC) metod utvecklades för att simulera strukturen hos 

delkristallin PE. Den numeriska koden utgick från inmatade parametervärden för fördelningar av 

molmassa och förgreningsgrad, samt kristallinitetsgrad för att modellera den kristallina-amorfa 

lamellstrukturen med ett fokus på att bestämma koncentrationerna av sammanbindningsmolekyler 

och låsta kedjeihoptrasslingar. Införandet av kortkedjeförgrenat material gav en signifikant ökning 

av koncentrationerna av sammanbindningsmolekyler och låsta kedjeihoptrasslingar. Metoden 

nyttjades också för att bygga delkristallina multilamellstrukturer, som innan ytterligare simulering 

genomfördas bringades i jämvikt med hjälp av en molekyldynamik-(MD)-metod. En linjär DFT - 

(density functional theory) - metod användas för att kartlägga materialets elektriska egenskaper. 

Bandgapen hos den delkristallina modellen befanns vara mindre än för rena kristallina och rena 

amorfa modellsystem. Denna observation indikerar att elektroner har en tendens att befinna sig i 

gränsskikten mellan amorf och kristallin fas. De låga erhållna aktiveringsenergierna för mobilitet 

hos hål, elektroner och andra laddningsbärare vid rumstemperatur var anmärkningsvärd. 

Coarse-grained (ungefär grovskaliga (CG)) potentialfunktioner togs fram med hjälp av en 

iterativ-Boltzmann-inversions-(IBI)-metod för att beskriva linjär och grenad PE. Metoden 

användas för CG-MD-simuleringar för att kristallisera blandningar av nämnda bimodala 

(lågmolekylär komponent samt högmolekylär komponent) polymersystem.  Studiens syfte var att 

bestämma koncentrationerna av sammanbindningsmolekyler och låsta kedjeihoptrasslingar samt 

deras effekt på krypkomplians (vid flytning) och brottseghet. Addition av en linjär högmolekylär 

komponent (även vid lägre andelar, mindre än 25 vikt%) ökade avsevärt koncentrationen av låsta 

kedjeihoptrasslingar och därmed materialets brottseghet. Introduktion av butylgrenat, 

högmolekylärt material hade en ännu starkare effekt på koncentrationen av låsta 
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kedjeihoptrasslingar och i synnerhet på sammanbindningsmolekylkoncentrationen. Dessa senare 

system uppvisade de allra högsta brottseghetsvärdena av alla studerade system. 
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1. Introduction 

1.1. PE structure  

Polyethylene (PE) has the simplest repeating unit (–CH2–CH2–) among the polymers, but 

complex structures are formed during crystallization. On a sub-micron scale, melt-crystallized PE 

with a medium to high crystallinity (> 40 𝑤𝑡.%)  is typically made up of crystal lamellae stacks 

sandwiching intermediate amorphous layers (Fig. 1).1 On this scale, the complexity arises from the 

molar mass distribution, branching and crystallization conditions as they affect the morphology of 

the crystals, crystal thickness distribution, and the chain composition of the amorphous layers.2 The 

polymer chains in the amorphous region can form loose loops, folds, chain ends, tie chains and 

entanglements (Fig. 1(d)).3 

 

Fig. 1. (a) Scanning electron micrograph of a high density PE etched with hot p-xylene. Adapted from Gedde and 

Jansson4 with permission from Elsevier, UK. (b) Transmission electron micrograph of a chlorosulphonated PE blend 

showing the lamellar structure. Adapted from Conde Braña et al.5 with permission from Elsevier, UK. (c) A multilayer 

model of lamellar structure with layers of different thickness. (d) The topological features: (1) loose loop, (2) fold, (3) 

chain end, (4) tie chain, and (5) entanglement. 
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1.2. PE structure modelling 

The structure of PE controls the properties of the material,2 and modelling the PE structure helps 

the understanding of its properties and behavior. On a sub-micron scale, there are two main 

methods to model a semicrystalline polymer6: (1) to define the Cartesian positions of the polymer 

chains in space so that the resulting microstructure becomes lamellar, and then equilibrate the 

structure using an ab initio, Monte Carlo (MC), or molecular dynamics (MD) procedure or (2) to 

generate an atomistic melt model (with MC), equilibrate it (with MC or MD) and cool it (with MD) 

to make it crystallize and form a semicrystalline structure. The first method generates realistic 

structures and it is possible to preset parameters such as crystal thickness or tie chain concentration 

and study their effect on the materials properties7, but the structures generated using the second 

approach are ‘less-organized’ and more likely to approximate the natural equilibrium structure6. It 

is important to note that the cooling rates used in the MD simulations are inevitably faster than the 

experimental cooling rates and correspond to extreme quenching conditions.6 

A good semicrystalline model should represent the structural features of a semicrystalline 

polymer6: (1) parallel chains in the crystal, (2) non-cubic crystal lattice as a result of different 

intensities of covalent C–C bonds and non-covalent (van der Waals) interactions, (3) crystal growth 

mainly transverse to the chain direction, (4) partially folded chains in a single crystallite, (5) chain 

topologies in the amorphous interlayers (Fig. 1(d)), and (6) 20 – 80 %  crystallinity for a linear 

chain system.  

1.3. Assessment of topological features 

The composition of the topological features in the amorphous interlayer affects the properties 

of the semicrystalline material. The tie chains and entanglements which hold the crystals together 

in a semicrystalline network are the most important topological features. They strongly affect the 

properties ranging from the mechanical properties of PE8 to the charge-carrier mobility of 

conjugated poly(3-hexylthiophene)9. It is not however possible to assess the number of tie chains 

or entanglements experimentally. Statistical models were initially developed to assess the tie chain 

content in real PE samples. The most frequently used  model is the Huang and Brown model which  

assumes that a tie molecule is formed if the end-to-end distance of a random coil in the melt state 

is greater than twice the size of a long period (that is a crystal thickness plus an amorphous layer 
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thickness) in the semicrystalline state.10 It should be noted that their definition of a tie molecule 

includes both tie chains and entanglements (Fig. 1). An alternative way of assessing the amount of 

tie chains and entanglements is to simulate a realistic atomistic model structure, as explained in 

section 1.2, after which the tie chains and entanglements can be counted using computer algorithms 

and stored simulated coordinates of the atoms.3,8,11,12 

1.4. Electronic structure of PE 

Polymers are widely used in electrical and electronic devices. PE is a technologically important 

insulator material currently used in e.g. HVDC cables. The electronic structure of a material, i.e. 

the series of energy levels which it is possible for a bound electron to occupy,13 can reveal details 

of its insulating behavior. It is known14 that physical features such as the composition of phases in 

the semicrystalline PE or crystal–amorphous interface or chemical defects such as carbonyl groups 

can affect the electronic structure of PE. The electronic structure of insulators has been investigated 

using experimental techniques, such as XPS or EELS, and computational approaches such as 

DFT.15 However, due to the complexities involved, the key features of the electronic structure of 

an insulator such as PE (Fig 2) under realistic conditions have not been entirely addressed.14 

 

 

Fig. 2. The electronic structure of PE in crystalline, semicrystalline and amorphous form. (Figure from paper II) 
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1.5. PE with a bimodal molar mass distribution 

PE with a bimodal molar mass distribution has been developed and investigated over recent 

decades. Bimodal PE is composed of low and high molar mass fractions and combines the 

advantageous properties of low molar mass fraction, such as a high elastic modulus and improved 

processability, and of high molar mass fraction, such as high tensile strength and fracture 

toughness.16 Owing to good processing characteristics and excellent mechanical properties, the 

bimodal PE is currently a common material in film, pipe and blow molding applications.17 During 

crystallization,  different molecular species can segregate18. Even if the polymer molecules are 

made of the same repeating unit, they may still crystallize at different temperatures due to their 

length (molar mass) or branching. It is also known that the segregation decreases with increasing 

cooling rate5,19 or presence of short-chain branches in the high molar mass fraction5. The latter has 

been suggested20 to increase the amount of tie chains and improve the mechanical behavior, 

especially the fracture toughness, of the material. Understanding the structure and behavior of 

bimodal PE on the molecular level could make it possible to tailor the properties by adjusting the 

structure in the production stage. 

1.6. Purpose of the study 

The important goal of this project has been to develop and employ computational methods to 

understand the structure of PE, as a commercially important semicrystalline polymer, in order to 

investigate the effect of structural features on PE’s electronic structure and mechanical behavior. 

This is a step forward in the understanding of semicrystalline polymers, in general, that helps us 

meet today’s advanced material requirements and obtain more sustainable solutions. Herein, it will 

be demonstrated that a developed MC code is capable of simulating the semicrystalline lamellar 

structure of PE and of calculating the amount of important topological features such as tie chains 

and entanglements. In another step, a typical simulated output structure of the MC code will be 

used as input structure for linear-scaling DFT calculations and the electronic structure of PE will 

be assessed. In the final step, in order to understand the effect of a bimodal molar mass distribution 

and branching on the topological features and mechanical behavior of bimodal PE, CG potentials 

to describe linear and branched PE will be derived and successfully used in CG-MD simulations 

to investigate the structure and properties of the bimodal PE. 
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2. Materials and methods 

2.1. Experimental materials and characterization techniques (paper I) 

Three samples of single-site metallocene-catalyzed homogeneous poly(ethylene-co-1-hexene) 

with narrow molar mass distributions were supplied by Borealis AB, Sweden. The samples were 

denoted B-EHXbut, where Xbut is the percentage molar fraction of butyl branches in the polymer.  

The molar mass data were obtained by size exclusion chromatography (Agilent PL GPC220 

equipped with a refractive index and differential pressure detector using 1,2,4-trichlorobenzene 

with antioxidant as solvent and the universal calibration procedure.). Smithers Rapra Ltd, United 

Kingdom, carried out the size exclusion chromatography and calculated the average molar masses.  

The branching data were obtained by solution 13C-NMR (Jeol Eclipse +300 NMR using 

tetrachloroethane as solvent). ITS Testing Services Ltd, United Kingdom, carried out the 13C-NMR 

branching analysis. 

The equilibrium melting points of the copolymers were calculated according to the expression21: 
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where ∆𝐻𝑓,𝑟
0  is the heat of fusion per mole of crystallizable repeating unit, which for polyethylene 

is equal to 8.284 kJ (mole C2H4 units)-1,22 𝑇𝑚
0(𝑝) is the equilibrium melting point for the co-

polymer with 𝑝 molar fraction of crystallizable units, 𝑇𝑚
0(𝑝 = 1) = 414.6 K is the equilibrium 

melting temperature of 100 % crystalline polyethylene, and 𝑅 = 8.314 J mol-1 K-1 is the universal 

gas constant. Eq. (1) assumes that the branches are excluded from crystals, which is a reasonable 

assumption for the butyl-branched polyethylene samples studied.  

Differential scanning calorimetry was used to assess the crystallinity and the melting trace of 

the samples to obtain information about the crystal thickness distribution. Samples weighing 5±1 

mg were encapsulated in 40 µl aluminium crucibles and placed in a temperature- and energy-

calibrated Mettler Toledo DSC 1 using nitrogen as purge gas. The system was calibrated by 

recording the melting of pure indium at the actual heating rate used. Samples were heated at a rate 

of 10 K min-1 up to 433 K, kept at this temperature for 5 min and then cooled at a rate of 10 K min-

1 to 223 K. The samples were then heated again at a rate of 10 K min-1 up to 433 K. The second 
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melting trace was used for the calculations. The heat of fusion ∆ℎ𝑓, determined from the normalized 

melting peak area of the DSC thermogram, was used to obtain the mass crystallinity 𝑤𝑐  of the 

samples using the total enthalpy method23 according to:  
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where 𝑇1 is an arbitrary temperature below the melting range, 𝑐𝑝.𝑎 and  𝑐𝑝.𝑐 are the specific heat 

capacities of the amorphous and crystalline components respectively, and ∆ℎ𝑓
0 = 293 kJ kg-1 is the 

heat of fusion of 100% crystalline polyethylene at the equilibrium melting point.  

The crystal thickness 𝐿𝑐 at the peak melting temperature was calculated according to the 

Thomson–Gibbs equation18: 
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where 𝑇𝑚 is the peak melting temperature, 𝜌𝑐 = 1003.0 kg m-3 is the density of the crystalline PE 

with an orthorhombic unit cell,24 and 𝜎(𝑝) is the specific free energy of the fold surface of the co-

polymer with 𝑝 molar fraction of crystallizable units. The use of 𝜎 = 93 mJ m-2 for linear PE 

results in a negligible error. 

2.2. Computational methods 

The computational methods and the parameters used are briefly presented in this section. The 

background and theory of each method can be found elsewhere25–33. They are beyond the scope of 

this compilation thesis, and are thus not presented here.  

2.2.1. The MC code (papers I and II) 

A MC MATLAB code from a previous study3 was extended to enable the simulation of multi-

layered semicrystalline PE systems with semicrystalline layers having different thicknesses (Fig. 

1(c)) to take into account crystal thickness distributions which occur in real PE. The ability to 

simulate branched PE chains, input molar mass distribution and branch distribution data were also 

added to the model. The algorithms implemented were as follows: 
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The desired number of semicrystalline layers (𝑁), crystallization temperature (𝑇), crystal phase 

density (𝜌𝑐), amorphous phase density (𝜌𝑎), simulation box size (𝐷), maximum crystal thickness 

(𝐿𝑐) corresponding to the peak melting temperature as measured in DSC, single molar mass or 

molar mass distribution data, branch length, and the single branch content or branch distribution 

data were used as input. 

The crystal thickness profile was obtained by defining the crystal thickness for each layer as: 

𝐿𝑐,𝑖 = 3.52 + 𝑖 × 𝑑 , 𝑖 = 1 𝑡𝑜 𝑁 (4) 

where  

𝑑 =
𝐿𝑐 − 3.52

𝑁
 

(5) 

The distance 3.52 nm (equal to 28 carbon atoms in a planar zigzag form) was assumed as the 

minimum length required to form an orthorhombic unit cell in PE. Assuming a two-phase model, 

the amorphous thickness corresponding to each crystal thickness was calculated according to: 

𝐿𝑎 =
𝜌𝑐 × 𝐿𝑐 × (1 − 𝑊𝑐)

𝜌𝑎 × 𝑊𝑐
 

(6) 

When the size of the computational domain (ca. 100 nm in a lateral direction) was set, the model 

calculated an orthorhombic grid assuming crystal unit cell dimensions of a = 0.742 nm, b = 

0.495 nm and c = 0.255 nm (for PE at 298 K)34,35, which described the positions on the crystal 

(001) surfaces where the simulated polymer chains could enter or exit. The computational domain 

was periodic in all directions. A sequence of phantom PE chains was initiated in least crowded 

amorphous sublayers and they grew through MC steps disregarding the excluded volume concept. 

Each MC step was a covalent C–C bond respecting the 0.154 nm bond length and 109.28° bond 

angle. The three torsional conformations: trans (T), gauche (G) and anti-gauche (Ǵ) with dihedral 

angles of, respectively, 180˚, 67˚ and -67˚ were used. The statistical weights (𝑢𝐹𝐶) of the 

conformations were calculated as: 

𝑢𝐹𝐶 = exp (−
𝐸𝐹𝐶

𝑅𝑇
) 

(7) 

where 𝐸𝐹𝐶  is the energy having conformation C for the current bond given the conformation F for 

the former bond, and 𝑅 is the gas constant. The following potential energy values18 were used: 

𝐸𝑇𝑇 = 𝐸𝐺𝑇 = 𝐸𝐺′𝑇 = 0  kJ mol-1 

𝐸𝑇𝐺 = 𝐸𝑇𝐺′ = 𝐸𝐺𝐺 = 𝐸𝐺′𝐺′ = 2.1 kJ mol-1 

𝐸𝐺𝐺′ = 𝐸𝐺′𝐺 = 12.4   kJ mol-1 
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The probability of having a particular dihedral rotation state for the next C–C bond (next MC 

step) was determined using the probability matrix (statistical weight matrix with normalized 

rows)18: 
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where rows correspond to the latest decided bond state and columns to the adjacent not yet decided 

bond. 

If a growing chain-end was close enough to an empty crystal grid point, it entered the crystal 

layer, “crystallized”, and exited from the other end of the layer, which continued to grow in the 

amorphous layer or folded back immediately to an empty adjacent crystal grid point. The 

probability of the next fold to occur (𝑝𝑖+1) was based on the current probability of folding (𝑝𝑖) 

according to 𝑝𝑖+1 = 𝑝𝑖 + (𝜌𝑎 𝜌𝑐⁄ )𝑖 − (𝜌𝑎 𝜌𝑐⁄ )𝐴𝐼𝑀 with the aim of obtaining the desired density 

ratio of  (𝜌𝑎 𝜌𝑐⁄ )𝐴𝐼𝑀 = 0.850 for each semicrystalline layer. To maintain the density ratio, an 

algorithm was implemented to start the new chains in the least crowded amorphous layer, and 

another algorithm was implemented to house the branches outside crystalline parts so that the 

unbranched parts of the chains could crystallize. Sufficient entanglement statistics and good density 

control was achieved when 50 % of the crystal grid positions were filled, after which the simulation 

stopped, and stored coordinates of all atoms were analyzed to assess the numbers of folds, loops, 

tie chains and entanglements. When the analysis was completed and the results were stored, a new 

iteration started from the beginning. This procedure was typically repeated for 40 iterations, with 

𝑁 = 15 layers,  and the results were averaged. 
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2.2.2. Simulated PE model structures 

2.2.2.1. Structures of paper I 

Table 1 lists the PE systems of paper I, simulated using the MC code described in section 2.2.1: 

Table 1. Characteristics of PE systems studied in paper I. (Table from paper I) 

Sample Branchinga 

CH3/1000 C 

Mw
b 

(kg mol-1) 

Mw/Mn
b Tm

c 

(K) 

Tm(p)d 

(K) 

Wc
e Lc

f 

(nm) 

B-EH5.3 5.3 253 2.2 392.2 412.8 0.65 12.69 

B-EH6.2 6.2 693 2.3 387.4 412.5 0.57 10.43 

B-EH6.9 6.9 586 2.3 383.9 412.2 0.55 9.22 

EH0g 0.0 158 2.0 407.4 414.6 0.70 36.25 

EH3g 2.8 124 2.0 399.1 413.6 0.62 17.96 

EH5g 5.35 115 2.0 394.6 412.8 0.57 14.34 

EH10g 9.60 113 2.0 389.5 411.3 0.52 11.93 

 

a For B-EHXbut samples, the branch content was determined by 13C NMR spectroscopy (section 2.1). 

b For B-EHXbut samples, the molar mass was determined by size exclusion chromatography (section 2.1). 

c For B-EHXbut samples, the peak melting temperature was obtained by differential scanning calorimetry (section 2.1). 

Based on the reference36, the values for EHXbut samples are also maximum peak melting temperatures. 

d Equilibrium melting temperature calculated according to Eq. (1). 

e For B-EHXbut samples, mass crystallinity was calculated from data obtained by differential scanning calorimetry 

according to Eq. (2). 

f Crystal thickness corresponding to peak melting temperature calculated according to Eq. (3). 

g EHXbut data from reference36. 

 

2.2.2.2. Structures of paper II 

In paper II, a semicrystalline structure was generated using the MC code described in section 

2.2.1. It was then equilibrated using MD simulations as described in section 2.2.4. The 

semicrystalline structure obtained (Fig. 3(b)) was 50 % crystalline. 
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Fig. 3. (a) A semicrystalline PE structure generated using the MC code, (b) the same structure as (a) after the MD 

equilibration. Only carbon atoms and carbon-carbon bonds are shown. (Figure from paper II) 

 

A branched semicrystalline structure was obtained by manually adding 6 butyl branches to the 

equilibrated unbranched semicrystalline system giving a branch content of 3.6 branches per 1000 

carbon atoms. A linear crystalline system and an amorphous system were generated using, 

respectively, a MATALB code and the algorithm of the Amorphous Cell module in the Materials 

Studio software package. They were then equilibrated using MD simulations according to section 

2.2.4. The final densities of pure crystalline and pure amorphous systems were 1007 and 856 kg 

m-3 , respectively, which were in agreement with experimental values24 of 1003 and 852 kg m-3. 

Another MATLAB code was used to find the closest interchain neighboring carbons in the pure 

amorphous and semicrystalline systems, generating crosslinks between them resulting in crosslink 

densities of respectively 1.19 and 2.60 crosslinks per 1000 carbon atoms. All the simulated 

structures were energy minimized according to section 2.2.4. 

2.2.2.3. Structures of paper III and IV 

The simulated PE model systems of papers III and IV are listed in Table 2. Five linear systems 

were studied in papers III designated US100, B7525, B5050, B2575, and UL100 where U is 

unimodal, B is bimodal, S is a chain with 320 carbon atoms and L is a chain with 1280 carbon 

atoms. The numbers denote the mass percentages of the S and L chains. Four butyl-branched model 
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systems were studied in paper IV designated B7525, B5050, B2575, and UL100. Their difference 

with respect to unbranched systems is that L is a chain with a backbone length of 1292 carbon 

atoms having exactly 3 butyl branches (~ 0.5 mol % 1-hexene co-monomer content) distributed 

randomly. In both Table 2 and paper IV, the linear systems are indicated with a “Lin” prefix. 

 

Table 2. Model PE systems studied in papers III and IV.  

System nS
a nL

a 

US100 1280 - 

(Lin)B7525 960  80 

(Lin)B5050 640 160 

(Lin)B2575 320 240 

(Lin)UL100 - 320 

 

a nS and nL are the numbers of short and long chains, respectively. 

 

All the nine systems of Table 2 were first generated as amorphous melts using the EMC 

package37,38, after which they were equilibrated, cooled and crystallized according to section 2.2.4. 

2.2.3. DFT and linear-scaling DFT (paper II) 

The linear-scaling DFT, as implemented in ONETEP, is an attempt in order to extend the 

application of DFT to systems with thousands of atoms.32 To justify the use of linear-scaling DFT, 

the electronic structures of the reference model systems were assessed using conventional DFT, as 

implemented in CASTEP,33 and linear-scaling DFT, as implemented in ONETEP,32 and the results 

were compared. 

The conventional DFT calculations were performed using the PBE generalized gradient 

approximation (GGA) functional39 and the PBE040, HSE0341 and HSE0642 hybrid functionals. The 

van der Waal forces were included in PBE and PBE0 via the TS method developed by Tkatchenko 

and Sheffler.43 The linear-scaling DFT calculations were performed using the PBE functional.39 

The energy cut-offs for these conventional DFT and linear-scaling DFT calculations were set to 

680 and 1000 eV. The kernel cut-off for the linear-scaling DFT calculations was about 52.9 nm 

(1000 bohr, i.e. effectively infinite).  

The electronic structure of the main model systems were assessed using the linear-scaling DFT, 

as implemented in ONETEP32, using the Materials Studio software. The GGA functional PBE39 
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and the van der Waals correction described by Elstner44,45 were employed. The energy cut-off was 

set to 1000 eV and the kernel cut-off radius to 2.12 nm (40 bohr). The method used in the ONETEP 

code provides Kohn-sham orbitals that accurately represent the occupied states, but the calculated 

unoccupied states do not necessarily represent the conduction band accurately.46,47 In practice, 

some of the states closest to the band edge were close to the correct values. States with higher 

energy in the conduction band and the states significantly different from valence states are 

described less accurately. In this regard, an efficient method for relaxing the conduction band states 

has been used in ONETEP.48,49 Since the valence states in PE are localized along the backbone 

carbons and the conduction states are of an interchain nature, the characteristics of the states at the 

band edges can be very different,50 which means that the conduction states prior to relaxation may 

differ significantly from the relaxed states.  

In non-crystalline materials, the energies of the localized and delocalized states are separated by 

a sharp boundary called the mobility edge (Fig. 2),51–53 and the energy difference between states at 

these edges and the localized ground state energy (valence/conduction band edges) (Fig. 2) is 

referred to as the activation energy for transport.54 The activation energies for electrons and holes 

were calculated according to the method proposed by Unge and Christen,50 which was developed 

to analyze the transition from localized to delocalized electronic states. The states were calculated 

at ca. 3×106 grid-points evenly distributed over the computational domain. At each grid point, the 

square of the wave function, i.e. the observation probability, was calculated and compared with a 

minimum probability. If the observation probability of the state was higher, that grid point was 

included in the ensemble of grid points with high observation probability in the electronic state. 

The minimum probability was determined from an imagined state that was completely delocalized 

over all grid points. To determine when a state became delocalized, the ensemble of grid points 

with a high observation probability was analyzed from a percolation theory perspective. If each 

grid point is represented by a sphere of equal size, this 3D geometry can be analyzed. However, 

the spheres, i.e. grid points with high observation probability, are not randomly distributed. For 

example, the valence states follow the polymer backbone in PE. Therefore, a percolation threshold 

for non-spherical geometrical objects is needed. For amorphous PE, it has been shown that it is 

reasonable to use percolation threshold criteria for slightly elongated, prolate ellipsoids.55 For 

electrons and holes, the critical volume fractions were here chosen as 10 and 20 vol.%, respectively 

as suggested by Unge based on theoretical percolation thresholds for various ellipsoids.55 Unique 
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electron/hole mobility edges were then calculated (at 0 K) for each material. Due to thermal 

activated hopping, additional electronic states become accessible at higher temperatures, so a 

temperature effect was included by taking into account all the electronic states within an energy 

range of 𝑘𝐵𝑇 (𝑘𝐵 being the Boltzmann constant) around the considered electronic state, resulting 

in an effective mobility edge at elevated temperatures. The activation energies for transport were 

subsequently obtained using mobility edge (0 K) and effective mobility edge (298 K) values. 

2.2.4. MD and CG-MD (papers II-IV) 

In paper II, MD simulations were carried out in order to equilibrate and obtain realistic model 

systems prior to assessing their electronic structure. The equilibration included MD simulations in 

canonical (NVT) and isothermal-isobaric (NPT) ensembles. The v-rescale56 and the Nosé-Hoover57 

thermostats with a relaxation time (𝜏𝑇) of 2.0 ps were used to control the temperature at 298 K. 

The atmospheric pressure was maintained using the Berendsen58, Parrinello-Rahman59 or MTTK 

(Martyna-Tuckerman-Tobias-Klein)60 barostat with a relaxation time (𝜏𝑃) of 2.0 ps or 5.0 ps. To 

integrate Newton’s equations of motion, the leap-frog25 or the velocity Verlet25 algorithm was 

typically used. A time step of 1 fs was used in all MD runs. The TraPPE-UA (transferable potentials 

for phase equilibria, united atom version) force field,61–63 with the parameter values shown in Table 

3, was used in MD simulations on the united atom level. The MD simulations were performed 

using the GROMACS 5.1.2 package,64 where the non-bonded Lennard-Jones interactions were 

calculated with a Verlet buffer cutoff scheme65 using a van der Waals cutoff value of 1.4 nm. Prior 

to the DFT calculations, all the systems were transformed to explicit-atom systems, by adding 

corresponding hydrogen atoms to carbons, after which they were energy minimized using the 

steepest descent algorithm25 for 100 steps. 
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Table 3. TraPPE-UA force field parameter values used in papers II-IV for bonded and non-bonded interactions.61–63  
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xxxx CHCHCHCH   8.40 16.79 1.13 -26.32 

223 CHCHCHCH   3.30 7.44 1.87 -14.66 

Non-bonded Lennard-Jones:  612 )()(4 ijijijijijLJ rrE   ; 

 21)( jiij   ; ))(21( jiij    

 
i , kJ mol-1 i , nm 

CH  0.083 0.468 

2CH  0.382 0.395 

3CH  0.814 0.375 

 

In papers III and IV, atomistic MD simulations were carried out on the reference PE systems to 

collect the input distribution data required to derive CG potentials, using the IBI method as 

described in section 2.2.5. The MD simulations including initial equilibration at 450 K, cooling to 

the desired temperature, 350 or 300 K, and final production runs at 450, 350 and 300 K were 

performed in the NPT ensemble with the target temperature and atmospheric pressure being fixed 

using the Nosé-Hoover57 thermostat and the Parrinello-Rahman59 barostat. Periodic boundary 

conditions were applied. The TraPPE-UA61–63 (transferable potentials for phase equilibria, united 

atom version) force field was used to describe the atomistic potentials (Table 3). A 14 Å cutoff was 

used for the van der Waals interactions. With a time step of 1 fs, Newton’s equations of motion 

were integrated using a leap-frog algorithm25. Each atomistic MD simulation in the production run 
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resulted in a 400 ns trajectory of which the first 100 ns were considered only as equilibration. The 

atomistic MD simulations were carried out using the GROMACS 5.1.2 package64. 

The CG-MD simulations were carried out using the CG potentials obtained as described in 

section 2.2.5 in order to equilibrate molten PE systems at 450 K, cooling to 350 K for 

crystallization, and subsequently drawing the semicrystalline systems obtained to simulate uniaxial 

tensile deformation. The model systems were equilibrated at 450 K for 200 ns, cooled at a rate of 

0.2 K ns−1 from 450 K to 400 K using the CG potentials derived at 450K and then cooled at the 

same rate from 400 K to 350 K using the CG potentials determined at 350 K. Finally, the systems 

were equilibrated at 350 K for 100 ns using the CG potentials derived at 300 K. The reason to use 

the latter potential set was to make the crystal stems straighter and less thermally distorted. After 

obtaining semicrystalline systems, the uniaxial tensile deformation simulation was performed at 

350 K on all the systems, using a computationally affordable true strain rate of 5×107 s-1. The 

tensile direction was chosen as the direction where the crystalline CG bonds were the least 

correlated, as described in section 2.2.6. During the deformation, atmospheric pressure was 

maintained in the other two directions. The LAMMPS package66 was used for all CG simulation 

runs, and the Nosé-Hoover57,67 thermostat and barostat were used with damping parameters of 100 

and 1000 time steps, respectively. Also, to speed up the simulations while maintaining energy 

conservation, especially for the fastest degrees of freedom (bond stretching and bending), a 

multiple time step algorithm, the reversible reference system propagator algorithm (rRESPA) 

integrator, was used. This algorithm decouples slow and fast degrees of freedom using different 

Liouville operators for each, making it possible to use more than one time step to integrate the 

different degrees of freedom68. Time steps of 1, 2 and 8 fs were used for the stretching, bending 

and non-bonded interactions, respectively. A 16 Å cutoff was used for non-bonded interactions. 

The CG trajectory snapshots and thermodynamic properties of the systems were stored for analysis 

at 1 ns and 0.2 ps intervals during the formation stage and at 0.5 ns and 0.2 ps intervals during the 

tensile deformation stage. 

2.2.5. IBI (papers III and IV) 

Six sets of potentials capable of describing the coarse-grained linear and short-chain 

branched PE systems at temperatures of 450, 350 and 300 K were derived using an iterative 

Boltzmann inversion (IBI) method included in the MagiC package69. Fig. 4 illustrates the 

CG mapping scheme used. Each backbone repeating C2H4 unit, branch-base C3H5 unit and 
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chain-end C2H5 unit were mapped as ETH, EBB and ETS beads with masses of 28.0532, 

41.0718 and 29.0611 g mol-1, respectively. The center of mass was maintained in the 

mapping procedure. Reference MD simulations (section 2.2.4) were first performed on the 

atomistic linear and short-chain branched reference systems and simulation trajectory 

snapshots were stored. The mapping scheme, bonded and non-bonded interaction types 

were assigned to MagiC, which used the stored trajectory snapshots and the mapping 

scheme as input and calculated the reference radial distribution function (RDF) between 

bead pairs, using a 25 Å cutoff, as well as the bond length and angle distributions between 

consecutive backbone beads. In the subsequent IBI procedure, MagiC started from the direct 

inverse Boltzmann potentials calculated from the distribution data collected from mapped 

reference trajectories after which, starting from a CG mapped structure, it sampled the 

potential phase space through a certain number of MC steps in each iteration. At the end of 

each iteration, MagiC calculated a new set of CG potentials based on the new distribution 

data obtained for the simulated mapped system and applied corrections in order to reproduce 

the reference mapped trajectory’s distribution data. The detailed IBI procedure is described 

elsewhere69. It was typically performed for about 50 (70 for branched PE) iterations each 

for a total of 2×107 (4×107 for branched PE) equilibration and sampling steps, until the 

difference between the MC sampled CG distributions and the reference distributions was 

less than 2 %. 

 

Fig. 4. Representation of the CG mapping scheme used for (a) linear (unbranched) PE, and (b) branched PE. The united 

CHx atoms (describing the reference atomistic systems) and the CG beads, ETS (chain-end bead), ETH (backbone 

bead) and EBB (branch-base bead) are indicated. The molecular visualizations were drawn using the OVITO 

package70. (Figures 3(a) and 3(b) are respectively from papers III and IV) 
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2.2.6. The tie chain and crystallinity code (papers III and IV) 

A MATLAB code was developed to quantify the polymer mass crystallinity 𝑋𝐶, the 

average crystal stem length �̅�, the tie chain concentration and average orientation parameter 

𝑆̅ based on the stored simulated trajectories. This algorithm used three filters to recognize 

the crystal stems in each molecule:  

1. For each CG bead 𝑖, the average angle 𝜃1 between bond �⃗� 𝑖,𝑖+1 and 10 neighboring 

bonds was calculated. Based on the bond angle distribution calculated for the CG 

mapped reference atomistic system at 300 K, the CG bond angle of 165° ≤ 𝜃1 ≤

180° could belong to a crystal stem. 

2. The angle 𝜃2 between two consecutive vectors that connect every second bead 

(i.e. the angle between vectors of �⃗� 𝑖−2,𝑖 and  �⃗� 𝑖−1,𝑖+1) should be less than 12°. The 

latter value is an arbitrary angle.  

3. The angle 𝜃3 between two consecutive vectors that connect every third bead (i.e. 

the angle between vectors of �⃗� 𝑖−2,𝑖+1 and  �⃗� 𝑖−1,𝑖+2) should be less than 12°. 

The angles 𝜃1, 𝜃2 and 𝜃3 were considered in a defined range, in order to take into account 

thermal distortion effects as well as the coarse nature of the CG system. At least 8 

consecutive CG beads had to meet these three criteria to be counted as a crystal stem. A 

single trajectory snapshot was analyzed per time and the coordinates of all the crystal stem 

beads were stored. If the average angle 𝜃𝑇𝑖𝑒 between all the stem bond vectors of two 

consecutive crystal stems belonging to the same molecule was smaller than 165°, the chain 

segment connecting these stems was considered to be a tie. The “𝜃𝑇𝑖𝑒 < 165” criterion was 

validated by visual examination. The mass crystallinity 𝑋𝐶 was calculated as the ratio of the 

number of bonds belonging to crystalline parts to the total number of bonds in the system. 

An average orientation parameter 𝑆̅ similar to the Herman orientation parameter18 was 

calculated for all crystalline CG bonds �⃗�  with respect to the three main Cartesian unit 

vectors 𝑖̂, 𝑗̂ and �̂�, parallel to the x, y and z axes, using: 
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(9) 

where 𝜃�̂�, 𝜃�̂� and 𝜃�̂� are the angles between an individual crystalline bond �⃗�  and the 

respective unit vectors. For example, 𝑆�̅� = 1.0 and 𝑆�̅� = −0.5 mean that all the CG crystal 

stem bonds are respectively parallel to and perpendicular to the x axis, whereas 𝑆�̅� = 0.0 

means that the average orientation of crystalline bonds with respect to the x axis is random. 

For tensile simulations, the model samples were stretched in the direction where the value 

of 𝑆̅ was closest to 0. 

2.2.7. Entanglement analysis (papers I, III and IV) 

In paper I, the number of entanglements was calculated using a previously3 developed 

method based on a knot algorithm. Since it was not developed in this project the reader is 

encouraged to refer to the reference article3.  

In papers III and IV, the number of entanglements was determined using the Z1-code28–

31 which analyzes the primitive path of a given trajectory frame and calculates the amount 

of entanglements using geometrical criteria. This algorithm was also not developed in this 

project and the reader is encouraged to refer to the reference articles28–31. The Z1-code 

determines several interesting topological properties, of which we were mainly interested 

in 𝑍, the number of entanglements (number of kinks) in each polymer chain, and 𝑁𝑒
𝑘𝑖𝑛𝑘, the 

number of CG beads between the entanglement points in each chain, which are related 

through the equation30: 

𝑁𝑒
𝑘𝑖𝑛𝑘(𝑁) =

𝑁(𝑁 − 1)

𝑍(𝑁 − 1) + 𝑁
 

(10) 

where 𝑁 is the number of CG beads per molecule. 
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3. Results and discussion 

3.1. Extended MC code 

3.1.1. Previous overcrowding issue 

The previous version of the MC code3 did not allow different layer thicknesses to be 

simulated in a single simulation box (system), and if a chain came close to an empty crystal 

grid and had a branch in the growing front, it could not crystallize and was forced to go 

back and continue its random walk in the amorphous layer. Thus, it was very difficult for 

the branched chains to crystallize, and this led to an empty crystal grid and an overcrowded 

amorphous layer. In the extended MC code11, it became possible  to pull-out the coming 

branched segments from the crystal layers and house them close to the crystal surface (Fig. 

5) so that the linear rest of the chain could crystallize. The new multi-layered structure of 

the simulation box also made it possible for every new chain to start its random walk in the 

least crowded amorphous layer. The two new algorithms which were implemented solved 

the overcrowding issue and made possible the simulation of short-chain branched PE 

chains.  

 

Fig. 5. Schematic illustration of the pull-out mechanism. The chain before and after pull-out sketched in 

respectively green (left) and purple (right); both illustrated in the same crystal lattice. The butyl branch is 

shown in black. Other crystal stems are depicted in gray. The rest of the chains as well as the hydrogen atoms 

are not illustrated. 
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3.1.2. Effect of molar mass on tie chains and entanglements 

The effect of molar mass on tie chain and entanglement content was studied using the input 

parameters for EHX samples (Table 1) except for the molar mass, for which values of 84, 112, 140, 

168 and 196 kg mol-1 (respectively corresponding to chains with 6, 8, 10, 12 and 14×103 backbone 

carbon atoms) were used. The linear PE shows a very similar crystallization temperature in this 

molar mass range18, it was thus assumed that the molar mass had a negligible effect on the 

crystallinity. This assumption was also based on the fact that the effect of branch content on 

crystallinity is greater than the effect of molar mass18,71,72. 

3.1.2.1. Linear (unimodal) PE 

For linear PE, the input parameters of the linear homo-polymer sample EH0 (Table 1), 

except for the molar mass, were used as input. The crystallization of a linear PE homo-

polymer with a narrow molar mass distribution results in a narrow crystal thickness 

distribution71,72 and a single chain length was used for each molar mass (PDI = 1), thus 𝑁 =

15 layers of the same crystal thickness –calculated from the peak melting temperature– 

were assumed for the simulation. Fig. 6 shows the effect of the molar mass on the 

concentration of tie chains and entanglements. 

 

Fig. 6. Concentrations of tie chains (tie), entanglements (ent.) and total inter-lamellar connections (tie + ent.) 

plotted as functions of molar mass for the linear EH0 sample. (Figure from paper I) 

 

The results showed that the concentrations of tie chains and entanglements increased with 

increasing molar mass, the effect on the entanglement content being greater than that on the 

tie chain concentration. 
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3.1.2.2. Short-chain branched (unimodal) PE 

The effect of molar mass on the simulation results was found to be similar for EH3 and 

EH5 and hence only the results for EH5 are shown in Fig. 7. Note that, according to section 

2.2.1, 𝑁 = 15 layers with different thicknesses were assumed for the branched systems. 

 

 

Fig. 7. Concentrations of tie chains (tie), entanglements (ent.) and total inter-lamellar connections (tie + ent.) 

plotted as functions of molar mass for the short-chain branched EH5 sample. (Figure from paper I) 

 

The results showed a slight increase in the tie chain and entanglement concentrations 

with increasing molar mass, which can be attributed to the decrease in the number of chain 

ends.  

3.1.3. Effect of branch content on tie chains and entanglements 

Introducing branches into the unbranched sample clearly increases the concentration of 

inter-lamellar connections (Fig. 8). These results indicate that introducing only 2.8 branches 

per 1000 backbone carbons increases the concentration of tie chains by a factor of 8 and the 

concentration of entanglements by a factor of 4. The large increase in tie chain concentration 

can be explained mainly by the decrease in both crystalline and amorphous thicknesses with 

increasing branch content. When the branch content was doubled, a retardation in the rate 

of inter-lamellar connections was observed, which could signify that there is an optimum 

branch content that corresponds to the maximum concentration of inter-lamellar 

connections. Huang and Brown73 have found such an optimum value for tie chain fraction 

at a branch content of approximately 6 butyl branches per 1000 backbone carbon atoms. 
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The increase in tie chain concentration with the introduction of branching was more 

pronounced than the increase in entanglement content.  

 

 

Fig. 8. Concentrations of tie chains (tie), entanglements (ent.) and total inter-lamellar connections (tie + ent.) 

plotted as functions of the butyl branch content for the EHX samples. (Figure from paper I) 

 

Simulations for B-EHX samples, using the real molar mass distribution data as well as 

the results of simulations using a single value of 280 kg mol-1 for all the B-EHX samples 

(which is close to the weight average molar mass of B-EH5.3), showed (Fig. 9) an increase 

in tie chain and entanglement content with increasing branch content. More interesting is 

that the results were very similar despite the different molar mass distribution data used. 

This is in agreement with the results of section 3.1.2.2. (Fig. 7) which shows only a small 

effect of molar mass on the tie chain and entanglement concentrations in branched PE. 
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Fig. 9. Concentrations of tie chains (tie), entanglements (ent.) and total inter-lamellar connections (tie + ent.) 

plotted as functions of the butyl branch content for the B-EHX samples. The lower values are for 𝑀 = 280 

kg mol-1 and the higher values were obtained using the real molar mass distribution. (Figure from paper I) 

3.2. Electronic structure of PE 

3.2.1. Validation of linear-scaling DFT 

It was reported recently that hybrid functionals HSE06 and many body perturbations GW 

give realistic bandgaps of the order of 8 eV for crystalline PE47,74. However, for linear-

scaling DFT calculations of large structures, these methods are too computationally 

expensive or even unavailable. The Table 4 shows the conventional DFT results compared 

with the corresponding linear-scaling DFT (ONETEP) results. With the standard PBE 

functional, the bandgap differences between conventional DFT and linear-scaling DFT 

were small (0.02–0.06 eV), which indicates, for the purpose of this study, that linear-scaling 

DFT is a reasonable substitute for conventional DFT. In fact, all three hybrid functionals 

resulted in simulated PE bandgaps much closer to the experimental value of 8.8 eV75 than 

corresponding PBE functionals. In particular, the hybrid PBE0-TS functional resulted in a 

bandgap of 8.75 eV for the crystalline PE system, and HSE03/HSE06 would probably give 

similar values if van der Waals forces were included. The CASTEP bandgap differences 

between the standard PBE and the hybrid PBE0-TS functional were in the range of 2.03 ± 

0.03 eV for both amorphous and crystalline systems with and without chemical defects. 

These values were very similar. It is thus assumed that the relative bandgap differences 
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between the different complex PE’s studied here, as calculated with LS-DFT using the PBE 

functional, are qualitatively correct even though approximately 2.03 eV should be added to 

achieve correct absolute values. This quantitative error could preferably be avoided in future 

studies by using the computationally more expensive higher level hybrid functionals.  

Table 4. Primary electronic structure calculation results. (Table from paper II) 

 

 

 

 

Sample 

Band gap (eV) 

ONETEP CASTEP 

GGA  GGA Hybrid functional 

PBEa PBEb PBE0b HSE03 HSE06 

Linear amorphous 

(ρ=850 kg m-3) 

5.99 5.96 7.98 7.29 7.18 

Linear crystal 

(ρc=970 kg m-3) 

6.73 6.67  8.75 8.05 7.97 

Crystalline with a vinyl group  5.10 5.07 7.07 _ _ 

Crystalline with a double bond 4.86 4.84 6.88 _ _ 

 

aThe Elstner method44,45 for DFT dispersion correction, as implemented in ONETEP, was used. The reported band gap 

values are after conduction band relaxation. 

bThe TS method43 for DFT dispersion correction, as implemented in CASTEP, was used. 

cThe different density value compared to that of the MD relaxed pure crystalline model is due to the ideal nature of the 

structure at 0 K. 

3.2.2. HOMO, LUMO, DOS and bandgap in PE 

Fig. 10, illustrates the structure of six MD–relaxed PE systems and also shows the 

HOMO (red/orange) and LUMO (green/blue) as well as some neighbor orbitals. For all the 

systems, the LUMO (and above) orbitals were more diffuse in the free volumes between 

the chain segments, whereas the HOMO (and below) orbitals were mainly localized along 

the chain segments, which is in accordance with the work of Ramprasad et al.76 In the 

crosslinked semicrystalline system (Fig. 10(e)), the HOMO–1 and HOMO–2 were localized 

around the crosslinks. The valence band states (HOMO, HOMO–1 to HOMO–3) were also 

localized around the crosslinks in the crosslinked amorphous PE system (Fig. 10(f)). A 

similar tendency was found for the branched system (Fig. 10(b)). In semicrystalline PE 
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containing no branches or crosslinks (Fig. 10(a)), the LUMO (and neighboring levels) 

tended to localize at the crystalline/amorphous interface. 

 

 

Fig. 10. PE systems after MD equilibration. HOMO/LUMO and their neighboring orbitals are illustrated with 

red-orange/blue-green colors. Crosslinks and branches are bolded in black. (a) Linear semicrystalline PE, (b) 

branched semicrystalline PE, (c) linear crystalline PE, (d) linear amorphous PE, (e) crosslinked semicrystalline 

PE, and (f) crosslinked amorphous PE. (Figure from paper II) 

 

The density of states (DOS) is plotted as a function of energy for the model systems in 

Fig. 11. In Fig. 11(a), the DOS of the crystalline system has shifted horizontally so that the 

valence band maximum (VBM) is at 0 eV. The DOS of the other two systems were aligned 

with respect to the lower energy peaks (~-15 to ~-8 eV) of the crystalline system. These 

reference peaks belong to the semicore states which are characteristic of the material and 

do not change with the conformational variation. The crystal valence band edge becomes 

higher in energy than the other systems, as shown in the inset figure with arrow number 1. 

These states corresponded to the continuous periodic delocalized orbitals (red/orange 
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HOMO orbital in Fig. 10(c)) which spanned the whole length of the crystal stems. These 

states existed only for the fully crystalline system, since the other two systems had no 

continuous periodic chains, i.e. the lower symmetry and non-periodicity of the amorphous 

and semicrystalline systems were the cause of this difference in VBM’s DOS. For this 

reason, bulk crystal properties may not be fully represented in the semicrystalline structures. 

Also, as indicated by the arrow number 2 in the inset figure, the conduction band minimum 

(CBM) states of the amorphous and semicrystalline system corresponded to LUMO and 

neighboring (in energy) orbitals which were localized in the asymmetric conformational 

disorder (free space) regions which were at lower energies and did not exist in the fully 

crystalline periodic model. This was the reason for the higher energy CBM of the fully 

crystalline DOS. 

The DOS values were normalized using the total number of electrons for the crystalline 

model. As expected, the semicrystalline DOS was an intermediate between the fully 

amorphous and fully crystalline systems (Fig. 11(a)) because semicrystalline PE is a 

combination of crystalline and amorphous regions; the only difference being in the 

crystal/amorphous interface, which contains a high fraction of folded PE chains (Fig. 10(a)). 

The semicrystalline system had a bandgap 0.07 eV lower than that of the linear amorphous 

system (Table 5). The tight fold at the crystal–amorphous interface includes only 8–10 CH2 

units.18 These sharp turns of the molecules are unique for the crystal–amorphous interface 

and yield electronic states with energy levels in the interface different than those in the bulk. 

In addition, the free volume at the interface is different from that of the bulk and influences 

the way in which interchain states in the conduction band are localized and thus their energy 

level. This was seen in the analysis of the calculated electronic states. The DOS for different 

semicrystalline systems is plotted in Fig. 11(b). The semicore states of the linear 

semicrystalline system, as aligned in Fig. 11(a), were used for vertical alignment of the 

other semicrystalline models. The DOS values were normalized using the total number of 

electrons in the linear semicrystalline system. There were subtle differences, e.g., in the 

bandgap energy values. As shown in the inset figure, the valence and conduction band edges 

of the branched semicrystalline system were slightly shifted towards energy values higher 

than those of the other semicrystalline systems; which corresponded to the new states 

introduced by the branching that can be considered as very shallow traps compared to the 
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bulk states. The DOS differences were also small in the linear and crosslinked amorphous 

PE. 

 

Fig. 11. Density of states as a function of energy for (a) amorphous, crystalline, and semicrystalline PEs and 

(b) linear, branched, and crosslinked semicrystalline PEs. The inset arrows in (a) highlight the features 

distinguishing the band edge states in the periodic crystalline system from the other two models.  (Figure from 

paper II) 

 

Table 5 summarizes the results obtained from the linear-scaling DFT analysis of the 

electronic structure. The bandgaps of all the samples decreased significantly (~1 eV) after 

conduction band relaxation, an observation analogous with the results reported in a previous 

study77. After conduction band relaxation, the bandgap values of linear polyethylene were 

placed in the following order: 5.82 eV (semicrystalline, 298 K) < 5.89 eV (amorphous, 298 

K) < 6.00 eV (crystalline, 298 K) < 6.73 (crystalline, 0 K). This is in accordance with the 

results (5.9–6.7 eV) obtained in other theoretical studies78,79. The calculated bandgap 
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difference between the semicrystalline and crystalline systems (~0.2 eV) was in agreement 

with both experimental and theoretical literature data regarding the introduction of shallow 

traps by conformational disorder (gauche conformations).15,80,81 Even though the structural 

change due to temperature between the perfect crystal and the slightly distorted crystal was 

small, the impact on the bandgap was large (0.73 eV). This can be understood since it is 

possible for the conduction states to relax to confined regions due to a symmetry break of 

the crystalline structure. The smaller bandgap of the amorphous model of PE, compared to 

that of the crystalline version, is in accordance with Unge et al.79 The bandgap of the 

semicrystalline model was the smallest, which may indicate a preference for electrons to 

reside inside the interfacial regions of PE. After the addition of short-chain branches and 

crosslinks, a small (~0.05 eV) decrease in the bandgap was observed. 

Table 5. Electronic calculation results. (Table from paper II) 

              Property 

 

 

 

 

Sample 

Bandgapa (eV) Activation energyb (eV)  

Initial After 

conduction 

band relaxation 

Hole,  

using percolation 

threshold = 0.1 

Electron, 

using percolation 

threshold = 0.2 

0 K 298 K 0 K 298 K 

Linear 

semicrystalline 

6.82 5.82  0.28 0.08 0.45 0.12 

Branched 

semicrystalline 

6.74 5.76 0.33 0.10 0.46 0.08 

Linear  

crystal  

6.71 6.00 ~0.47c  0.05 0.28 0.01 

Linear amorphous 7.05 5.89 0.20 0.02 0.40 0.07 

Crosslinked 

semicrystalline 

6.81 5.75 0.31 0.09 0.45 0.10 

Crosslinked 

amorphous 

6.79 5.53 ~0.45c 0.28 

 

0.42 0.06 

 

aBand gap values are the HOMO–LUMO difference values 

bCalculated for electronic structure data, obtained after conduction band relaxation, using 6th degree polynomial 

function fit. See Fig. 12. 

cExtrapolated 

 



29 

 

3.2.3. Mobility edge 

In order to determine the mobility edge and effective mobility edge, the grid occupation 

ratio for ca. 100 orbital levels closest to the band edges was calculated for the modeled 

systems at both 0 K and 298 K. A polynomial function corresponding to the valence and 

conduction band states was separately fitted to the data. As illustrated for the linear 

semicrystalline PE in Fig. 12, a 6th degree polynomial function showed a good fit to the 

simulated data. The electron/hole activation energies were obtained by calculating the 

difference between the energy value of the fitted function at each point and that of the 

corresponding conduction/valence band edge value, i.e., the lowest/highest energy state in 

the conduction/valence band. The percolation criteria of 0.1 (for holes) and 0.2 (for 

electrons, illustrated by a horizontal guideline in the inset in Fig. 12), were used to calculate 

the activation energy values of the valence and conduction band. The results of this 

procedure are presented in Table 5. 

 

Fig. 12. Grid occupation ratio as a function of energy (eV) for the semicrystalline model geometry at 0 K and 

at room temperature. The inset indicated by an arrow is an example of curve fitting using a 6th degree 

polynomial on the valence states at room temperature. Values of band edge, mobility edge, and activation 

energy are also illustrated at a percolation threshold of 0.2. Note that the activation energy calculat ions are 

performed on the raw results of each ONETEP run (without alignment). The reason is that the alignment is 
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only a shift in the energy axis and does not affect the activation energy values since the activation energy 

values are differences between band and mobility edge values. (Figure from paper II) 

 

The calculated electron activation energies of the linear amorphous (0.40 eV), crystalline 

(0.28 eV), and semicrystalline (0.45 eV) systems were comparable with the values of 0.27, 

0.28, and 0.39 eV reported by Wang et al.54 The electron activation energy of 0.40 eV for 

the amorphous PE was however twice the value of 0.22 eV reported by Unge.77 In the 

previous study,77 the energies of the individual states, i.e., the first state above the 

percolation threshold, were compared to the band edge value. In the present study, we have 

used a smooth polynomial fit based on all the simulate data obtained. This can explain the 

observed discrepancy in the electron activation energies of the amorphous structures.  

The hole activation energies were 0.20 eV, 0.47 eV, and 0.28 eV respectively for 

amorphous, crystalline, and semicrystalline structures. The hole activation energy of 0.20 

eV for the amorphous PE is less than the value of 0.3 eV reported by Unge.77 The high 

activation energy for holes in the crystalline structure may seem surprising, but if one 

considers that the crystalline structure is more like a collection of unidimensional systems, 

the strands, rather than a true three-dimensional structure, another percolation threshold 

must have been used when a state was delocalized along the full strand. An example can be 

seen in Fig. 10(c) where the HOMO is already delocalized along the strand. These states 

will degenerate due to the high degree of spatial ordering in the crystalline structure. This 

was seen in the effective activation energy, 0.01 eV, which was lowest for the crystalline 

structure, indicating that many states close to each other in energy were diffuse or 

delocalized along the strands.  

Only the crystalline PE system had an activation energy that deviated significantly from 

that of the other systems. All the other simulated PE systems contained an amorphous 

fraction, and this thus suggested that the amorphous phase had a clear effect on the electron 

and hole activation energies of the material. This conclusion was expected because the 

structural disorder localizes the orbitals. However, the bandgap of the crystalline structure 

was the largest, so that excess charge carriers minimize their energy by residing in the 

amorphous phase or at the crystal-amorphous interface. Hence, experimentally observed 

activation energies should be compared to the semicrystalline activation energies. The 
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larger activation energies observed for the branched and crosslinked system were due to the 

introduction of shallow traps rather than to a shifting of the mobility edges.  

The effective activation energies were all below 0.1 eV, except for that of the crosslinked 

amorphous PE system (Table 5). This indicated that the mobility of charge carriers, holes, 

and excess electrons can be relatively high below the mobility edges, via a hopping 

conduction mechanism, although, a band-like transport and highly mobile charge carriers 

will be expected above the mobility edge. In the presence of a high electric field, the charge 

carriers located above the mobility edge may be hot, in particular the excess electrons may 

initiate electron avalanches and other pre-breakdown events. As long as the charge carriers 

are below the mobility edge (closer to the band edge), the mobility is expected to be low, 

but still at a level comparable to the level prevailing in the leakage (polarization) current.82 

3.3. Melt-crystallized PE 

3.3.1. Coarse-grained potentials 

Three non-bonded and four bonded CG potentials for linear PE, and six non-bonded and 

seven bonded CG potentials, for branched PE, were derived for temperatures of 450, 350 

and 300 K. These derived CG potentials reproduced the bond length, bond angle and non-

bonded radial distributions of the mapped reference atomistic systems with a discrepancy 

of less than 2 %. Four examples are shown for linear and branched PE in Fig. 13. The high 

accuracy of the derived CG potentials makes it difficult to distinguish the reference and the 

reproduced distribution curves. 
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Fig. 13. Reproduction of the reference distribution data using the CG potentials for the ETH-ETH-ETH bond angle 

distribution obtained at 300 K for (a) linear PE, (b) branched PE, and the non-bonded radial distribution function 

obtained at 450 K for (c) ETH-ETS pairs of linear PE, and (d) EBB-ETH pairs of branched PE. (Figure from papers 

III and IV) 

The isobaric thermal expansion coefficients of 𝛼 = 6.21 × 10−4 K-1 and 𝛼 = 6.42 ×

10−4 K-1 were calculated for LinUL100 and UL100 respectively by cooling from 410 K to 

400 K using the relation83: 

 

𝛼 =
1

𝑉
(
∆𝑉

∆𝑇
)
𝑝

= (
∆[ln 𝑉]

∆𝑇
)
𝑝
 

 

(11) 

where 𝑉, 𝑇 and 𝑝 are the volume, temperature and pressure of the system. The values 

obtained  were comparable with the experimental data range (6.96 − 7.38 × 10−4 K-1)84 

and the value of 7.2×10-4 K-1 obtained for linear C1000H2002 at 400 K in a previous simulation 

using the TraPPE-UA force field85. 
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The isothermal compressibility values of 𝛽 = 1.45 × 10−4 and 𝛽 = 1.76 × 10−4 atm-1 

were calculated for LinUL100 and UL100 respectively using thermodynamic data for the 

final 70 ns of the equilibration run at 450 K, during which the density was stable, according 

to85–87: 

𝛽 =
1

𝑘𝐵𝑇
×

〈𝑉2〉 − 〈𝑉〉2

〈𝑉〉
 

 

(12) 

where 𝑘𝐵 is the Boltzmann constant. The values obtained were comparable with the 

experimental value of 1.11 × 10−4 atm-1 at 440 K for HDPE84. 

The density values of the equilibrated US100, LinUL100 and UL100 melts were 0.783, 

0.787 and 0.777 g cm-3 respectively in accordance with the simulated values of respectively 

0.773, 0.780 and 0.782 g cm-3 for linear85 C320H642 and C1000H2002 and a hexyl-branched88 

C1074H2150
 at 450 K obtained using the TraPPE-UA force field. 

Using the Z1-code, the average numbers of entanglements per chain (𝑍) for US100 and 

LinUL100 equilibrated at 450 K were calculated to be 9.6 and 36.5 respectively, comparable 

to the calculated values of 8.4 and 30.0 obtained for linear PE systems with similar chain 

lengths simulated using the TraPPE-UA force field85. The 𝑍 = 34.4 was obtained for the 

UL100 which is, as expected88, slightly smaller than the value for LinUL100. 

The observed differences can be attributed to the less detailed nature of the CG potentials, 

e.g.  no dihedral angle distributions were considered when deriving the CG potentials. The 

observed errors in topological characteristics are believed to be of minor importance for this 

comparative study. 

3.3.2. Formation stage 

3.3.2.1. Entanglement analysis 

The entanglement concentrations during the initial equilibration at 450 K are shown in 

Fig. 14. The entanglement concentration of US100 clearly reached a constant value, but 

longer chains required longer times to fully equilibrate. If the model systems were allowed 

to equilibrate long enough to reach the plateau, the systems with a higher long chain content 

would end up with a slightly higher entanglement concentration85 than those containing 

more short chains. As previously reported88, the equilibrated molten linear PE systems have 

a higher entanglement content than their short-chain branched counterparts.  
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Fig. 14. The average number of entanglements per bead during the initial equilibration at 450 K. 

 

During the cooling periods (from 𝑡 = 200 ns to 𝑡 = 450 ns and from 𝑡 = 450 ns to 𝑡 =

700 ns) the number of entanglements increased (see Fig. 15) in agreement with other 

computational studies89,90. The sudden change in properties observed at 𝑡 = 450 ns 

(indicated by an arrow) is a computational artifact of no physical significance due to the 

switch of the CG potential and the restart of the MD simulation from the last checkpoint. 

The sudden decrease in 𝑍 value after ca. 𝑡 = 600 ns indicates the disentanglement that 

occurred due to crystallization.89
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Fig. 15. The average number of entanglements per bead during the cooling from 450 K to 350 K. 

 

The entanglement concentration in the branched PE systems during the initial 

equilibration (Fig. 14) was lower than that in their linear counterparts, but the final 

entanglement concentration in the branched systems in the semicrystalline state at 𝑡 = 800 

ns (Fig. 16) was significantly higher than that in the linear systems, and the entanglement 

concentration was proportional to the amount of the branched molar mass fraction. The 

lower disentanglement degree during crystallization of the branched models compared to 

that of their linear counterparts is a reason for the lower mass crystallinity of the branched 

systems compared to the corresponding linear systems (see Fig. 17). It should be noted that 

blending only 25 wt.% of even a linear high molar mass fraction (as in LinB7525) increased 

the entanglement concentration of the system (US100) significantly. 
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Fig. 16. The average number of entanglements per bead during the final 100 ns of cooling (370 to 350 K) 

followed by 100 ns equilibration at 350 K. 

3.3.2.2. Crystallinity analysis 

The mass crystallinity 𝑋𝐶 of the systems was calculated according to section 2.2.6 (Fig. 

17). During cooling, the linear systems crystallized at a higher temperature than the 

branched systems. In the linear systems, the bimodal molar mass distribution suppressed 

the crystallization onset temperature. The crystallization temperature was in the 360 – 365 

K range in the linear systems, whereas the branched systems crystallized at 350 K where 

the potential was switched from that derived at 350 K to that derived at 300 K. However, 

increasing the branched molar mass fraction slightly delayed the crystallization (see Fig. 

17). The mass crystallinity of linear systems was between 0.61 and 0.44, whereas the 

crystallinity of branched systems was between 0.47 and 0.29. In both groups of systems, an 

increase in crystallinity was observed with increasing low molar mass fraction. It appears 

that the suppression of the mass crystallinity is proportional to the fraction of branched 

molar mass. The CG potential switch at 𝑡 = 700 ns made the crystal stems straighter and 

less thermally distorted. After the potential switch, a higher crystalline content was 

calculated by the crystallinity code (section 2.2.6). However, a thorough examination of the 
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tie chain and crystallinity code, as presented in paper III, revealed an even greater accuracy 

of the code after the potential switch so that the calculated crystallinity, tie chain content 

and the crystal stem length values are valid and sufficiently accurate. 

 

Fig. 17. The average crystallinity 𝑋𝐶 during the final 100 ns of cooling (370 to 350 K) followed by 100 ns 

equilibration at 350 K. The temperature profile of the systems is provided as a guide. 

 

The final density was between 0.943 (US100) and 0.915 g cm-3 (LinUL100) in the linear 

and between 0.932 (B7525) and 0.914 g cm-3 (UL100) in the branched systems. Despite the 

lower crystallinity, the final density of B2575 and B7525 systems was higher than that of 

LinB2575 and LinB5050 systems, respectively. This indicates the possible existence of a 

dense interphase between the crystalline and amorphous phases in the branched systems 

that was not recognized as crystalline material in the code but significantly contributed to 

the density. 
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Fig. 18. The density evolution during the final 100 ns of cooling (370 to 350 K) followed by 100 ns 

equilibration at 350 K in (a) linear systems, and (b) branched systems. 

 

The calculated average crystal stem length 𝑑 was similar in the linear systems and 

showed an increase with increasing low molar mass fraction, but  the calculated 𝑑 values in 

the branched systems were significantly different (see Fig. 19). It is known that during 

crystallization the branches, e.g. butyl, act as defects and are expelled to the amorphous 

regions91, and this expulsion was also observed in the branched systems simulated in this 

study (see Fig. 20). The presence of branches limited the accessible crystallizable chain 

segments and the average crystal stem length therefore decreased with increasing branched 

molar mass fraction (up to 0.75) (see Fig. 19). 



39 

 

 

Fig. 19. The average number of beads in a crystal stem 𝑑 during the final 100 ns of cooling (370 to 350 K) 

followed by 100 ns equilibration at 350 K. 

 

 

Fig. 20. A view normal to a 10 Å thick slice of the B5050 system showing the expulsion of the butyl branches 

and chain-ends, both visible as black dots, to the amorphous regions. 
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The crystallization temperatures, at a given molar mass, of the PE molecules simulated 

in this study (see Table 2) were very similar (cf. Figure 8.28 in reference18), and the 

molecules could mainly segregate due to their branch content. However, compared to the 

experimental conditions, the computationally necessitated cooling rate of 0.2 K ns-1 was 

high and corresponded to extreme quenching conditions. Thus, all the bimodal systems co-

crystallized almost completely (see Fig. 21). The crystal stem length and crystallinity were 

plotted for each molar mass fraction and the resulting figure (included in the supporting 

information of papers III (Fig. S5) and IV (Fig. S3)) also confirmed that co-crystallization 

occurred. As a result of mapping the PE backbone repeating unit to a spherical ETH bead, 

a hexagonal unit cell (Fig. 21(c)) was obtained92. 

 

 

Fig. 21. (a) LinB5050 system, and (b) B5050 system at the end of the formation stage. (c) The hexagonal 

crystal unit cell type showing co-crystallization of short and long chains colored red and yellow respectively. 

(Figure parts from papers III and IV) 

3.3.2.3. Tie chain concentration 

In linear systems, the tie chain concentration drops after the switch in potential at 𝑡 =

700 ns. A careful visual examination of the trajectories before and after the potential switch 
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(cf. Figs. S3 and S4 of paper III) revealed that the tie chain content determined after the 

switch was more accurate (as desired). Readers are referred to the detailed discussion in 

paper III. Less expectedly, the final tie chain concentration in the linear systems (Fig. 22) 

was higher in systems with a larger short chain fraction, which is in contrast to the number 

of entanglements (see Fig. 16). In branched systems, the tie chain concentration 

significantly increased with increasing branched molar mass fraction (Fig. 22). The tie chain 

concentration of B2575 was higher than that of B5050 and UL100, indicating the existence 

of an optimum blend ratio that yields the highest tie chain concentration. The US100 system 

had the highest tie chain concentration among the linear systems, but this tie chain 

concentration was lower than that of the short-chain branched systems. The tie chain 

concentration of the bimodal systems was therefore clearly increased by the inclusion of the 

short-chain branches in the high molar mass fraction. 

 

Fig. 22. The tie chain concentration during the final 100 ns of cooling (370 to 350 K) followed by 100 ns 

equilibration at 350 K. 

3.3.3. Tensile deformation 

3.3.3.1. Tensile properties 

The true stress-strain responses of the systems are shown in Fig. 23. The true stress was 

the component of stress tensor in the tensile direction. For clarity, a moving average was 
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applied to the stress values. The stress oscillated to some extent in the strain hardening 

region (observable in e.g. Fig. 23(b) for B7525 at high strain). Recently, Olsson et al.93 

attributed the oscillations to the repeated melting and transport of the crystalline chains to 

the amorphous regions; they also found that these oscillations were smoother if explicit C-

H and H-H repulsion interactions were considered93. The oscillations were also observed in 

the present study. Nevertheless, the main characteristics of the mechanical behavior of the 

model systems were reproduced sufficiently well for comparison purposes. 

Fig. 23. The true stress-strain response of (a) linear, and (b) branched systems. (Figures from papers III and 

IV) 

 

Table 6 summarizes selected mechanical properties of the systems. Of the linear systems, 

US100 had the highest elastic modulus. In non-oriented PE, the elastic modulus is known 

to be strongly affected by the crystallinity94,95, and this holds for the linear systems studied 

here. Humbert et al. reported96 that a short-chain branched PE had a higher elastic modulus 

than a linear PE of the same crystallinity, and they attributed the higher modulus to the 

higher interphase content measured with Raman spectroscopy. As stated in section 3.3.2.2, 

based on the crystallinity and density values obtained in the present study, the branched 

systems seem to have a considerably higher interphase content than the linear systems, and 

this could be the reason for the higher calculated elastic modulus of the branched systems 

(see Table 6). Compared to the linear systems, similar arguments hold for the higher yield 

stress values in (1) US100, due to its relatively higher crystallinity94,97 and (2) branched 

systems, due to their interphase content97,98. As found by Humbert et al.97, the higher 
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concentration of tie chains and entanglements in the branched systems (see Figs. 22 and 16) 

transmit the stress to the crystallites more efficiently. The calculated values of yield stress 

and yield strain were in range with experimentally obtained values for unimodal PE94. The 

yield strain values were in range with the values obtained by Olsson et al.93 for linear PE 

simulated using TraPPE-UA potentials. Table 6 shows that, compared to US100, LinB7525 

with only 25 % of the high molar mass fraction had a higher stress and greater strain at 

failure. These properties were clearly improved further by the inclusion of branches in the 

high molar mass fraction. The calculated toughness was also increased by both bimodality 

and to an even greater extent by inclusion of the branches. The LinB5050 and B2575 were 

the toughest linear and branched systems. 

Table 6. Tensile properties. 

System Elastic 

modulusa 

(MPa) 

Yieldb 

stress 

(MPa) 

Yieldb 

strain 

Stress at 

failurec 

(MPa) 

Strain at 

failurec 

Toughnessd 

(MPa) 

US100 303 21.9 0.13 73.3 0.90 26 

B7525 194 20.2 0.18 194.0 3.00 248 

LinB7525 205 15.2 0.11 82.2 1.51 51 

B5050 220 15.9 0.10 199.6 2.58 198 (250e) 

LinB5050 167 15.0 0.16 117.0 1.77 75 

B2575 209 17.3 0.12 249.6 3.08 341 

LinB2575 163 12.7 0.12 97.5 1.70 69 

UL100 199 16.0 0.14 221.6 2.18 166 

LinUL100 170 12.2 0.11 111.6 1.69 59 
 

a Calculated from the true stress-strain data up to a strain of 0.05, according to reference8. 

b The first peak stress (more easily observed in engineering stress-strain curves not shown here) in the true stress-

strain curves. 

c The stress (and strain) at the maximum stress value (failure point). 

d Calculated by integration of the true stress-strain curve up to the failure point according to reference94. 

e Calculated by integration of the true stress-strain curve up to the point just before the final drop in stress. 

3.3.3.2. Crystallinity and topological features 

In general, the results for the linear systems with regard to evolution of crystallinity and 

topological features during the tensile deformation hold for the branched systems also and 

they are presented first. The differences observed in the branched systems are presented at 

the end of this section. 
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The crystallinity, tie chain and entanglement concentrations were continuously 

monitored during the deformation until fracture. The evolution trends in these properties 

are shown in Fig. 24(a) for LinB5050. Five stages were considered for the deformation 

process: stage 1 was from zero strain to ca. 0.1 above the yield strain. The entanglement 

concentration of all the systems was constant in this region because of the small plastic 

deformation and because the entangled segments were not fully stretched99. The mass 

crystallinity decreased by ca. 5 % as the applied stress (1) disrupted the crystallites (see Fig. 

25) which were not parallel to the tensile direction, and (2) caused lengthwise plane slides 

in crystallites7,93–95,99,100. The tie chain concentration showed various trends in stage 1 (see 

Fig. 24(b)); the disruption of small crystallites (Fig. 25(a)) decreased the number of tie 

chains, whereas the lengthwise crystallite sliding could turn a fold or loop to a new tie chain. 

 

Fig. 24. (a) The crystallinity, tie chain and entanglement concentrations superimposed on the stress-strain 

curve for the LinB5050 system. Note that the vertical axis presents only the stress values. (b) The zoomed tie 

chain per bead vs. strain for all the modeled systems. (Figure from paper III)  
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Fig. 25. (a) The decrease in crystallinity and tie chain concentration in the deformation stage 1 for US100. 

The blue arrows point to the existing crystallites. A chain is colored black and the neighboring beads within 

10Å are colored yellow. (b) The decrease in crystallinity in the deformation stage 1 for LinB5050. A short 

chain is colored black, and the neighboring beads within 7 Å are colored yellow.  (Figures from paper III) 

 

In stage 2, the stress reached a post-yield plateau-like region where crystallite rotation 

towards the tensile direction occurred (see Fig. 26(a)) and disentanglement started and 

continued to some extent (Fig. 24(a)). The crystallinity continued to decrease, but the 

number of tie chains showed an apparent increase, due to the breakdown of some lengthwise 

long crystallites to smaller crystallites, as indicated by the decrease in the average crystal 

stem length (Fig. 26(c)), as well as by the decomposition (slippage) of wider crystallites to 

smaller narrower crystallites (Fig. 26(b)). 
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Fig. 26. (a) The rotation of crystallites, (b) the crystallographic slip during post yield deformation (the start 

and end of region 2 in Fig. 24a) shown in a view normal to a 20 Å thick slice of the Lin B5050 system. The 

decomposition of larger crystallites to smaller ones increased the number of tie chains and decreased the 

crystallinity. (c) The average crystal stem length 𝑑  as a function of strain for linear systems plotted up to the 

strain at which the stress becomes zero. The deformation stages of LinB5050 are also indicated by the broken 

lines. (Figures from paper III) 

 

The plastic deformation continued in stage 3 together with further disentanglement and 

alignment of the chains in the tensile direction. This resulted in an increase in crystallinity 

and in the number of tie chains (Fig. 24). The crystallinity recognition code may have 

overestimated the mass crystallinity, but an overall increase was expected101. Strain 

hardening was another important feature of stage 3, and it was even more pronounced in 

stage 4. During stages 3 and 4, consecutive crystal stems of linear systems unified, and this 

resulted in an increase in the average crystal stem length and a reduction in the number of 

tie chains.  By comparing the concentration of entanglements in linear systems at zero and 

at the failure strain (Fig. 27) a greater extent of disentanglement in blends than in unimodal 

systems was observed, which (considering the energy-consuming nature of the 

disentanglement process) may perhaps explain the higher fracture toughness of the bimodal 
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systems. Stage 4 ends at the failure (maximum stress) point. The post-failure stage 5 was of 

no significance in this study. 

 

Fig. 27. (a) The average entanglement per bead as a function of strain plotted from zero strain to the strain at 

which the stress became zero (indicated by broken lines). (Figure from paper III) 

 

In Fig. 28, the toughest branched system (B2575) is compared with its linear counterpart 

(LinB2575) to reveal the different trends observed in the evolution of crystallinity, and of 

the tie chain and entanglement concentrations. The changes during stages 1 and 2 were 

similar for the linear and branched blends, except that the crystallinity (and average crystal 

stem length, which is not shown here) decrease in B2575 was less pronounced than in 

LinB2575. The previously discussed interphase could explain the greater stability of the 

crystallites in the branched system. It has previously been suggested102,103 that crystals in 

short-chain branched samples have a higher yield and post-yield resistance than those in 

linear systems. The higher crystal stability could also explain why the tie chain 

concentration remained constant in B2575 (in stage 2) but increased in LinB2575. 

Compared to LinB2575, B2575 showed a more pronounced strain hardening over a 

significantly larger strain interval. This is in agreement with a previous finding102 that 

bimodal PE systems with a butyl-branched molar mass fraction larger than 50 % had a 

greater continuity in their network of connected crystallites and this enhanced the strain 

hardening. 
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Fig. 28. Crystallinity, tie chain and entanglement concentration superimposed on the stress-strain curve for 

(a) B2575, and (b) LinB25751. Note that the vertical axis presents only the stress values.  (Figure from paper 

IV) 

 

At the beginning of the tensile simulation the branched bimodal systems had a higher 

entanglement concentration than the linear bimodal systems, and the deformation of the 

branched systems ended with almost zero entanglements. The minimum entanglement 

concentration of the linear bimodal systems was significantly higher than that of the 

branched systems, and fracture occurred before complete disentanglement (see Fig. 29(a)). 

It is expected that short-chain branches significantly impede the disentanglement of PE in 

the solid state, as they act as pins for chains and prevent them from being pulled-out from 

crystals or entanglements102 (Fig. 29(b)). Thus, a higher work of disentanglement was 

associated with the deformation of branched bimodal systems than of their linear 

counterparts which could explain the higher toughness of branched systems. 



49 

 

 

 

Fig. 29. (a) The average entanglement per bead as a function of strain for bimodal systems plotted from zero 

strain to the strain where there is a minimum of entanglements, and (b) a side view of a 10 Å thick slice of 

B2575 at the start of the deformation stage 4. (Figures from paper IV) 

3.3.3.3. Volume and voids 

The volume of the systems was well preserved during the tensile deformation until the failure 

point (Fig. 30).  In linear systems, the volume showed a small increase, but in branched systems 

there was a small decrease in the volume in the strain hardening region (Fig. 30). The significant 

strain hardening that occurred in the branched bimodal systems led to an increase in crystallinity, 

which apparently compensated for the voids and slightly increased the density. 

 

Fig. 30. The normalized volume of B2575 (blue) and LinB2575 (red) as a function of strain. The broken lines 

indicate the failure strains. 
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In linear bimodal systems, the onset of void formation corresponded to the failure point (Fig. 

31(a)), but in branched systems the voids formed earlier and in parallel with the strain hardening 

in stage 4. The voids also disappeared and reformed until the failure point was reached (Fig. 31(b)). 

This phenomenon, which occurred in different parts of the branched bimodal systems, appears to 

be a “toughening quality” of the material as it occurred only in the tougher branched bimodal 

systems but not in their linear counterparts. In the branched bimodal systems, the voids became 

stable only at strains close to the failure point and they grew until after the failure point where they 

turned into crazes. This is in line with the observed continuous increase of stress (resistance) of 

branched bimodal systems even after void formation. 

 

 

Fig. 31. Side views of the voids shown in red in (a) the LinB2575 system during deformation from a strain of 

1.48 to a strain of 1.95 (post-failure), and (b) the B2575 system during deformation from a strain of 2.22 to a 

strain of 3.15 (post-failure). The broken blue circles enclose voids which vanished with increasing strain. 

 

The activation energies for crystal reorientation and chain slip during deformation are 

known to be lower in CG systems93, and the crystalline regions in CG systems are not free 

from the defects93, such as dislocations, that reduce the stress barriers for chain slip. Thus, 

in CG systems, chain slip and crystal reorientation, even in stage 2, are more expected than 

void formation93. This was generally true for the CG systems in the present study. 
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4. Conclusions 

A computer code based on an off-lattice Monte Carlo (MC) method was extended to 

enable the simulation of short-chain branched polyethylene (PE) structures and to assess the 

concentrations of topological features such as tie chains and entanglements. The 

introduction of a few branches into a linear PE significantly increased the concentration of 

tie chains and entanglements, but this effect decayed if the branch content was increased. 

Both tie chain and entanglement concentrations increased with increasing molar mass, the 

effect being more pronounced in the linear PE. Also, the introduction of branches led to a 

more pronounced increase in the number of tie chains than in the number of entanglements. 

Realistic PE structures were generated using the MC method, and these were then 

equilibrated using molecular dynamics (MD) simulations. In order to determine the 

electronic structure, the PE systems were used as input to a linear-scaling DFT method and 

the bandgap, mobility edge and spatial distribution of molecular orbitals were investigated. 

The highest occupied molecular orbitals (HOMO’s) were localized on chain segments. The 

conduction band states were localized in the free volume of non-crystalline parts. In 

particular, the lowest unoccupied molecular orbital (LUMO) was located in the free volume 

at the crystalline–amorphous interface. The bandgap of the semicrystalline PE was 0.2 eV 

and 0.07 eV lower than that of the crystalline and amorphous PE systems, respectively. This 

was in line with the shallow trap depths caused by conformational disorder (gauche 

conformations) reported elsewhere and indicated the preference of electrons to reside in the 

interfacial regions. Branches and crosslinks provoked a small (0.05 eV) decrease in the 

bandgap, which was assigned to the shallow traps associated with them. The activation 

energy for transport at 0 K was lower for the holes than for the electrons, but at room 

temperature the effective activation energy was very low (0.1 eV) for both. This indicated 

a high mobility both below and above the mobility edge. 

Coarse-grained (CG) potentials were derived in order to describe linear and branched PE 

in the temperature range between 300 and 450 K. The molten linear and butyl branched PE 

systems, with unimodal and bimodal molar mass distributions of various compositions, 

were generated, equilibrated, crystallized and uniaxially drawn using CG-MD simulations. 

A MATLAB code was developed to assess the crystallinity and tie chain concentration of 

the systems. During crystallization, the extent of disentanglement was greater for short 
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chains than for the long chains. It was also greater in the linear systems than in the branched 

systems. In the linear systems, the incorporation of a high molar mass fraction, only 25 

wt.%, significantly increased the entanglement concentration. The branched systems had a 

higher concentration of entanglements than their linear counterparts. A unimodal system 

consisting solely of the low molar mass fraction (US100) showed the highest tie chain 

concentration among the linear systems, which can be attributed to the combination of the 

higher crystallinity of US100 and the same crystal thickness value as all the linear systems. 

However, all the branched systems had a higher tie chain concentration than the US100, 

which is in line with their lower average crystal thickness. Comparison of density and 

crystallinity pair values suggested the possible existence of a dense interphase in branched 

systems in greater extent than in linear systems.  

The tensile properties of the PE systems were in the range of previous computational and 

experimental studies. The crystallinity governed the small-strain properties of the linear 

systems, but it is suggested that the existence of a pronounced dense interphase affects the 

small-strain properties in the branched systems. The greater resistance of crystallites to the 

deformation in branched systems than to that in linear systems was also attributed to the 

interphase content. The strain hardening was more pronounced in the branched bimodal 

systems than in the linear counterparts. The toughest linear system was the LinB5050, but 

it did not show the highest concentration of tie chains or of entanglements. The toughest 

branched system was the B2575, which showed the highest concentration of the tie chains 

and the second highest concentration of the entanglements. It should be noted that its 

entanglement concentration was lower only than that of the unimodal branched (UL100) 

system. During the tensile deformation, the branched bimodal systems disentangled almost 

completely, whereas their linear counterparts disentangled only partly. Considering the 

higher disentanglement energy barrier of the short-chain branched systems, it is suggested 

that the greater extent of disentanglement observed in such systems than in linear systems 

contributes to the greater toughness of the branched systems. A repetitive formation and 

disappearance of voids prior to failure was observed only in the branched systems and it is 

also suggested that this was a toughening feature. 
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5. Future work 

As a continuation of the work presented in this thesis, a number of possible developments can 

be suggested: 

 Use a more realistic crystal thickness distribution profile, obtained e.g. using 

transmission electron microscopy, in the MC code. 

 Develop an algorithm to quantify the interphase content in the melt-crystallized systems. 

 Store the stress-per-bead data to obtain three-dimensional stress maps during the 

deformation.  

 Study the potential effect of branch length and content on the topological features and 

mechanical behavior of bimodal PE. 

 Pre-stretch the PE melt, crystallize it and study its topological features and mechanical 

behavior. 
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