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Multiscale computer simulations were employed to investigate molecular 

factors that can control structural properties of the host polymers in electrolyte 

application. To Increase the ionic conductivity of polymer electrolytes, some possible 

routes are proposed to modify the repeating units to adjust the intrachain stiffness and 

intermolecular interaction that can affect conformational characteristics, molecular 

dimension, chain perturbation near the surface, crystallization, upon cooling from the 

melts, atomistic amorphous structures and the degree of ionic dissociation in 

polymerized ionic liquids. There are 4 main parts in this thesis. 

In the first part, multiscale molecular simulations for structural and material 

properties of two polymer hosts for gel electrolytes were studied. The rotational 

isomeric state (RIS) models derived from ab initio electronic structure calculation were 

employed to predict the conformational statistics of poly(vinyl fluoride), PVF, in 

comparison with poly(vinyl chloride), PVC. The chain stiffness, as represented by the 

characteristic ratio, is significantly larger for PVC chains. PVC and PVF chains were 

coarse-grained and mapped onto the second nearest neighbor diamond (2nnd) lattice. 

The on-lattice properties such as molecular size and conformational statistics agree 

well with theoretical prediction. Fully atomistic amorphous PVF and PVC models can 

be obtained by reverse-mapping to restore the missing atoms. After energy 

minimization, all results are reported and compared between PVF and PVC.  

In the second part, the role of chain stiffness on structural and molecular 

properties for the free surface of polymer melts was examined by MC simulations of 

the coarse-grained (CG) polyethylene PE-like chains on the 2nnd lattice. PE-like models 
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CHAPTER I 

INTRODUCTION 

 
There has long been interested in the development of lithium-ion batteries for 

more efficiency and safety with potential usage in various applications. From the 

beginning, these batteries are composed of organic liquid electrolytes with high ionic 

conductivity. However, liquid electrolytes usually have low thermal stability, high 

flammability, toxic, restrictive electrochemical stability window, and no hindrance to 

dendrite expansion. The major challenge to these problems is to achieve a long battery 

life (charge-discharge cycle) with high conductivity (Tarascon, 2001; Quartarone, 2011; 

Manthiram, 2017). 

Molecular simulations at fully atomistic scale of polymeric materials have been 

developed since 1980s to investigate molecular and material properties (Kotelyanskii, 

2004). Most early works had been focused on synthetic polymers with structurally 

simple and nonpolar polyolefins. The earlier methods were often simplified by the 

models such as "united" atoms to reduce the computational cost. A method to 

generate amorphous polymeric materials at fully atomistic scale was first reported for 

atactic polypropylene glasses (Theodorou, 1985). In general, atomistic simulation of 

polymeric materials requires accurate conformational statistics for generation of initial 

guess structure and readily equilibration afterward. Thus, the crucial step for polymer 

simulations is to find a way to generate the realistic molecular model especially for 

chain conformation and interatomic correlation function.  

The rotational isomeric state (RIS) models of PVF and PVC had been derived 

from ab initio electronic structure calculation. The RIS calculation predicted a higher 

chain stiffness (larger characteristic ratio) for PVC than PVF chain at all meso diad 

content. PVF and PVC chains were then coarse-grained by grouping each monomer 

unit into one bead and mapped onto the second nearest diamond (2nnd) lattice. The 

fully atomistic models of amorphous PVF and PVC structures can be obtained through
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the reverse-mapping procedure to restore the missing atoms followed by 

energy minimization. To validate these atomistic models, some molecular and material 

properties of amorphous structures were determined and compared with experimental 

data including conformational statistics, solubility parameters and the static structure 

factor. 

Polymer surface is an essential part of various technological applications (Feast, 

1987). Their importance covers many issues in designing high-performance materials 

including wettability and contact angle, interactions and reactions at surfaces, 

tribology, adhesion and adsorption, and surface modification (Mittal 1 and 2, 1983). 

There have been numerous past studies on the structures and properties of polymer 

surfaces (Garbassi, 1994) and a better understanding should provide the great capacity 

to alter the chemical structure of polymer chains to improve surface properties to 

meet specific purposes (Stamm, 1992). Properties of polymers near the surfaces can 

be remarkably different from the bulk structures including local density, conformation, 

chain size/shape, and bond/chain orientation which can be varied at different positions 

from the surface (Forrest, 1992).  The role of chain stiffness on structural and molecular 

properties for the free surface of polymer melts was examined by Monte Carlo (MC) 

simulations of the coarse-grained (CG) polyethylene-like chains on the second nearest 

neighbor diamond (2nnd) lattice. Polyethylene-like model by multiplying the statistical 

weights with the chain stiffness parameter (k) to represent more flexible (k = 0.0 and 

0.5) and stiffer (k = 1.5 and k = 2.0) chains than normal polyethylene (k = 1.0). For the 

melt-vacuum surfaces of stiffer chains, bulk densities become lower with broader 

surface profiles. For more flexible chains, monomers at the end/middle position are 

more segregated/depleted near the surface. The chain stiffness arising from barriers to 

bond rotation and structural constraints are closely related to the macroscopic 

properties of polymers. For computer simulation, the degree of local flexibility can be 

adjusted by manipulating the intramolecular energetics can affect the molecular and 

structural properties of polymer surfaces. In principle, the simulation of fully atomistic 

models should provide the most detailed information as one can consider the specific 

chemistry of polymer chains. 
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The first SPE was reported in the 1970s using poly (ethylene oxide), PEO 

(Fenton, 1973; Wright, 1975). For ionic conductivity in alkali metal-PEO complexes, it 

has been proposed that metal ions work as charge carriers in the non-crystalline phase 

of the polymer host. Ionic diffusion occurs through the formation and dissociation of 

the coordination structure between cations and oxygen atoms in PEO (Ratner, 1988). 

The disadvantage of PEO is a very low metal ion transportation caused by the 

crystallization and trapping effects due to the strong coordination between the PEO 

backbone and metal ions (Capiglia, 1999; Zhang, 2014; Itoh, 2017;). In addition, the 

poor mechanical, thermal stability and semi-crystalline property of PEO reduce its 

efficiency as SPEs. Although inorganic salt can be dissolved well in PEO, the ionic 

conductivity of SPEs is 10−8-10−5 Scm−1, still lower than 10−3 Scm−1 for practical 

applications.  

Therefore, the role of the intermolecular interaction related to the chain 

packing in the condensed phase, which can be intimately associated with polymer 

crystallization. The role of the intermolecular interaction related to the chain packing 

in the condensed phase, which can be intimately associated with polymer 

crystallization. Monte Carlo (MC) simulations of coarse-grained (CG) polyethylene (PE)-

like models with different non-bonded interaction parameters between monomer 

beads were proposed to study the effect of intermolecular interaction on polymer 

crystallization from the molten state. It is also very important for technological 

application because more than 60% of industrial polymers are semi-crystalline 

materials and their functional properties are closely connected with polymer 

morphologies. Crystallization of flexible chains, with many intrinsic bond 

conformations, contains complex dynamics over broad lengths and time scales, 

spanning from large-amplitude molecular motions to atomic-scale rearrangements to 

optimize crystal order. 

Polymer electrolytes are an attractive option to substitute liquid solutions due 

to their thermal stability and high flexibility (Hallinan, 2013). Polymer electrolytes can 

be divided into two groups: solid and gel electrolytes. Solid polymer electrolytes (SPEs) 

are electrolytes in which alkali salts can be dissolved in the appropriate polymers. The 

host polymers play a role in the diffusion of alkali ions through the local movement 
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of chain segments. The first SPE was reported in the 1970s using poly (ethylene oxide), 

PEO (Fenton, 1973; Wright, 1975). 

 Ionic liquids (ILs) have been studied as solvents for polymerization reactions. 

Most recently, ILs have been shown to be good solvents for radical polymerizations 

due to their superior properties compared to conventional liquid electrolytes, are 

organic salts in the liquid state at room temperature. ILs contain cations and anions 

with low melting temperatures and exhibit high ionic conductivity with good 

electrochemical stability (Holbrey, 1999; Olivier-Bourbigou, 2010; Lei, 2017).  Polymer-

in-salt gel membranes have been prepared straightly by polymerization of vinyl 

monomers in ILs and by polymerization of ILs integrating polymerizable functions. It 

looked like a formation of IL-polymer gels, such as are explained by Watanabe and 

Mizumura (Watanabe, 1996), resulting from the plasticizing effects of the IL on the 

polymer matrix. The togetherness of some ILs with polymers can be advantageous in 

polymer processing to build plasticized materials. ILs are capable of holding 

imidazolium or pyridinium cations are identical to some conventional plasticizers, 

containing an aromatic core and pendant alkyl groups (Cadogan, 2000; Ohno, 2001).  

Other advantages of ILs depend on their non-flammability and non-volatility which are 

good for battery applications (Correia, 2018). 

The so-called polymer ionic liquids (PILs) are a new subtype of polymer 

electrolytes that have advantageous properties over simple ionic liquids, such as non-

flammability, wide electrochemical windows. and chemical stability. Therefore, it can 

be used as a promising material for the next generation solid-state battery (Ohno, 2001; 

Mecerreyes, 2011; Sangoro, 2014; Qian, 2017; Forsyth, 2019; Zhang, 2020). PILs contain 

charged groups with an ionic liquid structure in the main and/or side chains, which is 

weakly coordinated with opposite charges counterions. One of the major challenges 

for the application of polymers such as PIL as electrolytes is to create highly 

conductive while maintaining strong mechanical properties (Shaplov, 2018; Rochow, 

2020; Yoshizawa-Fujita, 2021). Consequently, understanding the structures and 

dynamics of PILs and counter ions with their correlations is necessary in designing PIL-

based materials with better performance.  

 

 



5 
 

1.1  Research objectives 

1.1.1 To describe the conformational statistics and determine the 

conformational-dependent properties of vinyl polymer chains using the 

refined rotational isomeric state (RIS) model based on quantum 

chemistry calculation. 

1.1.2 To generate the atomistic models and to predict material properties of 

amorphous structures of vinyl polymers and polymerized ionic liquids. 

1.1.3 To investigate the role of chain stiffness effect and intermolecular 

interaction on surface properties and crystallization by Monte Carlo 

(MC) simulation of polyethylene-like model 

1.1.4 To gain more understanding about the structure and property 

relationship of polymerized ionic liquids based on both experiments 

and molecular dynamic (MD) simulation. 

1.2 Scope and limitation 

1.2.1 Molecular simulation 

1.2.1.1 Quantum Chemistry: for more accurate calculation of the 

optimized structure and conformational energies of two vinyl 

polymers (polyvinyl fluoride, PVF and polyvinyl chloride, PVC).  

1.2.1.2 Rotation Isomeric State (RIS) model for the description of 

conformational statistics of two vinyl polymers ( PVF and PVC). 

The statistical weights will be refined using quantum chemistry 

calculation and will be used in the Monte Carlo simulation for 

the multichain system at the bulk state.  

1.2.1.3 Monte Carlo (MC) simulation  

- For the initial generation and equilibration of amorphous bulk 

structures of two vinyl polymers (PVF and PVC). Fully atomistic 

models can be recovered by the reverse-mapping procedure to 

restore all atoms followed by geometry optimization using the 

forcefield-based method.   
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- Coarse-grained “Polyethylene (PE) - like” models on the second 

nearest neighbor diamond (2nnd) lattice with the chain stiffness 

parameter (k) to represent more flexible (k = 0.0 and 0.5) and 

stiffer (k = 1.5 and k = 2.0) chains than normal PE (k = 1.0). And 

the role of the intermolecular interaction related to the chain 

packing in the condensed phase, which can study the effect of 

intermolecular interaction on polymer crystallization from the 

molten state.  

1.2.1.4 Molecular Dynamic (MD) simulation to determine the 

structures and dynamics of polymerized ionic liquids at the 

atomic scale. This MD technique may be able to give insight 

about the underlying mechanism of ion mobility and the 

estimation of theoretical diffusion coefficients of ionic species. 

 

1.2.2 Experiments 

In this research is studied to work on both molecular dynamics simulations and 

experimental studies of polymerized ionic liquids (Pbvim-TFSI) and polymerized ionic 

liquids-ionic liquids blends (PbvimTFSI-BmimTFSI). Identification transport effects of 

such blends and consequently specify the feature by which conductivity can be tuned 

by the addition of pure ILs to polyOLs. Particularly interesting feature is whether the 

phenomena of “decoupling” from mechanical properties of transport properties 

monitored in polyIL systems also broaden to their blends with ILs. And to diagnose 

the mechanisms underlying ion transport of polyIL−pure IL blends. A final purpose 

underlying our study was to deliberate the conductivity and transference number 

characteristics of polyIL−pure IL blends and attempt to comprehend the dependence 

of each property on the blending proportions. 

 



 

 

CHAPTER II 

LITERATURE REVIEWS 
 

2.1  Multiscale molecular simulations of two polymer hosts for gel 

electrolytes: poly(vinyl chloride) and poly(vinyl fluoride) 

Polymer electrolytes are an attractive option to substitute liquid solutions due 

to their thermal stability and high flexibility (Daniel, 2013). Polymer electrolytes can be 

divided into two groups: solid and gel electrolytes. Solid polymer electrolytes (SPEs) 

are electrolytes in which alkali salts can be dissolved in the appropriate polymers. The 

host polymers play a role in the diffusion of alkali ions through the local movement 

of chain segments. The first SPE was reported in the 1970s using poly (ethylene oxide), 

PEO (Fenton, 1973; Wright, 1975). For ionic conductivity in alkali metal-PEO complexes, 

it has been proposed that metal ions work as charge carriers in the non-crystalline 

phase of the polymer host. Ionic diffusion occurs through the formation and 

dissociation of the coordination structure between cations and oxygen atoms in PEO 

(Ratner, 1988). The disadvantage of PEO is a very low metal ion transportation caused 

by the crystallization and trapping effects due to the strong coordination between the 

PEO backbone and metal ions (Capiglia, 1999; Zhang, 2014; Itoh, 2017). 

Compared to SPEs, gel polymer electrolytes (GPEs) have higher ionic 

conductivity with good interfacial and mechanical properties due to the liquid phase 

and solid component. The electrolyte in the liquid state is immobilized in the 

polymeric matrix and forms the gel phase. GPEs could combine advantages from both 

liquid and solid components. GPEs can be found in the form of either the 

heterogeneous (phase-separated) or the homogeneous (uniform) gel. Heterogeneous 

GPEs are composed of a polymer network with interconnected pores filled with liquid 

electrolytes.
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The metal ions in heterogeneous GPEs can diffuse in the swollen-gelled phase. 

Most of GPEs exhibit higher ionic conductivity in the order of 10−3 Scm−1 at room 

temperature. Consequently, GPEs are one of the potential polymer electrolytes for 

the battery application with enhanced efficiency and safety.  

2.1.1 Rotational isomeric state (RIS) model of PVC 

The mean-square unperturbed dimensions of vinyl polymers frequently a 

dependent on strongly on stereochemical composition, as noted in the innumerable 

instances mention in the book on the rotational isomeric state model (Flory, 1969;  

Mattice, 1994; Rehahn, 1997). The unperturbed dimensions have usually been 

calculated as a function of Pm, the probability for a meso (m) diad, using the 

presupposition of Bernoullian statistics. This method brings averaging of the mean-

square unperturbed dimensions through various chains many different at each pm, 0 < 

pm < 1, to take into account sufficient randomness of the stereochemical sequence.  

The construction of metal catalysts allows for better control over the 

stereochemical sequence of vinyl polymers. This handle can consist the installation of 

a stereochemically pure isotactic and syndiotactic polymers, in which the only diads 

are m or racemo (r), respectively. It might likewise consist forced synthesis of chains in 

which the primary duplicate for the stereochemical series expand an array prolonged 

than a single diad, e.g., mr, mmr, etc. This potential ability in synthesis forces curiosity 

in conjectured behaviour of chains in which the stereochemical orders consist of 

reiterations of a small thread of diads. This attention will help to identify the sequence 

that tends to provide the newest features and to explicate an understanding of the 

origination of tendencies in family effects chains with methodically related repeat 

units. 

Poly(vinyl chloride) is a renowned atactic polymer. For decades, 

stereochemical compositions have been dealt with in a limited range by performing 

the polymerization at different temperatures. Bovey reports that pm can vary from 

0.37 (for polymerization at -78 °C) to 0.46 (for polymerization at 100 °C) (Bovey, 1967). 

Most of the commercial materials are in this range. Pay attention to the use of vinyl 

chloride in the preparation of polymers with different properties from those of the 

usual atactic material, it's worth it to question which repeating stereochemical series, 
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apart from that of the pure isotactic and pure syndiotactic polymer, could perform 

variously than before atactic structure. An uncomplicated consideration for each a 

series is to calculate the mean square dimension for conventional atactic chains.  
Determining of the mean-square unperturbed end-to end distance, 〈r2〉0, use 

the classic rotational isomeric state model for the partition of configurations in chains 

unperturbed by long-range interactions. The values of 〈r2〉0 are transformed to the 

characteristic ratio, Cn, 

                                              Cn = 〈r2〉0
nl2                                                       (2.1) 

where n denotes the number of C-C bonds of length l.  
Three rotational isomeric states are employed for such internal bond. First- and 

second-order interactions are employed in the 3 × 3 statistical weight matrices, U. In 

the description of the chain with m and r diads (Flory, 1974), the statistical weight 

matrix for the Ca-C bond is 

                                         𝑈𝑈𝑝𝑝 = �
1 1 1
1 0 1
1 1 0

�                                 (2.2) 
where Ca denotes the carbon atom bearing a chlorine atom. The matrix for the next 

bond, which accomplishes the diad, is either Um or Ur, 

                                                 𝑈𝑈𝑚𝑚 = �
𝜂𝜂2𝜔𝜔𝑥𝑥𝑥𝑥 𝜂𝜂 𝜂𝜂𝜂𝜂𝜔𝜔𝑥𝑥

𝜂𝜂 𝜔𝜔 𝜏𝜏𝜔𝜔𝑥𝑥
𝜏𝜏𝜏𝜏𝜔𝜔𝑥𝑥 𝜏𝜏𝜔𝜔𝑥𝑥 𝜏𝜏2𝜔𝜔𝜔𝜔𝑥𝑥𝑥𝑥

�                                      (2.3) 

                                            𝑈𝑈𝑟𝑟 = �
𝜂𝜂2 𝜂𝜂𝜔𝜔𝑥𝑥 𝜂𝜂𝜂𝜂𝜔𝜔𝑥𝑥𝑥𝑥

𝜂𝜂𝜔𝜔𝑥𝑥 1 𝜏𝜏𝜏𝜏
𝜂𝜂𝜂𝜂𝜔𝜔𝑥𝑥𝑥𝑥 𝜏𝜏𝜏𝜏 𝜏𝜏2𝜔𝜔𝑥𝑥

2
�                                      (2.4) 

depending on whether the diad is m or r. Rows and columns are indexed in the 

order t, g+, g- (Flory, 1974), with columns indexing the states of the present bond and 

rows indexing the states of its ancestor. 

Equitably, the chain can be described along with d, l pseudo-asymmetric centers 

and statistical weight matrices defined by 
Up = QUd = UlQ 

Um = UddQ = QUll 
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Ur = Udl = QUldQ 

The statistical weights showing in the matrices are for first-order interactions in 

the t and g+ states (η and τ, respectively) and second-order interactions between two 

carbon atoms in the backbone, between a carbon atom and a chlorine atom, and 

between two chlorine atoms (ω, ωX, and ωXX, respectively). 

The geometry and statistical weights are intimately related to those described 

recently by Smith et al. (Smith, 1995). The bond angles are 112° and 116° for ∠C-Ca-C 

and ∠Ca-C-Ca, respectively. Within a dd (ll) diad, the torsion angles are -178° (178°), 

61° (60°), -60° (-61°) at the Ca-C bond and 178° (-178°), 60° (61°), -61° (-60°) at the C-Ca 

bond, both given in the sequence t, g+, g-. Within a dl (ld) diad, these torsion angles 

are 175° (-175°), 66° (62°), -62° (-66°) at the Ca-C bond and at the C-Ca bond. The 

statistical weights were calculated as Boltzmann factors, using the energies Eη = -0.9, 
Eτ = -0.5, Eω = 3.0, EωX = 2.3, and EωXX = 4.0, all expressed in kcal/mol. The 

temperature was 373 K. Calculations of Cn were performed using the program V2.RIS, 

for which the FORTRAN source code (Mattice, 1994). 

 

 

 
Figure 2.1 The characteristic ratios, (Cn = <r2>0/n12), and dipole moment ratio,             

(Cm = <m2>0/nm2), for PVC chains with Bernoullian tacticity and a probability for a 

repeating diad Pr (equivalent to the probability of meso diad).  
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2.1.2 Rotational isomeric state (RIS) model of PVF 

For example, the RIS model for vinyl–[CH2-CH(X)]n- chains, where all bonds 

have 3-fold symmetry of their torsion potential with the nearest neighbor determined 

by a statistical weight matrix for consecutive C-Cα and Cα-C bonds. With the 

stereochemistry of pseudo-asymmetric centers, the statistical weight matrices for the 

Cα –C bond is 

𝑈𝑈𝑑𝑑 = �
𝜂𝜂 1 𝜏𝜏
𝜂𝜂 1 𝜏𝜏𝜏𝜏
𝜂𝜂 𝜔𝜔 𝜏𝜏

�                                                       (2.5) 

when the fluorine atom is attached to Cα with d configuration.  

The statistical weight matrices for the C–Cα bonds depend on two successive 

pseudo-asymmetric centers as 

                             𝑈𝑈𝑑𝑑𝑑𝑑 = �
𝜂𝜂𝜔𝜔𝑥𝑥𝑥𝑥 𝜏𝜏𝜔𝜔𝑥𝑥 1

𝜂𝜂 𝜏𝜏𝜔𝜔𝑥𝑥 𝜔𝜔
𝜂𝜂𝜔𝜔𝑥𝑥 𝜏𝜏𝜏𝜏𝜔𝜔𝑥𝑥𝑥𝑥 𝜔𝜔𝑥𝑥

�                                (2.6) 

 

                             𝑈𝑈𝑑𝑑𝑑𝑑 = �
𝜂𝜂 𝜔𝜔𝑥𝑥 𝜏𝜏𝜔𝜔𝑥𝑥𝑥𝑥

𝜂𝜂𝜔𝜔𝑥𝑥 1 𝜏𝜏𝜏𝜏
𝜂𝜂𝜔𝜔𝑥𝑥𝑥𝑥 𝜔𝜔 𝜏𝜏𝜔𝜔𝑥𝑥

2
�                                                 (2.7) 

For an l configuration, the statistical weight matrices for these bonds can be found 

by 

          𝑈𝑈𝑙𝑙 = 𝑄𝑄𝑈𝑈𝑑𝑑𝑄𝑄, 𝑈𝑈𝑙𝑙𝑙𝑙 = 𝑄𝑄𝑈𝑈𝑑𝑑𝑑𝑑𝑄𝑄 and 𝑈𝑈𝑙𝑙𝑙𝑙 = 𝑄𝑄𝑈𝑈𝑑𝑑𝑑𝑑𝑄𝑄                                             (2.8) 

where   𝑄𝑄 = �
1 0 0
0 0 1
0 1 0

� 

 In these statistical weight matrices, the rows and columns refer to the conformation 

of bonds i-1 and i, respectively. Three conformational states are t, g+, and g-, 

ordered in the matrices. The reference state corresponds to the conformation with 

CH…CH3 arrangement. The first-order energy Eη is defined for the bond 

conformation with CH…F interaction but no CH…CH3 interaction, while a 

conformation resulting in both a CH…F and CH…CH3 interaction is another first-order 

energy Eτ. In addition, Eω, Eωx and Eωxx are the energy of the second-order CH3…CH3, 
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CH3… F and F… F pentane-type interaction, respectively. For PVF, Ewp is the energy 

for F…F interaction when the chain has W conformation. 

 

 

 

 

 

 

 

 

 

 

  Figure 2.2  Characteristic interactions of PVF. 

 

The main purpose of this work is to examine structures, dynamics and material 

properties of amorphous PVC and PVF at the bulk density by multiscale simulation 

technique. In general, this method consists of four steps: (i) determination for statistical 

weights for conformational statistics of PVC and PVF chains based on quantum 

chemistry calculation (ii) mapping of an atomistic PVC or PVF chains to the coarse-

grained representation on the 2nnd lattice, (iii) performing MC simulations on the 2nnd 

lattice, and (iv) reverse mapping of selected snapshots from the 2nnd lattice back to 

fully atomistic models. Many examples of this simulation have been performed during 

many years ago inclusive homogeneous polymers and their mixtures such as 

polyethylene, poly(ethylene oxide), polypropylene, polystyrene and polyvinyl alcohol 

(Cho, 1997; Doruker, 1997 and 1999; Haliloglu, 1998; Clancy, 2000; Jang, 2000; Vao-

soongnern, 2000, 2001, 2004, 2006, 2010 and 2014; Akten, 2001; Xu, 2002 and 2003; 

Choi, 2004; Rane, 2004 and 2005; Dionne, 2005 and 2006; De la Rosa, 2002).  In this 

work, we employ the coarse-grained model to investigate the structures and dynamics 

of bulk aPVC and aPVF melts. In addition, the fully atomistic models can be obtained 

from the reverse-mapping procedure to determine their material properties. The main 

focus is to validate the simulation method for the specific polymer with a comparison 
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to the prediction from theory and experimental results.  This investigation is an 

extension of our recent published work on PVA and PS (Wichai, 2021; Kusinram, 2022). 

 

2.2 Monte Carlo simulation : Effect of chain stiffness on the free surface 

of polymers 

Most of these past studies have mostly limited to the surfaces of polymers 

with relatively flexible chains. It is of interest to see how the surface properties can be 

changed if polymer chains become more flexible or stiffer as chemical modification of 

polymers can give new molecules with different degrees of chain stiffness. For 

example, perfluoro-polymers usually exhibit stiffer chains compared to analog 

molecules such as polytetrafluoroethylene -(CF2CF2)- vs polyethylene -(CH2CH2)- 

(Smith, 1994). 

The chain stiffness arising from barriers to bond rotation and structural 

constraints are closely related to the macroscopic properties of polymers. For 

computer simulation, the degree of local flexibility can be adjusted by manipulating 

the intramolecular energetics can affect the molecular and structural properties of 

polymer surfaces. In principle, the simulation of fully atomistic models should provide 

the most detailed information as one can consider the specific chemistry of polymer 

chains. Because of their long time and large length scales, polymer simulations at the 

atomistic level are normally restricted to rather small molecules with some degree of 

chain flexibility. Thus, one might question whether atomistic simulation to study 

polymer surfaces with different degrees of chain stiffness could be done properly. 

Sufficient equilibration of polymer systems should be confidentially ensured, for 

instance, the chain end-to-end vector of individual polymers should be fully 

uncorrelated with their initial orientation, and the mean square displacements for 

polymer chains should be larger than molecular dimension (Mansfield, 1990; Misra, 

1995).  
By resorting to coarse-grained (CG) models, the efficacy of polymer simulation 

can be improved. One approach is Monte Carlo (MC) simulations of CG models on the 

2nnd lattice developed to investigate the free surface of polyethylene (PE) melts with 

different geometric confinements (Doruker, 1998; Baschnagel, 2000; Vao-soongnern, 
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2000 and 2001). The energetics of this simulation method are composed of the 

rotational isomeric state (RIS) model (Flory, 1969; Mattice, 1994) and the Lennard–

Jones (LJ) energy function to describe the intra- and intermolecular interactions of 

polymer chains, respectively. Free surface models of PE melt (108 PE chains with the 

degree of polymerization = 50) can be effectively created and equilibrated by this MC 

simulation (Doruker, 1998). Subsequently, molecular, structural, and dynamic 

characteristics of the free surface of PE melts can be determined from these CG 

models. It is possible to extend this simulation method to incorporate the chain 

stiffness on polymer surfaces. The concept of the “polyethylene-like” model was 

recently proposed so that the effect of chain stiffness can be determined 

systematically on the free surfaces of polymer melts. Note that this MC method can 

be extended to generate the atomistic models as reported recently (Vao-soongnern, 

2014; Wichai, 2021; Kusinram, 2022). 
In this work, structural and molecular properties of the free surface of the 

polymer melt with different degrees of chain stiffness are investigated using 

polyethylene-like models. First, the important feature of modeling polymers with 

different chain stiffness is presented. The simulation method and the technique to 

generate polymer surfaces are described, followed by the results, discussion, and 

conclusion.  
 

2.3  The effect of intermolecular interaction on polymer crystallization 

Polymer crystallization is a relatively slow process, especially near the melting 

point, and often occurs by the kinetic-controlled mechanisms far from thermodynamic 

equilibrium (Yamamoto, 2009). Molecular simulations can be applied to rigorously 

monitor molecular mechanisms in these non-equilibrium states. Nevertheless, due to 

the very slow dynamics, computer simulation has long been beyond the scope of fully 

atomistic models to investigate polymer crystallization (Hu, 2005; Muthukumar, 2005; 

Luo, 2009). With new developments in calculation algorithms and the increasing power 

of computational resources, computer simulations can also be performed to examine 

the assumptions of theoretical models, predict experimental results, and suggest 

underlying microscopic details.  Computer simulations have been used to understand 
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molecules in terms of issues including crystal formation, crystal-amorphous interfaces, 

temperature protocols, molecular weights, and bond stiffness (Ergoz, 1972; Mavrantza, 

2001; Lavine, 2003; Gee, 2006; Koyama, 2008; Luo, 2011, 2013 and 2016; Piorkowska, 

2013;  Yi, 2013; Yamamoto, 2005 and 2014; Jabbari-Farouji, 2015;  Nguyen, 2015; Ramos, 

2015). Despite more advancements in computer hardware, realistic simulations of 

physical systems at the atomic scale are still difficult in practice. To solve this problem, 

molecular simulations of CG models have been developed to investigate polymer 

crystallization to cover a wider range of length and time scales (Fujiwara, 1997; Meyer, 

2001 and 2002; Reith, 2001). For example, crystallization in dilute solution for polymers 

with varying chain rigidity, which has a strong influence on the folding kinetics of 

polymers in the crystal structure, has been studied by MC simulations (Chen, 1998).  
The role of interaction potential energies or “forcefield” (FFs) for molecular 

models on the crystallization of PE melts has been studied by MD simulation 

(Yamamoto, 2013; Anwar, 2015; Luo, 2017; Xiao, 2017; Verho, 2018). It was found that 

FF parameters greatly influence the PE crystal growth rate, and several FF parameters 

have been proposed, such as the united atom (UA) model, which is widely used to 

study PE crystallization (Ramos, 2015). There are several reports on the polymer 

crystallization of a single long PE chain upon cooling from the melting temperature, 

(Kavassalis, 1993; Sundararajan, 1995; Fujiwara, 2001; Yamamoto, 2013). The pioneering 

investigation of these works using DREIDING UA FF (Mayo, 1990) was successful as it 

can promote the trans state in PE crystallization.  For the original UA model with 

DREIDING FF, the LJ parameters of the CH2 beads were treated by the averaged values 

from CH4 and C parameters. However, it was reported a problem of too large fraction 

of the trans state with DREIDING-UA FF (Jabbari-Farouji, 2015). Several FF parameters 

were then proposed to improve the crystallization of PE by MD simulations of UA 

models, mostly for short alkanes (Rigby, 1987; Esselink, 1994; Paul, 1995; Harmandaris, 

1998; Mavrantzas, 1998; Fujiwara, 1998 and 1999; Takeuchi, 1998; Koyama, 2002 and 

2003; Waheed, 2002 and 2005; Ko, 2004; Yi,  2009 and 2011; Nicholson, 2016; Welch, 

2017). In addition, simulations were also compared between UA and atomistic (AA) 

models to determine the chain folding of a single PE molecule (Li, 2010). The fraction 

of the trans state in PE crystal with the AA model was lower than in the UA model. 
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The folding behavior was impossible for UA FFs with σLJ > σ (LJ diameter of CH2) 

because the probability distribution of the torsion angle has no gauche minima. In 

addition, the atomistic united-atom representation of PE which was demonstrated, 

through Monte Carlo simulations, to provide very accurate predictions for the 

volumetric and size properties of PE chains under a wide variety of conditions, 

including temperature and average molecular weight (Karayiannis, 2002; 

Foteinopoulou, 2009; Anogiannakis, 2012).  
Another lattice MC simulation of CG models has been proposed to investigate 

polymer crystallization from the melts (Baschnagel, 2000). Chains are represented by 

the rotational isomeric state (RIS) model to describe the short-range intramolecular 

interaction and the LJ potential energy to treat the long-range intermolecular 

interactions between CG beads (monomer units), respectively. This lattice-based MC 

method can be applied to simulate polymers with chemical details and the CG model 

can be reverse-mapped back to the fully atomistic structure (Wichai, 2021; Kusinram, 

2022). Previously, this simulation technique has been employed to investigate PE 

crystallization in different situations such as nanofiber (Xu, 2002), nanoparticle (Vao-

soongnern, 2004), cyclic vs linear chains (Jamornsuriya, 2022), mixed molecular weights 

(Vao-soongnern, 2023), and polymers with varied degrees of the chain stiffness (Sirirak, 

2023). Generally, the long-range interaction among non-bonded units is obtained from 

the LJ interaction among ethylene units since each CG bead represents a repeating 

(CH2CH2) unit of PE. Because the LJ parameters for -CH2CH2- as a portion of a long 

chain are unknown, it is suggested that the non-bonded LJ interaction parameters 

should be within the range of CH2CH2 but should not exceed those values for CH3CH3. 

The LJ parameters determined from the viscosity data for CH2CH2/CH3CH3 molecules 

are σ = 0.42/0.44 nm and ε/k = 205/230 K (Poling, 2002).  Typically, two sets of LJ 

parameters were proposed by comparing bulk properties obtained from simulation to 

experimental data such as the cohesive energy i.e. set I (σ = 0.44 nm and ε/k = 185 K) 

and set II: (σ = 0.42 nm and ε/k = 205 K), used successfully to investigate structures 

and dynamics in the past simulations of PE melts (Cho, 1997). 
Nevertheless, it was found that only the parameter set I (σ = 0.44 nm and ε/k 

= 185 K) can be applied successfully to observe the crystallization upon cooling from 
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the melts while simulations with parameter set II give quite disordered structures with 

a low degree of chain orientation (a slightly different parameter set, σ = 0.42 nm and 
ε/k = 185 K, was also applied and the structure formation can be observed clearly for 

PE crystallization). As the main difference in the LJ parameters between sets I and II is 

from the potential well depth (ε), the sensitivity of the intermolecular interaction on 

polymer crystallization from the molten sate is explored here by MC simulation of CG 

PE-like models i.e. the same bead dimension (σ = 0.44 nm) but different potential well 

depth (ε/k  = 125-205 K) for more repulsive and more attractive interactions compared 

to the normal PE chains.  

 

2.4  Molecular dynamics (MD) simulation of detailed structures and ion 

transportation of polymerized ionic liquid/ionic liquid blends 

PILs include charged groups with an ionic liquid structure in the main and/or 

side chains, which is weakly coordinated with opposite charges counterions. One of 

the major challenges for the application of polymers such as PIL as electrolytes is to 

create highly conductive while maintaining strong mechanical properties (Shaplov, 

2018; Rochow, 2020; Yoshizawa-Fujita, 2021). Consequently, understanding the 

structures and dynamics of PILs and counter ions with their correlations is necessary 

in designing PIL-based materials with better performance. We employed molecular 

dynamics simulations to carry out ion mobilities and the molecular mechanisms of 

transport in blends of [poly(1-butyl-3-vinylimidazolium 

bis(trifluoromethanesulfonyl)imide): Pbvim-TFSI] electrolytes with [1-butyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide : Bmim-TFSI ] ionic liquids. 

2.4.1 Ionic conductivity in Experiment 

The classical Nernst−Einstein (NE) equation relates the ionic conductivity to ion 

diffusion, 𝐷𝐷𝑖𝑖 (Kremer, 2003):  

                                                 𝜎𝜎 = 1
𝑘𝑘𝑘𝑘

∑ 𝑛𝑛𝑖𝑖𝑞𝑞𝑖𝑖
2𝐷𝐷𝑖𝑖𝑖𝑖                                         (2.9)                                                                                                                                

Where, 𝑛𝑛𝑖𝑖  is the concentration and 𝑞𝑞𝑖𝑖  is charge, of the free ions participation to 

conductivity.  

In a clarified random walk estimation, indicating that the diffusion coefficient 

can be displayed over the average jump length 𝜆𝜆𝑖𝑖 and the rate of ion jumps 1/𝜏𝜏𝑖𝑖 . It is 
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assumed that the ion diffusion reaches the Fickian regime after the first jump. We 

emphasize that 1/𝜏𝜏𝑖𝑖 is the obvious ion jump rate (Sangoro, 2011). 

                                                             𝐷𝐷𝑖𝑖 ~ 𝜆𝜆𝑖𝑖
2 ∕ (6𝜏𝜏𝑖𝑖)                                           (2.10) 

 

2.4.1.1 Mechanisms of ionic conductivity in polymer electrolytes. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Schematic presentation of two possible mechanisms of ion transport in 

polymers: the liquid-like (lower left) requires the motion of the polymer segment and 

depends on the rate of segmental relaxation, whereas the solid-like (lower right) is 

based on ion jumps over an energy barrier in the frozen (on the time scale of ion 

jumps) polymer matrix (Bocharova, 2020).  

2.4.1.1.1 Liquid-like Mechanism:  

 The first mechanism always reveals a Vogel−Fulcher−Tammann (VFT) 

temperature differentiation, following the temperature subordination of the structural 

relaxation and viscosity (Choi, 2014; Zhang, 2017; Kisliuk, 2019;  Yao, 2019; Bocharova, 

2020):  

                                          𝜎𝜎𝑖𝑖  = 𝐴𝐴
𝑇𝑇

𝑒𝑒𝑒𝑒𝑒𝑒[− 𝐸𝐸𝑎𝑎
𝑘𝑘𝑇𝑇

]                                              (2.11) 

Where, A refers to the pre-exponential factor, k is the rate constant, and Ea is the 

activation energy for conductivity.  

 Ion conductivity follows the VFT-like behavior at T >Tg (Choi, 2014). Any 

interpolation of the polymers, and gathering of ions, lead the way an important 

improvement in Tg and decelerating of segmentary relaxation at ambient temperature. 
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As a consequence, using the liquid-like mechanism has fundamental restriction and  

unfeasible to produce the desired level of ionic conductivity in dry polymer 

electrolytes at ambient temperature. Powerful acceleration of polymer segmental 

dynamics can be brought to fruition by adding small molecular plasticizers. 

2.4.1.1.2 Solid -like Mechanism:  

 This mechanism illustrates a vigorous decoupling of ion diffusion from 

structural relaxation in superionic systems. In this case, ion diffusion occurs in a 

principally frozen structure through the solid-like mechanism. Generally, ion jump 

motion and polymer chain relaxation and/or segmental motion together affect 

conductivity, so the ionic conductivity in SPEs is usually modeled by the VTF equations 

with non-linear relationship (Choi, 2014; Zhang, 2017; Kisliuk, 2019;  Yao, 2019; 

Bocharova, 2020):  

                                         𝜎𝜎𝑖𝑖  = 𝜎𝜎0 𝑇𝑇− 12 𝑒𝑒𝑒𝑒𝑒𝑒[− 𝐵𝐵
𝑇𝑇−𝑇𝑇0

]                                  (2.12) 

where 𝐵𝐵 is the pseudo-activation energy, 𝜎𝜎0  is the pre-exponential factor, and 𝑇𝑇0 is 

the reference temperature. So, polymer electrolytes show an Arrhenius temperature 

dependence of conductivity at T < Tg (Choi, 2014). 

2.4.2 The charge screening on the viscoelastic properties and the 

conformation of polymerized ionic liquids (PILs) in ionic liquid (IL) solutions 

Matsumuto et al. (Matsumoto, 2019), they conduct detailed rheological 

characterization of a model system containing a PIL [PC4-TFSI: poly(1-butyl-3-

vinylimidazolium bis(trifluoromethanesulfonyl)imide)] in a mixture of a salt-free solvent 

(DMF: dimethylformamide) and an ILs [Bmim-TFSI : 1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide] solution, with low to high IL concentrations, while 

spanning dilute and semidilute polymer regimes. 
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Figure 2.4 Specific viscosity as a function of the concentration of Bmim-TFSI for PC4-

TFSI solutions at cp = 4.0 × 10−2 M. The values of 𝜂𝜂sp via a bulk shear rheometer (ARES-

G2; open circles), a microfluidic-based rheometer (m-VROC; open diamonds), and a 

gravity-driven capillary viscometer (Ubbelohde; filled circles) are compared. Blue solid 

and red dashed curves represent the scaling prediction of 𝜂𝜂 sp for semidilute 

unentangled (SUF) and DF* solutions, respectively. 

 

 They then studied the four different polymer concentrations ranging from cp = 

8.0 × 10−4 to 4.0 × 10−2 M, with the ionic liquid concentration 0 M ≤ cs ≤ 3.42 M. 

Specifically we identified three regions: (i) at low cs, 𝜂𝜂sp and 𝜆𝜆,remained constant with 

increasing cs; (ii) at an intermediate cs, 𝜂𝜂sp and 𝜆𝜆, decreased with increasing cs; (iii) at 

sufficiently high cs, 𝜂𝜂sp and 𝜆𝜆, increased with increasing cs. Regions (i) and (ii) were well 

described by the scaling laws of Dobrynin et al. (Dobrynin, 1995). for ordinary 

polyelectrolytes in a good solvent. 

2.4.3 Molecular Dynamics (MD) Simulation of polymerized ionic liquids 

Molecular dynamics (MD) simulation is the force field-constructed procession 

to investigate the trajectory of atomic movement followed by Newtonian equation of 

motion. The average values can be assessed using the statistical mechanic principles 

to link the microscopic trajectories to predict static and dynamic properties at the 

macroscopic level. The calculation for bond stretching and bending motion are quite 

taking very long time, as they have large force constants. Because the performance of 

current computer technology is not powerful enough, these two terms are generally 

fixed. Consequently, the properties of polymer usually depend on the other energetic 

terms: torsional energy and non-bond energies, as shown by: 
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                               𝐸𝐸 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛−𝑏𝑏𝑜𝑜𝑛𝑛𝑛𝑛                                                    (2.13) 

Where               𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡                              (2.14) 

                                   𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤                       (2.15) 

 

 Molecular dynamic (MD) simulation is based on the statistical mechanic 

formalism that links the macroscopic properties of the bulk materials to their 

microscopic parameters. MD simulation generates a series of configurations as a 

function of “time”. Each of simulated system consists of the kinetic energy, potential 

energy, thermodynamic properties, and the structure at a particular state or ensemble. 

This is because MD can change each configuration both the structure and momentum 

under thermodynamic equilibrium. If one gets enough number of these “snapshots”, 

one can evaluate the macroscopic properties of the system of interest.  

The main trust of MD simulation is to solve the Newtonian equation of motion 

for the system composed of N atoms that interact among themselves through the 

potential function called “force field”. The interacting force (Fi) on each particle which 

is a function of time can be obtained from the derivative of the potential function 

(force field) to the position of this particle as the equation 

𝐹𝐹𝑟𝑟𝑖𝑖 = − 𝜕𝜕𝜕𝜕
𝜕𝜕𝑟𝑟𝑖𝑖

       (2.16) 

where 𝐹𝐹𝑟𝑟𝑖𝑖 is the force acting on the ith particle, U is the function of potential energy 

and 𝑟𝑟𝑖𝑖 is the position of the ith particle. 

The position and velocity of the particle at the next time step can be evaluated 

by extending the current position and velocity of the particle using Newtonian’s 

equation of motion. This equation is originally written as 𝐹𝐹𝑖𝑖 =  𝑚𝑚𝑖𝑖𝑎𝑎𝑖𝑖  where the 

accelerator ( 𝑎𝑎𝑖𝑖)  for each particle can be calculated from the reaction force ( 𝐹𝐹𝑖𝑖)  and 

the mass of the particle according to the equation:  

𝑎𝑎𝑖𝑖 = 𝐹𝐹𝑖𝑖
𝑚𝑚𝑖𝑖

→ 𝑑𝑑2𝑟𝑟𝑖𝑖
𝑑𝑑𝑡𝑡2 = 𝐹𝐹𝑖𝑖

𝑚𝑚𝑖𝑖
     (2.17) 

The solution of this second-order differential equation with time (𝑑𝑑
2𝑟𝑟𝑖𝑖

𝑑𝑑𝑡𝑡2 ) can be obtained 

by the integration of each particle throughout the time span as 
𝜕𝜕𝑟𝑟𝑖𝑖
𝜕𝜕𝜕𝜕

= � 𝐹𝐹𝑖𝑖
𝑚𝑚𝑖𝑖

� 𝑡𝑡 + 𝑐𝑐𝑖𝑖     (2.18) 
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For the boundary condition, at t =  0, the initial velocity (𝑢𝑢𝑖𝑖)  will be a constant value 

of 𝑐𝑐𝑖𝑖 and the velocity at time t is  𝜕𝜕𝑟𝑟𝑖𝑖
𝜕𝜕𝜕𝜕

= 𝑎𝑎𝑖𝑖𝑡𝑡 + 𝑢𝑢𝑖𝑖 . If a is also constant, one can further 

integrate to result in the following relation 

𝑆𝑆𝑖𝑖 = 𝑢𝑢𝑖𝑖𝑡𝑡 = 1
2

𝑎𝑎𝑖𝑖𝑡𝑡2 + 𝑐𝑐2            (2.19) 

as where 𝑐𝑐2 is another constant that is related to the position at the present time. 

Hence, all the changes can be calculated from the initial velocity 𝑢𝑢𝑖𝑖  and accelerator 

 𝑎𝑎𝑖𝑖
𝐹𝐹𝑖𝑖
𝑚𝑚𝑖𝑖

.  

The format of the above equation is in accord with the approximation using Taylor’s 

series expansion up to the second degree as the relation: 

𝑥𝑥(𝑡𝑡 + Δ𝑡𝑡) = 𝑥𝑥(𝑡𝑡) + �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

� Δ𝑡𝑡 + �𝑑𝑑2𝑥𝑥
𝑑𝑑𝑡𝑡2� Δ𝑡𝑡2

2
+. ..                (2.20) 

 

From this equation, if one knows the position (first term), the velocity (second 

term)  and the accelerator ( third term)  at the time t, one can calculate the position 

and velocity for the time t+ Δt ( in practice, the time step ∆t is the time interval at 

which the particles change their position.  Usually, we set ∆t in the range of 

femtosecond) .  There are many numerical algorithms used for solving this integration 

function of motion such as Verlet, Leap- frog and Beeman.  All of them are similar as 

they consist of looping and changing coordinate for every atom in the system. A set of 

atomic configurations for the MD run can be averaged in an appropriate ensemble to 

result in some parameters of interest such as the average distance between atom pair 

and the coordinations number of the reference atom.  

2.4.4 Molecular Dynamics (MD) Simulation of Ionic conductivity 

    In addition, the ionic conductivity can be determined microscopically from the 

movement of ions obtained from the MD trajectory.  The diffusion coefficient can be 

calculated as an ensemble average of the center-of-mass vector of a molecule or ion 

at the time 𝑡𝑡, 𝑅𝑅(𝑡𝑡), 6𝐷𝐷𝐷𝐷 = ⟨|𝑅𝑅(𝑡𝑡) − 𝑅𝑅(0)|2⟩.  An alternative way is to use the center-

of-mass velocity autocorrelation function of each species. 3𝐷𝐷 = ∫ ⟨𝑣𝑣(𝑡𝑡)𝑣𝑣(0)⟩𝑑𝑑𝑑𝑑∞
0 . The 

conductivity (at zero frequency) can be equated to 3𝑉𝑉𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇 = ∫ ⟨𝑗𝑗(𝑡𝑡)𝑗𝑗(0)⟩𝑑𝑑𝑑𝑑∞
0   Here, 

V is the volume, 𝑘𝑘𝐵𝐵 is Boltzman constant, T is temperature. The flux of charge is given 
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by 𝑗𝑗(𝑡𝑡) = 𝑒𝑒 ∑ 𝑞𝑞𝑖𝑖𝑣𝑣𝑖𝑖(𝑡𝑡)𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  where e is the elementary charge and 𝑞𝑞𝑖𝑖  is the formal charge 

of ion i. The Einstein equation equivalent to Kubo equation can also show by 

           6𝑡𝑡𝑡𝑡𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇 = 𝑒𝑒2�∑ ∑ 𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗 × [𝑅𝑅𝑖𝑖(𝑡𝑡) − 𝑅𝑅𝑖𝑖(0)]𝑗𝑗𝑖𝑖 �𝑅𝑅𝑗𝑗(𝑡𝑡) − 𝑅𝑅𝑗𝑗(0)��   (2.21) 

The cross term (i≠j) in this equation is for the correlation between the diffusion of two 

different ions. 

In molecular dynamics simulations, this is suitable to describe the upon 

equation in the format of an impartial Einstein relation: 

             𝜎𝜎 = lim
𝑡𝑡→∞

𝑒𝑒2

6𝑡𝑡𝑡𝑡𝑘𝑘𝐵𝐵𝑇𝑇
�∑ ∑ 𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗 × [𝑅𝑅𝑖𝑖(𝑡𝑡) − 𝑅𝑅𝑖𝑖(0)]𝑗𝑗𝑖𝑖 �𝑅𝑅𝑗𝑗(𝑡𝑡) − 𝑅𝑅𝑗𝑗(0)��              (2.22) 

 

As discussed by McDaniel et al. (McDaniel, 2018). The conductivity can be split into 

five components: 𝜎𝜎 =  𝜎𝜎+
𝑠𝑠 + 𝜎𝜎−

𝑠𝑠  +  𝜎𝜎+
𝑑𝑑  + 𝜎𝜎−

𝑑𝑑 + 𝜎𝜎+,−
𝑑𝑑  where the cation− self (𝜎𝜎+

𝑠𝑠 =

𝑞𝑞+
2 𝐷𝐷+𝑁𝑁+/(𝑉𝑉𝑘𝑘𝐵𝐵𝑇𝑇)), anion− self (𝜎𝜎−

𝑠𝑠 = 𝑞𝑞−
2𝐷𝐷−𝑁𝑁−/(𝑉𝑉𝑘𝑘𝐵𝐵𝑇𝑇)), cation-distinct (𝜎𝜎+

𝑑𝑑), anion-

distinct (𝜎𝜎−
𝑑𝑑), and cation/anion-distinct (𝜎𝜎+,−

𝑑𝑑 ) conductivities all contribute to the total 

conductivity.  

If the ions all move independently, then the cross-terms are zero, and the 

Nernst−Einstein relationship applies (Demir, 2020): 

                  𝜎𝜎𝑁𝑁𝑁𝑁 = 1
𝑉𝑉𝑘𝑘𝐵𝐵𝑇𝑇

 (𝑞𝑞+
2 𝐷𝐷+𝑁𝑁+  + 𝑞𝑞−

2 𝐷𝐷−𝑁𝑁− )                                    (2.23) 

Where 𝐷𝐷+ (𝐷𝐷−) and 𝑁𝑁+ (𝑁𝑁−) are the diffusion coefficient and the number of cations 

(anions), respectively. 

From the cross-correlation term is small and hence may be neglected. As a 

result, we arrive at a modified Nernst-Einstein equation based exclusively on the free 

ions: 

          𝜎𝜎𝑁𝑁𝑁𝑁,modified =  1
𝑉𝑉𝑘𝑘𝐵𝐵𝑇𝑇

 (𝑞𝑞+
2𝐷𝐷+𝑁𝑁+𝑝𝑝+  + 𝑞𝑞−

2𝐷𝐷−𝑁𝑁−𝑝𝑝− )                              (2.24) 

 

Where 𝑝𝑝+ and 𝑝𝑝−  are fractions of cations and anions in the free state (Feng, 2019).  

2.4.5  Ion Transport Mechanisms 

Mixtures of polyILs with pure ILs compose a stimulating level matter with 

potential for desired property characteristics. Such materials share features in common 

with plasticizer-doped polymer electrolytes (Abraham, 1997; Song, 1999; Scott, 2002), 

wherein the additive (in this case, pure ILs) can serve as a means to accelerate the 
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polymer dynamics and whereupon enrich the conductivity. Nevertheless, when 

compared with traditional plasticizers, ionic liquid additives can also encourage mobile 

ions and increase the overall conductivity of the electrolyte. Furthermore, as a 

resultant of the decoupling phenomena considered above, such blends may also offer 

a wider parameter space to override the conductivity−mechanical strength trade-off. 

Santosh and Venkat (Mogurampelly, 2018). They used atomistic molecular 

dynamics simulations to study ion mobilities and the molecular mechanisms of 

transport in blends of poly(1-butyl-3-vinylimidazolium hexafluorophosphate) 

electrolytes with 1-butyl-3-methyl-imidazolium hexafluorophosphate ionic liquids. At 

all temperatures, the diffusion coefficients of both were examined both BMIM+ and 

PF6− ions diminish monotonically with expanding polyIL wt %. Such outcomes confirm 

the speculation underlying their research and illustrates that blending polyILs with 

pure ILs can actually bring about an elevation in the ion mobilities relative to polyILs. 

And between the various blends the decoupling consequence is most dominant in 

comparing pure ILs with the different blend complements and that the dissimilarity in 

the ion mobilities turns into less essential when comparing nonidentical blend ratios. 

From the simulation results for the true conductivity and the NE values as a function 

of the polyIL wt% and T/Tg. Interestingly, it is seen that while both the NE and the 

direct conductivities exhibit a “decoupling” from T/Tg, the degree of such effects 

becomes significantly reduced when compared to the ion mobilities. After that the ion 

transport mechanisms within the polyIL−IL blends were explored to offer molecular 

type enlightenments. Their outcomes propose that the intrachain interaction transport 

mechanism implying ion hopping along polymer chains is outstanding of all the 

transport events. 

 Xubo et al. (Luo, 2021). They study the ion-transport mechanism in poly(ethyl 

vinyl imidazolium) with different anions: Br−, BF4
−, PF6

−, and Tf2N− by MD simulations.  

These results indicate that anion diffusivity (DA) calculated with the Einstein 

relation from mean square displacements (MSDs) of the simulation trajectories, Br− has 

much lower diffusivity than the other anions, while the other three anions do not 

exhibit large differences at any of the temperatures. Generally, it is observed that 

Tf2N− > BF4
− > PF6

− > Br−. For the distinct part of the van Hove function, Gd(r,t), show 
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that the nontrivial peaks at r = 0 specify correlated motion, where it is possible for an 

anion to occupy the position of another anion as a replacement. The much higher 

peaks at r = 0 for Br−, BF4
−, and PF6

− indicate the precise replacement, while the lower 

peaks for Tf2N− are probably due to its flexibility as the center of mass of Tf2N− has 

more freedom to fluctuate. And length of stringlike motion, indicate that they do not 

observe significantly more immobile ions in the Tf2N− system, the shorter strings are 

not due to less mobility. It can be due to its larger size and multiple conformations. It 

might be possible that poly(C2Im) Tf2N is more flexible such that the hopping of Tf2N− 

at t = t* may not exactly locate the position of the replaced ion at t = 0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER III 

RESEARCH METHODOLOGY 
 

3.1  A multiscale molecular simulations for structural and material 

properties of two polymer hosts for gel electrolytes of poly(vinyl 

chloride) : PVC and poly(vinyl fluoride) : PVF 

Simulations to generate and equilibrate amorphous PVC and PVF structures 

were first done using the coarse-grained chains mapped on a high coordination lattice 

which was created by removing every other position from a diamond lattice, namely 

the 2nd nearest neighbor diamond (2nnd) lattice, with a coordination number of 10 i2 

+ 2 at shell ith. All the coarse-grained bonds have the same length of 2.5 Å and the 

occupied lattice sites is 20.75%. For this reason, the simulation proficiency is the 

extremely developed comparison with MD simulation of atomistic model. The most 

essential characteristic is that polymer chains on 2nnd lattice can be conveniently 

transformed to fully atomistic models and effectively recovered the real chain 

conformation. Moreover, the stereochemical structure of coarse-grained polymer chain 

can also be retained on the 2nnd lattice which permit us to study the effect of side 

chain tacticity on structural properties of vinyl polymers from the on-lattice models as 

well.  

3.1.1  Rotational Isomeric State (RIS) Model 

 RIS analysis is useful in conformational characterization of polymer molecules. 

This method is based on statistical thermodynamics to determine the average 

properties of ensemble derived from various different conformation according to its 

energetics. RIS model employs a small segment, usually dimer, to calculate for 

statistical weight matrices for each polymer conformation and then employ matrix 

multiplication scheme to determine the average conformational dependent 

properties. In the RIS scheme, the conformational partition function may be written as 
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𝑍𝑍 = ∑ … ∑ 𝑒𝑒[−𝐸𝐸(∅1…∅𝑛𝑛)/𝑅𝑅𝑅𝑅]
∅𝑛𝑛∅1      (3.1) 

 For most polymer chains, this is a bad estimate because the state of a bond is 

influenced by the states of its neighbors. This is due to the pentane effect or the 

second-order interaction, named after the smallest molecule in which the 

phenomenon occurs. When taking into account the dependency of the nearest 

neighbor, the weight participatory with a given conformation is 

 

∏ 𝑒𝑒[−𝐸𝐸(∅𝑖𝑖−1,∅𝑖𝑖)𝑅𝑅𝑅𝑅]
𝑖𝑖      (3.2) 

where 𝐸𝐸𝑖𝑖(∅𝑖𝑖)  single bond energy, independent of the states of all other bonds.                 

The statistical weight of the conformational state for each bond pair is given by 

𝑢𝑢𝑖𝑖(∅𝑖𝑖−1, ∅𝑖𝑖) = 𝑒𝑒[−𝐸𝐸(∅𝑖𝑖−1,∅𝑖𝑖)𝑅𝑅𝑅𝑅]   (3.3)                                                      

 The partition function can then be expressed as the sum over all rotational 

states of the product of these weights. That is 

𝑍𝑍 = ∑ … ∑ ∏ 𝑢𝑢𝑖𝑖(∅𝑖𝑖−1, ∅𝑖𝑖)𝑖𝑖∅𝑛𝑛∅1    (3.4) 

In matrix form, this can be rewritten as 

𝑍𝑍 = ∏ 𝑈𝑈𝑖𝑖𝑖𝑖       (3.5) 

where 𝑈𝑈𝑖𝑖  is the statistical weight matrice of bond i. 

 It is constructive to consider the relative conformational energies for the model 

compounds of a polymer chain to be the sum of conformation-dependent interaction 

depending on single torsions ( first- order)  and consecutive pairs of torsions ( second-

order) .  Such RIS analysis is useful in understanding more conformational-dependent 

 



28 
 

interactions in these molecules. The quantities of interest in this work are the  
0

2r , 

the 2
0

2 nlr ,  2
0

2 nls ,  and the fraction of bond conformer, all were tested to 

verify the characteristics of the polymer. Some of the useful mathematical formulas 

based on the original framework of the RIS model are listed below.  

For example, the for the chain is obtained by evaluating the following matrix 

multiplication scheme. 

                                          ⟨𝑟𝑟2⟩0 =   𝑍𝑍−1𝐺𝐺1 ⟨𝐺𝐺2⟩ ⋯ ⟨𝐺𝐺𝑛𝑛−1⟩ 𝐺𝐺𝑛𝑛                                                 (3.6) 

where Z is the conformational partition function. 

U is the statistical weight matrices in the form as shown in Eq. (3.5). 

...  is the ensemble average for all possible conformations.       
                     

                                            ⟨𝐺𝐺𝑖𝑖⟩ = �
𝑈𝑈 (𝑈𝑈 ⊗ 𝐼𝐼𝑇𝑇)‖𝑇𝑇‖ 0
0 (𝑈𝑈 ⊗ 𝐼𝐼𝑇𝑇)‖𝑇𝑇‖ 𝑈𝑈 ⊗ 𝐼𝐼
0 0 𝑈𝑈

�
𝑖𝑖

                                                    (3.7) 

Gi is the super generator matrix, I denotes to the identity matrix and ⊗denotes to the 

direct product.  If Ui is of dimensions νi- 1 x νi and IA is of dimensions 4x4, the direct 

product, in the sequence 𝑈𝑈𝑖𝑖 ⊗ 𝐼𝐼𝐴𝐴, is of dimensions 4νi-1 x 4νi, with the form 
         

                              𝑈𝑈𝑖𝑖 ⊗ 𝐼𝐼𝐴𝐴 = �
𝑢𝑢11𝐼𝐼𝐴𝐴 𝑢𝑢12𝐼𝐼𝐴𝐴 ⋯
𝑢𝑢21𝐼𝐼𝐴𝐴 𝑢𝑢22𝐼𝐼𝐴𝐴 ⋯

⋮ ⋮ ⋱
�                                                                (3.8) 

T is the transformation matrix of the form               

𝑇𝑇𝑖𝑖 = �
− 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 0

− 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑 − 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑 − 𝑠𝑠𝑠𝑠𝑠𝑠 𝜑𝜑
− 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 𝑠𝑠𝑠𝑠𝑠𝑠 𝜑𝜑 − 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 𝑠𝑠𝑠𝑠𝑠𝑠 𝜑𝜑 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑

�                                   (3.9) 

where 𝜃𝜃 and 𝜑𝜑denote the bond angle and the torsion angle, respectively. 

 Properties depend on other conformational such as ⟨𝑠𝑠2⟩0 𝑛𝑛𝑙𝑙2⁄ , and the 

fraction of bond conformer are calculated in the same way by changing only the 

super generator matrix for each of these properties. 
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3.1.2  RIS model of vinyl polymers 

 For example, the RIS model for vinyl–[CH2-CH(X)]n- chains, where all bonds are 

subject to a torsion potential 3-fold asymmetry with the nearest neighbor 

interdependence. Determined by a statistical weight matrix for successive bonds of C-

Cα and Cα-C. Describing the stereochemistry with dl pseudo-asymmetric centers, the 

statistical weight matrix for the  Cα –C and Cα-C bond are 
 

               𝑈𝑈𝑑𝑑 = �
𝜂𝜂 1 𝜏𝜏
𝜂𝜂 1 𝜏𝜏𝜏𝜏
𝜂𝜂 𝜔𝜔 𝜏𝜏

�                                            (3.10) 

when the methyl group is attached to Cα to produce a d pseudo-asymmetric center. 

The statistical weight matrices for the C–Cα bonds depend on the stereochemistry at 

two successive pseudo-asymmetric centers, 
 

                                    𝑈𝑈𝑑𝑑𝑑𝑑 = �
𝜂𝜂𝜔𝜔𝑥𝑥𝑥𝑥 𝜏𝜏𝜔𝜔𝑥𝑥 1

𝜂𝜂 𝜏𝜏𝜔𝜔𝑥𝑥 𝜔𝜔
𝜂𝜂𝜔𝜔𝑥𝑥 𝜏𝜏𝜏𝜏𝜔𝜔𝑥𝑥𝑥𝑥 𝜔𝜔𝑥𝑥

�                                      (3.11) 

 

                           𝑈𝑈𝑑𝑑𝑑𝑑 = �
𝜂𝜂 𝜔𝜔𝑥𝑥 𝜏𝜏𝜔𝜔𝑥𝑥𝑥𝑥

𝜂𝜂𝜔𝜔𝑥𝑥 1 𝜏𝜏𝜏𝜏
𝜂𝜂𝜔𝜔𝑥𝑥𝑥𝑥 𝜔𝜔 𝜏𝜏𝜔𝜔𝑥𝑥

2
�                                        (3.12) 

For an l pseudo-asymmetric center, the statistical weight matrices for these bonds 

become 

𝑈𝑈𝑙𝑙 = 𝑄𝑄𝑈𝑈𝑑𝑑𝑄𝑄, 𝑈𝑈𝑙𝑙𝑙𝑙 = 𝑄𝑄𝑈𝑈𝑑𝑑𝑑𝑑𝑄𝑄 and 𝑈𝑈𝑙𝑙𝑙𝑙 = 𝑄𝑄𝑈𝑈𝑑𝑑𝑑𝑑𝑄𝑄                           (3.13) 

 

                 where 𝑄𝑄 = �
1 0 0
0 0 1
0 1 0

� 

 
 

In these matrices, the states of bonds i -1 and i are denoted by the rows and 

columns, respectively, with t, g+, and g- conformation. The gauche CH…CH3 conformer 

is the reference state. The first-order energy Eη  is a bond conformation with CH…X in 

gauche interaction but not for CH…CH3, while the other first-order energy, Eτ  is a  
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conformation with both CH…X and CH…CH3 in gauche interaction.  Eω is the second-

order energy for CH3…CH3 “pentane” effect. Eωx and Eωxx are the second-order energies 
for CH3…X and X…X interaction, respectively. In this work, the calculated 

conformational energies of small molecules, dichloroethance (DCE) and 

difluoroethance (DFE) respectively to represent  PVC and PVF chains, based on ab initio 

electronic structure calculation at HF/6-311++G**//MP2/6-311++G** are reported in 
Table 4.1.1 and the RIS energies are determined for PVC and PVF chains are reported 

in Table 4.1.2 and 4.1.3 as: 𝐸𝐸𝜏𝜏 = −2.09, 𝐸𝐸 𝜂𝜂 = −3.76, 𝐸𝐸𝜔𝜔 = 7.52, 𝐸𝐸𝜔𝜔′ = 5.85, 𝐸𝐸𝜔𝜔" =

20.06  kJ/mol 𝐸𝐸𝜏𝜏 = 3.51, 𝐸𝐸𝜂𝜂 = −1.84, 𝐸𝐸𝜔𝜔 = 7.19, 𝐸𝐸𝜔𝜔′ = 2.51, 𝐸𝐸𝜔𝜔" = 13.63  kJ/mol, 

respectively. 

3.1.3  RIS parameters by quantum chemistry calculation 

 In an effort to quantify better the conformational energetics of vinyl polymers, 

ab initio electronic structure calculations will be performed to calculate geometries 

and conformational energetics for numerous stereoisomers of dimers. The 

parameterization of RIS model which more accurately conformational energies of 

model molecules can be obtained. 

 For a molecule in any particular conformation, one writes down the electronic 

Hamiltonian after the Born-Oppenheimer approximation as  

 

𝛨𝛨 = −ℎ2

8𝜋𝜋2𝑚𝑚
∑ 𝛻𝛻𝑝𝑝

2 − ∑ ∑ 𝑒𝑒2𝑍𝑍𝐴𝐴𝑟𝑟𝐴𝐴𝐴𝐴
−1 + ∑ ∑ 𝑒𝑒2𝑟𝑟𝑝𝑝𝑝𝑝

−1
𝑝𝑝<𝑞𝑞𝑝𝑝𝐴𝐴𝑝𝑝                   (3.14) 

 

 The total energy of the system is obtained as the sum of electronic energy and 

the nuclear repulsion energy. The electronic energy is the expectation value 

⟨𝜓𝜓|𝐻𝐻|𝜓𝜓⟩where ψ is the wave function for the system obtained from the solution of 

the time-independent Schrodinger equation. For a closed shell system with 2n 

electrons, one can write ψ in the form  
 

        𝜓𝜓 = 𝑁𝑁 ∑ (−1)𝑝𝑝𝑃𝑃{𝜓𝜓1(1)𝛼𝛼(1)𝜓𝜓1(2) … 𝜓𝜓𝑛𝑛(2𝑛𝑛)𝛽𝛽(2𝑛𝑛)}𝑝𝑝                          (3.15) 

 

 

 



31 
 

where yi are molecular orbitals and P is a permutation of the electron numbers a and 

b represent the spin of the electron involved. 

 Now the Hamiltonian can be divided into one- and two-electron parts. In terms 

of atomic units we have 

  𝐻𝐻 = 𝐻𝐻1 + 𝐻𝐻2                                              (3.16) 

 

where 𝐻𝐻1 = ∑ 𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑝𝑝)𝑝𝑝  with 𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑝𝑝) = − 1
2� 𝛻𝛻𝑝𝑝

2 − ∑ 𝑍𝑍𝐴𝐴𝑟𝑟𝑝𝑝𝑝𝑝
−1  

𝐴𝐴 is the one- electron 

Hamiltonian corresponding to the motion of an electron in the field of the bare nuclei 

and 𝐻𝐻2 = ∑ ∑ 𝑟𝑟𝑝𝑝𝑝𝑝
−1

𝑝𝑝<𝑞𝑞 . Then we get the total electronic energy as 
 

 𝐸𝐸 = 2 ∑ 𝐻𝐻𝑖𝑖𝑖𝑖 + ∑ ∑ �2𝐽𝐽𝑖𝑖𝑖𝑖 − 𝐾𝐾𝑖𝑖𝑖𝑖�𝑛𝑛
𝑗𝑗

𝑛𝑛
𝑖𝑖

𝑛𝑛
𝑖𝑖                          (3.17) 

 

where   𝐻𝐻𝑖𝑖𝑖𝑖 = ∫ 𝜓𝜓𝑖𝑖
∗(1)𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜓𝜓𝑖𝑖(1)𝑑𝑑𝜏𝜏1  

  𝐽𝐽𝑖𝑖𝑖𝑖 = ∫ ∫ 𝜓𝜓𝑖𝑖
∗(1)𝜓𝜓𝑗𝑗

∗(2) 1
𝑟𝑟12

𝜓𝜓𝑖𝑖(1)𝜓𝜓𝑗𝑗(2)𝑑𝑑𝜏𝜏1𝑑𝑑𝜏𝜏2 (Coulomb integral) 

𝐾𝐾𝑖𝑖𝑖𝑖 = ∫ ∫ 𝜓𝜓𝑖𝑖
∗(1)𝜓𝜓𝑗𝑗

∗(2) 1
𝑟𝑟12

𝜓𝜓𝑗𝑗(1)𝜓𝜓𝑖𝑖(2)𝑑𝑑𝜏𝜏1𝑑𝑑𝜏𝜏2            (Exchange integral) 

 

 The optimal value of E is the energy that issues in the lowest energy for that 

particular conformation of the molecule. Thus, one can apply the variable essential 

and be able to adjust the molecular orbital until the energy decreases. In veritable 

operate, we demonstrate a molecular orbital as a linear combination of atomic orbitals 

(LCAO) as 𝜓𝜓𝑖𝑖 = ∑ 𝐶𝐶𝜇𝜇𝜇𝜇𝜑𝜑𝜇𝜇𝜇𝜇  Furthermore, the properties of orthonormality imply that  

∑ 𝐶𝐶𝜇𝜇𝜇𝜇
∗ 𝐶𝐶𝑣𝑣𝑣𝑣𝑆𝑆𝜇𝜇𝜇𝜇 = 𝛿𝛿𝑖𝑖𝑖𝑖𝜇𝜇𝜇𝜇  where 𝑆𝑆𝜇𝜇𝜇𝜇 = ∫ 𝜑𝜑𝜇𝜇(1)𝜑𝜑𝑣𝑣(1)𝑑𝑑𝜏𝜏1 and the density matrix is defined 

as 𝑃𝑃𝜇𝜇𝜇𝜇 = 2 ∑ 𝐶𝐶𝜇𝜇𝜇𝜇
∗ 𝐶𝐶𝑣𝑣𝑣𝑣

𝑜𝑜𝑜𝑜𝑜𝑜
𝑖𝑖 . Eventually, the whole energy of the molecule can be indicated 

as   
 

             𝐸𝐸 = ∑ 𝑃𝑃𝜇𝜇𝜇𝜇𝐻𝐻𝜇𝜇𝜇𝜇 + 1
2

∑ 𝑃𝑃𝜇𝜇𝜇𝜇𝑃𝑃𝜆𝜆𝜆𝜆 �(𝜇𝜇𝜇𝜇|𝜆𝜆𝜆𝜆) − 1
2

(𝜇𝜇𝜇𝜇|𝑣𝑣𝑣𝑣)�𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇                     (3.18) 
where 
                                 𝐻𝐻𝜇𝜇𝜇𝜇 = ∫ 𝜑𝜑𝜇𝜇

∗ (1)𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝑖𝑖(1)𝑑𝑑𝜏𝜏1 

(𝜇𝜇𝜇𝜇|𝜆𝜆𝜆𝜆) = � � 𝜑𝜑𝜇𝜇
∗ (1)𝜑𝜑𝑣𝑣

∗(1)
1

𝑟𝑟12
𝜑𝜑𝜆𝜆(1)𝜑𝜑𝜎𝜎(2)𝑑𝑑𝜏𝜏1𝑑𝑑𝜏𝜏2 

 Now the variational principle can be used to minimize the energy; than one 

ends up with the equations 

 



32 
 

   ∑ �𝐹𝐹𝜇𝜇𝜇𝜇 − 𝜀𝜀𝑖𝑖𝑆𝑆𝜇𝜇𝜇𝜇�𝐶𝐶𝑣𝑣𝑣𝑣 = 0𝑣𝑣                                    (3.19) 

where 

 𝐹𝐹𝜇𝜇𝜇𝜇 = 𝐻𝐻𝜇𝜇𝜇𝜇 + ∑ 𝑃𝑃𝜆𝜆𝜆𝜆 �(𝜇𝜇𝜇𝜇|𝜆𝜆𝜆𝜆) − 1
2

(𝜇𝜇𝜇𝜇|𝑣𝑣𝑣𝑣)�𝜆𝜆𝜆𝜆  

 

This equation was first set forth by Roothaan and is known as Roothaan equation. The 

series of coefficients must be regularly resolved in order to acquire the final 

eigenfunctions and the energy. 

 The SCF process relates to the selection of atomic orbitals from which the 

density matrices are calculated by employing some arbitrary value of Cvi. Then one 

solves the above equation to get new values of Cvi which will again be used in the 

above equation. This is repeated until the value of Cvi are self-consistent. This is known 

as Roothaan-Hartree-Fock procedure. In this work, we will use Gaussian09 computer 

program, which passed the above procedure self-consistently. Both use a combination 

of Gaussian functions as the input atomic functions. The only other input is the 

geometry of the molecule in particular configuration. The program will then observe 

the best energy for that situation. 

 For ab initio calculations, various geometries of low energy conformers of the 

stereoisomers of vinyl polymer dimers along with rotational energy barriers between 

the low-energy conformers were determined at the self-consistent-field (SCF) level 

using a 6-311++G** basis set, a 6-31G split-valence basis set plus polarization functions 

on all atoms. The geometry of all conformers is determined by fully optimizing the 

molecular geometries using the ab initio quantum chemistry package Gaussian03 which 

performs full geometry optimizations. The Hartree-Fock or SCF calculations exclude 

contributions from electron correlation. For conformational energy studies, the most 

significant participator to electron correlation effects is the dispersion energy which 

can be that can be calculated sufficiently through the use of second-order Moiler-

Plesset perturbation theory (MP2). Therefore, the SCF optimized geometries was used 

to calculate the MP2 level calculations of electron correlation effects. The single-point 

MP2 calculations were also operated using Gaussian03. The conformational geometries 

and energies of the difluoropentane/ dichloropentane conformers are determined. 
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For semi-empirical calculation, statistical weight matrices were estimated from the 

conformational energy map of representative small segments of polymer chain by AM1 

calculation using HyperChem7. The procedure is as following 

 - Select a section of PVF and  PVC of which conformations depend on two 

neighboring backbone bond rotation angles were selected. The atom coordinates 

are adjusted to minimize the energy while the torsion angle is constant.  

 - The conformational energies for each of these fragments are calculated as a 

function of the rotation angles and torsion are rotated from 0o to 360o (10o for 

each step). 

 - The conformational energy maps are generated and statistical weights are 

assessed for each of the nine pair-wise dependent rotational states, for example 

 

𝑈𝑈∅𝑖𝑖,∅𝑗𝑗 =
∑ ∑ exp [−𝑉𝑉(∅𝑖𝑖,∅𝑗𝑗)/RT]∅𝑗𝑗∅𝑖𝑖

∑ ∑ exp [−𝑉𝑉(∅𝑖𝑖,∅𝑗𝑗)/RT]360°
10°

360°
10°

                                                         (3.20) 

 

where V(∅𝑖𝑖 , ∅𝑗𝑗 ) is the conformational energy (kcal/mole) at torsional angles ∅𝑖𝑖 and 

∅𝑗𝑗 , R is the gas constant, and T is the absolute temperature. 

- The RIS estimation for polymer molecules is usually based on the first- and 

second-order interactions for three rotational isomeric states i.e. trans (t), gauche+ 

(g+), and gauche- (g-). Then, all the statistical weight matrices assigned to the 

skeletal bonds are 3x3 dimension. 

3.1.4  Monte Carlo Simulation of polymer 

 In the 1990s, the research group at Akron designed a new high coordination 

lattice that is appropriate to simulate a real polymer chain at the bulk. This method 

succeeds in studying the dynamic and static properties of simple structured polymers 

such as polyethylene, polyoxyethylene, and polypropylene. The lattice simulation 

techniques for real specific polymers with the characteristics can be described by three 

steps. 

 Step 1. Mapping: A fully atomistic model of an amorphous polymer in 

continuous space is mapped at bulk density onto a coarse-grained representation on 

a suitable chosen high coordination lattice. The mapping produces a coarse-grained 

representation of the real chain, so diminishing the number of fundamental particles 
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in the posterior simulation on the lattice will be computationally effective, even when 

the system is bulk density.  

 Step 2. Dynamics/Equilibration: The system develops through time by 

simulation on the high coordination lattice. Monte Carlo simulation is used with 

Metropolis criteria for the acceptance of the bead moves. The move must have a 

change that retains the local conformational characteristics of the real atomistic chains 

derived in Step 1. 

 Step 3. Reverse Mapping: The final process gives a fully atomistic explanation 

of the system in continuous space from randomly chosen points in the trajectory. The 

reverse mapping must restore chain atoms (and bonds) that were perfunctorily 

eliminated from the delineation of the system during the mapping in Step 1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic representation of three numbered steps in a MC simulation on a 

high coordination lattice that replaces a simulation of the fully atomistic system in a 

continuous space. 
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Figure 3.2  Graphical demonstration of how a tetrahedral lattice can be converted into 

a 2nnd lattice. 

 

 For vinyl polymer, the relations between the 2nnd lattice and the underlying 

diamond lattice can be illustrated as following. The rotational isomeric states of the 

two C–C bonds to bead j can be assigned obviously, given the vectors from bead i to 

bead j, and from bead j to bead k. These assignations can be showed in a 12x12 matrix. 

The 12x12 matrix is used to associate the reverse mapped C-C bonds in positive z 

direction from each 2nnd bead. This 12x12 matrix can be abbreviated to sixteen 3x3 

blocks as follows, 
 

�
𝐴𝐴 𝐵𝐵
𝐵𝐵 𝐴𝐴

𝐴𝐴 𝐵𝐵
𝐵𝐵 𝐴𝐴

𝐴𝐴 𝐵𝐵
𝐵𝐵 𝐴𝐴

𝐴𝐴 𝐵𝐵
𝐵𝐵 𝐴𝐴

�       and 𝐴𝐴 = �
𝑎𝑎 𝑏𝑏 𝑐𝑐
𝑐𝑐 𝑎𝑎 𝑏𝑏
𝑏𝑏 𝑐𝑐 𝑎𝑎

�     𝐵𝐵 = �
𝑏𝑏 𝑐𝑐 𝑑𝑑
𝑐𝑐 𝑑𝑑 𝑏𝑏
𝑑𝑑 𝑏𝑏 𝑐𝑐

�      (3.21) 
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 where a is tt or g+g+, d is rev or g-g-. In all sixteen blocks, b and c are selected 

from tg+ tg-, g+t, g-t, g+g-, g-g+, and col, where col denotes an unphysical collapse. 

 The long-range interaction involves both long-range intramolecular interaction 

that separated by more than four bonds and the non-bonded intermolecular 

interaction. The long-range interactions are gotten from a discretized form of the 

Lennard-Jones (LJ) potential, in which the second virial coefficient (B2) for polymers 

are assessed similar to a nonideal gas using the Mayer f function according to the 

imperfect gas theory as follows: 

  

                    𝐵𝐵2 = 1
2 ∫{𝑒𝑒𝑒𝑒𝑒𝑒[ − 𝛽𝛽𝛽𝛽(𝑟𝑟)] − 1}𝑑𝑑𝒓𝒓 = 1

2 ∫ 𝑓𝑓𝑓𝑓𝒓𝒓            (3.22)
    

where, β = 1/kT; k is the Boltzmann constant and f is called the Mayer function. B2 in 

the lattice space can be obtained by dividing the integral for each sub-shell as: 
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fff
V

fdfdfddB rrrr
                              (3.23) 

 

where ∫cell
   rd  is the shell volume Vc of the 2nnd lattice. The shell averaged <f> can 

be determined by 

∫∫>=<
cellcell
   / rr dfdf             (3.24) 

To determine <f>, the center of the one monomer is fixed at the origin while the 

others are allowed to be at any lattice sites. Therefore, Eq. (3.23) is transformed to                 
 

                   ]1[
2 3rd32nd21st1

c
2 −−−−= fzfzfz

V
B                               (3.25) 

 

where, zi is the coordination number of the ith shell and the shell interaction 

parameter, ui, for the ith neighbor can be equated as 

              th1)exp( ii fu =−−β                                                 (3.26) 
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In these simulations, the Lennard-Jones (LJ) potential energy function is employed as 

follows: 

                              






≥



 −=

<∞
= 2.5Å           )()(4

2.5Å                                              
612

LJ r
rr

u
r

u σσε                       (3.27) 

 Here, the LJ-potential parameters for chloroethane (𝜀𝜀/𝑘𝑘𝐵𝐵= 300.0 K, 𝜎𝜎 =  4.898 
Å)  and fluoroethane (𝜀𝜀/𝑘𝑘𝐵𝐵= 253.3 K, 𝜎𝜎 = 4.268 Å) was used to estimate the interaction 

at the simulated temperature of 600 K (Poling, 2002) and only the first shell parameters 

for PVC (21.968, 1.575, -1.369 kJ/mol) and PVF (17.369, 0.330, and -0.776 kJ/mol) were 

employed to speed up the calculation.  

3.1.5  Moves in the Simulation 

 Two types of moves were recommended into the simulation. One type               

is a series of moving single beads in which every bead has a chance to move to one 

of the nearest vacant neighbors within the constraints of the bond length and energy. 

The movement of a single bead on the 2nnd lattice can move the position of either 

two or three consecutive carbon atoms on the underlying fully atomistic diamond 

lattice. For the purpose of improvement computational efficiency, a set of multiple 

bead pivot moves is executed. 

 Two to six bead pivot moves are applicable in the simulation. For every Monte 

Carlo Step (MCS), single bead moves and again multiple bead pivot moves are 

operated randomly. Every bead is tried once, on average, both in single bead moves 

and pivot moves, respectively. Moves to cause double to occupy and collapses were 

forbidden. The moves are accepted or rejected according to the Metropolis criterion. 

3.1.6  System Description     

 MC simulations on 2nnd lattice were based on coarse-grained chains with 46 

monomer  [CH2CHX] beads. The bulk systems were composed of 12 chains in the box 

of 16×16×16 lattice units (equal to 4x4x4 nm) equivalent to the density of 1.38 and 

1.45 g/cm3 for PVC and PVF systems which are close to their experimental densities 

(Lee, 1992; Ludovice, 1992). The simulation temperature was above their melting 

temperature at 600 K for atactic chains with trajectories of 10,000,000 MCS after 

equilibration.   
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3.1.7  Fully atomistic models 
       Reverse mapping of coarse-grained (CG) models from 2nnd lattice to atomistic 

representation in the continuous area can be done by defining the location of central 

backbone atoms that are demonstrated on the diamond lattice underling the 2nnd 

lattice. After structural relaxation by MC simulation of CG models, all bonds and all 

the missing atoms will be restored. The coordinates of the carbon, fluoride and 

hydrogen atoms in polymer chains were generated after reverse mapped back onto 

the diamond lattice. The side group (X) configuration can be also uniquely in 

accordance with the description of the RIS model. The atomic structure can then be 

adjusted off-lattice by reducing the energy of the selected snapshot. This procedure is 

performed using Xenoview (http://www.vemmer.org) with PCFF force field until the 

gradient is less than 0.1 kcal/(mol Å). The steepest descents method is used if the 

gradient is greater than 1000 kcal/(mol Å), and the conjugate gradient is used in other 

ways. In addition, short NVT molecular dynamics (< 1 ns) was run to further relax the 

atomistic structures. To regularize these atomistic models, some molecular and 

material features of amorphous polymer structures will be defined and compared with 

experimental data including conformational statistics and solubility parameter factors. 

3.2  Monte Carlo simulation : Effect of chain stiffness on the free surface 

of polymers 

3.2.1  Rotational Isomeric State (RIS) Model 

 The RIS model (Flory, 1969; Mattice, 1994) is an effective method to calculate 

quickly by computer the conformational-dependent properties of a single polymer 

chain based on its molecular structure (bond length, bond angles, and torsion potential 

energetics) in the matrix multiplication formalism. The calculation is the exact result 

for the specific model, as imposed by the molecular geometry and the intramolecular 

interaction energies. From the RIS formalism, the statistical weight matrix of 

polyethylene-like model can be defined by: 

                                          𝑈𝑈 = �
1 𝜎𝜎′ 𝜎𝜎′

1 𝜎𝜎′ 𝜎𝜎′𝜔𝜔′

1 𝜎𝜎′𝜔𝜔′ 𝜎𝜎′
�            (3.28) 
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where the statistical weights of the first-, 𝜎𝜎 = 𝑒𝑒𝑒𝑒𝑒𝑒(−𝐸𝐸𝜎𝜎 𝑅𝑅𝑅𝑅⁄ ), and the second-order, 

𝜔𝜔 = 𝑒𝑒𝑒𝑒𝑒𝑒(−𝐸𝐸𝜔𝜔 𝑅𝑅𝑅𝑅⁄ ) , interaction parameters are multiplied by the chain stiffness 

parameter (k) as 𝜎𝜎′ = 𝑘𝑘𝑘𝑘  and 𝜔𝜔′ = 𝑘𝑘𝜔𝜔  where the energy parameters of the 

unperturbed polyethylene are Eσ = 2100 and Eω = 8400 J/mol, respectively (Misra, 

1995). For this 3x3 matrix, the rows and columns are the conformations of (i-1)th and 

ith bonds, respectively, with the index of t, g+ and g- states (trans, gauche+ and gauche- 

conformation with the torsion angles of 180o, +60o and -60o, respectively). 

 The conformational partition function (Z) which is the sum over all rotational 

states of the product of these weights can be determined using the above statistical 

weight matrices. 

                                                        𝑍𝑍 = ∏ 𝑈𝑈𝑖𝑖𝑖𝑖               (3.29) 

 The probability of bond i at the rotational isomeric state, η, can be derived by 

dividing Z into the sum of the statistical weights of all conformations where this bond 

is in the η state. 

                           𝑝𝑝𝜂𝜂;𝑖𝑖 = 𝑍𝑍𝜂𝜂;𝑖𝑖

𝑍𝑍
=

𝑈𝑈1𝑈𝑈2…𝑈𝑈𝑖𝑖−1𝑈𝑈𝜂𝜂;𝑖𝑖
′ 𝑈𝑈𝑖𝑖+1…𝑈𝑈𝑛𝑛

𝑍𝑍
            (3.30) 

 

where Ui is the statistical weight matrices in the form as shown in Eq (3.30) and 𝑈𝑈𝜂𝜂;𝑖𝑖
′  is 

similar to 𝑈𝑈𝑖𝑖  with the statistical weights of two rows except for the state η of bond i 

are zero.  

 The characteristics ratio defined as the proportion of the unperturbed mean 

square end-to-end distance, 〈𝑟𝑟2〉0, relative to that of the fully flexible chain (nl2) can 

be used to describe the chain stiffness at the molecular level. 

                                      𝐶𝐶∞ = lim
𝑛𝑛→∞

�𝑟𝑟2�0
𝑛𝑛𝑙𝑙2              (3.31) 

where n and l are the number of internal bonds and the bond length, respectively. 

 For a particular conformation, the squared end-to-end distance of a polymer 

chain can be obtained by the matrix multiplication. 

                                                 𝑟𝑟2  = 𝐺𝐺1𝐺𝐺2 … 𝐺𝐺𝑛𝑛−1𝐺𝐺𝑛𝑛                                   (3.32) 

The internal Gi matrices have 5x5 dimensions which are in the 3x3 block format. 
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                                𝐺𝐺𝑖𝑖 =  �
1 2𝑙𝑙𝑇𝑇𝑇𝑇 𝑙𝑙2

0 𝑇𝑇 𝑙𝑙
0 0 1

�, 1 < i <                       (3.33) 

 Here, l is the bond vector, lT is its tranpose and T is the transformation matrix 

defined by 

𝑙𝑙 =  �
𝑙𝑙
0
0

� and  𝑙𝑙𝑇𝑇 = [𝑙𝑙 0 0] 

                             𝑻𝑻𝑖𝑖 = �
−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 0

−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 −𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

�         

   
 where 𝜃𝜃 and 𝜙𝜙 denote the bond angle and the torsion angle, respectively. G1 

and Gn are given by the top row and the last column of Gi, respectively.  

 The unperturbed mean square end-to-end distance, 〈𝑟𝑟2〉0, is the ensemble 

average value of all possible conformation and can be calculated as a serial product 

of <Gi >  matrices. 

                              〈𝑟𝑟2〉0 = 𝑍𝑍−1𝑮𝑮1〈𝑮𝑮2〉 … 〈𝑮𝑮𝑛𝑛−1〉𝑮𝑮𝑛𝑛            (3.34) 

where the super-generator matrix <Gi> for the bond vector is determined by 

〈𝑮𝑮𝑖𝑖〉 = �
𝑼𝑼 (𝑼𝑼 ⨂ 𝒍𝒍𝑇𝑇) ∥ 𝑻𝑻 ∥ 0

0 (𝑼𝑼 ⨂ 𝒍𝒍𝑇𝑇) ∥ 𝑻𝑻 ∥ 𝑼𝑼 �  𝑰𝑰

0 0 𝑼𝑼

�

𝑖𝑖

 

where I is the identity matrix and ⨂ is denoted the direct product. Ui is of dimensions 

3 x 3 for polyethylene and IA is of dimensions 4 x 4, the direct product, 𝑼𝑼𝑖𝑖 ⨂ 𝑰𝑰𝐴𝐴, is of 

dimensions 12 x 12, with the form 

𝑼𝑼𝑖𝑖  ⨂ 𝑰𝑰𝐴𝐴 = �
𝑢𝑢11𝐼𝐼𝐴𝐴 𝑢𝑢12𝐼𝐼𝐴𝐴 ⋯
𝑢𝑢21𝐼𝐼𝐴𝐴 𝑢𝑢22𝐼𝐼𝐴𝐴 ⋯

⋮ ⋮ ⋱
�        

 The chain stiffness can be checked at the bond and chain scale using the 

probability of the trans state and the characteristics ratio in Eq. (3.30) and (3.34), 

respectively. The bond probabilities and the characteristic ratios at 473 K with different 

chain stiffness parameters (k = 0.0 to 2.0) calculated by the RIS model and those 

averaged from MC simulations are presented in Table 3.1 Note that the fractions of 
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trans determined by the RIS model of a single chain are relatively smaller than those 

averaged from MC trajectories of polymer surfaces with multiple chains (in the next 

section). 

 The probability of trans conformation (and the characteristics ratio) of the 

polyethylene-like model is systematically increased from the most flexible chain 2.192 

(0.333) to the most rigid chain 8.702 (0.683). The range of the chain stiffness parameter 

(0.0 < k < 2.0) is suitable in the lattice MC simulation used in this work so that structural 

relaxation and equilibration can be satisfied to observe different characteristics of 

polymer surfaces.  

 

Table 3.1 The characteristics ratio and probability of the conformational states with 

different chain stiffness parameters at 473 K. 

    *determined from MC simulation. 
3.2.2  Monte Carlo simulation 

 MC simulation of polyethylene-like models has been proposed and applied to 

study polymer-blend nanofilm (Sirirak, 2023), random copolymer surface (Wichai, 

2021), and polymer crystallization (Sirirak, 2023). In this work, the polyethylene-like 

model is used to mimic the characteristics of chain stiffness (Sirirak, 2023). Polymers 

are coarse-grained, as one monomer unit to one CG bead, and mapped onto the 2nnd 

lattice where the conformation of C-C bonds can be defined implicitly from the 

underlying diamond lattice (Baschnagel, 2000). The on-lattice intra- and intermolecular 

interaction of polyethylene-like chains are treated by the refined RIS model (Flory, 

1969; Mattice, 1994) and the discretized version of LJ potential energy, respectively 

k 𝑪𝑪∞ Pt Pg
+, Pg

- *Pt *Pg
+, Pg

- 

0.0 

0.5 

1.0 

1.5 

2.0 

2.192 

4.490 

6.282 

7.548 

8.702 

0.333 

0.494 

0.579 

0.636 

0.683 

0.333 

0.253 

0.211 

0.182 

0.159 

0.393 + 0.006 

0.525 + 0.006 

0.616 + 0.006 

0.687 + 0.005 

0.756 + 0.005 

0.303 + 0.007 

0.237 + 0.006 

0.192 + 0.005 

0.156 + 0.005 

0.122 + 0.005 
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(Cho, 1997). The statistical weight matrix for polyethylene-like chains (UPE’) can be 

transformed to the lattice version (U2nnd) as (Baschnagel, 2000):   

         𝑈𝑈𝑃𝑃𝑃𝑃′ = �
1 𝜎𝜎′ 𝜎𝜎′
1 𝜎𝜎′ 𝜎𝜎′𝜔𝜔′
1 𝜎𝜎′𝜔𝜔′ 𝜎𝜎′

� → 𝑈𝑈2𝑛𝑛𝑛𝑛𝑛𝑛 = �
1 4𝜎𝜎′ 2𝜎𝜎′𝜎𝜎′(1 + 𝜔𝜔′)
1 4𝑎𝑎 2𝑏𝑏𝑏𝑏′(1 + 𝜔𝜔′)
1 4𝑏𝑏 2𝑐𝑐(1 + 𝜔𝜔′)

�          (3.35) 

 The first- (𝜎𝜎′ = 𝑘𝑘𝑘𝑘) and the second-order (𝜔𝜔′ = 𝑘𝑘𝑘𝑘) interaction parameters 

for polyethylene-like chains are defined by Eq. (3.28), with a = σ'ω'1/8, b = σ'ω'1/4 and 

c = σ'2ω'1/2.  For polyethylene-like models used in this work, polymers can be 

considered as stiffer chains (k = 1.5 and 2.0) or more flexible (k = 0.0 and 0.5) than the 

normal PE (k = 1.0).  

 Non-bonded intermolecular interaction between two CG beads can be treated 

by the Lennard-Jones (LJ) potential energy with σ = 0.44 nm and ε/k = 185 K for 

ethylene (Poling, 2000). The first three shell of intermolecular energies on the 2nnd 

lattice (with cut-off radius = 0.75 nm) at 473 K are u1 = 15.048, u2 = 0.620 and u3 = -

0.625 kJ/mol, respectively.  

 The starting configurations of chains on the lattice were based on the self-

avoiding walks in the simulation box. After that, intra- and intermolecular energies were 

included. Single-bead move was used to displace the CG beads to the empty position 

in the lattice. Each single-bead move corresponds to the displacement of two or three 

carbon atoms in the fully atomistic representation of the chain (Baschnagel, 2000). The 

acceptance of each bead move is governed by total (RIS + LJ) energy change according 

to the Metropolis rule. Monte Carlo Step (MCS) is assigned as a set of bead movements 

that are randomly tried once, by average. 

3.2.3  Free surface formation 

 The technique to create the free surface of polymer melts is explained in our 

recent publications (Vao-soongnern, 2021; Wichai, 2021; Sirirak, 2023). In this work, all 

the systems were created as free-standing thin films with two polymer-vacuum 

surfaces made of 56 polyethylene-like chains with 50 repeating units. The starting box 

dimension of 25×25×25 units was first used to create and equilibrate the bulk 

structures. Then, the periodic box in the z direction was extended 3 times to 75 units 

so that the periodic structures could not interact with their parent chains. Free-standing 
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thin films can be obtained to represent the model for the polymer-vacuum surface of 

polymer melts.  

 All simulations were performed at 473 K which was higher than the melting 

(Tm) and glass transition temperature (Tg) of normal (k = 1.0) polyethylene to facilitate 

comparison with the results to previous reports (Doruker, 1998; Vao-soongnern, 1999 

and 2001).  In addition, all polyethylene-like chains with different chain stiffness 

parameters are in the molten state at 473 K (Sirirak, 2023). As Tg is related to the 

temperature at which the local segment of polymer chains starts to move motion, it 

is expected that Tg should be increased for stiffer chains. Nevertheless, the main focus 

of this work is to study the molecular and structural properties of the free surface of 

polymer melts. The study about glass transition temperature for polymers with 

different chain stiffness is also interesting and would be investigated in the future. 

 

3.3  The effect of intermolecular interaction on polymer crystallization  

 For all simulations, there were 38 chains of PE-like molecules with 24 monomer 

units in each system. These CG chains were created so that one bead was represented 

by one ethylene (CH2CH2) unit and then mapped to the second nearest neighbor 

diamond (2nnd) lattice, a distorted cubic lattice (α = β = γ = 60o) derived from 

removing every other position on the underlying diamond lattice. The 2nnd lattice has 

a coordination number of 12, similar to the closest packing of uniform hard spheres, 

and is suitable for mapping the CG model of several polymers (Baschnagel, 2000; Xu, 

2002; Vao-soongnern, 2004 and 2023; Wichai, 2021; Jamornsuriya, 2022; Kusinram, 

2022; Sirirak, 2023). All CG chains were put in the simulation box with a length of 16 

units (equivalent to 4.0 nm). The bead occupancy (total number of CG beads divided 

by box volume) in the 2nnd lattice was fixed to 0.225 (comparable to the density = 

0.95 g/cm3) which is close to the density of crystalline PE (Xu, 2001). 

 For CG PE-like models, the RIS model (Mattice, 1994) and the LJ  potential 

energy were adopted to describe the intra- and intermolecular interactions in bulk 

polymers, respectively (Cho, 1997). The original RIS statistical weight matrix of the PE 

chain (UPE) is formulated to the CG model on the 2nnd lattice (U2nnd) according to 

(Baschnagel, 2000):                                                                                                                                                                  
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                 𝑈𝑈𝑃𝑃𝑃𝑃 = �
1 𝜎𝜎 𝜎𝜎
1 𝜎𝜎 𝜎𝜎𝜎𝜎
1 𝜎𝜎𝜎𝜎 𝜎𝜎

� →  𝑈𝑈2𝑛𝑛𝑛𝑛𝑛𝑛 = �
1 4𝜎𝜎 2𝜎𝜎𝜎𝜎(1 + 𝜔𝜔)
1 4𝑎𝑎 2𝑏𝑏𝜎𝜎(1 + 𝜔𝜔)
1 4𝑏𝑏 2𝑐𝑐(1 + 𝜔𝜔)

�          (3.36) 

 Here, two statistical weights are defined as σ = σ0 exp(-Eσ/kBT) and ω=ω0exp(-

Eω/kBT) with Eσ, Eω = 2100, 8400 J/mol (Abe, 1965), respectively, and a = σω1/8, b = 

σω1/4 and c = σ2ω1/2 and kB is Boltzmann's constant,  
 To investigate the influence of intermolecular interaction between polymer 

chains, the original non-bonded interaction LJ parameters for the CG model of PE 

beads (σ = 0.44 nm and ε/k = 185 K) were varied in the range of (125 Κ < ε/k < 205 K) 

with the same bead diameter (σ = 0.44 nm). For PE-like models with (125 Κ < ε/k < 

185 K) or (185 Κ< ε/k < 205 K), CG beads in polymer chains can be regarded as more 

repulsive or more attractive interaction than those in the normal PE (σ = 0.44 nm 

and ε/k = 185 K). In this work, five PE-like chains with different intermolecular 

interaction parameters (σ = 0.44 nm and ε/k = 125, 145, 165, 185, and 205 denoted by 

E125, E145, E165, E185, and E205, respectively) were used for comparison. 

 The starting configurations of the CG model of PE-like chains in the periodic 

box were created via self-avoiding random walks. After that, the intra- and 

intermolecular energetics were applied in the simulation. PE-like chains were randomly 

displaced on the 2nnd lattice by the single-bead movement to the vacant lattice sites.  

The Metropolis criteria were adopted to accept or reject the moves from the changes 

in total energetics in every bead displacement. On average, one Monte Carlo Step 

(MCS) is counted when every bead randomly tries to change its position. The single 

bead move on the 2nnd lattice corresponds roughly to the random local configuration 

changes that happen in a real polymer system due to jumps from one minimum of 

the torsion potential to the next one. Thus, the MCS in this dynamic MC simulation 

can be potentially mapped to the real time such as done previously with MD 

simulation [70].The structure formation at an early stage was monitored with stepwise 

cooling from the molten state for the total 100 million MCS trajectories, (473 K  400 

K  350 K  298 K with 10 million MCS in each step except the final one with 70 

million MCS). Data analysis was done for structures saved every 10,000 MCS from 

simulation trajectories. The crystallization temperature (298 K) was significantly higher 
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than Tg of normal PE (ca. 150 K) such that the crystallization can be observed within 

reasonable simulation time.  

 All simulations were performed at the same density (0.95 g/cm3) with the same 

chain length (24 CG beads) and chain number (38 chains) in all systems so that the 

effect of intermolecular interaction on crystallization can be better realized although 

the actual densities should be depend on the intermolecular interaction. Three 

independent runs were repeated. The chain length of 24 monomers is slightly larger 

than the box dimension of 16 units so that the ordered structure can be formed as a 

single domain with all chains oriented in the same direction. Although the densification 

is produced by cooling, the neglect of densification should mostly to delay the onset 

of crystallization in the simulation. Like the setup in our recent publication 

(Jamornsuriya, 2022; Sirirak, 2023; Vao-soongnern, 2023), the systems were stepwise 

cooled from 473K (well above the melting temperature) to 298 K which is about 70 K 

below melting temperature of this normal PE model (σ = 0.44 nm and ε/kT =185 K). 

Although the actual trajectories in each run are different, the overall characteristics are 

more or less the same. Thus, only one representative trajectory with 100 million MCS 

is presented in this work.  

 

3.4  Molecular dynamics (MD) simulation of detailed structures and ion 

transportation of polymerized ionic liquid/ionic liquid blends 

 3.4.1 Experimental Methods 

 3.4.1.1 Materials 

 1-vinylimidazol,1-butyl-3-methylimidazoliu bis(trifluoromethanesulfonyl)imide 

(Bmim-TFSI) and lithium bis(trifluoromethanesulfonylimide) (Li-TFSI) were purchased 

from Tokyo Chemical Industry Co. Ltd. 1-bromobutane, methanol, dimethylformamide 

(DMF), acetone, silver nitrate (AgNO3), toluene and 2,2’-azobis(isobutyronitrile) (AIBN) 

were purchased from FUJIFILM Wako Pure Chemical Corporation. 
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  3.4.1.2 Synthesis of Poly (1-butyl-3-vinylimidazolium bromide) 

    1-vinylimidazole (157.2 g, 1.67 mol) and 1-bromobutane (256 g, 1.87 mol) 

were dissolved in methanol (150 mL) and refluxed at 65 ℃ for 3 days. Methanol and 

unreacted 1-bromobutane are removed from the products under vacuum. Purity of 

the product was ascertained with 1H NMR. The product 1-butyl-3-vinylimidazolium 

bromide (356.5 g, 1.54 mol) and AIBN (7.66 g, 0.0467 mol) as initiator were dissolved in 

water (200 mL) and polymerized at 60 ℃ for 18 h. The polymer was dialyzed against 

water for 1 week using a dialysis tube. During the dialysis, the water was refreshed 

daily. The resultant solution was dried via a freeze-drying method and poly (1-butyl-

3-vinylimidazolium bromide) was obtained in a powder form (62.5 g, 17.5 % yield).  

3.4.1.3 Synthesis of Poly (1-butyl-3-vinylimidazolium 

bis(trifluoromethanesulfonylimide)) 
 Poly (1-butyl-3-vinylimidazolium bromide) (24.9 g, 0.108 mol) was dissolved in 

water (600 mL). Li-TFSI (37.7 g, 0.131 mol) was dissolved in water (220 mL). While 

stirring the poly (1-butyl-3-vinylimidazolium bromide) solution, the Li-TFSI solution was 

dropped into the stirring solution. After dropping, the mixed solution was stirred at 

room temperature for 3 days. The precipitation was filtered and washed with water. 

AgNO3 aqueous water was dropped into the filtrate. 41.6 g of poly (1-butyl-3-

vinylimidazolium bis(trifluoromethane-sulfonylimide)) was obtained (89.2 % yield). The 

white liquid of Bvim-TFSI was obtained and confirmed the structure by the NMR 

method (NMR JNM ECS-400, JEOL Ltd., Tokyo, Japan). Figure 3.4.1 shows the 1H-NMR 

result of Bvim-TFSI in CDCI3 solvent. The board and sharp peak at each position shown 

the unreacted monomer molecules were completely removed from the polymer 

product. 
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Figure 3.3 NMR spectra of Bvim-TFSI. 

3.4.1.4 Synthesis of blend systems: [Pbvim-TFSI]-[Bmim-TFSI] 

 For Low polymer concentrations (from 10 wt% to 30 wt%): Suitable amounts 

of poly (1-butyl-3-vinylimidazolium bis(trifluoromethanesulfonylimide)) was added to 

Bmim-TFSI and the polymer was completely dissolved. 

 For High polymer concentrations (from 40 wt% to 95 wt%): Suitable amounts 

of poly (1-butyl-3-vinylimidazolium bis(trifluoromethanesulfonylimide)) and Bmim-TFSI 

were dissolved in acetone and mixed. Acetone was removed from the mixed solution 

under vacuum. 

3.4.1.5 Characterization      
 3.4.1.5.1 Differential Scanning Calorimetry (DSC)    

 The glass transition temperature (Tg) of Pbvim-TFSI with various Bmim-TFSI 

concentrations was determined by DSC using a DSC 8230 (Rikaku Instruments Inc., 

Tokyo, Japan). The sample films were prepared around 10-20 mg in the aluminum pan. 

The pans were hermetically sealed and dying in the vacuum before DSC measurement. 

Samples were conditioned at a temperature range of -120 ℃ to 100 ℃ for three cycles 

with heating and cooling rates of 10 K/min. 
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3.4.1.5.2 Ionic Conductivity Measurement: Broadband Dielectric Spectroscopy 

(BDS) 

 The ionic conductivity was determined by Novocontrol high-resolution alpha-

A dielectric analyzer (Novocontrol Technologies GmbH & Co. KG, Montabaur, Germany) 

with a frequency range from 1.0x10-1to 1.0x106 Hz. The sample liquids were dried in 

vacuum and then they bring into a sample cell of diameter 14 mm. and spacer 0.17 

mm. thickness at 100 ℃ overnight. The conductivity values were measured under 

nitrogen conditions with temperatures ranging from -100 ℃ to 180 ℃, the temperature 

ranges were controlled using a Cryogenic temperature controller (Model 331 cryogenic 

temperature controller, Lake Shore Cryotronics Inc., Ohio, USA). 

3.4.2 Molecular dynamics simulation 

 3.4.2.1 Simulation details 

 Molecular dynamics simulations were performed using the open-source 

GROMACS 2020.1 package (Abraham, 2020). The OPLS-AA force field and non-bond 

parameters of poly (1-butyl-3-vinylimidazolium bis(trifluoromethanesulfonyl)imide): 

Pbvim-TFSI were directly obtained from (Jorgensen, 1996; Doherty, 2017; Keith, 2017; 

Mogurampelly, 2017). The optimized structures of Pbvim+ with 15 monomers were 

generated using PolyPargen web server (Yabe, 2019). The structure and the force field 

parameters of ionic liquid (1-butyl-3-methyl-imidazolium bistriflimide): Bmim-TFSI were 

directly obtained from Acevedo and co-workers’ works (Acevedo, 2018). 

 For constructing the polyIL material, 20 atomistic polymer chains (15 

monomers each) created from the above equilibration procedure are packed into a 

simulation box (using the cubic cell with periodic boundary conditions) with 

corresponding number of TFSI- anions and Bmim+ cations (Zhang, 2020), (as listed in 

Table 3.2). The initial box length is 10 nm. 
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Table 3.2 Composition Details of PolyIL−IL Blend Electrolytes with Varying ILs Loadings.  

 

 Equations of motion in MD simulations were integrated using the leapfrog 

algorithm with a time step of 1 fs. Temperature was controlled using a V-rescale 

thermostat with a relaxation time of 1 ps. A Parrinello-Rahman barostat (coupling time 

1 ps with an isothermal compressibility of 4.5 × 10−5 bar−1) was employed for constant 

pressure simulations. Electrostatic interactions were calculated using particle mesh 

Ewald with a real-space cutoff of 1.3 nm. Lennard-Jones interactions were truncated 

at 1.3 nm, with long-range corrections for both potential and pressure applied. 

Neighbor lists were updated every 10-time steps using a list cutoff radius of 1.3 nm 

(Zhang, 2020). Bond constraints were solved using the Linear Constraint Solver (LINCS) 

algorithm (Khongvit, 2020). 

3.4.2.2 Simulation procedure 

 Such a pre-equilibrium procedure was inspired by the 25-step decompression. 

And then a multi-step equilibration procedure was used to prepare the equilibrated 

configuration for the production run follow as: The first step, using 0.1 ns NVT 

simulation at 1000 K and 0.1 ns. The second step, using 0.1 NPT simulation at 600 K 

and 100 bar. The third step, 0.1 NPT simulation at 600 K and 1 bar, all 3 steps use 10 

steps.  The equilibrated system was finally step to an NPT production run for 110 ns 

for in-depth analyses (Zhang, 2020). And All images were created using VMD open-

source software (Humphrey, 1996). This process resulted in an equilibrated structure 

with box size and density for each system reported in Table 3.3. 

 PolyILs ILs 

CBmim-TFSI 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

Bvim+ 

300 

300 

300 

300 

300 

0 

Pbvim+ 

20 

20 

20 

20 

20 

0 

TFSI- 

300 

300 

300 

300 

300 

0 

Bmim+ 

0 

60 

120 

180 

240 

300 

TFSI- 

0 

60 

120 

180 

240 

300 
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Table 3.3 Box size, density (𝜌𝜌), radius of gyration (Rg), and average end to end distance 

(Ree) of PolyIL−IL Blend Electrolytes with Varying ILs Loadings. 

 

       

                                                             
       

  

 

 

 

3.4.2.1 Quantification Measures 

 3.4.2.1.1 Validated method for equilibrium: potential, density and 

  radius of gyration (Rg) 

 Polymer conformation was investigated in terms of the radius of gyration (Rg) 

and the average end-to-end distance (Ree). The Rg is calculated as follows: 

                                                  𝑅𝑅𝑔𝑔 =   (∑𝑖𝑖∥𝑟𝑟𝑖𝑖∥2𝑚𝑚𝑖𝑖  
∑𝑖𝑖𝑚𝑚𝑖𝑖

)
1
2                                                 (3.37) 

 

where mi is the mass of atom i and ri is the position of atom i with respect to the 

center of mass of the molecule (Khongvit, 2020). 

 3.4.2.1.2  Polymer dynamics 

   3.4.2.1.2.1  The mean squared displacement (MSD) and 

   Diffusion coefficient (D) 

 The dynamics of polymer chains were studied both in terms of translational 

and orientational mobility. Translational dynamics were analyzed through a time-

dependent diffusion coefficient (D), derived from the mean squared displacement 

(MSD) using the Einstein relation (Allen, 1987); 

                lim
𝑡𝑡→∞

<∥ 𝑟𝑟𝑖𝑖(𝑡𝑡) − 𝑟𝑟𝑖𝑖(0) ∥2> =  6𝐷𝐷𝐷𝐷                                               (3.38) 
where ri(t) and ri(0) are the positions of the particle at time 0 and t, respectively. The 

term in the bracket <…> represents the MSD of the particle. 

CBmim-TFSI Box size 

(nm3) 

𝝆𝝆 
(g/cm3) 

Rg 

(nm) 

Re 

(nm) 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

5.413 

5.783 

6.093 

6.373 

6.653 

5.603 

1.375 

1.343 

1.329 

1.312 

1.300 

1.200 

0.357 

0.334 

0.318 

0.308 

0.301 

0.257 

0.706 

0.646 

0.605 

0.580 

0.559 

0.417 
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 For the anion (TFSI−), the nitrogen atom is used as the reference to calculate 

the MSD, whereas, for cation 1-butyl-3- methyl-imidazolium (BmIm+), the nitrogen 

atom that connects the butyl functional group was used to calculate the MSD. 

Polycation diffusivities are not facile to achieve for longer polymer chains (Zhang, 

2020). Therefore, in the current study, we overpass the diffusivity of polycations in the 

polyIL system. 

 

 

 

 

 

 

 

Figure 3.4 The definition of the mean squared displacement (MSD) and Diffusion 

coefficient (D). 

   3.4.2.1.2.2 The Orientational autocorrelation functions  

            (ACF) 

 ACF of PolyIL-IL blends were analyzed through the autocorrelation function 

(the second Legendre polynomial) of a vector connecting two next-nearest atoms in 

the backbone of the polymer chains (1-3 vector). The autocorrelation function is 

calculated through (Khongvit, 2020). 

                                                 𝑃𝑃2(𝑡𝑡)  =  〈 𝑣𝑣(𝑡𝑡+𝑡𝑡0)⋅ 𝑣𝑣(𝑡𝑡0)
|𝑣𝑣(𝑡𝑡+𝑡𝑡0)∥𝑣𝑣(𝑡𝑡0)|

〉                                    (3.39)       
where 𝑣𝑣 is the 1-3 vector and the bracket <…> denotes an average over different time 

origins 𝑡𝑡0 as well as for the 1-3 vectors belonging to the same chain. This function 

measures the decorrelation of the vector at time (𝑡𝑡 + 𝑡𝑡0) with reference to its position 

at time 𝑡𝑡0. 
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 We forecasted the local characteristic relaxation times of polymer chains by 

fitting the Kohlrausch Williams-Watts (KWW) stretched-exponential function (Graham, 

1970). 

                                                   𝑓𝑓(𝑡𝑡)  =  𝐴𝐴 𝑒𝑒𝑒𝑒𝑒𝑒(−(𝑡𝑡/𝜏𝜏𝐾𝐾𝐾𝐾𝐾𝐾)𝛽𝛽)                                    (3.40) 

where the prefactor 𝐴𝐴 denotes the initial, very fast relaxation (e.g., bond and angle 

vibrations) and is smaller than unity. The 𝜏𝜏𝐾𝐾𝐾𝐾𝐾𝐾 stands for the KWW relaxation time 

and gives an estimation of the characteristic decorrelation time for the 1-3 vector. The 

stretching exponent 𝛽𝛽 describes deviations from the single-exponential behavior, that 

is, the behavior typical for a system with only one relaxation time (where 𝛽𝛽 = 0.82). 

 3.4.2.1.3  Transference number 

 The transference number amounts the current transported by the identity of 

attention (in our case, the anion) relative to the whole current. While a number of 

definitions of transference number exist, in the current factor, we employ the definition 

that only depends on ion mobilities and the number of mobile species (Mogurampelly, 

2018): 

                                    𝑡𝑡−  =  𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−

𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−  + 𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵+𝐷𝐷𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵+
                                 (3.41) 

 
 In pure polyILs, the cations can be approximated as almost immobile at the 

temperatures probed in our simulations. 

     3.4.2.1.4  Glass transition temperature (Tg) 

 Tg is one of the most essential characteristics of polymers as it describes the 

plastic normality of these materials at their serve temperature. Glass transition 

temperature is determined as the temperature at which the specific volume (Vspecific) 

of the polymer undergoes a sudden transformation throughout the cooling down 

procedure (Zhang, 2007; Khongvit, 2016). The Tg determination for each system was 

started with the final structure obtained from the production run. We use cooling rate 

= 1 x 1010 K/s and the system density was calculated from the last 1ns from 2ns of 

NPT trajectory (Mogurampelly, 2017). 

 Data points corresponding to the glassy and rubbery regimes were separately 

fitted to two linear regression equations. The point of intersection was then used to 

denote the Tg. 
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     3.4.2.1.5  Radial Distribution Functions and Coordination Number       

     (RDF&CN)   

 The structural properties of the monomeric IL, polyIL systems and polyIL−IL 

blends were evaluated by calculating the pair distribution functions using were 

identified by calculating the Radial Distribution Functions function (Zhang, 2020), 

                             𝑔𝑔𝑖𝑖𝑖𝑖(𝑟𝑟)  =  𝑉𝑉
4π𝑟𝑟2𝑁𝑁𝑖𝑖𝑁𝑁𝑗𝑗

〈∑ ∑ 𝛿𝛿(𝑟𝑟 − 𝑟𝑟𝑖𝑖𝑖𝑖)𝑁𝑁𝑗𝑗
𝑗𝑗

𝑁𝑁𝑖𝑖
𝑖𝑖 〉                              (3.42)    

Where Ni and Nj are the number of atoms of ion species i and j. V is the volume of 

simulation box, and 𝛿𝛿 is the Dirac delta function.  

 3.4.2.1.6  Ideal ionic conductivity 

 The ionic conductivity of the IL ions, 𝜎𝜎, can be determined from 

      𝜎𝜎 = lim
𝑡𝑡→∞

𝑒𝑒2

6𝑡𝑡𝑡𝑡𝑘𝑘𝐵𝐵𝑇𝑇
�∑ ∑ 𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗 × [𝑅𝑅𝑖𝑖(𝑡𝑡) − 𝑅𝑅𝑖𝑖(0)]𝑗𝑗𝑖𝑖 �𝑅𝑅𝑗𝑗(𝑡𝑡) − 𝑅𝑅𝑗𝑗(0)��          (3.43)    

Where qi is charge of ion i, e is electronic charge, V is volume of the simulation box, 

kB is Boltzmann’s constant, T is the absolute temperature, and <..> represents the 

ensemble average (Mogurampelly, 2018).  

      From the cross-correlation term is small and hence may be neglected. As a 

result, we arrive at a modified Nernst-Einstein equation based exclusively on the free 

ions (Feng, 2019): 

                𝜎𝜎𝑁𝑁𝑁𝑁,modified =  1

𝑉𝑉𝑘𝑘𝐵𝐵𝑇𝑇
 (𝑞𝑞+

2 𝐷𝐷+𝑁𝑁+𝑝𝑝+  + 𝑞𝑞−
2 𝐷𝐷−𝑁𝑁−𝑝𝑝− )             (3.44)       

Where 𝐷𝐷+ (𝐷𝐷−) and 𝑁𝑁+ (𝑁𝑁−) are the diffusion coefficient and the number of cations 

(anions), respectively,  𝑝𝑝+ and 𝑝𝑝−  are fractions of cations and anions in the free state. 

 

 

 

 

 

 



 

 

CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Multiscale molecular simulations of two polymer hosts for gel 

electrolytes: poly(vinyl chloride) and poly(vinyl fluoride)  
 This section aims to develop a multiscale molecular simulation to generate 

and equilibrate amorphous structures of poly(vinyl chloride), PVC, and poly(vinyl 

fluoride), PVF. Then these models are validated by comparing molecular and material 

properties results with experimental data. 
 4.1.1  Conformational Energy  
 The first part of the method of multiscale molecular simulation is to construct 

the rotational isomeric state (RIS) model derived from ab initio electronic structure 

calculation which can be used to predict the conformational statistics of PVF, in 

comparison with PVC. The first step is to determine the conformational energies of the 

representative molecule for PVC and PVF i.e. 2,4-dichloropentane (DCP) and 2,4-

difluororopentane (DFP), respectively, through ab initio electronic structure 

calculations. Figures 4.1 and 4.2 present the description of the first (η and τ) and the 

second (ω, ωX and ωXX) order interaction used in the RIS model of PVC and PVF.  

 

 

 

Figure 4.1.1 Newman projections of the t, g+ and g- conformations of the  

C-CH2CH(Cl)-C and C-CH2CH(F)-C three-bond sequences.
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Figure 4.1.2 The representative conformation and statistical weight matrices of the 

second order interaction for PVC and PVC chains with the LL configuration of 2,4-

dichloropentane (DCP) and 2,4-difluororopentane (DFP). 
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In this work, the calculated conformational energies of small molecules, 

dichloroethance (DCE) and difluoroethance (DFE), based on ab initio electronic 

structure calculation at HF/6-311++G**//MP2/6-311++G** are reported in Table 4.1.1, 

the conformational energies for DCP, obtained with a 6-311++G** basis set with 

electron correlation effects considered at the MP2 level, yield a value of Eη = -3.76 

kcal/mol and Eη = -1.84 kcal/mol for PVC and PVF, denoting the energy of the racemic 

tt conformer relative to the meso tg conformer. In summary, the RIS statistical weight 

parameters derived from the conformational energy of DCP dimer based on quantum 

chemistry calculation for  PVC are  Eη = -3.76 , Eτ, = -2.09 kJ/mol for first-order 

interaction and Eω  = 7.52,  Eωx = 5.85, Eωxx = 20.06 kJ/mol for second-order interaction 

and for PVF are Eη = -1.84, Eτ, = 3.51 kJ/mol for first-order interaction and Eω  = 7.19,  

Eωx = 2.51,  Eωxx = 13.63 kJ/mol for second-order interaction.  PVF has an unusual small 

value for Eω, which is probably due to a small size of the fluorine atom, but Eω'' is 

large, presumably because it arises in conformations where two C-F dipoles are 

parallel, and hence interact repulsively. For comparison, various RIS models for PVC 

and PVF are listed in Table 4.1.2 and Table 4.1.3 including the one from this work. 

Table 4.1.1 Conformational energies of 2,4-dichloroethane (DCE) and 2,4-

difluoroethane (DFE), (kJ/mol). 

DCE and DFE 

Structures 

HF/6-311++G** MP2/6-311++G** 

Erel of DCE Erel of DFE  Erel of DCE  Erel of DFE 

LDg-g- 10.847 12.960 7.751 9.899 

LDg+g- 20.421 20.277 17.163 17.534 

LDtg- 14.419 7.887 12.044 7.004 

LDtt 0.000 0.000 0.000 0.000 

LDtg+ 24.980 17.951 19.683 15.299 

LLg-g+ 23.208 14.873 21.074 11.717 

LLtg- 12.553 7.072 10.000 5.248 

LLtg+ 4.898 5.976 2.957 4.615 

LLtt 23.171 14.530 20.667 13.695 
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Table 4.1.2 Statistical weights parameter of various RIS models for PVC. 

 [a] Mark, 1972; [b] Boyd, 1981 ; [c] Smith, 1995.  

  

Table 4.1.3 Statistical weights parameter of various RIS models for PVF. 
 

 

 

 

 

 

 

 
 

 

 

[d] Carballeira, 1989; [e] Zhang, 2005. 

 

 

 

 

RIS 

energetics 

PVC 

Flory/Mark[a] 

(kJ/mol) 

PVC 

Boyd[b] 

(kJ/mol) 

PVC 

Yoon[c] 

(kJ/mol) 

PVC 

This work 

(kJ/mol) 

Eη -3.554 -1.210 -3.766 -4.870 

Eτ 1.977 0.790 -2.092 -3.700 

Eω 8.524 10.600 12.552 14.000 

Eω' 6.550 6.630 9.623 8.000 

Eω'' 8.524 9.580 20.083 19.700 

RIS 

energetics 

PVF 

Saiz[d]  

(kJ/mol) 

PVF 

Jilin[e] 

(kJ/mol) 

PVF 

This work 

(kJ/mol) 

Eη -2.570 -1.841 -1.840 

Eτ -0.613 3.511 -2.761 

Eω 7.220 6.600 6.601 

Eω' 1.424 2.514 2.510 

Eω'' 6.543 13.633 13.634 
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 The RIS models with the first- and second-order interactions were constructed 

based on quantum chemistry calculation and were then employed to calculate the 

average mean-square unperturbed dimensions of PVC and PVF chains with the 

probability of meso diad, Pm in the range of 0.0 - 1.0. From Figure 4.1.3, the average 

dimension of PVC chain is more dramatically decreased than that of PVF chain which 

is slightly decreased as a function of fraction of meso diads. The calculation gives 

results in good consistence with experimental data as shown in Table 4.1.4. The model 

for PVF predicts Cn to reach 5.0 at ambient temperature for Pm near 0.5. No 

experimental test of this prediction seems to be available. Both PCF and PVC have   Eη 

< 0 in part because the halogen atom, being smaller than a methyl group, can more 

easily participate in a syn interaction with a methylene group. The value of the energy 

for this first-order interaction is one of the most differences between the RIS models 

for PVC by Flory and Williams vs. Boyd and Kesner. The two models predict similar 

unperturbed dimensions (Cn around 11-12) at ambient temperature for polymers with 

stereochemical compositions typical of this polymer, Pm = 0.43, in reasonable 

agreement with experiment. Note that different results are seen between these two 

proposed RIS models in this work based on AM1 and MP2/6-311++G** calculation with 

those reported by Mark (1972) and Yoon (1995) for PVC models and Saiz (Carballeira, 

1989), Jilin (Zhang, 2005) for PVF models. These findings suggest that it is possible to 

employ the ab initio quantum chemistry calculation to obtain better RIS models to 

describe the dimension of PVC and PVF chains. 
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Figure 4.1.3 (a) Characteristics ratio and (b) dipole moment ratio for PVC and PVF chains 

based on statistical weight matrices determined in this work. 

 

  

(a) 

 

(b) 
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Table 4.1.4 Comparison of the characteristic ratio of PVC and PVF determined by 

experiment and RIS calculation. 

 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

a. Nakajima, 1966; b. Mark, 1972; c. Kivelson, 1960; d. Carballeira, 1989. 

 

 

 

 

 

 

 

 

PVC : Characteristic Ratio and dipole moment  

at 25 oC, (Pm = 0.43 )(<r2>0/nl2 ) 

Marks Boyd AM1 This work Experiment 

(Pm = 0.43) 

Cn 12.6 10.2 8.7 Cn =11.7 13a, 8±1b 

- - - Cm = 4.1 1.4c D 

PVF : Characteristic Ratio and dipole moment ratio at 323/423 K 

Saiz Tonelli 

(50/150oC) 

This work Experiment 

(P
m
 = 0.5) 

Cn 7.7/6.5 8.1/6.5 Cn = 8.1/6.8 6.0d 

Cm 1.52/1.37 1.46/1.30 Cm = 1.37/1.28 1.2d D 
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4.1.2  Structural relaxation  

Equilibration of coarse-grained PVC and PVF at their bulk melts can be justified 

by the orientation autocorrelation functions (OACF) of the end-to-end vectors, 
�𝑅𝑅→ (𝑡𝑡) • 𝑅𝑅→ (0)�. As presented in Figure 4.1.4(a), chain relaxation can be decayed to zero 

within 3 x 104 and 3 x 105 MCS, for PVC and PVF systems, respectively. The decay rate 

for the rotational motion is faster for PVF than PVC chains about one order of 

magnitude.  For translational motion, the mean- square displacements (MSD) of the 

chain center-of-mass and at the individual monomer also exhibit similar behavior to 

the OACF as shown in Figure 4.1.4(b) and 4.1.4(c). For PVF chains, as the intermolecular 

interaction between CG beads is weaker, their dynamics become faster. In addition, 

the monomers near chain ends tend to exhibit faster dynamics than those in the inner 

position. In Figure 4.1.5, the representative snapshots for the coarse-grained models 

before the reverse-mapping and the fully atomistic structures after energy 

minimization are illustrated. 

 

Figure 4.1.4 (a) Orientation autocorrelation function (OACF) of the end-to-end vectors 

(b) the mean-square displacement (MSD) for the chain center of mass and (c) the MSDs 

of the individual monomer from MC simulation of bulk PVC and PVF at 600 K. 

 

(a) 

 

(b) 
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Figure 4.1.4 (a) Orientation autocorrelation function (OACF) of the end-to-end vectors 

(b) the mean-square displacement (MSD) for the chain center of mass and (c) the MSDs 

of the individual monomer from MC simulation of bulk PVC and PVF at 600 K 

(continued). 

 

 

 

 

 

Figure 4.1.5 Example of the snapshot of coarse-grained and fully atomistic models of 

atactic PVC (above) and PVF (below) at their bulk densities.  

aPVC 

 

aPVF 

 

(c) 
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4.1.3  Molecular dimension  

          The mean square radius of gyration (< 𝑅𝑅𝑔𝑔
2 >), the mean square radius of 

end-to-end distance (< 𝑅𝑅2 >)  and the characteristic ratio (Cn = < 𝑅𝑅2 >/nl2) for PVC 

and PVF chains are presented in Table 4.1.5.   The <R2>/<Rg2> ratio both for PVC 

and PVF chains are close to 6.0 in consistent with the theoretical random flight 

model at long-chain limit (Flory, 1969; Mattice, 1994).  Reported experimental 

results and RIS calculation at the probability of meso diads = 0.5 in the long chain 

limit give the characteristic ratio (Cn) of 13.0 for aPVC (Nakajima, 1966) and 6.0 for 

aPVF (Carballeira, 1989). As this simulation is based on relatively short chains (n = 

46 monomers), smaller magnitudes of  Cn are expected.  Molecular dimension (<

𝑅𝑅𝑔𝑔
2 >  and  < 𝑅𝑅2 >) and the chain stiffness (Cn) tend to be larger for aPVC than 

those of aPVF. However, their magnitudes are within the range of large standard 

deviation which may not be statistically different. For chain dynamics, the diffusion 

coefficient for aPVF is significantly larger than aPVC. Thus, both intramolecular 

(molecular dimension) and intermolecular interaction should be possible factors 

to govern the chain dynamics such that PVC exhibit slower dynamics because of 

larger chain dimension and stronger intermolecular interaction. 

Table 4.1.5 Molecular dimension and chain mobility. 

4.1.4  Conformational statistics 

           Figure 4.1.6 presents the torsional angle distribution of backbone C-C 

bonds before and after energy minimization in the conformational states at g+(60o), 

t (180o) and g- (300o). During geometry optimization, these torsional angles can be 

displaced from the lattice sites and the distribution of conformational states 

becomes continuous in three different kinds of dihedral angles along the backbone 

as presented in Figure 4.1.6 for both CG and fully atomistic models. The statistics 

for each conformation state determined from the integral areas of the fully 

 

Chain < 𝑹𝟐 > 

(nm2) 
< 𝑹𝒈𝟐 > 

(nm2 ) 
< 𝑹𝟐 >/ 

< 𝑹𝒈
𝟐 > 

Cn D 

(nm2 /107MCS) 

Relative 

D 

aPVC 9.21±6.77 1.58±0.68 5.84 4.37±3.20 2.84E-03 0.06 

aPVF 9.09±6.65 1.50±0.63 6.07 4.31±3.15 4.93E-02 1.00 
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atomistic model are presented in Table 4.1.6 together with results from the RIS a-

priori probabilities. 

 The conformation of atomistic models of aPVC and aPVF generated by this 

multiscale simulation are almost equally distributed in the g+ and g- state, while 

the RIS model gives the fraction of g+ conformation substantially larger than g- 

state. This finding may be related to the non-bonded interaction of 

fluorine/chlorine atoms which are not explicitly included in the RIS model. Due to 

the smaller size of fluorine atoms, the repulsion occurring at the gauche 

conformation is weaker than that of the chlorine atoms in PVC, thus the trans 

fraction becomes larger with a lower amount of the gauche fraction for the PVF 

chain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.6 Distribution of the backbone torsional angles for amorphous (a) aPVC and      

(b) aPVF bulks from the reverse-mapping structures before and after energy 

minimization. 

(b) 

(a) 
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Table 4.1.6 Torsional angle distribution of PVC and PVF models. 

  4.1.5  Cohesive energy and solubility parameter  

  One manner to rectify the simulated structures is to compare the calculated 

cohesive energy and solubility parameters with experimental data. The cohesive 

energy can be assigned from the energy difference between polymer molecules in the 

bulk compared to their isolated state. The Hildebrand solubility parameter (δ) can be 

determined from the cohesive energy density (CED) as (Theodorou, 1985): 

 

                             𝛿𝛿 = (𝐶𝐶𝐶𝐶𝐶𝐶)1/2 = �𝛥𝛥𝐸𝐸𝑣𝑣
𝑉𝑉1

�                      (4.1.1) 

where 𝑉𝑉1 is the molar volume and 𝛥𝛥𝐸𝐸𝑣𝑣  is equivalent to the cohesive energy, Ucoh and 

equal to the difference of the total energy of the bulk structures (Utot) with the parent 

chains with no periodic boundary condition (Upar). The experimental solubilities of 

aPVC and aPVF are around 19.2 - 22.1 and 14.6 - 16.3  J1/2/ cm3/2 (Brandrup, 2004).    

The calculated cohesive energies are (2.41 x 108) ± (2.23 x 105) and (1.32 x 108)                

±  (3.76 x 105) J/cm3. The calculated solubility of fully atomistic aPVC and aPVF models  

are 15.54 ± 0.0070 and 11.49 ± 0.016 J1/2/cm3/2 which are close to the experimental 

data. Simulation data have high level of confidence as the standard deviations are of 

small magnitude, the atomistic structure of the amorphous model should be 

reasonable to represent the real system. The calculated solubility of aPVC is larger 

than aPVF implying the more cohesive structure due to the attractive interaction due 

to chlorine atoms and larger magnitude of dipole moment for C-Cl bonds. Note that 

the calculated solubility parameter is generally governed by the optimized structure 

 
Tacticity of 

polymer chains 

Coarse-grained model 

(MC simulation) 

Fully atomistic model 

(before/after minimization) 

 g+ t g- g+ t g- 

aPVC 0.19 0.60 0.19 0.17/0.20 0.59/0.61 0.23/0.19 

aPVF 0.24 0.53 0.24 0.22/0.23 0.53/0.52 0.25/0.25 
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of the polymer model and the quality of the forcefield used in the calculation, 

especially the non-bonded interaction terms. 

 

 4.1.6  Coarse-grained structures  

   The pair correlation function (PCFs), 𝑔𝑔𝐴𝐴𝐴𝐴(𝑖𝑖) of coarse-grained polymer models 

can be determined from the probability to find the A bead from another A bead at a 

distance r. For lattice simulation, 𝑔𝑔𝐴𝐴𝐴𝐴(𝑖𝑖) at the ith shell can be defined as: 

 

                          𝑔𝑔𝐴𝐴𝐴𝐴(𝑖𝑖) = 1
(10𝑖𝑖2+2)𝑉𝑉𝐴𝐴𝑛𝑛𝑠𝑠

∑ 𝑛𝑛𝐴𝐴𝐴𝐴(𝑖𝑖),            (4.1.2) 

where 𝑉𝑉𝐴𝐴 is the volume fraction of A beads, 𝑛𝑛𝑠𝑠 is the number of structures, and 𝑛𝑛𝐴𝐴𝐴𝐴(𝑖𝑖) 

is the number of A beads in the ith shell from another A in different chains. At higher 

shell, 𝑔𝑔𝐴𝐴𝐴𝐴(𝑖𝑖) approaches 1 for random arrangement. Figure 4.1.7 presents the local 

intermolecular PCFs.   

 

 Since in the first three shells of the non-bond intermolecular interaction 

parameter for PVC and PVF systems at the simulated temperatures (600 K) are (28.461, 

2.547, -1.325 kJ/mol) and (17.369, 0.330, and -0.776 kJ/mol) , respectively. The PCFs 

are quite small (the magnitude < 1.0) in the first two shells due to the repulsive 

interaction of non-bonded energy parameters. The first maximum at the third shell is 

due to the attractive interaction. Interestingly, the magnitudes of PCFs for PVF tend to 

be larger than those of PVC system at all shells indicating the better packed structure 

probably due to smaller size of fluorine atom and weaker intermolecular interaction. 
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Figure 4.1.7 The intermolecular pair correlation function from MC simulation of the 

coarse-grained PVC and PVF bulk structures at 600 K. 

 

          4.1.7  Radial distribution function  

 The radial distribution function (RDF) of fully atomistic systems can be 

determined using a similar definition to the PCF for coarse-grained models on the 

lattice but in the continuous space. The relationship of each given atom pair AB is 

averaged out to calculate the RDF by                     

 

                                           𝑔𝑔𝐴𝐴𝐴𝐴(𝑟𝑟) = 〈𝑛𝑛𝐴𝐴𝐴𝐴(𝑟𝑟)〉
4𝜋𝜋𝑟𝑟2∆𝑟𝑟𝜌𝜌𝐴𝐴𝐴𝐴

                           (4.1.3) 

where 〈𝑛𝑛𝐴𝐴𝐴𝐴(𝑟𝑟)〉 is the average number of AB atom pairs in the spherical shell 

between the distance r and r + ∆r (with shell volume = 4πr2∆r) and ρAB is the number 

density of AB atom pairs. According to this definition, RDF gives the probability of 

finding the separated atom pairs at the distance r, normalized by the probability for a 

uniform distribution with equal density. The  intermolecular RDF gives information 

about molecular packing and the atomic distribution in the amorphous structure.  

In Figure 4.1.8(a), the total RDF of all carbon pairs is presented along with the 

intermolecular correlations between methine and methylene carbons in Figure 4.1.8(b). 

It is necessary to confirm whether the generated structures of fully atomistic models 

are amorphous. The first and second peaks are seen clearly at r = 6.0 and r = 12.0 Å 

are due to the atomic pair without bond connectivity. The weaker third peak is around 
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18.0 Å and then the RDF of PVC approach1.0, followed by PVC : C-C, methine-CI, 

methylene-CI and CI-CI at 33.4, 32.4, 34.2 and 28.1 Å, respectively. For PVF of RDF  also 

reaches 1.0, followed by C-C,    methine-F, methylene-F and F-F at 34.5, 35.2, 37.7 and 

34.5 Å. Therefore, overall RDF of both polymers, implying that no long-range order 

exists beyond this distance and the generated atomistic structure is in the amorphous 

state. In addition, the intermolecular RDFs for halogen atoms in PVC (Cl…Cl) and PVF 

(F…F) are presented in Figure 4.1.8(c). Due to stronger interaction, the first peak for 

Cl…Cl correlation is seen at 4 Å and the second peak with higher amplitude is observed 

at 8 Å. However, there is no clear sign of RDF peak for F…F correlation in PVF probably 

due to smaller atomic size and weaker intermolecular interaction.  Although the size 

of fluorine atom is smaller, chlorine atoms seem to stay closer to each other. Thus, 

the intermolecular interaction between PVC chains should be stronger in consistence 

of larger magnitude of solubility parameter. 
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Figure 4.1.8 (a) intermolecular RDF of all carbon backbone atoms (b) intermolecular 

RDF of methine (CH) and methylene (CH2) carbons and (c) Intermolecular RDFs of 

Cl…Cl, and F…F atom pairs from the fully atomistic models of amorphous structures.  
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Figure 4.1.8 (a) intermolecular RDF of all carbon backbone atoms (b) intermolecular 

RDF of methine (CH) and methylene (CH2) carbons and (c) Intermolecular RDFs of 

Cl…Cl, and F…F atom pairs from the fully atomistic models of amorphous structures 

(continued).  
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4.2 Monte Carlo simulation : Effect of chain stiffness on the free 

surface of polymers  
 Because the application of PVC and PVF as the host for gel electrolytes is in 

the form of polymer surface interacting with ionic liquids, surface properties of these 

polymers need to be characterized. As seen in the previous section, PVC and PVF have 

much different chain stiffness in terms of the characteristic ratio. Molecular 

understanding of surface properties of polymers with different chain stiffness should 

be important toward material design to give better properties of polymer gel 

electrolytes to exhibit higher ionic conductivity. Thus, the main aim of this section is 

to focus on investigation of the effect of chain stiffness on structural and molecular 

properties of the free surface of polymers.  To treat the chain stiffness as the general 

characteristics, polyethylene-like models with varying statistical weight matrices but 

the same intermolecular interaction parameters are employed to simulate polymers 

as the free surface.  
 4.2.1  Equilibration 
 After coarse-graining PE-like model and mapping onto the 2nnd lattice, the bulk 

structures were equilibrated using the Monte Carlo algorithm with the single bead 

move and the acceptance criteria was based on the Metropolis rule. The structures 

need around 107 MCS for equilibration. Data analysis was done from snapshots 

recorded every 104 MCS from the subsequent 107 MCS trajectories. System 

equilibration can be asserted by the mean square displacements (MSD) of polymer 

chains to exceed their molecular dimension and the normalized orientation 

autocorrelation functions of the chain end-to-end vector (OACF) < 1/e. As seen in 

Figure 4.2.1, the equilibration of all structures should be satisfied within 107 MCS for 

the chain stiffness parameters in the range of 0.0 < k < 2.0. In addition, the local 

dynamics of monomer units can be represented by the MSDs of individual CG beads. 

As shown in Figure 4.2.1(c), monomers in the stiffer chains move slower. Moreover, the 

local dynamics of monomers are increased significantly for CG beads near the chain 

ends. 
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Figure 4.2.1 (a) the OACFs of the chain end-to-end vectors, (b) the MSDs of the chain 

center of mass, and (c) the MSDs of the individual monomer of polyethylene-like 

models. 

 

(a) 

 

(b) 

 

(c) 
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 4.2.2  Density profiles 

 Figure 4.2.2 illustrates the representative snapshots for the free surfaces of 

polyethylene-like models with different chain stiffness parameters (k). In this work, 

more flexible, normal and more rigid chains are represented by k = 0.0, 1.0 and 2.0, 

respectively. By visual inspection and data for chain conformation in Table 3.2.1, 

polymers have a larger amount of gauche conformation and become denser 

structures for more flexible chains. In contrast, more rigid chains adopt more trans 

conformation, and the overall structures become less densely packed, especially 

at the surface where some chains can be exposed more to the vacuum side. The 

roughness of the free surface in a specific snapshot is defined as R = (<zp
2> - 

<zp>2)1/2, where the averages of zp and z2
p are taken over all x and y lattice sites 

across the periodic surface. At any x and y sites, zp indicates the z coordinate (an 

integer number) of the outermost bead position of the free surface from the 

vacuum side. The <R> values in Table 4.2.1 indicate the averages over different 

snapshots separated by 100,000 MCS. The roughness of the free surfaces generally 

increases when the stiffness parameter is higher. Thus, the broadening of the surface 

regions observed in the density profiles is also a result of the increased surface 

roughness. 

 Density profiles were calculated by counting monomer beads in each divided 

layer with a thickness of 0.2 nm and then averaged for all trajectories versus the 

displacement from the center of film structures (Z). Figure 4.2.3 displays density 

profiles of melt-vacuum surfaces of polymers with different chain stiffness. In 

general, bulk densities are relatively constant and then sharply decayed near the 

surfaces. For more flexible chains, there is a larger amount of gauche conformation 

with denser structures. As a result, the bulk densities become higher accompanied 

by narrower surface thickness. 
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Figure 4.2.2 Representative structures of the free surfaces of polymer melt with 

different degrees of chain stiffness, k = 0.0 (top), 1.0 (middle), and 2.0 (bottom). 
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Figure 4.2.3 Density profiles of melt-vacuum surfaces of polymer with different chain 

stiffness as a function of the displacement from the center of structures.  

Table 4.2.1 Parameters of Polymer Surfaces.  

*Surface thickness (t) is defined as t = 2z1% where z1% is the normal distance of the 

films at 1% of the ρbulk and is provided as a characteristic size to represent the outer 

boundary of the films.  

 

 To quantitatively analyze polymer surfaces and their relation to the chain 

stiffness, the theoretical equation originally proposed to describe the interface of 

immiscible blends is applied (Helfand, 1972). 

 

                                           𝜌𝜌(𝑍𝑍) = 𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
2

�1 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡 �2(𝑍𝑍−𝑧𝑧)
𝑤𝑤

��                (4.2.1) 

Chain stiffness 

parameter 

(k) 

Surface roughness 

parameter (<R>)  

in lattice units 

Bulk density 

(𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ) 

g/cm3 

Gibbs 

surface 

(z) 

nm 

Surface 

thickness 

(t) 

nm 

Surface 

width (𝑤𝑤) 

nm 

0.0 4.15 + 0.55 0.819 2.336 6.781 1.058 

0.5 4.46 + 0.60 0.686 2.787 7.885 1.226 

1.0 5.74 + 0.39 0.625 3.058 8.654 1.336 

1.5 6.06 + 0.41 0.607 3.968 8.783 1.353 

2.0 6.67 + 0.47 0.600 4.017 8.938 1.405 
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where 𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the bulk density, Z is the displacement from the center of structures, z 

is the position where the density is about one-half of bulk density and w is the surface 

width.  The density profiles for these polymer surfaces can be captured very well by 

this functional form and the fitting parameters are presented in Table 4.2.1.  In this 

work, the Gibbs dividing planes are defined from the density profiles and can be 

estimated at the z position where ρ = ρbulk/2.  The surface thicknesses (t) of the 

different systems can be estimated from t = 2z1% where z1% is defined as the normal 

distance of the surfaces at 1% of 𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (Doruker, 1998). From Table 4.2.1, it is seen 

that the surface thickness is larger than the chain dimension by about 3 to 5 times the 

radius of gyration of polymer chains so that each simulated system can have the bulk 

region with constant density. 

 The strength of chain stiffness in polymer surfaces can affect the density 

profiles, bulk densities, and surface thickness. For stiffer chains, the bulk densities are 

lower as the structures become less densely packed. The bulk densities are relatively 

constant and increased proportional to the chain stiffness parameter. Consequently, 

the surface width (w) and the locations of Gibbs dividing planes used to represent the 

thickness of surface profiles are inversely proportional to the chain stiffness parameter. 

The surface thickness changes significantly with the chain stiffness. This outcome is 

commonly an indication of the adjustment in polymer compressibility as a function of 

chain stiffness and suggests that the surface thickness, as predicted theoretically by 

the mean-field approach, is directly correlated to the efficacy of the structure to 

tolerate density fluctuations. Thus, stiffer chains exhibit thicker surface thickness 

implying that their surface densities should have larger fluctuations. 

 Apart from the density profiles, the distribution of polymer chains can be 

determined by the spatial distribution of their chain center of mass. The chain 

distributions and their cumulative profiles are shown in Figure 4.2.4.  The peak for each 

profile in Figure 4.2.4(a) on the liquid side of the melt-vacuum surface appears at a 

distance corresponding approximately to the chain dimension. For more flexible 

polymers (k = 0.0 and 0.5), their magnitudes seem to be higher in the surface region 

while this distribution has no systematic difference in the bulk region (Z < 1.5 nm), 

except the most flexible chain exhibits the largest amplitude. Compared to more 
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flexible chains, stiffer polymers have less efficiency for chain packing. Thus, the surface 

becomes broader, and chains can stay at larger distances with increasing chain stiffness. 

The chain distribution can be systematically distinguished for the cumulative 

distribution as shown in Figure 4.2.4(b). The cumulative profiles at the same Z position 

are clearly different only for more flexible chains but almost indistinguishable for stiffer 

chains. The center of mass density is quite small near the surface as chains do not 

preferably to be confined close to an essentially impenetrable surface and have 

pancake-like shapes. Similar findings were also reported in Kumar, 1998 for the off-

lattice MC simulation of bead-spring homopolymer models. 

 To compare the distribution of monomers at different positions in chains, the 

normalized middle- and end-monomer densities are presented in Figure 4.2.5. The 

monomer density profiles are normalized by the total monomer density in that bin, 

so that the distribution near the surface can be observed clearly. This is also typical in 

the sense that the end beads become more abundant closer to the vacuum. In general, 

both middle- and end-monomer densities have almost equal magnitude in the bulk 

region. However, near the surface, the end-monomer profiles are increased 

exponentially whereas the middle-monomer densities are decreased. This outcome is 

justified as a competition between the enthalpic (preferably not to have any segments 

to stay on the vacuum side) and the entropic effects (end-monomers in the free 

surface constitute smaller entropy loss than middle-monomers) (Kumar, 1994). For 

more flexible chains, both end- and middle-monomer profiles exhibit steeper curves. 

As more flexible chains can be packed denser with sharper surfaces, the monomer 

profiles for end- and middle-beads of more flexible chains exhibit steeper curves 

accordingly. For stiffer chains, the structures become less dense, and end/middle 

monomers tend to be placed more in the surface/bulk region (but no significant 

difference for chains with k = 1.0 - 2.0). 
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Figure 4.2.4 (a) Distribution of chain center of mass and (b) the corresponding 

cumulative profiles of polymer surfaces. 
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Figure 4.2.5 (a) Relative end-monomer and (b) middle-monomer densities of the free 

surface of polymer melts at different positions in the structures. 
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 4.2.3  Bond orientation 

 The bond order parameter (Sb,) is determined to evaluate the orientation of 

bonds in polymer surfaces as defined by 

     (4.2.2) 

 where θ is the angle between a bond vector to the reference vector (the z axis) 

and <…> is the ensemble average. Thus, bonds tend to have parallel, random, and 

perpendicular orientations to the surface when Sb = -0.5, 0.0 and 1.0, respectively. 

As seen in Figure 4.2.6, both middle- and end-bonds exhibit random orientation in 

the bulk region. However, the opposite behavior is observed near the surface in 

that the end/middle bonds tend to be aligned in the normal/parallel direction to 

the surface. For stiffer chains, both end- and middle-bonds tend to have slightly 

more anisotropic orientation near the surface but no significant difference in the 

bulk region (except for data at k = 2.0 that chains have a greater fraction of trans 

conformation, especially for the middle-bonds which tend to have more anisotropy). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.6 The order parameter of (a) middle-bonds and (b) end-bonds of the free 

surface of polymer melts. 
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Figure 4.2.6 The order parameter of (a) middle-bonds and (b) end-bonds of the free 

surface of polymer melts (continued). 

 

 4.2.4  Molecular properties  

 To determine the distortion of molecular dimension for polymers with different 

degrees of chain stiffness, the mean square end-to-end vector, , <r2>1/2, and the mean 

square radius of gyration, <s2>1/ 2 and three principal axes (L1 > L2 > L3) derived from 

the radius of the gyration tensor were calculated and presented in Table 4.2.2. The 

size of more flexible chains is smaller as the polymer can adopt a greater amount of 

gauche conformation. As predicted theoretically by the freely jointed chain model at 

the long chain limit, the 〈𝑟𝑟2〉/〈𝑠𝑠2〉 ratio should be 6.00. Simulation data give larger 

〈𝑟𝑟2〉/〈𝑠𝑠2〉 ratio in the range of 6.3 – 6.5 close to the prediction by the RIS model of 

〈𝑟𝑟2〉/〈𝑠𝑠2〉= 6.5 for normal polyethylene at the same chain length used in our simulation 

(Flory, 1969; Mattice, 1994). 

    In addition, polymer coils can be viewed as an equivalent ellipsoid defined by 

three principal axes (L1 > L2 > L3). According to the freely jointed chain model, the L1
2 : 

L2
2: L3

2 ratio is theoretically equal to 11.7: 2.7: 1 (Solc, 1971).  As presented in Table 

4.2.2, the magnitudes of this ratio from the simulation are generally smaller for more 

flexible chains as they can form a compact shape due to a larger fraction of gauche 

(b) 
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conformation. The overall shape of the polymer chain can be evaluated using the 

definition of acylindricity (c = L2
2 - L3

2) and asphericity (b = L1
2 – (L2

2+ L3
2)/2) to 

represent the deviation from cylindrical (c = 0.0) and spherical shapes (b = 0.0). The 

acylindricity (asphericity) has noticeably changed from 0.098 (0.465) and 0.046 (0.230) 

for k = 0.0 and 2.0, respectively. These results suggest that the chain shape is more 

changed monotonically toward ellipsoid for more flexible chains. 

To investigate the anisotropic change in molecular dimension relative to the 

surface, the XY (parallel) and the Z (perpendicular) components of the mean-squared 

radius of gyration are determined and depicted in Figure 4.2.7(a) and (b), respectively. 

The magnitudes of both quantities become larger for stiffer chains where the parallel 

(perpendicular) components are steadily increased (decreased) and then lower (higher) 

in the bulk and surface region, respectively. These results are due to chain flattening 

as polymers are forced to lie near the surface. As a function of the distance from the 

film center of mass, polymer chains are elongated/shrunk in the parallel/perpendicular 

direction, respectively, and have pancake-like shapes near the surfaces. The maxima 

in Figure 4.2.7(a) and the minima in Figure 4.2.7(b) are from the distortion of polymer 

chains that are confined near an essentially impenetrable surface. 

        In addition, the change of polymer dimension within the same chain at different 

positions on the surface can be monitored by the determination of the magnitude of 

L1 and L3 principal axes (normalized by the square radius of gyration). As presented in  

Figure 4.2.7(c), the magnitudes of both principal axes are larger for more flexible chains 

as they tend to distort more toward the oblate ellipsoid. The L1 (L3) eigenvalues are 

noticeably decreased (increased) near the surface. 

Table 4.2.2 Chain dimension and shape parameters.   
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Figure 4.2.7 The components of the mean-squared radius of gyration in (a) the parallel 

(XY) and (b) the perpendicular (Z) direction to the surface and (c) the first and the third 

principal axes of polymer molecules. 
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(b) 
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 4.2.5  Molecular orientation 

 Based on a similar definition to the bond order parameter. The molecular 

orientation can be evaluated by the calculation for the order parameter of L1 and L3 

principal axes as the chain vectors. Figure 4.2.8 presents the orientation of L1 and L3 

vectors relative to the surface.  In the bulk region, both molecular axes are randomly 

oriented (S = 0) for most chains regardless of different degrees of chain stiffness (except 

for very rigid chains with k = 2.0, which have noticeable anisotropy in parallel 

orientation to the surface). Toward the surface, the longest vectors tend to be 

decreased up to Z = 3 nm and then increased after that at the surface. For the shortest 

vectors, they show random orientation at the distance Z < 3.5 nm and then have 

anisotropy in the parallel direction at the surface. In addition, the molecular vectors 

on the vacuum area have negative order parameters with the minimum position near 

the Gibbs surface. After that, chains can assume more random alignment at the low-

density region near the free surface. For polymers with chain stiffness parameters used 

in this work (0.0 < k < 2.0), it seems there is a negligible effect on molecular orientation 

in these polymer surfaces. 
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Figure 4.2.8 The chain order parameter of (a) the first and (b) the third principal axes 

of polymer chains. 

 4.2.6  Energetics 

           The intra- and intermolecular energies are presented in Figure 4.2.9 to compare 

quantitatively the energetics of polymer surfaces. For intramolecular energies in the 

bulk region, their magnitudes are higher for the more flexible chains due to more 

gauche conformation. In the surface region, intramolecular energies tend to be lower 

implying that chains have less amount of gauche conformation compared to those in 

the bulk region. For intermolecular energies, their magnitudes in the bulk region tend 

to be more negative (as the third shell energy is an attractive interaction with a minus 

sign, u3 = -0.625 kJ/mol) for more flexible chains which are related to better chain 

packing. The situation is different in the surface region in that more flexible gain higher 

intermolecular energies because of the least efficient chain packing. 

(a) 
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Figure 4.2.9 The profiles of (a) intramolecular and (b) intermolecular energies at 

different positions in polymer surfaces. 

 

 

 

 

 

 

(a) 

 

(b) 

 

 



86 

 
4.3 The effect of intermolecular interaction on polymer crystallization 

The ionic conductivity of polymer electrolytes can be related to the ion 

diffusion in polymer matrices. In general, ions diffuse faster in the amorphous phase. 

Thus, the ability to control the crystallization characteristics should be important to 

control the amount of crystalline portion in polymeric materials. One possibility is to 

add the functional group or modify chain structures to manipulate the intermolecular 

between chains such as perfluoro-poly(ethylene oxide): -[CH2CH2O]- vs -[CF2CF2O]- and 

vinyl polymer -[CH2CHCl]- vs. -[CH2CHF]-. Thus, this section will focus on the effect of 

the intermolecular interaction on polymer crystallization from the molten state 

investigated by MC simulation. To generalize the effect of different intermolecular 

interaction, the PE-like models were proposed using the same bead dimension (σ = 

0.44 nm) but different potential well depth (ε/k = 125 - 205) for more repulsive and 

more attractive interactions compared to the normal PE chains (ε/k = 185). 
 4.3.1  Equilibration 
 Figure 4.3.1 presents the change in the intra- and intermolecular energies for 

PE-like models with different intermolecular interactions at 0-10 million MCS (473 K), 

10-20 million MCS (400 K), 20-30 million MCS (350 K) and 30-100 million MCS (298 K). 

With the same CG bead dimension (σ = 0.44 nm), PE-like chains can be considered 

more attractive (ε/kT >185 K) or more repulsive interaction (ε/kT <185 K) than that of 

normal PE (ε/kT =185 K). The average values of intramolecular (intermolecular) 

energies during 50-100 million MCS (298 K) for E125, E145, E165, E185, and E205 are 

2760.28+203.90 (-2528.08+44.29), 2132.73+231.70 (-3560.97+55.04), 1891.98+189.44    

(-4681.03+50.37), 2155.75+151.38 (-5986.06+52.35) and 2513.75+133.23                            

(-7130.34+40.28) kJ/mol, respectively. In general, at lower temperatures, chains gain a 

larger fraction of the trans state (see Figure 4.3.4). As the conformational energy of the 

trans state is lower than the gauche state, the intramolecular energies become lower. 

In addition, the intermolecular energies become smaller as polymers can stay closer 

to other chains. Polymers with more repulsive interaction can have larger 

intramolecular energies (with larger fluctuation as indicated by the standard deviation) 

because their bonds tend to adopt more gauche conformation (with a higher degree 

of conformational interconversion). 
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 For polymers with more attractive interaction (E205), chains can have a larger 

intramolecular energy implying a smaller amount of trans conformation. Note that 

chains in the E165 system have the lowest intramolecular energy. Thus, chains with a 

slightly more repulsive interaction than that of normal PE seem to have a larger 

amount of trans conformation. For the intermolecular energies, there is a systematic 

decrease as a function of intermolecular interaction parameters (ε) implying that the 

CG beads can stay closer to others for beads with more attractive interaction and the 

formed structures at lower temperatures tend to be more densely packed. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 4.3.1 (a) Intramolecular energies (Eintra) and (b) intermolecular energies (Einter), of  

PE-like chains with different intermolecular interactions.  
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Chain relaxation was determined using the orientational auto-correlation 

function (OACF) of the normalized end-to-end vector, <R(t).R(0)>/(R2) and the mean 

square displacement (MSD) for the chain center of mass, 𝑔𝑔𝑐𝑐𝑐𝑐(𝑡𝑡) =<

[𝑅𝑅𝑐𝑐𝑐𝑐(𝑡𝑡) − 𝑅𝑅𝑐𝑐𝑐𝑐(0)]2 > where the end-to-end vector and the center of the mass of 

chains at time t is denoted by R(t) and Rcm(t), respectively. As seen in Figure 4.3.2(a), 

the OACFs at 298 K suggest that the more repulsive chains exhibit faster relaxation in 

the rotational mode as the structures are less dense with more space for chain 

reorientation. 

For the translational motion, according to the dynamics predicted by the Rouse 

model for ideal chains, the MSDs should exhibit the Fickian diffusive characteristics 

(t1.0). Usually, the MSDs can show a sub-Fickian regime, tn (n < 1.0) for t < τR where τR 

is the Rouse time or the relaxation time of the chain end-to-end vector. After that, the 

MSDs can exhibit the Fickian behavior at longer time. It was reported that MC 

simulation of CG PE melts on the 2nnd lattice at 473 K exhibited the Rouse dynamics 

(Baschnagel, 2000). Here, the dynamics at 298 K for PE-like chains with different 

intermolecular interactions are explored. From the MSDs data at 298 K shown in 

Figure 4.3.2(b), the scaling numbers in the sub-Fickian regime and at the long-time 

limit are proportional to t0.79/t0.74/t0.65/t0.43/t0.30 and t0.93/t0.82/t0.75/t0.68/t0.65, respectively, 

for chains in E125/E145/E165/E185/E205 systems. Generally, the scaling numbers are 

larger for chains with more repulsive interaction. The scaling numbers for all cases are 

less than 1.0. Thus, the non-Fickian characteristics are observed at both sub-diffusive 

regimes and the long-time limit at 298 K indicating the effect of intermolecular 

interaction with their neighboring CG beads. 

The monomer dynamics at 298 K can be quantified in terms of the MSDs of 

individual CG beads as depicted in Figure 4.3.2(c). In general, monomer beads with 

more repulsive interaction have faster dynamics. Furthermore, the magnitudes of 

monomer MSDs are increased significantly for the monomers near the chain ends. As 

discussed previously, this MC method with the current CG polyethylene model gives 

dynamic characteristics comparable to data obtained from MD simulations of fully 

atomistic models or experiments with real polymers (Doruker, 1998; Baschnagel, 2000). 
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Note that chain dynamics are very slow at 298 K because polymers adopt 

almost all trans conformation, and the local chain packing becomes denser. The non-

Fickian behavior from the scaling analysis of the MSDs may be caused by the influence 

of the interaction from nearby chains or a short simulation run with 100 million MCS 

trajectories. Longer simulation runs should be possible to completely relax the 

systems, but at the present, it is still impractical based on this MC simulation due to 

the formidable computational time. Nevertheless, the data presented here are still 

useful to see the general characteristics of an initial stage of polymer crystallization 

from the melts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.2 (a) The OACFs of the chain end-to-end vectors (b) the MSDs of the chain 

center of mass and (c) the MSDs of individual CG beads of PE-like models with different 

intermolecular interactions at 298 K. 
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Figure 4.3.2 (a) The OACFs of the chain end-to-end vectors (b) the MSDs of the chain 

center of mass and (c) the MSDs of individual CG beads of PE-like models with different 

intermolecular interactions at 298 K (continued). 

Figure 4.3.3 presents the final structures at 298 K after 100 million MCS 

trajectories. Denser structures are seen for chains with more attractive interactions 

while the less-dense structures are observed for chains with stronger repulsion. When 

the intermolecular interaction becomes more attractive, chains can be located closer 

to each other so that the “local packing” with nearby CG beads up to the 8th shell in 

the 2nnd lattice becomes denser with the magnitudes of the pair correlation functions 

(PCF) ordered as E205 > E185 > E165 > E145 > E125 (see Figure 4.3.9). In addition, the 

averaged values of trans fractions and the relative amplitude of chain ordering become 

lower in cases of too repulsive or too attractive interaction. The fraction of trans 

conformation and the magnitude of chain order parameters are E145 > E165 >E185 > 

E205 > E125 (Figure 4.3.4) and E165 > E185 > E145 > E205 > E125 (Figure 4.3.5), 

respectively. Thus, polymers still have some gauche conformation with a lower degree 

of chain ordering, especially for the most repulsive (ε/k = 125 K) and the most attractive 

(ε/k = 205 K) interactions. 

(c) 
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Figure 4.3.3  The final structures after 100 million MCS trajectories at 298 K of PE-like 

models with different intermolecular interactions (a) E125, (b) E 145 (c) E165 (d) E185 

and (d) E205 systems. 

(a) E = 125 

(b) E = 145 

(c) E = 165 
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Figure 4.3.3  The final structures after 100 million MCS trajectories at 298 K of PE-like 

models with different intermolecular interactions (a) E125, (b) E 145 (c) E165 (d) E185 

and (d) E205 systems (continued). 

 

          4.3.2 Conformation 

 Figure 4.3.4 presents the trans fraction of polymer chains at different 

temperatures upon cooling from the melts. The smallest magnitudes of the trans 

fractions are seen at 473 K and become higher at lower temperatures. At 298 K (during 

(d) E = 185 

(e) E = 205 
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50-100 million MCS), the averaged values of the trans fractions, are 0.762 ± 0.057, 

0.810 ± 0.059, 0.829 ± 0.071, 0.825 ± 0.086, and 0.814 ± 0.081 for chains in E125, E145, 

E165, E185, and E205 systems, respectively.  

Generally, the amplitudes of trans fraction tend to be larger for chains with more 

repulsive interaction except in the E125 system (the most repulsive chains) which 

exhibits the smallest amount of trans fraction than other cases. This is probably 

because polymers can have more space to interchange the conformation between 

trans and gauche states. For chains with more attractive interaction than normal PE, 

polymer chains in the E205 system can adopt a lower fraction of trans conformation. 

As polymers adopt a larger amount of gauche state in the melts (473 K), it should be 

more difficult for chains with stronger attractive interaction to convert their 

conformation to the trans state at 298 K.  Thus, chains with too repulsive and too 

attractive intermolecular interactions could adopt a lower amount of trans 

conformation at 298 K upon cooling from the melts. 

In addition, the magnitude of the trans fraction can be increased significantly 

during 20-30 million MCS (350 K) for chains with different intermolecular interactions 

in the order of E185 > E205 >E165 > E145 > E125. These results show that the normal 

PE chains have the fastest growth to adopt the trans conformation at 350 K followed 

by chains with slightly more attractive (E205) and slightly more repulsive (E165) 

intermolecular interaction. Note that even though the normal PE exhibits the fastest 

growth at 350 K, the final magnitude of the trans fraction is not the largest, but it is 

still smaller than that of the E165 system. Note that there is still a slight increase of 

the trans fraction. Longer simulation at 298 K up to 200 million MCS was also done 

but the overall results are not significantly different for comparing all systems. Thus, 

all results reported in this work are based on this 100 million MCS trajectory to focus 

on the initial stage of structural formation at this temperature.   
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Figure 4.3.4 The fraction of trans conformation of PE-like models with different 

intermolecular interactions. 

 

 4.3.3 Chain dimension 

 The mean square radius of gyrations,< 𝑅𝑅𝑔𝑔
2 >, is used to represent the chain 

dimension as presented in Figure 4.3.5.  At 400 K and 473 K, the magnitudes of < 𝑅𝑅𝑔𝑔
2 > 

are relatively fluctuated around the constant values and become larger for more 

repulsive chains. Then,  < 𝑅𝑅𝑔𝑔
2 > is increased during 20 - 40 million MCS (at 350 K) in 

most systems, especially for more attractive chains in E205 with the fastest growth 

comparable to the normal PE chains. At 298 K, the molecular dimension, averaged 

during 50-100 MCS, for all the chains can be ordered as E145 > E165 > E185 > E125 > 

E205 with the averaged magnitude and the standard deviation of 125.93 + 7.22, 136.66 

+ 8.01, 133.40 + 7.19, 126.18 + 3.45 and 122.94 + 2.66 respectively. Except for the E125 

systems (the most repulsive chains), the more repulsive chains generally tend to have 

larger chain dimensions and larger fluctuations. This is because the CG beads tend to 

stay away from others and polymer chains are more expanded and have more 

frequent conformational changes. As expected, the more attractive chains (E205 

system) have the smallest magnitude of chain dimension and standard deviation as 

polymers become more compact and get denser structures. Chains with too repulsive 
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and attractive interactions exhibit smaller chain dimensions because polymers can 

adopt a larger amount of gauche conformation as described in the previous section. 

Thus, only polymers with the appropriate intermolecular interaction parameters (close 

to normal PE) can exhibit the largest chain dimension upon stepwise cooling from the 

molten state. 

          4.3.4 Chain orientation 

 To monitor the signal of crystal formation, the overall orientation order 

parameter of polymer chains, SG, can be calculated according to  In this calculation, 

polymer coils are viewed as the ellipsoid shape with three molecular axes (L3 < L2 < 

L1) obtained from the diagonalization of the radius gyration tensor. The longest (L1) axis 

was chosen to determine for chain orientation. Here, the angle (θ) is formed between 

two L1 axes from different chains so that the random and parallel orientation can be 

represented by SG = 0 and 1, respectively.  

                                𝑆𝑆𝐺𝐺 = 1
2

[3〈𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃〉−1]               (4.3.1) 

          In this calculation, polymer coils are viewed as the ellipsoid shape with three 

molecular axes (L3 < L2 < L1) obtained from the diagonalization of the radius gyration 

tensor. The longest (L1) axis was chosen to determine for chain orientation. Here, the 

angle (θ) is formed between two L1 axes from different chains so that the random and 

parallel orientation can be represented by SG = 0 and 1, respectively.  

 As seen in Figure 4.3.6, SG for all systems is about zero (random orientation) 

during the first 20 million MCS (473 and 400 K). Then, SG for normal PE and slightly 

more attractive chains (E185 and E205) start to increase during 20-30 million MCS (350K) 

while chains with more repulsive interaction still assume random orientation but their 

SG starts to increase at 298 K. The MCS for chains starting to have more ordered 

orientation can be arranged as E185 > E205 > E165 = E125 > E145. These results imply 

that only chains with the appropriated intermolecular interaction close to normal PE 

can exhibit a faster growth of chain orientation. Slightly attractive chains can draw 

nearby molecules to induce the ordered orientation even at 350 K. At 298 K, the 
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magnitudes of SG averaged during 50-100 million MCS are E125 (0.346 + 0.093), E145 

(0.677 + 0.104), E165 (0.778 + 0.061), E185 (0.767 + 0.042), E205 (0.553 + 0.024).  

 

 

  

 

 

 

 

 

 

Figure 4.3.5 The mean square radius of gyration of PE-like models with different 

intermolecular interactions. 

 

 

 

 

 

 

 

 

 

Figure 4.3.6 The global order parameter for PE-like models with different 

intermolecular interactions. 
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Upon crystallization, PE chains should gain a larger fraction of trans state and 

have a higher degree of intramolecular bond correlation. The first-order intramolecular 

bond order parameter, M1(j) can be calculated to evaluate the bond correlation in the 

same molecule according to  
 

    𝑀𝑀1(𝑗𝑗) =< 𝑚𝑚𝑖𝑖 . 𝑚𝑚𝑖𝑖+𝑗𝑗 > = < cos 𝜃𝜃𝑖𝑖,𝑖𝑖+𝑗𝑗 >          (4.3.2) 

Here, 𝜃𝜃𝑖𝑖,𝑖𝑖+𝑗𝑗  is the angle between (i+j)th and (i)th bonds within the same chain. 

The characteristics of M1(j) for intramolecular bonds in the ordered structures formed 

at 298 K are presented in Figure 4.3.7. Generally, the magnitudes of M1(j) should be 

smaller as a function of the bond index (j) as polymers adopt a larger amount of the 

gauche state at the further bonds apart. For all systems, M1(j) reaches 0.0 (disordered) 

around the 10th bond. For comparison, M1(j) for chains in E205 dropped to 0.0 at the 

fastest growth followed by E185 and E125, respectively. Thus, chains with slightly more 

attractive interaction can have a more disordered intramolecular bond correlation for 

j < 10 even though chains with more repulsive interaction in E125 have a larger fraction 

of gauche conformation (see Figure 4.3.4). For bond index j > 10, the magnitudes of 

M1(j) can be less than 0.0 and can be generally proportional to the strength of 

intermolecular interaction in the ordered as E205 < E125 < E145 < E165 < E185. Note 

that the data for E205 has the lowest amplitude at the j index around 10 but then 

exhibits the upturn to have the largest value at j > 16 with M1(j) close to zero. These 

results suggest that intramolecular bonds in E205 exhibit the most disordered 

orientation due to the attractive interaction between chains.  
For chains with more repulsive intermolecular interaction, M1(j) exhibits 

monotonically decayed profiles with the magnitude for bond j > 10 closer to 0.0 for 

more repulsive chains. These findings suggest that the anisotropy of intramolecular 

bond correlation should be related to the intermolecular interaction between chains 

and the intramolecular bond orientation becomes more disordered for more repulsive 

chains at j > 10 bonds. Thus, for chains with too repulsive or attractive interaction, the 

bonds within the same chains tend to exhibit more disordered orientation in their 

crystal structures formed under stepwise cooling from the molten state. For chains 
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with too repulsive interaction, bonds in the same chains can adopt a larger amount of 

gauche conformation resulting in a lower degree of intramolecular bond correlation. 

For chains with too attractive interaction, the gauche conformation that occurred in 

the melt state can not be effectively converted to the trans state. Thus, there is still 

some amount of gauche conformation which also results in a lower degree of 

intramolecular bond correlation. The more repulsive chains, the more disordered the 

orientation for bonds within the same chains. 

Next, the intermolecular bond orientation order (SL) is calculated to determine 

the bond orientation between different molecules according to 

 

𝑆𝑆𝐿𝐿(𝑛𝑛) = 1
2

[3 < cos2𝜓𝜓(𝑛𝑛) > −1]           (4.3.3) 

where 𝜓𝜓(𝑛𝑛) is the angle between two bonds at the reference position and the nth 

shell in the 2nnd lattice.  

Figure 4.3.8 presents the intermolecular bond orientation order for each system 

at 298 K. Generally, the magnitudes of SL are near 0.0 in the first shell (bonds tend to 

be random orientation) due to the most repulsive non-bonded interaction so that the 

bond can be oriented in any direction. Then bonds show the largest degree of 

anisotropic arrangement in the second shell (equivalent to the distance at 0.5 nm). For 

bonds in the further shells, the magnitudes of SL are monotonically lower implying 

that intermolecular bond orientation tends to be a more random arrangement at the 

longer separated distance. The relative magnitudes of SL in each system can be 

ordered as: E165 < E185 << E205 < E145 << E125. A large magnitude of SL (higher 

degree of intermolecular bond correlation) can be observed for the E185 and E165 

systems. Thus, bonds in normal PE and the chains with slightly more repulsive 

interaction exhibit the highest correlation due to the most ordered structures formed 

upon stepwise cooling from the melts. Note that for chains with more attractive 

interaction (E205), intermolecular bond orientation can have a higher correlation than 

those bonds in more repulsive chains (E205 < E145 << E125). Thus, chains with 

excessive attractive or repulsive interaction should induce the intermolecular bonds 

to become more random orientation. 
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Figure 4.3.7 The intramolecular bond orientation correlation functions for PE-like 

models with different intermolecular interactions. 
 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.8 The correlation function of intermolecular bond orientation for PE-like 

models with different intermolecular interactions. 
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 4.3.5  Structural packing 

 Structural packing was evaluated in terms of the intermolecular pair correlation 

function (PCF) calculated from the probability of having two CG beads at different 

shells on the 2nnd lattice according to 

                                                         𝑔𝑔𝐴𝐴𝐴𝐴(𝑖𝑖) = <𝑛𝑛𝐴𝐴𝐴𝐴(𝑖𝑖)>
(10𝑖𝑖2+2)𝑉𝑉𝐴𝐴

                                           (4.3.4) 

where, 𝑛𝑛𝐴𝐴𝐴𝐴(𝑖𝑖) is the number of CG beads at the ith shell from the reference bead; 𝑉𝑉𝐴𝐴 

is the volume fraction of CG beads in 2nnd lattice (𝑉𝑉𝐴𝐴 = 0.225). 10i2 + 2 is the 

coordination number of the ith shell. Figure 4.3.9 depicts the PCFs for PE-like chains 

with different intermolecular interactions at 298 K. The PCFs exhibit the maxima in the 

third shell due to the most attractive interaction of the discretized LJ energies on the 

2nnd lattice. The magnitudes of PCFs tend to be smaller for further shells and have 

almost the same values after the 7th shell. The magnitudes of PCFs can be generally 

compared as: E205 > E185 > E165 > E154 > E125. These data suggest that CG beads 

can stay closer to each other as a function of the intermolecular interaction 

parameters. For more attractive interaction, the chain packing becomes denser. The 

trend seen in the PCFs is different from the behavior of the order parameter (SG) and 

the amount of trans conformation as the PCFs are evaluated at the scale of CG beads. 

For example, chain properties (order parameter and trans fraction) in the more 

attractive (E205) system can be lower even though the magnitudes of PCFs are higher. 
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Figure 4.3.9 The intermolecular pair correlation function for the PE-like models with 

different intermolecular interactions. 
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4.4  Molecular dynamics (MD) simulation of detailed structures and ion 

transportation of polymerized ionic liquid/ionic liquid blends 
 This section will mainly focus on both molecular dynamics simulations and 

experimental studies of polymerized ionic liquids (Pbvim-TFSI) and polymerized ionic 

liquids-ionic liquids blends (PbvimTFSI-BmimTFSI). Characterizing transport properties 

of such blends and thereby address the manner by which conductivity can be tuned 

by the addition of pure ILs to polyILs. 
 4.4.1 Validated method for equilibration: PolyIL−IL Blends at 600K. 
 4.4.1.1 Indicating a sufficient structural equilibration for the simulated 

 systems  
 Equilibration of the polymer systems such as IL, PolyIL and PolyIL-IL blends can 

be determined by evaluating the potential energy and density. As depicted in Figure 

4.4.1 and Figure 4.4.2, after initial setup or after change of parameters, system is out 

of equilibrium. And its properties will not be stationary, so we are interested in 

equilibrium, must wait for a number of time steps to reach equilibrium before 

measuring observables. In most cases, there are two types of checks that the system 

enters equilibrium as follows: density and radius of gyration is molecular size values. 

And the reason for not using potential energy determines to enter equilibrium because 

sometimes the energy is stationary but has not yet reached equilibrium. So that the 

system reaches its equilibrium, show that no drift in density and the radius of gyration 

(Rg) of polymer chains were observed. So, the structures in IL, PolyIL and PolyIL-IL 

blends in Figure 4.4.3 are reached equilibrium.. 

Figure 4.4.1 Time evolution of potential energy (left) and density (right). 
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 4.4.1.2  Radius of gyration (Rg): Molecular size 

          Results for chain dimension are presented in Table 3.2 and Figure 4.4.2 The Rg 

and Ree for chains in the PolyIL-IL blend systems decreased slightly from the pure 

PolyIL. But the value of Rg and Ree for blend systems are a significant decrease. For 

previous experiment from Matsumuto et al. (Matsumoto, 2019), they studied about 

the rheological properties of PIL in IL solutions are strongly influenced by the 

electrostatic screening between IL and PIL chains. These their results indicate that 

polymerized ionic liquid chains shrink as the ionic liquid concentration increases at 

lower concentrations due to the charge screening effect by the same mechanism as 

that for ordinary polyelectrolytes in salt solutions but start to expand at higher ionic 

liquid concentrations due to the charge underscreening effect. In our study, chains in 

the PolyIL-IL blends and in the pure PolyIL gave similar Rg and Ree values (see Table 

3.2 : Chapter III), and the behavior mentioned above possibly also occurred in our 

simulated systems. 

 

 

 

 

 

 

 

Figure 4.4.2 Time evolution of the radius of gyration (Rg) for IL, PolyIL and PolyIL-IL 

blends from the 110 ns equilibration runs. The dashed lines indicate the equilibration 

time of the Rg. 
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Figure 4.4.3 The initial [non-equilibrium] : (a), (b) and (c) and final structures 

[equilibrium] : (d), (e) and (f) at 600 K. 
 

 4.4.2  Polymer dynamics: PolyIL−IL Blends  

 4.4.2.1 The mean squared displacement (MSD) and Diffusion coefficient 

 (D) 

 The dynamics of polymer chains were studied both in terms of translational 

and orientational mobility. For the definition of MSD at the time of reaching equilibrium 

at infinity because if the system moves in a straight line, the system enters a diffusive 

regime, meaning it moves in a straight line with no change in slope. Therefore, if the 

running time increases but the system's trajectory remains constant, we conclude that 

time is used in simulation is infinite time of system to reach equilibrium. For the 

definition of time-dependent diffusion coefficient (D), derived from the mean squared 

displacement (MSD) using the Einstein relation. Form the results of MSD from figure 

4.4.4: (a), (b) and (c), indicated that the translational motion of systems, BMIM+ and 

(a) 

(d) 

(c) (b) 

(f) (e) 
IL PolyIL PolyIL-IL 
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TFSI− ions increases monotonically with increasing IL concentrations.  And Bmim+ has 

the fastest motion in reaching equilibrium. In additional for figure 4.4.4(d), polycation 

motions and diffusivities are not easy to obtain for longer polymer chains, we neglect 

the diffusive calculation of polycations (Zhang, 2020). For the results of diffusion 

coefficients in Figure 4.4.5(a), (b) and (c), showed that increasing of temperature and 

concentration of ionic liquids (ILs) effect to improve for diffusion coefficient of all 

species in PolyIL-IL blends. For figure 4.4.5(d), from the example of diffusion at a 

temperature of 300 K, it is found that when in the PolyIL system, TFSI- anions move 

the fastest. But when ionic liquids are added, the results show that they will be found 

that cations move the fastest in the blend system but both of Bmim+ and TFSI- gave 

similar of diffusion coefficient. Therefore, it can be concluded that the diffusion 

coefficients increase after adding IL into the PolyIL system and increases temperature. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.4 The mean-square displacement for the center of mass of (a) PolyIL-IL 

blends, (b) Bmim+ cation, (c) TFSI- anion and (d) Pbvim+ (polycation). 

 

(d) (c) 

(a) (b) 

 



106 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.5 The Diffusion coefficient of (a) PolyIL-IL blends, (b) Bmim+ cation, (c) TFSI- 

anion and (d) Comparisons between PolyIL, PolyIL-IL blends and IL, respectively. 

 

 4.4.2.2  Ion Diffusivities for PolyIL−IL Blends 

 From the results displayed in Figure 4.4.6(a) and 4.4.6(b), we monitor that at all 

the temperatures examined the diffusion coefficients of both Bmim+ and TFSI− ions 

increase monotonically with expanding IL concentrations. Each effect verifies the 

assumption underlying our research and illustrates that blending polyILs with pure ILs 

can actually result in an improvement in the ion mobilities relative for ILs. Interestingly, 

we also note that the enlarge of diffusivities upon addition of pure ILs to polyILs is less 

than for TFSI− compared to those seen for Bmim+ ions. Such trends can be understood 

at a qualitative level by considering that with expanding fraction of ILs, there is a 

consisting escalate in the number of cations, accrue mobile BMIM+ cations. The 

coordination of TFSI− ions to such counterions is expected to lead to a significant 

(a) (b) 

(d) (c) 
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fasting of the dynamics of anions. And In Figure 4.4.6(c) and 4.4.6(d), we display the 

above diffusivity results in the plane of T/Tg (Tg corresponding to the glass transition at 

the considered loading of IL). The TFSI− ion mobilities are seen to display a 

“decoupling” in this representation. 
 Explicitly, we observe that the mobilities of polyIL-IL at IL concentrations: 0.2-

0.6 and pure ILs are higher (at a specified T/Tg) than the polyIL-IL of IL concentrations: 

0.8 at low temperatures because there is a large competition between Bmim+ cations 

and TFSI- anions.  This can be seen from the Transference Numbers for PolyIL−IL Blends 

data (Figure 4.4.19 at PolyIL-IL C0.8). Both cations and anions have higher transfer values. 

Therefore, the mobilities of the blend system at 0.8 of IL concentrations is the slowest 

mobility at low temperature (specified T/Tg) and are sensitive to the loading at high 

temperatures. The overhead results demonstrate that once the coordination of 

polycations is soaked, the anions diffuse independently without being affected by the 

polymer chains and exhibit a decoupling phenomenon. A surprising investigation is that 

very similar decoupling properties also manifest in the cation diffusivities. 
 

 

 

 

 

 

Figure 4.6 The Diffusion coefficient of (a) TFSI−, (b) Bmim+ ions in polyIL−IL blends as 

a function of IL concentrations at different temperatures. In the figure, D0 is the 

respective value obtained for pure ILs. (c) TFSI− and (d) Bmim+ ions in polyIL−IL blends 

as a function of T/Tg at different IL concentrations. 

 

(a) (b) 
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Figure 4.6 The Diffusion coefficient of (a) TFSI−, (b) Bmim+ ions in polyIL−IL blends as 

a function of IL concentrations at different temperatures. In the figure, D0 is the 

respective value obtained for pure ILs. (c) TFSI− and (d) Bmim+ ions in polyIL−IL blends 

as a function of T/Tg at different IL concentrations (continued). 

 

 4.4.2.3 The orientational autocorrelation functions (ACF) and KWW 

 relaxation times for PolyIL−IL Blends at 600 K 
 From ACF data as depicted in Figure 4.4.7(a), we observe that the 

autocorrelation functions of the polymer chains in the blends systems decayed more 

quickly than that of the pure polyIL system. And then (Figure 4.4.7(b)). we calculated 

the timescale of backbone auto-correlation function of relaxation times of polymer 

chains by fitting the Kohlrausch Williams-Watts (KWW) stretched-exponential function 

( 𝜏𝜏𝐾𝐾𝐾𝐾𝐾𝐾 ) of the polymer as a measure of the polymer segmental dynamics. 𝜏𝜏𝐾𝐾𝐾𝐾𝐾𝐾 

(c) 

(d) 
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decreases monotonically with increase in IL concentrations, indicating that the addition 

of ILs (Bmim-TFSI) indeed facilitates faster segmental dynamics of the polymer chains. 

 The above results indicate that inspection by advising that the addition of ILs 

reduce the extent of coordination between the anions (TFSI-) and the polycations 

(Pbvim+) while expanding the coordination of the anions with the cations (Bmim+). And 

the relaxation times of polymer chains is consistent with Matsumoto et al. 's research 

(Matsumoto, 2019). Specifically, they identified three regions, but from MD simulation 

results are consistent with second region that at an intermediate of cs (concentration 

of the ionic liquid Bmim-TFSI), 𝜂𝜂sp and 𝜆𝜆 decreased with increasing cs. These results 

indicate that polymerized ionic liquid chains shrink as the ionic liquid concentration 

increases at lower concentrations due to the charge screening effect by the same 

mechanism as that for ordinary polyelectrolytes in salt solutions.  And the phenomena 

refer to over probably also happened in our simulation models.  
 

 

 

 

 

 

 

 

Figure 4.4.7 (a) The Orientational autocorrelation functions and (b) KWW fitting of 

PolyIL-IL blends in various IL concentrations. Corresponding KWW relaxation times 

(𝜏𝜏𝐾𝐾𝐾𝐾𝐾𝐾) for each system. 

 

 4.4.2.4  Short time dynamics 

 For Figure 4.4.8, we observe that for as expected, the largest movement is seen 

for Bmim+ while TFSI- and the Pbvim+ exhibit a much smaller magnitude of 

displacement. These results are indicated that Pbvim+, Bmim+ and TFSI-. All three 

species had improved displacement with the addition of ionic liquids due to when the 

system are no ionic concentrations, it will be found that the polymer moves very 

(a) (b) 
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slowly. This causes the polymer to aggregate together rather than diffusion of their 

motion. If the ionic concentrations are gradually increased, this will result of each 

system in the polymer having a better distribution of movement.  
 And Figure 4.4.9 and Table 4.4.1. For quantitative, the absolute displacement 

indicate that rigidity of the coordinating structures can be ordered as:   Pbvim+ < TFSI- 

< Bmim+. This all data of the absolute displacement for PolyIL−IL Blends at 600 K 

suggest that TFSI- interact strongly with the Pbvim+ and move cooperatively on a 

relatively smaller scale while Bmim+ have much larger amplitudes of the displacement. 

And the fluctuation indicating that Bmim+ are quite weaker interact with TFSI- and other 

species. Therefore, this information will confirm the information mentioned above that 

indicating that the addition of ILs (Bmim-TFSI) indeed accommodates faster segmental 

dynamics of the polymer chains. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.8 The Trajectories of Bmim+, TFSI- and Pbvim+ recorded every 500 ps.  
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Figure 4.4.8 The Trajectories of Bmim+, TFSI- and Pbvim+ recorded every 500 ps 

(continued).  

 

 

 

 

 

 

 

Figure 4.4.9 The absolute displacement of ILs system (a) Bmim+ and (b) TFSI- every 

500 ps interval. 

 

 

 

 

 

 

Figure 4.4.10 The absolute displacement of PolyILs system (a) Pbvim+ and (b) TFSI- 

every 500 ps interval. 
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Figure 4.4.11 The absolute displacement of PolyIL-IL system (a) Pbvim+ and (b) Bmim+ 

and (c) TFSI- every 500 ps interval; Give an example (at ILs conc = 0.4) of a blend 

systems from all systems. 

Table 4.4.1 The absolute displacement (in 500 ps increments) of ILs, PolyILs and 

PolyIL-IL blends.  

 

 4.4.3 Radial Distribution Functions (RDF) and Coordination numbers (CN)   
 For RDFs, the illustrative atoms chosen for anion, cation, and polycation were 

identical to those adopted for the analysis of the mean squared displacement (MSD) 

and Diffusion coefficient (D). Further, the cutoffs for evaluating the 

anion−cation/polycation coordination were determined by the position r where g(r) = 

1.0 after the first peak (Zhang, 2020). From the results in Figure 4.4.12(a), we see that 

the value of peak for the association of Pbvim+ - TFSI− is higher than that of Bmim+ - 

TFSI−, indicating a stronger binding of TFSI− with the Pbvim+ monomers attached to the 

 
Conc for 

IL 

Species The absolute 

displacement 

(nm) 

Conc for 

IL 

Species The absolute 

displacement 

(nm) 

IL pure Bmim+ 0.346 0.6 Pbvim+ 0.205 

 
TFSI- 0.340 

 
TFSI- 0.234 

0 Pbvim+ 0.173 
 

Bmim+ 0.286 
 

TFSI- 0.191 0.8 Pbvim+ 0.210 
 

Bmim+ - 
 

TFSI- 0.246 

0.2 Pbvim+ 0.185 
 

Bmim+ 0.296 
 

TFSI- 0.216 1.0 Pbvim+ 0.217 
 

Bmim+ 0.259 
 

TFSI- 0.270 

0.4 Pbvim+ 0.196 
 

Bmim+ 0.305 
 

TFSI- 0.230 
   

 
Bmim+ 0.276 
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polyIL chains at the same temperature, indicating that IL concentrations are 

dominated. With results confirming this behavior by the absolute displacement in 

Figure 4.4.9, 4.4.10 and 4.4.11. For Figure 4.4.12(b), at the same temperature, it is found 

that the CN of ILs increases and decreases in the polyILs systems with increasing ILs 

concentration. 
 In summary for RDFs and CNs can be found that at the same temperature, It 

will indicate that for polymers and anions, the interaction becomes more gradually 

stronger as the ionic concentrations increases because the ILs will help the anions 

move along the polymer faster. And from the behavior mentioned above, the binding 

of IL will gradually decrease because the cations will interact with the anions to help 

the anions move faster. 
 After that, we were studying RDF at different temperatures. For Figure 4.4.13(a), 

4.4.13(b) and 4.4.13(c), this indicates that there is no difference in both polymer and 

ionic properties. Therefore, we can be concluded that the ILs concentration is more 

prominent than the effect of temperature. 
 For Figure 4.4.14(a), we observe that CNs data indicate a decrease in the Pbvim+ 

system enclosing TFSI- because TFSI- are switched to bind with Bmim+. From Figure 

4.4.14(b), it will be found that when the temperature is increased, the value of CN 

changes very little. We can be concluded that the IL concentrations is more prominent 

than the effect of temperature. 
 

 

 

 

 

 

Figure 4.4.12 Radial distribution function between (a) the centers of mass for Pbvim+, 

TFSI-and Bmim+ and (b) Coordination numbers (CN) at 600 K. 

(a) (b) 
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Figure 4.4.13 Radial distribution function between (a) the centers of mass for PolyILs,    

(b) PolyIL-IL blends and (c) ILs at different temperatures. 

 

 

Figure 4.4.14 Coordination numbers (CN), (a) for PolyILs, ILs at different IL 

concentrations and (b) for PolyILs, ILs at different temperatures.  

(a) (b) 

(c) 

(a) (b) 
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 4.4.4 Ion Transport Mechanisms 
 4.4.4.1 Anion Association Statistics 

 To understand the influence of IL concentrations (Bmim-TFSI) on the TFSI- 

coordination characteristics, we calculated the probability, Pn, that a given TFSI- is 

associated with n cations/polycations and the probability PN that an anion is associated 

with N number of chains at different loadings of the ILs electrolyte at 600 K. Form 

Santosh et al (Mogurampelly, 2018). In the absence of polymer chains (i.e., pure ILs), 

the anions are expected to be in only one of two states: (a) stay free from any kind of 

association; (b) associate with non-polymerized cations. Whence, for pure ILs, PN and 

Pn are expected to be zero for N, n > 0. 
  It is observed from Figure 4.4.15(a), that P(n) exhibits a maximum at n = 4 in 

the absence of pure ILs. However, as the IL concentrations increases, the location of 

the peak is seen to gradually shift to n = 3, while the association with four cations 

constitutes the second major coordination group. For blend systems display peaks of 

P(n) at n = 3 and  n = 2, suggesting that such anions swap out either one or two cations 

and engage with non-polymerized cations as a third and/or fourth partner for their 

coordination. Moreover, when increasing IL concentrations show that the number of 

free ions IL concentrations larger than low IL concentrations. 
 Next, we turn to the influence of IL concentrations on the coordination of anion 

with distinct polymer chains in Figure 4.4.15(b), we quantify such features through the 

consideration of the probability PN that an anion is coordinated with N distinct polymer 

chains. This data show that peak of PN at N = 2 is observed in the absence of IL 

concentrations. Further, with an increase in IL concentrations, the peak is seen to 

transition from N = 2 to N = 1.  PolyIL-IL blends are seen to preferentially associate 

with a single polymer chain. Together, the results of the coordination statistics 

presented in Figure 4.15 and Figure 4.4.16 suggest that the co-coordinated anions 

dissociate from the second polymer chain and instead preferentially engage in 

coordination with the cations of a single polymer chain. 
 In summary for anion association statistics. From the both graphs of Figure 

4.4.15 indicate that, when increasing the concentration of ionic liquids, PN and Pn are 
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seen to peak at  N = 2 and n = 4, indicative of the anion association with four 

monomers of two different polymer chains in pure polyIL electrolyte. And PN and Pn 

exhibit a maximum for N = 1 and n = 3 or 2, suggesting that a given anion prefers to 

be associated with three polymerized cations of the single polymer chain in PolyIL-IL 

Blends. The decreasing of number of cations and polymer chains associated with anion 

because there is a switching of the coordinated interaction of anions between the 

polymer chains and cations. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.15 Probability that a given TFSI- is associated with (a) n cations and (b) N 

polymer chains. The error bars are smaller than the size of the symbol where invisible. 
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Figure 4.4.16 A snapshot of anion (magenta) association to polymerized cations and 

polymer chains in (a) PolyIL and (b) PolyIL-IL blends. The represent an ion-association 

determined from a distance cutoff of 6.5 Å. Only the polymer chains within 20 Å 

spherical radius from the centered anion are shown without any other ions for clarity. 

 

4.4.5 Glass Transition Temperatures (Tg) for PolyIL−IL Blends: 

 The blend systems were then cooled from 600 K stepwise to 160 K by 

decrements of 10 K. Using cooling rate = 1 x 1010 K/s and the system density was 

calculated from the last 1ns from 2ns of NPT simulation (Mogurampelly, 2017).  The 

increase of Vspecific with increasing temperature was less pronounced below Tg yielding 

a kink separating rubbery and the glassy states (Khongvit, 2020).  

(a) 

(b) 
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 Tg values for all simulated systems are presented in Figure 4.4.17. The Tg for all 

blend systems were lower than for the pure polyILs. For all the Vspecific curves have 

only one transition between the high- and low-temperature regimes. One transition is 

usually interpreted as evidence of miscibility, while two transitions imply immiscibility 

of polymers (Kikkawa, 2009; Thomas, 2014; Saha, 2016). The fact that only one kink is 

observed in the Vspecific curves argues for miscibility of PolyILs, ILs and PolyIL-IL blend 

systems. In Figure 4.4.18(a), Tg from experiment show that the all blend systems have 

two glass transition temperature (Tg) follows as Tg low and Tg high. Because Tg from 

blend systems have broad range, when increasing temperature make them transform 

glassy state to the liquid state indicated that enriched local concentration of polyIL 

are dominantly, so this effect is called Tg, high and when decreasing temperature make 

them behavior like float state indicated that enriched local concentration of ILs are 

dominantly, so this effect is called Tg, low. 
         And what's interesting is that when calculating the Tg value for pure ILs and pure 

polyILs in Figure 4.4.17, it was found that both linear lines are very good. But when 

observing the blend systems, we were finding that both lines of high and low 

temperature deviate from the linear lines. We hypothesize this phenomenon that the 

simulated results may behave like the experimental results, so the broad range is the 

cause of the two lines leading to Tg line of both temperatures deviating from the linear 

line. 

         The generally, polymer blends can be divided into three categories: miscible, 

semimiscible (or partially miscible), and immiscible blends (Thomas, 2014). A blend of 

miscible polymers exhibits a single Tg as well as a single homogeneous phase. Two 

distinct Tg values arising from two phase-segregated components are often interpreted 

as an indicator of immiscibility (Kikkawa, 2009; Thomas, 2014). An alternative view has 

been proposed by Lodge and McLeish (Lodge, 2000). According to their self-

concentration model, chain connectivity of polymers leads to an increased local 

concentration of monomers in blends compared to an average bulk concentration. For 

this reason, one should normally expect two glass transitions in any single-phase 
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polymer blend. Thus, it was suggested that the presence of two distinct Tg values 

cannot be used as a reliable criterion of immiscibility and semimiscibility (Lodge, 2006). 

         Together, the results discussed above indicate that we cannot say all blend 

systems have separated because in simulation results show that all snapshots were 

created using VMD open-source software, the polyIL-IL blend systems are 

homogeneous. But in the experimental results of Tg, the high Tg and the low Tg blend 

components exhibit, respectively, stronger and weaker variations with the blend 

composition. As already mentioned, we believe that the estimates of {Tg} obtained 

from relaxation time and specific heat measurements may be different. Jacek et al, 

their theory predicts that spontaneous concentration fluctuations may lead to the 

appearance of two mesoscopic regions of enriched local concentration in 

macroscopically homogeneous, but locally inhomogeneous, one-phase binary 

polymer blends. These mesoscopic concentration fluctuations, a universal property of 

blends of semiflexible polymers not shared by mixtures of non-associating small 

molecule liquids. Moreover, the relatively large concentration fluctuations naturally 

explain the existence of two relaxation time and two Tg in miscible blends with 

sufficient dynamical asymmetry between the blend components (Jacek Dudowicz, 

2014).  

         In Figure 4.4.18(b). When the experimental results are compared with the 

simulation results. It was found that the simulation results for Tg in good agreement 

with experimental values.  

 

 

 

 

 

 

 

Figure 4.4.17 Plots of specific volume versus temperature to determine Tg values for 

various IL concentrations of blend systems. 
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Figure 4.4.17 Plots of specific volume versus temperature to determine Tg values for 

various IL concentrations of blend systems (continued). 

 

 

 

 

 

 

Figure 4.18 (a) Tg from experiment and (b) Comparison (Exp.& Sim.) of Glass Transition 

Temperatures (Tg). 

 

4.4.6 Transference Numbers for PolyIL−IL Blends 
 Amount of relevancy in defining the accomplishment of polymer electrolytes 

is the transference number. The transference number amounts the current transported 

by the identity of attention (in our case, the anion) relative to the overall current. Each 

a number is of regard as its relevancy in quantifying the predisposition for concentration 

polarization features resulting from the evacuation and hoarding of the contrast 

charged ions at the electrodes (Mogurampelly, 2018). While several definitions of 

transference number exist (Balsara, 2015), in the present context, we use the definition 

that only relies on ion mobilities and the number of mobile species.  
        From Figure 4.4.19(a) and 4.4.19(b), we can observe that the transfer numbers of 

TFSI- anion have irregular fluctuation as the temperature increases. Addition of mobile 

ions, such as in our case through the cations of pure IL, is prospective to increase the 

conductivity but concurrently lower the transference numbers of TFSI- anion. Each 

(a) (b) 
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datum is surprising, as one would have prospective that the transference numbers 

would display a monotonic inflate with ILs adding to the value of unity for pure ILs. 

Again, our results illustrate a recantation arising from effect with enlarged ILs loading 

and temperature, viz., the increasing of the anion mobilities relative to the cations.  

        For polyIL, we will be found that polycations move very slowly. Therefore, anions 

are highly transferable. Therefore, it is to move like a free ion in the simulation. Then 

when they come to a blends system is to add ILs. Therefore, a competition occurred 

between polycations or cations with anions. And then there is a change in the 

coordination numbers of anions, which is to switch between polycations and anion or 

cation and anion. For pure IL, there will be a very poor amount of anion transfer 

because anions interact with cations because they have the same number of both. So, 

we can be concluded that transference numbers of anions have the addition of pure 

ILs to pure polyILs as the dominant than influence the temperature.  

         From Figure 4.4.20, all graphs regarding the transfer number of anions. It will be 

higher than cations because anions are more numbers than cations at PolyIL-ILs (0.0-

0.8). And there will be a gradual decrease in transfers until the number of cation and 

anion ions is equal at PolyIL-ILs (1.0). It is found that cations have a higher transfer 

amount than anions because cations have more diffusion. And there will be equal 

transfer at a temperature of 600 K. In their recent study (Zhang, 2020), their found that, 

even with relatively long-time simulation times extending 400 ns, polycation 

diffusivities are not easy to obtain for longer polymer chains (Zhang, 2020). Therefore, 

we find that the simulation time 110 ns run of our simulation systems is sufficient to 

reach equilibrium with other ion species. Because even if it takes more time to run 

longer than 110 ns, it will hardly affect the diffusion of the long polymer chain. 

        For transference Numbers for PolyIL−IL Blends data, it was found that when 

increasing the ionic concentration, there will be a gradual decrease in the transfer of 

anions. This is the result of binding with cations to help move them along long polymer 

chains. Therefore, all information will indicate in evaluating the efficiency of this system 

that only ion transfer cannot be used in studies alone. The information in Sections 

4.4.1-4.4.5 and 4.4.7, as well as simulation trajectory, must be used to more accurately 

confirm the behavior of the mixed system. 
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Figure 4.4.19 (a) the anions and (b) cations transference number as a function of the 

ILs loading at different temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.20 The comparison of the anions and cations transference number as a 

function of the ILs loading at different temperatures. 
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4.4.7 The ideal ionic conductivity in PolyIL-IL Blends 

          In Figure 4.4.21(a)−(d) and Table 4.4.2, we display the experiment and 

simulation results for the total ionic conductivity and the NE values as a function of 

the IL concentrations, respectively.  

        For Figure 4.4.21(a) and 4.4.21(b), when the experimental results are compared 

with the simulation results. Although the large numerical errors would make the values 

of conductivities unreliable, we found that this trend was observed [66]. It was found 

that the simulation results for the ideal ionic conductivity in good agreement with 

experimental values in qualitative. 

        In all results from Figure 4.4.21(a)-(d) and Table 4.4.2, we can confirm that the 

hypothesis underlying our work and demonstrates that blending pure ILs with polyILs 

can indeed lead to an enhancement in the conductivity relative to ILs. Therefore, it 

can be concluded that the ionic conductivity increases after adding IL into the PolyIL 

system and increases temperature.  

        Interestingly, in Figure 4.4.22(a)-(c), we show that the NE conductivities exhibit a 

“decoupling” from T/Tg, the degree of such effects becomes significantly reduced 

when compared to the ion mobilities (Figure 4.4.6(c)-(d)). Indeed, the conductivity of 

polyIL-IL blends and pure ILs are still seen to be greater than that of the pure polyILs. 

And the NE values display a nonmonotonic behavior as a function of pure ILs loading 

(exhibiting a maximum around 100% (cbmim-TFSI =1.0) loading of pure ILs). Such trends 

can be understood to arise as a consequence of the competing effects of the increased 

number of mobile ions resulting from the addition of pureILs (to polyILs) and the 

greater mobilities (at a specified T/Tg) of the systems containing a greater fraction of 

pure ILs. 

         At this time, there is no clear reason why the simulated conductivity values are 

too high from the experimental values. Many assumptions have been made in various 

studies regarding conductivity in simulations such as Neglecting ionic correlations 

between free ions, intrinsic into the Nernst-Einstein equation, seemingly overestimates 

the ionic conductivity and on the other hand, ignoring the contribution from bound 

ions would underestimate the conductivity. But no clear conclusion. Even if the cross- 
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correlation term is taken into account or the simulation run time is longer, there are 

still large errors.  

        Thus, the simulations may be missing some key dynamical aspect. Additional 

studies using more advanced techniques and force fields may help discover the source 

of the differences. Nevertheless, the simulation will focus on describing qualitative 

data for ionic conductivity and Nernst−Einstein conductivities and offer insight at the 

molecular level. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 The ideal ionic conductivity of PolyIL-ILs blend systems obtained as 

plotted versus 1000/T (a) Total ionic conductivity from experiment, (b) Total of 

systems, (c) Bmim+ and (d) TFSI- for ideal ionic conductivity from MD simulation. 
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Table 4.4.2 Comparison between the total ionic conductivity from the experiment and 

the ideal ionic conductivity from MD simulation of PolyIL-ILs blend systems at different 

temperatures. 

 

 
 

 

Conductivity MD Simulations (S/m) Experiments 

(S/m) 

Pbvim-TFSI (pure) Species 600K 510K 450K 300K 250K 453K 

  system 1.685 0.579 0.261 0.00813 0.000437 0.037 

  TFSI- 1.685 0.579 0.261 0.00813 0.000437   

Mix0.2 Species 600K 510K 450K 300K 250K 303K 

Concentration of system 2.487 1.205 0.649 0.0341 0.00398 0.000698 

Bmim-TFSI  TFSI- 2.401 1.152 0.627 0.0323 0.00383   

  Bmim+ 0.0858 0.053 0.0219 0.00178 0.000149   

Mix0.4 Species 600K 510K 450K 300K 250K 303K 

Concentration of  system 3.028 1.593 0.826 0.0531 0.00806 0.0187 

Bmim-TFSI  TFSI- 2.739 1.435 0.735 0.0441 0.00724   

  Bmim+ 0.289 0.158 0.0909 0.00902 0.000824   

Mix0.6 Species 600K 510K 450K 300K 250K 303K 

Concentration of  system 4.231 2.424 1.389 0.110 0.0115 0.116 

Bmim-TFSI  TFSI- 3.579 2.025 1.175 0.0836 0.00863   

  Bmim 0.652 0.393 0.215 0.0262 0.00282   

Mix0.8 Species 600K 510K 450K 300K 250K 303K 

 Concentration of  system 5.12 2.956 1.555 0.434 0.0191 0.237 

Bmim-TFSI  TFSI 4.085 2.357 1.136 0.231 0.0141   

  Bmim+ 1.035 0.539 0.419 0.203 0.00499   

Bmim-TFSI (pure) Species 600K 510K 450K 300K 250K 303K 

  system 17.542 11.271 7.616 1.158 0.243 0.4878 

  TFSI- 8.749 5.442 3.751 0.541 0.104   

  Bmim+ 8.793 5.829 3.865 0.618 0.139   
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Figure 4.4.22 The Nernst−Einstein predictions a function of the loading of ILs for (a) 

system, (b) TFSI- and (c) Bmim+ as a function of T/Tg. 
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4.4.8 Ion Transport Events in PolyIL-IL Blends at 600 K 

 To realize the mechanisms underlying union movement in the polyIL 

electrolytes, we also examined different hopping cases, revealed by the anions which 

are especially correlated with polymerized cations (Mogurampelly, 2018). To this aim, 

we degraded the transport cases into three principal categorizations as schematically 

displayed in Figure 4.4.23: (a) type 1: anion hopping events along polymer backbone 

by means of the formation and breaking of ion pairs with polymerized cations; (b) type 

2: ion hopping events between different polymer chains; and  (c) type 3: the to and 

from transition events occurring between the polymer chains and the rest of the 

medium; i.e., if an anion is coordinated to polymer chain(s) at time t and uncoordinated 

to any polymer chain at a different time t′, then it is a type 3 event and in the absence 

of polymer chains (i.e., pure ILs), the anions are expected to be in only one of two 

states: (i) stay free from any kind of association; (ii) associate with non-polymerized 

cations. 

        From Figure 4.4.24, we observe that intrachain interaction gradually decreased 

but it is still a dominant mechanism because discussion in Section 4.4.2 in the subtopic 

is short time dynamics and Section 4.4.3, the interactions between anions and 

polycations are seen to be stronger than those between anion and non-polymerized 

cations. After that, competition between polycations and cations arose that compete 

to form bonds with anions where the main movement is anions interact to polymer 

chains so it will be the behavior of prominent intrachain hopping. 

        Later, ionic concentrations were added, this causes the cation to escape from 

the anion in the free state. The cations then compete for bonding with the polymer 

chains, this effect causes anions to escape from the polymer chains. And then binds 

with cations at a certain time. Therefore, this type 3 of behavior is second only to 

intrachain hopping. And another possible movement behavior is type 2 is the formation 

of bonds between anions and different polymer chains. From the MD simulation 

results, it was found that this was the least likely to happen due to the larger number 

of available non-polymerized cations.  

         From Inoue et al. (Inoue, 2013), they explained about sub-Rouse mode and 

proposed that the observation of these local motions is caused by the plasticizing 
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effect by dissociated large counter-anions. They showed that sub-Rouse mode is often 

observed for solutions where intrachain interaction is dominant for local motions. 

Appearance of the sub-Rouse mode for PC4VITFSI was attributed to the decreasing of 

interchain interaction due to ionized large counterions which behaves like a solvent. 

        From the experimental research referenced above. It was found that the 

movement of PC4-TFSI, this indicates that there is intrachain interaction that is more 

prominent than interchain interaction. This is consistent with MD simulation results, 

indicating that both pure polyIL and polyIL-IL blends, there are prominent intrachain 

interaction in the movement. 

        Altogether, the results introduced upon approve us to conclude the mechanism 

of anion motion in polyIL−IL blend electrolytes. Especially, the all effects indicate a 

moderate transition in which adding polyILs to pure ILs leads the way a raised tendency 

of connection of anions with polymerized cations, first of a single chain and then of 

two chains. 
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Figure 4.4.23 Definition of ion hopping mechanisms adopted in this work to distinguish 

different types of ion hopping events in polyIL−IL blend electrolytes from 

Mogurampelly et al. (Mogurampelly, 2018). The transition events are categorized into 

three types to represent (a) intrachain, (b) interchain, and (c) the to and from polymer 

chain hopping events.  
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Figure 4.4.24 Fraction of transition rate of different hopping types as a function of pure 

ILs loading at 600K (a) Experimental result from (Inoue, 2013) (b) Result from MD 

simulation and (c) Individual result from MD simulation. 
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CHAPTER V 

CONCLUSION 

 
This thesis investigates multiscale computer simulations were applied to 

examine molecular determinants that can control structural properties of the host 

polymers in electrolyte application. To improve the ionic conductivity of polymer 

electrolytes, some possible paths are proposed to modify the repeating units to adjust 

the intrachain stiffness and intermolecular interaction that can affect conformational 

characteristics, molecular dimension, chain perturbation near the surface, 

crystallization, upon cooling from the melts, atomistic amorphous structures and the 

degree of ionic dissociation in polymerized ionic liquids.  

The First part is multiscale molecular simulations of two polymer hosts for gel 

electrolytes: PVC and PVF. This part illustrates a multiscale molecular modeling 

method to generate and equilibrate PVC and PVF models at their amorphous state. 

The method starts from quantum chemistry calculation to derive the statistical weights 

of the rotational isomeric state (RIS) model. PVC and PVF chains were then mapped to 

the coarse-grained (CG) model using the modified RIS model onto the 2nnd lattice. 

The mapping of PVC and PVF chain can be done by grouping each monomer to one 

CG bead. The average non-bonded interactions were estimated using the discretized 

Lennard-Jones (LJ) potential. Coarse-grained PVC and PVF at the bulk density were 

then generated and readily equilibrated by lattice Monte Carlo simulation. The on-

lattice properties were determined including chain conformational statistics and 

molecular mobility (rotational and translational modes). Dynamics of PVF is faster than 

PVC about one order of magnitude. The equilibrated PVC and PVF structures from the 

2nnd lattice were then reverse-mapped to fully atomistic models. Chain dimension, 

conformational statistics, structural and thermodynamic properties were determined 

for both neat PVC and PVF structures. All these results are comparable well with 

experiment data.
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The second part is film stiffness, The effect of chain stiffness on structural and 

molecular properties of the free surfaces of polymer melts was studied by MC 

simulation of CG polyethylene-like models. The effect of chain stiffness on structural 

and molecular properties of the free surfaces of polymer melts was studied by MC 

simulation of CG polyethylene-like models. For polymer surfaces with more flexible 

chains, higher bulk densities with sharper surface profiles are obtained. Near the 

surface, end-bead monomers are more segregated for more flexible chains while 

middle-bead monomers are more depleted. As a function of chain stiffness, bulk 

densities become higher  and accompanied by sharper surfaces. In general, both bonds 

and chains adopt random orientation in the structures but tend to have anisotropic 

orientation near the surface, especially more pronounced for stiffer chains.  The 

molecular dimension has a more compact shape for more flexible chains because of 

a larger fraction of gauche conformation. Near the surface, chains are more flattened 

for stiffer chains, especially in the perpendicular direction to the surface. In the bulk 

region, more flexible chains adopt a larger amount of gauche conformation and have 

denser structures as evidenced by higher/lower intramolecular/intermolecular 

energies. In the surface region, however, chains tend to gain more trans conformation 

and the structures become less dense as indicated by lower/higher 

intramolecular/intermolecular energies. 

The third part is the role of the intermolecular interaction related to the chain 

packing in the condensed phase, which can be intimately associated with polymer 

crystallization. Lattice Monte Carlo simulation has been developed to determine the 

effect of intermolecular interaction of CG PE-like chains on the structural formation 

during an initial stage under stepwise cooling from the molten state. The 

conformational characteristics, the bond and molecular orientation, structural packing, 

intra- and intermolecular bond order parameters were evaluated. The growth of 

structure formation is generally faster, and the chains can have better-ordered 

orientation for chains with intermolecular interaction parameters close to the normal 

PE. The PE-like chains with too attractive or too repulsive intermolecular interaction 

exhibit poorer crystallization characteristics as chains can adopt a lower amount of 

trans conformation and have more difficulty in forming the ordered structures. For PE-
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like polymers with too repulsive interaction, larger fluctuations of the magnitudes of 

the conformational state and the order parameter are evidenced. For PE-like polymers 

with too attractive interaction, chains still adopt some amount of gauche conformation 

at lower temperatures with less degree of chain ordering. Thus, only PE-like chains 

with intermolecular interaction parameters close to the normal PE can exhibit the 

ordered structures with a large degree of trans conformation and chain orientation in 

the ordered structure formation under stepwise cooling from the molten state. 

The final part is  MD simulation of detailed structures and ion transportation of 

polymerized ionic liquid/ionic liquid blends.  To summarize for the overall results from 

above, we reported molecular dynamics simulations of the structure, dynamical and 

ion transport properties of imidazolium-based polymerized ILs blended with IL 

electrolytes by GROMACS 2020.1 package. Our study is interested in the hypothesis 

that the addition of ionic liquids to polyILs can improve of accelerating the 

polymer/ion dynamics and simultaneously encourage mobile ions to the overall 

conductivity. To illustrate polymerized cations at the classical level within the 

framework of the OPLS-AA force field model, we tackled force field evolution be 

circumspect for intramolecular interactions with the take part of quantum mechanical 

calculations. Afterwards, atomistic molecular dynamics simulations at different IL 

concentrations were conducted to examine the mechanisms underlying ion transport 

in polyIL-IL blends. We illustrated results for the structural peculiarities, polymer 

dynamics, ion transport mechanisms, glass transition temperature (Tg), transference 

numbers, the ideal ionic conductivities and compared the behavior of polyIL−IL blends 

at different of ILs concentrations by MD simulation and experiment (Tg and 

conductivity). All properties above, indicating that are agreed between simulations and 

experiment results.                       
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