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The objective of this thesis is to study the effect of host polymer type on the
solvation structure of K" ion in Tetraglyme:KSCN (TET:KSCN), Poly(propylene
glycol):KSCN (PPG:KSCN) and Poly(vinyl alcohol):KSCN (PVA:KSCN) complexes
by experimental and Molecular Dynamics (MD) simulation technique. The MD
simulations with COMPASS forcefield were used to calculate the Radial Distribution
Function (RDF) and local atomistic structure at 300 K. Those structural properties
obtained from the MD simulations are found to be in very good agreement with other
previous work. The simulated solvation structures were used to compute the MD-
EXAFS spectra for K* ions in water, PVA, TET and PPG. MD-EXAFS spectra
generated from MD simulations were then compared with the measured spectra.
Comparison shows the consistence between the EXAFS spectra from MD simulations
and those from the experiments. Thus, we suggest that MD simulation with empirical
forcefield is a useful technique to study the local solvation structures of ionic aqueous

solutions and model compounds representing polymer electrolytes.
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The static and dynamics properties of bidisperse PEO were investigated by a
Monte Carlo (MC) method of a coarse-grained polymer model on a high coordination
lattice at 373 K. In all systems, PEO were satisfied with a universal scaling law. The
results revealed that insertion of short chains (bidisperse) cause the mobility of the
polymer chain to increase, due to the short chains reducing the dynamic constraint on

the long chain and inducing the long chain to move and relax faster.
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CHAPTER I

INTRODUCTION

Energy is crucial to many aspects of our life. Energy generation and storage
are growing topics in the field of academic research and industrial applications due to
the rapidly growing energy demand of the modern world. There are many different
forms of energy sources which can be classified to the following categories:

e Fossil fuels: defined as fuel formed from the organic remains of

prehistoric plants and animals, such as coal, natural gas and oil.

e Renewable energy: given that fossil fuels are not renewable sources of
energy, there is increasing interest in the generation of energy from
renewable resources, such as solar, water, wind and wave power or from
renewable bio-materials.

e Nuclear power: a type of nuclear technology used to generate energy
through nuclear fission.

Many renewable energy sources (e.g., solar and wind) are characterized by
periods of production (e.g., daylight and blowing winds, respectively) followed by
non-production (e.g., night and no wind, respectively). Hence, energy storage is a key
to making energy continuously available, as well as in many cases making energy
portable (e.g., for electric or hybrid vehicles). A battery is a device used to store
energy in an electrochemical form. Every battery has a positive electrode (cathode)

and a negative electrode (anode), which are immersed in a solid or liquid electrolyte.



and a negative electrode (anode), which are immersed in a solid or liquid electrolyte.
All materials are enclosed in a container with a separator between the electrodes to
keep them apart. Batteries are usually divided into two main classes: Primary batteries
(disposable batteries which are intended to be used once and discarded) and secondary
batteries (rechargeable batteries which can be recharged by applying electrical
current).

Polymers are widely studied due to their significant potential as Solid Polymer
Electrolytes (SPEs) for an application as a medium in rechargeable batteries. In 1975,
Wright (Bruce, 1995) first reported that SPEs exhibit significant ionic conductivity.
The potential use of SPEs in batteries applications was first suggested by Armand et
al. (Preechatiwong and Schultz, 1996) in 1979. SPEs consist of salts dissolved in
solid high molecular weight polymer. These compounds are solid state coordination
compounds and as such sit between coordination chemistry and conventional solid
state chemistry. Polymer, which can dissolve salt must be comprised of O, N or S
atoms because these atoms can interact with cation, and make decompositive salt to
have a better ionic conductivity. A considerable scientific effort has been dedicated to
exploring and understanding the characteristics of these electrolyte systems. Many
investigations have focused on developing SPEs with high ionic conductivities (10
S/cm or higher) at ambient temperature (Chintapalli, 1996). In majority of reported
system, an alkaline metal salt is solubilized in polymer, generally through complex
formation with the ion-chelating monomer unit or with pendant moieties of the
macromolecule.

The important criteria for a polymer to act as a host for complex formation

include: (Mendolia, 1995)



Q) Having atom or groups of atom with sufficient donor ability to

coordinate cation.

(i) Low bond rotation energy barriers to facilitate polymers segmental

motion.

(i) A suitable distance between coordinating heteroatoms allowing

interaction with the ions.

Poly(ethylene oxide) (PEO) is the most interesting base material because of its
high chemical and thermal stability. The chemical structure of PEO consists of series
of polyethers ([-(OCH,CH),-]). PEO is a semicrystalline polymer, possesing both an
amorphous and a crystalline phase at room temperature. It can also solvate a wide
variety of salts, even at very high salt concentration (Bruce, 1995; Preechatiwong and
Schultz, 1996; Chintapalli, 1996; Mendolia, 1995; Johansson; Quartarone et al., 1998;
Song et al., 1999; Dias et al., 2000; Chandra and Chandra, 1994; Bernson et al., 1995;
Xu et al., 1996; Rhodes and Frech, 2001). The solvation of salt occurs through the
association of the metallic cation with the oxygen atom in the backbone (Figure 1.1).
Because pure PEO is a semicrystalline polymer, significant ionic transport occurs
only within the amorphous phase. This feature explains the dramatic decrease in ionic
conductivity seen in many PEO-based systems for temperature below the melting
point of pure crystalline PEO (T, ~ 66 °C); the crystalline PEO regions are non-
conductive and serve to hinder bulk ionic transport. Clearly, the inherent crystallinity

of PEO is not very attractive for applications in solid electrolytes.



Figure 1.1 Solvation of M (M=Na" and K") by CH3;O(CH,CH,0),CHz chain.

Hydrogens are omitted for clarity (Dhumal and Gejji, 2006).

Low molecular weight oligomers analogous to PEO have also been widely
used to model PEO-salt complex in experimental and simulation studies. Oligomers
more easily adopt a fully amorphous state at accessible temperatures, so single phase
systems can be more easily prepared and analyzed. Among those, glymes (define as
CH30O(CH,CH20),CHs, n = 2-4) have been extensively used in spectroscopic studies
by Frech and Huang (1994) and Rhodes and Frech (1999). A detailed spectroscopic
study of CH, rocking region of glyme complex with salt suggests that the interaction
of the cation with the ether oxygens occurs with the glyme adopting a conformation
which is energetically unfavorable in the pure glyme. For the first step to
understanding the local structures, glyme-salt complex can be used as the model of
PEO-salt complex.

Many investigations have focused primarily on an enhancement of the room
temperature conductivity via various approaches such as using blends, copolymers,
comb branch polymers and cross-linked “network”. All these enhancements have
been done reducing the crystalline order, trying to create an amorphous phase or

decreasing the glass-transition temperature (Chintapalli, 1996; Quartarone et al.,



1998; Dias et al., 2000). Poly(propylene oxide), PPO would, in theory, appear to be
an ideal candidate as a stable, amorphous host polymer. The random arrangement of
methyl groups along the chain (Figure 1.2) prevents the polymer from crystallizing
(Rhodes and Frech, 1999; Acosta and Morales, 1996). Acosta and Morales (1996)
improved the ionic conductivity by synthesizing different polymer electrolytes based
on PEO/PPO blends. They analyzed the effect of lithium salt on the microstructure
and electrical conductivity. It was found that the conductivity was lower for the
highest salt concentration than for the minimum salt concentration. Decha (2002)
improved the ionic conductivity of PEO based electrolytes by adding PPO to increase
the fraction of the conductive amorphous phase. The results from XRD, DSC, FTIR
and high resistance meter suggested that PPO was able to decrease the crystallinity of
PEO and improve the ionic conductivity of PEO-salts (LICF3SO3; or KSCN)

electrolytes.
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Figure 1.2 Schematic diagram of the isotactic poly(propylene oxide) chain in its

planar, all-trans conformation.

In the recent years, extensive research efforts have been devoted to the
development of amorphous polymeric materials with high ionic conductivity at room
temperature as well as good mechanical, optical and thermal properties. The electrical

and optical properties of the polymers can be suitably modified by the addition of



dopants depending on their reactivity with the host matrix. Although a PEO-based
electrolyte can form a dimensionally stable film, its ambient temperature conductivity
is only in the range of 107to 10®Scm™. This is too low for application in
electrochemical devices. Poly(vinyl alcohol) (PVA) is one of the most important
polymeric materials as it has many applications in industry and is of relatively low
cost. Most of the commercial PVA samples have been prepared by hydrolyzing the
poly(vinyl acetate). Due to the presence of hydroxyl group, the hydrogen bond
between the interchains of the PVVA has been developed. This causes the high melting
point and good mechanical stability of PVA. The electrical conductivity of the PVA
blend with inorganic acids and water has been already reported by Vargas et al.
(Vargas et al., 2001). It is reported that the water content in the PVVA based electrolyte
enhanced the conductivity while preserving the dimensional stability of the
electrolyte. In PVA-KOH systems (Mohamad et al., 2003; Yang, 2004) possessing a
conductivity level of 102 - 10 Scm™ at room temperature, which highly depends on
the composition of the electrolyte, has been prepared. XRD analysis reveals that KOH
disrupts the crystalline nature of PVVA-based polymer electrolytes and converts them
to an amorphous phase, which enhances the ionic conductivity of PVA electrolyte.

It is clear that PEO is able to solvate a wide range of metal salts, including
alkali metals, alkaline earth metals and transition metals. The different of salt
influence the electrolyte properties. For most polymer-salt complexes, cations should
bind to the polymer chain instead of other ions. Also, to freely move in the polymer
matrix, anions should have minimal interaction with the polymer and the cations. For
satisfy weak anion-cation interaction and strong cation-polymer bonding, it is better to

use salt with a small univalent cation and a large anion such as potassium thiocyanate



(KSCN). In this work, KSCN salt is more interesting because SCN™ has two possible
donor atoms (S and N) to interaction with K cation and PEO ether oxygen.

Various methods have been employed to determine the structure of PEO-salt
electrolytes. These include differential scanning calorimetry (DSC), X-ray diffraction
spectroscopy and X-ray absorption fine structure spectroscopy (XAFS) and
vibrational spectroscopic methods such as infrared and Raman spectroscopy.
Ultimately, the objective is to understand how the structure (macroscopic and
molecular) of polymer electrolytes is related to its behavior particularly in terms of
ionic conductivity.

Thermal behavior of PEO-salt complexes can be better understood by
characterization of the crystalline and amorphous phase present in the complexes by
using differential scanning calorimeter (DSC). The DSC thermograms of the PEO-salt
complex give information on melting temperature (Ty,), enthalpy of melting (AH) and
percentage of crystallinity. From our previous work (Chaodamrongsakul, 2003) on
PEO:KSCN complex, it is indicated that when salt concentration increases, the
percentage of crystallinity decrease and the ionic conductivity increase.

When salt is dissolved into PEO and dissociated to ions, it generates carrier
ions. The ionic conductivity should increase with salt concentration, if all dissolved
species carry charge at the same rate as at lower concentrations. However, this is not
true in SPEs as increasing the charge species may result in the presence of ion pair,
triplets, or even higher degrees of association. The ionic transport in SPESs is strongly
related to the cation-ether oxygen coordination bonds (the stronger are these
interactions, the lower is the cation mobility) and to the freedom of polymer chains

movements and to their rearrangements. Local relaxation and sequential motions of



polymer host chains become essential to high ionic conductivity. Supporting evidence
for ion association has been provided by vibrational spectroscopy studies. Different
ionic species have been spectroscopically distinguished in polymer-salt system. For
example, Rhodes and Frech (2001) used Raman and infrared spectroscopy to monitor
ion association in P(EO)s:LiAsFs. Zhang et al. (2003) used FTIR to investigate ion
association in PEO:MSCN (M = Na, K) system. They found that the complex of K*
and PEO seems to cause the transformation of PEO from crystalline to amorphous
phase. Additionally, IR and Raman have aided understanding of the polymer
structure, interaction of the ions with the polymer, as well as ion-ion interactions.
Based on the vibrational spectroscopic study on the gauche and trans forms and its
application to PEO by Davison (Davison, 1955) and Shriver et al. (Papke et al.,
1981). They were able to assign gauche configuration for the O-CH,CH,-O group in
PEO-alkali metal salt complexes. This was arrived at by the assignment of bands in
the 800-1000 cm™ region. Further, evidence for cation-ether oxygen coordination was
obtained by the broadening of the C-O-C stretch (1150 cm™) observed in PEO and its
movement to lower frequencies upon complexation. Also, Raman vibrational band at
865 cm™ for PEO:NaSCN complex (and related compounds) in view of its
relationship with Raman spectra for number of crown-ether complexes (Sato, 1978)
was taken as evidence for a metal-oxygen stretching and it was suggested that PEO
helix wraps around the metal ion.

Early attempts at determining the X-ray structures of some PEO-metal salt
complexes have been hampered because of the difficulty of the single crystal method.
However, these efforts have results in the elucidation of X-ray structures, of

PEO3:NaClO, (Lightfoot et al., 1992), PEO;:LiCF3SO; (Lightfoot et al., 1993),



PEO4,:KSCN and PEO4:NH;SCN (Lightfoot et al., 1994) available from high
resolution powder X-ray diffraction data. Contrary to the expectations of Armand
(Vashishta, 1979), effective anion-cation separation is not achieved in any of PEO-
metal salt complexes in which X-ray structures have been solved. This includes
structures with bulky anions such as I as in PEO:Nal (Chatani and Okamura, 1987)
or structures with bulky and ‘“non-coordinating” anions such as CF3SOsz in
PEOQO3:LICF3SO3 (Lightfoot et al., 1993) or ClO, in PEO3:NaClO,4 (Lightfoot et al.,
1992). In the PEO:Nal structure, a tight zig-zag chain around cation and anion is seen
with a coordination number of two for each ionic species. This chain is wrapped
around by the helical PEO structure (Chatani and Okamura, 1987). The oxygen atoms
are located in the inner surface of the tunnel cavity so as to provide appropriate

coordination environment for the cation inside PEO helix (Figure 1.3).
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Figure 1.3 Molecular models of poly(ethylene oxide) conformation as proposed for
complexation to sodium and lithium cations, (A) side view, (B) end view. Hydrogen
atoms are not shaded, carbon atoms are black and oxygen atoms are crosshatched

(Chatani and Okamura, 1987).
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The X-ray structures of (PEO);:LiCF3SO3 and (PEO),:MSCN (M=K" or
NH;") have been determined to a very good degree of accuracy and consequently
allow a closer inspection of bond parameters around the cation. In (PEO)3:LICF3SO3
complex, lithium ion is coordinated to five oxygens in an approximate trigonal
bipyramidal arrangement. The two axial positions and one equatorial position are
taken by oxygens from the PEO chain, while two other equatorial positions are taken
by oxygens derived from CF3SO3; anion. The thiocyanide metal salt complexes,
(PEO)4:KSCN and (PEO)4:NH4SCN are isostructural (Lightfoot et al., 1994). The
coordination number around cation is seven. In these complexes, PEO repeating
distance along the axis of helix is shortened leading to eight ethylene oxy units within
a shorter fiber axis compared to six found in (PEO)s:LICF3SOs. This probably
accounts for the availability of five ether oxygens for coordination to metal ion. Two
other coordination positions are taken by nitrogen atoms of the anion. In fact, one
nitrogen and two ether oxygens are involved in simultaneous coordination to two

cations and act as bridging units (Figure 1.4).
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Figure 1.4 View of the structure of the PEO4:KSCN complex. Violet sphere,
potassium; dark blue, nitrogen; yellow, sulfur; gray, carbon; red, oxygen (Lightfoot et

al., 1994).

Extended X-ray Absorption Fine Structure (EXAFS) and X-ray Absorption
Near Edge Structure (XANES) spectroscopy have been used to probe the structure of
polymer electrolytes. Unlike X-ray diffraction methods which yield information on
crystalline materials, EXAFS can also be used to obtain structural characteristics of
amorphous materials. EXAFS data can be interpreted to obtain information about the
nearest neighbour atoms around the target element and the distances from the target
element to these neighbours, i.e. the immediate local environment around the target
element. From studies on PEO-divalent metal salt complexes, it is found that the M-O
distance is nearly invariant at about 2.1 A for Co, Ni, Cu and Zn, but is slightly larger
for Ca (2.4 A) (Linford, 1995; Schlindwein et al., 1995; Latham et al., 1993; Bandara
et al., 1994; Latham et al., 1989). For high ratios of PEO-metal salt, large
coordination numbers for the metal ion are seen. For example, Co®* has a

coordination number of six (4 oxygens and 2 Br’) in the PEO4:CoBr, complex,
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whereas, in the analogous PEO;5:CoBr,, the coordination reduces to ~ 3. It can be
said that increase in tight coordination by neighbours will lead to low ionic
conductivity. Thus, the PEO,:CaBr, complex which shows high coordination numbers
has a low ionic conductivity. Even for most PEO:LiX complexes, high ionic
conductivities are observed only at high O/Li ratios. In the complexes PEO,:ZnX,
when X = I" or Br’, the coordination to Zn** is through four oxygens while when X =
CI" the coordination number is reduced, showing the effect the anion on the
coordination. Thus EXAFS can provide useful information on the local structure
around the metal ion even in the amorphous region.

Recently, many papers present an advance in the use of the atomistic
molecular dynamic simulations (MD) and EXAFS spectroscopy, which enable us to
understand the solvated ions in solution (Dang et al., 2006). A molecular-level is
essential to understanding the chemical and physical properties and transport
mechanism of ions in solutions. Molecular dynamics (MD) and Monte Carlo (MC)
simulation techniques provide a powerful approach to probing such processes in
condensed phase environments (Allen, 1987). MD simulations provide a detailed
picture of structure and dynamics for complex systems that may not be tractable by
other methods. Due to the advance of modern EXAFS algorithms and the availability
of more accurate ion and solvent potential models, the number of studies that combine
MD with EXAFS has increased considerably (Roccatano et al., 1998; Hoffmann et
al., 1999; D'Angelo et al., 1994; D'Angelo et al., 1995; D'Angelo et al., 1996;
D'Angelo and Pavel, 1999; Filipponi and Di Cicco, 1995). The accuracy of the
existing theoretical models for the interatomic potential in solid and liquid ionic

systems was discussed in through direct comparison of EXAFS and MD results
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(Andrea Di, 1996; Di Cicco et al., 1997). Moreover, MD simulations can be used to
investigate the segmental motion resulting in conformational changes in polymer
electrolytes based on PEO.

The physics of polymeric materials has been a problem of considerable
interest in recent years (de Gennes, 1979; Doi, 1986; Ferry, 1980; Bird, 1977), In
contrast to small molecules, polymeric materials display a rich and unusual
viscoelastic behavior for time and distance scales, where ordinary small molecules are
still Newtonian (Doi, 1986; Ferry, 1980; Bird, 1977). The reason for this unusual
behavior of polymeric materials is that the motion of a polymer is subject to
complicated topological constraints. Unlike simple atomic or molecular systems, long
chain polymers have to move in specific ways which are limited by the fact that they
are connected to other monomers and they cannot cut through each other. It is the
main concern of the present work to investigate this motion in detail. Although
experiments have been very important in elucidating many of the interesting
properties of these complex systems, there remain many unanswered questions. In
particular, there has been no experiment up to now which is able to study directly the
microscopic origin of the macroscopic effects which are observed. For this reason,
computer simulations of bidisperse polymers can play an important role in our
understanding of dense polymer dynamics. The aim of such a simulation should be to
bridge the gap between experimental and analytical investigations and to provide a
direct connection from a microscopic model of the motion to experimentally
observable quantities.

Monte Carlo (MC) simulations may provide an alternative choice for the

simulation of realistic polymers. Compared with MD, MC is usually a more flexible
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algorithm. One can argue that faster motions, such as bond stretching and bending,
only serve as the heat bath for the slower motions, such as torsions, which make the
torsion dynamics a category of random motion without memory of its past history.
Thus, this slower motion can be modeled by a Markovian master equation, which
virtually opens the door for the dynamic simulation of realistic polymers via MC
algorithms. Indeed, in MD simulations, at the length and time scale where a monomer
starts feeling the environment, its motion will be eventually averaged by various
encounters with surrounding monomers. This “averaging” process leads to the
stochastic nature of chain dynamics, which serves as one of the most important bases
of the Rouse theory. The dynamic MC itself is usually built upon this stochastic
nature of moves according to the Metropolis criterion, naturally containing the
detailed balance principle. As a result, including the bond stretching and bending into
MC algorithms is no longer necessary, which greatly saves computing time.
Furthermore, excluding bond stretching and bending results in fixed bond length and
bond angle, which, combined with the symmetrical torsion angle of many realistic
polymers, enables a lattice MC algorithm to use the fast integer computation. The
elemental moves of MC can be very flexible for the sake of computing speed.

In 1995, Roland and Mattice (1995) first introduced a new simulation
technique for amorphous polymer that employed the modified RIS models of the
coarse-grained chains which were mapped onto the second nearest neighbor diamond
(2nnd) lattice at the bulk density. 2nnd lattice in combination with the short- and long-
range interactions is used to simulate high molecular weight polymers at their bulk
density. Lin et al. (2006) studies chain dynamics of bidisperse (1K/4.5K)

polyethylene (PE) melts using 2nnd lattice. They founded that no systematic change
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of mean-square radius of gyration as the concentration varies in the mixture and the
diffusion coefficients increase with increasing short-chain concentration. Moreover,
their simulation can reproduce experimental results from NMR diffusion
measurements very well. By appropriately constructing a molecular model for
polymer chains, 2nnd lattice simulation is more interest for exploration of the
microscopic foundation of entanglement dynamics, because simulation method is
based on upon microscopic objects.

In this research work, Tetraglyme:KSCN (TET:KSCN), Poly(propylene
glycol):KSCN (PPG:KSCN) and Poly(vinyl alcohol):KSCN (PVA:KSCN) complexes
will be characterized by experimental techniques such as FTIR and EXAFS in order
to determine the vibrational modes of functional group in polymer chains and the
local atomistic structure (i.e. the coordination number of ether oxygen around K* and
the distance between them), respectively. Moreover, MD simulation method will be
performed to predict EXAFS spectra of polymer/salt electrolyte. Finally, MC (2nnd
lattice) simulation will be employed to study the static and dynamic aspects of
bidisperse PEO mixture to see the effect of adding short chains on the change in static

and dynamic of PEO molecules.

Research objectives

1. To investigate the effect of host polymer type and salt concentration on the
atomic solution structures of ions in TET:KSCN, PPG:KSCN and PVA:KSCN

complexes by both experimental and MD simulation techniques.
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2. To apply Monte Carlo simulation of coarse-grained polymer model on a high
coordination lattice (2nnd) to reveal the underlying features of the physical

response of the PEO matrix upon the insertion of low molecular weight PEO.



CHAPTER II

LITERATURE REVIEW

2.1 Solid Polymer Electrolytes

In recent years there has been vigorous research activity in industrial and
academic laboratories all over the world on solid materials which possess high ion
transport properties (Aono et al., 1994; Owens and Argue, 1967; Takahashi et al.,
1972; Tatsumisago et al., 1991). Generally ionic conduction is associated with
liquids, either solvents with high dielectric constants or molten salts. However, solids
that can function as electrolytes also known as solid ionic conductors, fast ion
conductors or solid electrolytes (typical conductivity 10° < ¢ <10 S cm™) are
exciting because of their wide ranging applications such as gas sensors (Nicholson et
al., 1992), electrochemical display devices (Bange and Gambke, 1990; Visco et al.,
1993) high temperature heating elements (Hagenmuller and Gool, 1978), intercalation
electrodes (Vincent et al., 1983), power sources (Gabano, 1983), fuel cells (Rickert,
1978), solid state high energy density batteries (Nicholson et al., 1992; Bonino et al.,
1988) and so on. Several solid electrolytes are known such as silver iodide, Agl
(Aono et al., 1994; Owens and Argue, 1967; Takahashi et al., 1972; Tatsumisago et
al., 1991) which transports Ag®, S-alumina ((Na;O)x.11 Al,03) (Whittingham and
Huggins, 1971) and NASICON (Goodenough et al., 1976) Na.+x Zr, Six P3x O
which transport Na*, modified zirconia (Ca** or Y** doped ZrO,) which is an oxide

ion conductor (Aono et al., 1994), or lithium ion conductors such as single crystal
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(Aono et al., 1994), or lithium ion conductors such as single crystal LisN (v. Alpen et
al., 1977; Boukamp and Huggins, 1978) and glasses based on Li,S (Mercier et al.,
1981; Wada et al., 1983; Kennedy et al., 1986). However, the operation of this device
requires an impractically high temperature. In this context, all solid state rechargeable
batteries operating at room temperature are highly desirable because of several
advantages such as high energy density (150 Wh/g), high voltage 4.0 V/cell) and
longer charge retention characteristics (Aono et al., 1994).

In spite of the attractive features of conventional solid electrolytes in various
applications, one of the main difficulties in their use in all solid state batteries is the
loss of contact between electrodes and electrolyte during the charge-discharge cycles
of the battery. This is primarily as a result of dimensional changes occurring at the
electrodes during the charging or discharging mode. Alternatively the solid electrolyte
should be a material that is flexible and therefore can deform with the electrodes to
suit the dimensional changes that occur so that interfacial contact is maintained
throughout the operation of the battery. It is in this context that high molecular weight
polymers, with specially designed architectures, are being investigated as solid
electrolytes (Ratner and Shriver, 1988; Scrosati, 1993; Gray, 1991; Abraham and
Alamgir, 1993; Armand, 1986).

Polymers that function as solid electrolytes are a subclass by themselves and
are known as polymer electrolytes (Ratner and Shriver, 1988; Gray, 1991). Besides
the advantage of flexibility, polymers can also be cast into thin films. Since thin films
can minimize the resistance of the electrolyte, it also can reduce the volume and
weight. Therefore, the use of polymer electrolytes can increase the energy stored per

unit weight and volume. In view of these attractive features, there has been
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considerable focus in recent years on the development of both inorganic and organic
polymers as electrolytes for ion transport.

In 1973, Fenton et al. (1973) and Wright (1996) first reported the ionic
conductivity of poly(ethylene oxide), [CH,CH,0O],, (PEO), with alkali metal salts.
This was followed by the visionary suggestion of Armand for the use of PEO as a
solid electrolyte system for the transport of ions. Since then, the area of polymer
electrolytes has attracted considerable interest. In the following account, first a
discussion is presented on the general features applicable to polymer electrolytes. This
is followed by an account on individual polymer electrolytes, particularly on
modifications of PEO and related systems, and ether oxygen side chain containing
organic and inorganic polymers. Some developments on the structural aspects of

polymer electrolytes are also reviewed.

2.2 General Features

2.2.1 Requirements for Polymer Electrolyte

Since the polymers and metal salts involved are both solid materials, the
preparation of polymer salt complex can be achieved by the dissolution of the two
materials in a common solvent such as acetonitrile, methanol or THF, followed by a
slow removal of the solvent under vacuum. This results in either the bulk polymer-salt
complex or thin film depending upon the preparation method. It is essential to ensure
that no trace of moisture is present and hence the operation should be carried out by
glove box method. The essential reaction that occurs in the formation of polymer-

metal salt complex can be written as
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[A-Bl, + MX — [A-B],.MX (2.1)

where [A-B]y is a polymer chain and MX is an alkali metal salt or a transition metal
halide. Divalent metal salts have also been used (Ratner and Shriver, 1988).

Just as the dissolution of ionic salt in solvent requires that the solvation energy
of ions in solution should overcome the lattice energy of ionic salt. Similarly,
polymer-metal salt complex formation proceeds, provided the polymer matrix
effectively solvates the ions and overcomes lattice energy of ionic salt. Three essential
criteria for this process have been identified (MacCallum and Vincent, 1987):

(a) Electron pair donicity (DN)

(b) Acceptor number (AN) and

(c) Entropy term

The DN term measures the effectiveness of the solvent to function as a Lewis
base in its ability to solvate the cation, i.e. Lewis acid. Thus, polymer which should
function as a host in polymer electrolyte should posess donor sites such as oxygen,
sulfur or nitrogen either in the backbone or in a group attached in the form of side
chain. Similarly, the AN term describes the solvation of anion, i.e. Lewis base. PEO
can be considered similar to 1,2-dimethoxy ethane (DN=22; AN=10.2) or even
tetrahydrofuran (DN=20; AN=8).Thus PEO can effectively solvate cations possessing
counter anions that are bulky delocalized anions such as I', ClO4, BF4 or CF3SO3
which require little or no solvation. The third term (entropy) is related to the spatial
disposition of the solvating unit and it has been shown that ethylene oxy (CH,CH,0)
containing polymers such as PEO have the most favorable spatial orientation of the

solvating units. While small ions such as Li* which can be strongly solvated, lead to
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formation of polymer salt complexes even up to LiCl (lattice energy 853 kJ mol™),
other larger cations such as Na*, K* etc., require bulky counter anions like I, SCN’, or
CF3SOs in order to be solvated by PEO (MacCallum and Vincent, 1989).

In addition to the above factors, it has also been recognized that polymer
should possess a low cohesive energy and a high flexibility in order to effectively
solvate the ions. The former is characterized by lack of intermolecular interactions
such as hydrogen bonding while the latter feature is indicated by a low glass transition
temperature (Tg). Thus although polymers like polyamides contain oxygen and
nitrogen atoms as donor sites in their backbone, these polymers are quite unsuitable as
polymer hosts in polymer electrolytes because of the presence of extensive
intermolecular hydrogen bonding. Metal complexation with these polymers would
lead to a disruption of this energetically favorable situation. The second factor, the
high torsional flexibility of the polymer, is indicated by a low T4 and is crucial for ion
transport. Thus large segmental motions of the polymer (either the backbone or the
side chain) which is possible above its T, can lead to fast ion movement.

In view of the above requirements, polymers that have been studied as
polymer electrolytes are either oxygen-, nitrogen-, or sulfur-containing materials. The
heteroatoms are either part of the backbone of the polymer or are present in the side
chain attachments. Some important polymers include

(@) poly(ethylene oxide)

(b) poly(ethylene glycol)

(c) poly(propylene oxide)

(d) poly(siloxanes)

(e) poly(phosphazenes)



22

(F) poly(acrylates)

(9) poly(vinyl alcohol)

(h) poly(ethylene imine)

While oxygen-containing polymers have received more attention, other
heteroatom-containing polymers have also been studied. In addition to
homopolymers, copolymers containing more than one monomer have also received
attention. Further, modifications of homopolymers by plasticizers, or crosslinking, or
grafting to improve the properties of the polymers towards polymer-salt complex
formation or increasing the dimensional stability of the materials has also been a
focus of research.

In addition to the “salt in polymer” approach as described above, Angell and
coworkers have described preparation of “polymer-in-salt” materials (Angell et al.,
1993). Lithium salts are mixed with small amounts of poly (propylene oxide) and poly
(ethylene oxide) to afford rubbery materials with low glass transition temperatures.
This new class of polymer electrolytes showed good lithium ion conductivities and

high electrochemical stability.

2.2.2 Measurement of lonic Conductivity in Polymer Electrolytes

In polymer electrolytes, the electronic conductivity is minimal and the
conductivity observed is due to migration of ions. Measurement of this ionic
conductivity, however, is not straightforward. This aspect has been dealt with
elsewhere in details (K.S and R.H., 1941; Macdonald, 1973). However, a brief

description of the method of measurement of ionic conductivity is given below.
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Because of the resistance to ion flow at the electrode-electrolyte interface,
“normal” measurement of total ionic conductivity is not possible in polymer
electrolytes. In order to overcome this problem, the conductivity measurements are
carried out by the ac impedance spectroscopy method, which minimizes the effects of
cell polarization. The measurements are often made with the electrolyte sandwiched
between a pair of electrochemically inert electrodes made of platinum or stainless
steel. The detailed methodology of impedance spectroscopy is reviewed thoroughly
elsewhere (K.S and R.H., 1941; Macdonald, 1973).

Briefly, impedance spectroscopy is a powerful method of characterizing many
of the electrical properties of materials. The dynamics of bound or mobile charge
carriers in the bulk or interfacial regions of any kind of solid or liquid materials such
as ionic, semiconducting, mixed electronic-ionic and even insulators can be derived
from impedance spectroscopy. In this technique the impedance is directly measured in
the frequency domain by applying a single frequency voltage to the interface and
measuring the phase shift and amplitude or real and imaginary parts of current at that
frequency. When a sinusoidal potential is applied, the magnitude (I,) and the phase

shift (0) of the current (i) which are measured with time (t) are given by

i) = Iy sin (ot +0) (2.2)

where o is the frequency and 6 is the phase difference between the voltage and
current. These measurements are repeated from very low (10“ Hz) to very high
frequencies. From an analysis of this data, it is possible to arrive at the ac current

vector (i; ) which is expressed in terms of real (i) and imaginary parts (i)
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i =0+ i j=-1 (2.3)

Similarly, ac potential is given by

v, = U + U (2.4)

and ac impedance is expressed as

Z" = Z'+jz" ; Z'=0/i (2.5)

In the impedance spectrum, also known as the cole-cole plot, the real part of

impedance is plotted against the imaginary part for the data collected at various

frequencies (Figure 2.1). From this plot, the bulk resistance of the electrolyte (Ry) is

obtained. The conductivity (o) can be obtained from

o = g/R, (2.6)

R, = Z'cosé (2.7)

where g is the geometric factor of the electrolyte sample (thickness + area) in cm™, R,

is the bulk resistance, value at 100% resistance in ohms, Z" is the impedance of the

cell in ohms, and @is the phase shift in degrees.
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Figure 2.1 Representative impedance spectra of [(PP-I1)-LiBF,] (O:Li, 5:1) complex

at three different temperatures (Mercier et al., 1981).

2.2.3 Treatment of Conductivity Data

The conductivity data can be treated by Arrhenius equation

& UL pe T (2.8)

or the VTF (Vogel-Tamann-Fulcher) equation

o Ae /KT To) (2.9)

The Arrhenius relation in which log (oT) is plotted against T™ give a straight
line. Generally, it has been observed that this plot is generally seen in conventional

solid electrolytes as well as crystalline polymer electrolytes.
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The VTF equation (Fulcher, 1925) where T, is a parameter to be determined
(in many cases, however, it is found that Ty is very close to Tg, the glass transition
temperature), B is a constant called the pseudo activation energy and is different from
the activation energy Ea that appears in the Arrhenius equation, is generally obeyed
by amorphous polymer solid electrolytes.

After the above discussion on the general features of the polymer electrolytes,
an account of some of the important individual polymer systems used in this thesis is

given below.

2.3 Poly(ethylene oxide) (PEQO)

PEO which is a linear polymer containing donor oxygen atoms in the main
backbone is prepared by the ring opening polymerization of ethylene oxide. High
molecular weight polymers upto 5x10° g/mol are available commercially. PEO is a
semicrystalline material; about 70% of the bulk is crystalline at room temperature and
the rest is present in an amorphous phase. The melting point of the crystalline phase
(Tm) is 65 °C and the glass transition temperature of the amorphous phase (Tg) is -60
°C. PEO forms metal-salt complexes with a wide range of metal salts such as alkali
and alkaline earth metals, and also transition metal salts (MacCallum and Vincent,
1987; Jones et al., 1991). These include a number of mono and divalent cations such
as Li*, Na*, K*, Cs*, Ag*, Mg?*, Ca®*, Zn*", Cu* etc. with different counter anions
such as BPh,", CF3SOg3’, BF4, ClIO4, SCN', I etc.

In order to understand the nature of PEO-metal salt complexes, attempts have
been made to obtain and study their phase diagrams. In contrast to simple inorganic

systems, for polymers, obtaining the phase diagrams is complicated as a result of slow
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crystallizations as well as the presence of chain ends and defects. These result in an
apparent violation of the Gibbs rule. In spite of these complications, phase diagram
information is available for some PEO-metal salt compositions (Chiang et al., 1985;
Robitaille and Fauteux, 1986; Lee and Crist, 1986; Stainer et al., 1984). The
techniques used for obtaining this information are mainly polarized light microscopy
(Himba, 1983), differential scanning calorimetry (Himba, 1983; Parker et al., 1981),
X-ray diffraction and NMR (Berthier et al., 1983; Gorecki et al., 1986; Bhattacharja
etal., 1986).

The maximum stoichiometry of polymer-metal salt complexes
(CH,CH,0O:metal salt), as shown by NMR and DSC studies, is 3:1 for smaller metal
ions such as Li* or Na™. lons such as K™ or NH," tend to form 4:1 complexes. Bulky
symmetrical anions such as ClO,, AsFs" and CF3SOj3 favor 6:1 complexes. A eutectic
or a quasi-eutectic exists between pure PEO and PEO-metal salt complexes. For
example, the 3:1 complex between PEO and LICF3;SO3; shows a eutectic point which
is very close to that of pure PEO itself in composition and melting temperature (30:1
and 60 °C). In contrast the 6:1 PEOQO:LiCIO, complexes show a lower salt
concentration (18:1 and 42 °C).

More recently, the phase diagram of the PEO system containing a divalent
cation, PEO:Ca(CF3;S03), has been elucidated by Bruce and coworkers (Bruce and
Vincent, 1993) by using variable temperature powder X-ray diffraction (VTXRD) and
differential scanning calorimetry (DSC). A 6:1 complex has been shown to form with
two polymorphic phases. Figures 2.2, 2.3 and 2.4 show representative examples of the
phase diagrams studies for the 3:1 (PEO:LiCIO,), 4:1 (PEO:NH;SCN) and

PEO4:KSCN systems.
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Use of multinuclear NMR (*H, ’Li and *°F) has corroborated evidence from
DSC towards phase information. Thus faster relaxation times (T,) have been
associated with crystalline phases and while longer T,, values have been attributed to
amorphous solid solutions (Berthier et al.,, 1983). NMR measurements and
conductivity study correlations with phase diagrams have clearly established that the
amorphous elastomeric phase in PEO is primarily responsible for the ionic

conductivity.
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Figure 2.2 Phase diagram of PEO:LiCIO, complexes (Robitaille and Fauteux, 1986).
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IR, Raman, NMR, X-ray and EXAFS studies on solid electrolytes give a
substantial amount of information about the structure of the electrolytes and the
dynamics of ion motion. Vibrational spectroscopy gives the direct evidence of the
cation-polymer interaction. Far-IR studies confirm that the cation is coordinated to the
ether oxygen atoms in PEO (Papke et al., 1982b; Dupon et al., 1982; Teeters and
Frech, 1986; Papke et al., 1982a) and other comb like acrylate polymers having short
oligo oxyethylene side chains. The mechanism of conduction of ions involves local,
liquid like motions of the solvent (poly ether in the case of PEO) with the ions then
moving in the amorphous, locally disordered (liquid) phase. This implies curved plots,
(log (oT) vs 1/T) over the entire temperature range with no discontinuities, much
weaker stoichiometry dependence, and an increase in conduction with a decreased
glass transition temperature.

IR and Raman studies on PEO:NaBF, and PEO:NaBH, systems reported by
Dupon and coworkers (Dupon et al., 1982), indicate that extensive ion pairing occurs
in NaBH,4 complexes leading to low conductivity values. Absence of such pairing in
NaBF, complexes leads to enhanced conductivity.

Typical conductivity vs composition and temperature plots for PEO:LICIO,
and PEO:LICF3;SO3 are shown in Figure 2.5. Usually the conductivities are in the
range of 10° to 10* S cm™ at 100 °C and fall to 10° to 10® S cm™ at room
temperature. The molecular weight of the polymer changes the conductivity values.
However, after a certain molecular weight, the conductivities are invariant with an
increase in molecular weight of PEO. The highest conductivities are seen for the Li*
salts while the least conductive are given by the sodium salts. Free volume and

configurational entropy models have been used to describe the temperature and
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concentration dependent behavior of the conductivity. These models have been

described elsewhere (Cohen and Turnbull, 1959; Grest and Cohen, 1980; Gibbs and

DiMarzio, 1958; Goldstein, 1973; Angell, 1983; Chaodamrongsakul, 2003).
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Figure 2.5 Conductivity plots for (a) PEO4:LICF3SO3, (b) PEO,.LICIO4 and (c)

PEOQ:alkaline metal thiocyanate polymer electrolytes (Watanabe et al., 1987;

Robitaille and Fauteux, 1986)

In general the conductivity of PEO polymer electrolyte varies with the

concentration of the dissolved salt with the maximum conductivity observed at an

intermediate salt concentration. This is understood qualitatively by applying the VTF

relation for conductivity. As discussed earlier, the Ty is a parameter closely related to

the T4 of the sample. In the absence of all other effects, increase of salt concentration

should increase A and hence the conductivity. However, as the salt concentration is

increased, there is a simultaneous increase in Ty and this leads to a decrease in
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conductivity. Therefore, optimum salt concentrations are required for maximum
conductivities. Generally, where phase diagrams have been studied, it is shown that
for the eutectic composition a single amorphous phase is formed above the congruent
melting point. This leads to an enhanced conductivity which is explained by the VTF
equation. Above the eutectic point variation of conductivity appears linear on the
Arrhenius plot (Ratner and Shriver, 1988; MacCallum and Vincent, 1987).

Attempts to obtain transport number information by various methods such as
pulsed field gradient NMR (Bhattacharja et al., 1986), radio tracer diffusion
(Chadwick et al., 1983), and potentiostatic polarization technique (Macdonald, 1973)
have suggested that both cation and anion mobilities are important for the total ionic
conductivity seen. In general, however, the nature of charge carriers in polymer
electrolytes is quite complex and ion aggregates such as triple ions have been

implicated in conductivity (Clancy et al., 1986; Fauteux et al., 1988).

2.4 Poly(propylene oxide) (PPO)

Since the high level of crystallinity in PEO-based polymer electrolytes is
detrimental to the ionic conductivity below ~ 66 °C, one area of research has focused
on producing materials that remain amorphous at these lower temperatures.
Poly(propylene oxide) (PPO) would, in theory, appear to be an ideal candidate as a
stable, amorphous host polymer. The random arrangement of the methyl groups along
the chain prevents the polymer from crystallizing while maintaining the
electrochemical stability advantage of PEO. Above 60-66 °C, the conductivity of
PPO-salt systems does not compare favorably with analogous PEO systems as steric

hindrance of the methyl groups along the chain limit the segmental motion required to
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promote conductivity. In addition, this steric hindrance reduces polymer-cation
interactions (Cowie and Cree, 1989; Frech et al., 1988) and can even lead to salt
precipitation at elevated temperatures. PPO has few advantages as a practical
material, but it has been used extensively experimentally where a simple, amorphous

host material is an essential requirement.

2.5 Poly(vinyl alcohol) (PVA)

PV A-based polymer electrolytes are known for their higher ease to form films
and hydrophilicity to interact with -OH groups, exploitation of the same has been
attempted for the development of novel category polymer batteries. It has a carbon
chain backbone with hydroxy groups attached to methane carbon that acts as a source
of hydrogen bonding and, therefore, assistance in the formation of polymer blends
(Coleman and Painter, 1995). Kanbara (1991) studied PVA based electrolytes
complexed with lithium salts for applications in electric double-layer capacitors.
Chandrasekaran et al. (2001) reported the electrical conductivity of PVA-NaClO;
electrolytes to be 10 S/cm. The conductivity of PVA polymer complexes also shows
high values through the blending of PVA with other suitable polymers. Yang (2004)
studied the conductivity and mechanical properties of alkaline composite polymer
electrolyte with glass-fiber-mat support. It seems that the alkaline solid polymer film
appears promising due to its highly potential candidates for application in high-
density alkaline batteries system. There are very few literature data for the crystal
structure and chemical composition analysis on the alkaline solid polymer electrolyte

based on the PVA:KOH system. The ionic conductivity of the alkaline composite
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polymer electrolyte is very dependent on the composition of KOH and H,O in the

films.

2.6 Conductivity Mechanism

Conductivity is often used to characterize the performance of polymer
electrolytes and an approximate value of 10° Scm™ has been adopted as a minimal
requirement for practical applications (Gray, 1997). Our understanding of the ion
transport mechanism is complicated and not completely clear because many of the
polymer electrolytes studied have more than one phase. However, it has been shown
that the amorphous phase is responsible for the ionic conductivity. At high
temperatures, the crystalline phase can dissolve in the amorphous phase which has a
higher concentration of charge carriers, thus increasing ionic conductivity. Higher
ionic conductivity means that more charge can be transported through the polymer
electrolyte per unit time. In other words, it represents one important performance
measure for a polymer battery. As a result of the motion of polymer chains, cations
are able to move between co-ordination sites, (such as oxygen atoms in the PEO
polymer chain), either on one chain or between neighboring chains, called intrachain
hopping and interchain hopping respectively shown in Figure 2.6 (Gray, 1997).
Moreover, considering ion association from the ion-ion interactions between ions,
there are other types of hopping mechanisms involving an ion cluster, as shown in
Figure 2.7. The extent of these movements is dependent on the concentration of ions
in the polymer host. It is assumed that interchain hopping brings about high ionic
conductivity. To date, the conductivity mechanism in polymer electrolytes is still not

fully understood.
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2.7 Monte Carlo Simulation (MC)

The previous discussion shows that unmodified PEO is not ideal polymer host
for ambient-temperature solid electrolytes; for example, its crystalline nature alone is
a great hindrance to ionic transport. In attempts to improve the performance of PEO-
salt systems, the plasticized systems will be much more interest because these systems
have been most successful in achieving significant conductivities at room
temperature.

The conductivities were enhanced by producing systems with less crystallinity
and lower glass-transition temperatures than found in simple PEO-salt systems.
Plasticizers, in addition to reducing the crystalline content and increasing the polymer
segmental mobility, can result in greater ion dissociation, thus allowing large numbers
of charge carriers for ionic transport; in addition, the cationic transport may be
enhanced. In several studies (Hardy and Shriver, 1985; Spindler and Shriver, 1986;
Ito et al., 1987; Takeoka et al., 1991; Iwatsuki et al., 1992), the ionic conductivity of
polymer electrolytes was increased by the addition of low molecular weight
poly(ethylene glycol), PEG, which has the same repeat unit as PEO. The conductivity
increases as the molecular weight of the PEG plasticizer decrease and as its content
increase (Ito et al., 1987). The PEG aids in ionic transport mainly by reducing
crystallinity and increasing the free volume of the system.

The incorporation of low molecular weight polymer diffusing through a high
molecular weight polymer has also been studied extensively in theoretical models. By
appropriately constructing the molecular model for a polymer chain, computer
simulation is a unique resource for the exploration of the molecular information.

Simulation can provide microscopic information at the short distance and time scale
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that otherwise may not be accessible from experimental methods. The objective of
this thesis is use a faithfully designed Monte Carlo algorithm, which can be used to

simulate static properties and dynamics of bidisperse poly(ethylene oxide).

2.7.1 Why Monte Carlo Simulations?

Monte Carlo methods are especially useful in studying systems with a large
number of degrees of freedom, such as liquids, disordered materials, or strongly
coupled solids (Tao, 1997). More broadly, they account for modeling phenomena with
significant uncertainty and randomness in its nature.

The use of MC methods to model physical problems enables investigation of
more complex systems at a shorter time scale. For a simple system, solving equations
which account for the interactions between two atoms is fairly easy, but solving the
same equations for hundreds or thousands of atoms is computationally too expensive,
sometimes even impossible. With MC methods in fact, a large and complicated
system can be sampled in a number of random configurations, which will later be
used to describe the system as a whole. Random states of matter are generated
independently from the prior states.

From a general point of view, MC simulations are more time efficient than
classical MD simulations for the prediction of the static properties of amorphous
polymers, especially in terms of computational time advantage. Proper equilibration
of a dense amorphous polymer system by MD techniques calls for unfeasible
simulation times. Thus, very large and complicated polymeric systems with huge

characteristic length and time scales can only be simulated by MC techniques. That is
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why MC technique is one of the most common simulation techniques for the

polymeric systems since the early 1960’s (Verdier and Stockmayer, 1962).

2.7.2 Why on Lattice Simulations?

Polymers are long molecules that are formed by the repetition of hundreds of
monomer units on the main backbone of the chain. Thus, the characteristic length and
time scales of the polymers that define their static and dynamic properties are
obviously a few orders of magnitude higher than that of simple liquids. A 3-D
simulation study, which targets to determine numerous static properties for instance,
should cover a reasonably long length scale. Such simulations call for too much time
and effort. Instead, the large number of degrees of freedom of the chain molecules can
be diminished to lower values by the discretization of conformational space into
lattice sites. Indeed, there are a number of algorithms to simplify the on-lattice
modeling of the polymers on a coarse-grained scale (Random Walks, Self Avoiding
Walks, etc.), which are very useful to speed up the simulations. Particularly in this
thesis, RIS calculations are utilized to govern the bonded interactions between the
coarse-grained beads of polymer molecules, which enforce the local conformational
preferences.

There are different types of lattices (cubic lattices, diamond lattice, etc.) used
for the simulations of polymer molecules (Kotelyanskii and Theodorou, 2004). The
selection of the lattice type, especially for MC simulations, is very important in terms
of ergodicity concerns. MC calculations are based on the fact that the studied system
is stochastic and its properties may not depend on the history of the trajectory of the

states generated. Namely, the next generated configuration of the system should not
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be dependent upon the prior states. The only thing that relates two consecutive steps is
the corresponding energy difference between two configurations, i.e. the
configurations before and after the move made. That energy difference is used to
calculate the Metropolis factor which is the only criteria to accept or reject the newly
generated configuration (Binder, 1995). So, the number of the configurations should
be large enough to be able to represent the studied system as a whole, which brings up
the ergodicity concerns. In addition, the use of simplified models on a coarse-grained
level leads to another drawback: the loss of the chemical details during the switch
from a fully atomistic representation to a coarse-grained scale representation. The
latter drawback is more significant when a well-defined (M, composition, etc.)
polymeric system is targeted to reproduce the physical properties that are common to
the all chain molecules (Kotelyanskii and Theodorou, 2004). Therefore, the lack of
both ergodicity in the simulated system and atomistic details on the model may cause
the false determination of the static and dynamic properties of interest. The former
problem may be eliminated by the use of a lattice with a coordination number (N-the
number of lattice states that are the neighbors of the central lattice site of interest) as
high as possible because the higher the coordination number is, the larger the number
of degrees of freedom is. The latter problem can be eliminated as well, only if the
information that is stored in every single snapshot of a coarse-grained representation
can be transferred into the continuous space with fully atomistic detail of the system.
This thesis presents the results from MC simulations that are performed on a recently
developed second nearest neighbor diamond (2nnd) lattice (Rapold and Mattice,
1995; Baschnagel et al., 2000). The use of 2nnd lattice eliminates both drawbacks as

it has a CN of 12, whereas the cubic and diamond lattices have the Ns of 6 and 4,
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respectively. Another advantage of 2nnd lattice is that it is possible to go back and

forth between coarse-grained and fully atomistic representations.

2.7.3 The Second Nearest Neighbor Diamond Lattice

The simulations presented in this thesis are performed on a high coordination
lattice called “second nearest neighbor diamond lattice”. 2nnd lattice is a coarse-
grained representation of the diamond lattice in such a way that every second site on
the diamond lattice is discarded and the first and third elements of the lattice sites are
connected to each other (Rapold and Mattice, 1995; Cho and Mattice, 1997). The
representation of coarse-grained beads, which corresponds to a complete monomeric
unit, is identical with the closest packing of uniform hard spheres since both cases
have a coordination number of 12. The high N not only increases the number of
degrees of freedom associated with the system, but also facilitates the most possible
realistic representation (in terms of flexibility to define the rotational state) of polymer
molecules on the coarse-grained level. Local and non-local interactions used on the
2nnd lattice have recently been developed for a variety of polymer molecules, based
on RIS calculations and a discretized form of the Lennard Jones (LJ) potential,
respectively (Cho and Mattice, 1997; Doruker and Mattice, 1998; Haliloglu and
Mattice, 1998).

Another beauty of this recently developed lattice is that the coarse-grained
configurations of polymer chains can be converted into the configurations with fully
atomistic detail on the underlying diamond lattice at any time of the simulation
(Rapold and Mattice, 1995; Cho and Mattice, 1997; Haliloglu and Mattice, 1998;

Doruker and Mattice, 1998). The diamond lattice enables the most realistic on-lattice
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representation of polymer molecules since the angle between two consecutive bonds
is the tetrahedral bond angle of the saturated carbon covalent bonds (Smith, 1964;

Thorpe and Schroll, 1981).



CHAPTER 111
EXAFS AND COMPUTATIONAL MOLECULAR

MODELING

3.1 Extended X-ray Absorption Fine Structure Spectroscopy

(EXAFS)

X-ray Absorption Spectroscopy (XAS) includes both Extended X-ray
Absorption  Fine Structure (EXAFS) and X-ray Absorption Near Edge
Structure (XANES). XAS that became available with the development of synchrotron
radiation sources has introduced powerful experimental methods for the investigation
of atomic and molecular structures of materials. With the synchrotron radiation high-
flux monochromatic x-ray beams with the energy resolution AE/E of the order of 10™
are easily obtainable, allowing measurements of high quality absorption spectra in a
short time.

The basic physics of EXAFS is easy to understand. EXAFS does not occur for
isolated atoms but only appears when atoms are in the condensed state. Thus, one has
to understand how the absorption is modified in the condensed state to produce
EXAFS. The absorption edge corresponds to an X-ray photon having enough energy
to just free a bound electron in atom. When the electron are in the most tightly bound
n=1 shell the edge is called the K-edge. For the next most tightly bound shell of

atoms, the n=2 shell, the corresponding edges are called the L-edges. At present these
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edges are the only one used to the observe EXAFS, thought in principle n=3 or higher
shells could be used.

X-ray absorption in the photon rang up to 40 keV, the range of the most
importance for EXAFS, is dominated by photoelectron absorption where the photon is
the completely absorbed, transferring its energy to the excited a photoelectron and
leaving behind a core hole in the atom. The excited atom with the core hole has some
probability of having additional excitations, but this multi-electron excitation is
neglected for now. Assuming that all the absorbed photon energy go into exciting a
single core electron, the kinetic energy of excited photoelectron is given by the
difference between the photon energy and the electron binding energy in the atom.
When the photoelectron has about 15 eV or greater kinetic energy (i.e., for photon
energies of 15 eV or more above the edge), this energy is large compared with its
interaction energy with the surrounding energy with the surrounding atoms (~3 eV).
In that case the interaction with the surrounding medium can be treated can as a
perturbation about an isolated atom. Obviously, only the final state of the photo-
electron is perturbed by the surroundings. A deep core level, the initial state, is
unaffected to a very good approximation.

The final-state photoelectron is modified to first order by a single scattering
from each surrounding atom. Quantum mechanically the photoelectron must be

treated as a wave whose wavelength (1) given by the de Broglie relation

A=t (3.1)
p
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Where p is the momentum of the photoelectron and #is Planck’s constant. In the

EXAFS regime p can be determined by the free electron relation

P o hu-g, (3.2)

where the x-ray photon of frequency (v) has energy 7o and Ey is the binding energy
of the photoelectron.

For an isolated atom, photoelectron can be represented as an outgoing wave as
shown in Figure 3.1 by the solid lines. The surrounding atoms will scatter the
outgoing waves as indicated by the dash lines. The final state is the superposition of

the outgoing and scattered waves.

Figure 3.1 Schematic views of X-ray beamline (BL-8) at Synchrotron Light Research

Institute (Public Organization) at Nakhon Ratchasima in Thailand.

The absorption X-ray is given quantum mechanically by matrix element

between the initial and final states. In our case the initial state is the electron in the
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atomic core and the state is this electron excited to the escaping photoelectron. The
matrix element is nonzero only in the region where the core state is nonzero that is
near the center of the absorbing atom. Thus, it is only necessary to determine how the
photoelectron is modified by the surrounding atoms at the center of the absorbing
atom to determine the modification leading to EXAFS.

The backscattered waves in Figure 3.1 will add or subtract from the outgoing
wave at the center depending on their relative phase. The total amplitude of the
electron wave function will be enhanced or reduced, respectively, thus modifying the
probability of absorption of the X-ray correspondingly. As the energy of the
photoelectron varies, its wavelength varies as indicated in Equation (3.1) and (3.2),
changing the relative phase. Thus the variation of the fine structure in EXAFS as
shown in Figure 3.2 is a direct consequence of the wave nature of the photoelectron.
The peaks correspond to the backscattered wave being in phase with the outgoing part
while the valleys appear when the out of phase

How the phase varies with the wavelength of the photoelectron depend on the
distance between the center atom and backscattering atom. The variation of the
backscattering strength as a function of energy of the photoelectron depends on the
type of atom doing the backscattering. Thus EXAFS contains information on the type
of atom doing the backscattering and information on the atom surroundings of the
center atom. With a more quantitative description of EXAFS, it is possible to obtain

all these information.
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Figure 3.2 X-ray absorption spectra of KCI water solution in the energy range of K

K-edge.

We can directly translate the qualitative picture into an expression for EXAFS.
As discussed previously, the absorption is proportional to the amplitude of the
photoelectron at the origin and the oscillatory part of this part, is produced by the
interference between the outgoing and the backscattered wave dependent on their

relative phase. The spherical outgoing wave of wave numberk =27/ A4, where A is
the wavelength of Equation (3.1), is proportional tor " exp(ikr). The backscattered
wave exp(ik |[r—r |)|r—r |™ is proportional to the product of the amplitude of
outgoing wave at position I, of the backscatter, and a backward scattering amplitude
Ti(2k) characteristic of the backscatter, that is,

eikri e

ri |r_ri|

ik|r—n|

T, (2k)

(3.3)
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The complex form of the spherical waves is employed where it is understood that the
real part of the wave is to be taken at the end. The backscattered wave in Equation
(3.3) emanates from r; instead of from the outgoing wave. At the origin (r = 0) the

backscattered spherical wave in Equation (3.3) has an amplitude proportional to

i2kr;
T (2k)r—2, the factor 2kr; is the phase shift introduced by a wave of wave number

k =27/ Ain traveling the distance 2r; from the origin and back from the backscatter.

This expression would be adequate if the electron were moving in a constant
potential. However, the electron moves out of and into the varying potential of the
center atom and also sense the varying potential of the backscattering atom. These

potential add additional phase shifts that we call scattering atom. These potentials add
additional phase shifts that we call [8; (K) — (7 /2)].

The complex expression for the backscattered wave becomes

Ti ok ei[Zkrier}(k)f/r/Z]
(2k) . (34)

The backscattered wave modifies the absorption as it interferes with the outgoing

wave, and this modification is, by definition, the EXAFS. The real part of Equation

(3.4) is thus proportional to EXAFS, which we denote by y; (k),

7k =K gk) sin[2kr +3, ()] (3.5)
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Here K is a constant of proportionality. Finally, K is incorporated into T(2k) by

defining

m
27m2k2

t. (2k) = KT, (2K) (3.6)

The expression for the EXAFS then becomes

sin[2kr; + &, (k)]
(kr)*

nk)=5 (3.7)

In the single-scattering approximation, the effect of many scatters can be obtained by

simply adding the effects of each scatters, and the total EXAFS becomes

m t;(2k)
i27z1‘z(k

xK)= Z;{, ————-sin[2kr, + &, (k)] (3.8)

This derivation has left out one important physical effect, namely, the lifetime
of the excited photoelectron state. There are two contributions to this lifetime. The
hole in the atom, left behind after the excitation of the photoelectron, is filled in a time
of the order of 10™ s for the K-shall of copper. The hole lifetime varies from atom to
atom and from shell to shell in a manner that has been tabulated in reported (Keski-
Rahkomen and Krause, 1974). The photoelectron itself has a finite lifetime because of
scattering from the surrounding electrons and atoms. These two lifetimes contribute to

determine the finite lifetime of the excited state consisting of the photoelectron
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together with the core hole from which it came. The lifetimes is important because in
order for the backscattered wave to interfere with the outing wave, the two must be
coherent; that is, the phase difference between the two must be well defined, as in
Equations (3.4) and (3.5). The processes that determine the lifetime destroy the
coherence of the final state and thus the interference that produces the EXAFS. The

lifetime effect can phenomenologically be taken into account by a mean free path
term exp(-2r, /1), which represent the probability that the photoelectron travels to
the backscattering atom and return without scattering or the hole being filled. The
term A is the mean free path and is, in general, a function ofk . Adding the lifetime

contribution to y(k), Equation (3.8) becomes

m Zti (2k)exp2(—2ri I A)

2= i sin[2kr. + 5, (K)] (3.9)

The sum in Equation (3.9) is over the surrounding atoms at distance r; from
the X-ray absorbing atom, if, instead of summimg over all atoms, we divide the sum
first over atoms that have approximately the same average distance R, from the

center, that is, over coordination shells, and then sum over coordinate shells, the more
common form of the EXAFS expression can be obtained. In any coordination shell

the atoms will not all be exactly in phase. If this disorder is small and has a Gaussian

distribution about the average distance R;, that is, it has a probability of deviating

from the average by
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(2w?)exp(—(r‘2_—i")

) (3.10)

Then the dephasing it produces additional factor N.exp(—2k’c?)to the EXAFS
expression instead of N;, where N, is the number of atoms of the type iin the shell
and o is the rms deviation from the average distance R;. The EXAFS in Equation

(3.9) then becomes

. m t(2k) o2 2
Z(k)_Zﬁhzkz ZNi Riz exp(—2k“oy)
oexp(%)sin[ZkR +0, (k)] (3.11)

Shorter wavelength or larger k sense a larger dephasing effect and the EXAFS is

correspondingly smeared out. The sum remaining in Equation (3.11) is over

coordination shell at average distance R, . All the same atoms are assumed in each

coordination so that t; (2k) is the same. If there are different atoms approximately the
same average distance apart, then each type of atom would constitute a separate
coordination shell and the sum in Equation (3.11) is over each of these coordination
shells, even though they may have the same R, . This expression (3.11) is valid for all
polycrystalline samples, cubic crystals, and amorphous and liquid materials.

In typical experimental set-up (Figure 3.1) ionization cells monitor the
intensity of incident (lp) and transmitted (I;) monochromatic photon beam through the

sample. With the well-known exponential attenuation of X-rays in a homogeneous
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medium, the absorption coefficient x(E) at a given photon energy E can be obtained

from the relation.

—In(1,/1,)

u(E) = r

(3.12)

where d is the sample thickness. The energy dependence of the absorption coefficient
is collected by a stepwise scan of the photon energy in the monochromatic beam with
the Bragg monochromator.

These are the absorption edges, and they correspond to the binding energies of
the inner-shell electrons. As each chemical element has specific, well-defined binding
energies, it is possible to select an energy range for the X-ray beam sweeping
specifically only an absorption edge (and the following) region of a selected element.
This way information of the neighbourhood of the atoms of this chosen chemical
element can be obtained.

The dominant process in the x-ray absorption at photon energies below 100
keV is photoeffect, whereby the photon is completely absorbed, transferring its
energy to the ejected photoelectron. The X-ray absorption coefficient for photoeffect
decreases smoothly with increasing photon energy. However, when the photon energy
reaches one of the deep inner-shell ionization energies of the atom, a sharp jump
(absorption edge) marks the opening of an additional photoabsorption channel.
Immediately above the absorption edge, in a range of up to 1000 eV, a precise
measurement of absorption shows rich fine structure superposed onto the smooth

energy dependence. The structure is called Extended X-ray Absorption Fine Structure.
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An example is shown in Figure 3.2, where K-edge absorption spectrum of potassium

measured on KCI in water solution, is plotted.

3.2 Computational Chemistry

Since the development of the first computers in the early 1950’s, scientists
have tried to explore how these machines might be used in Chemistry. From the very
beginning, the field of computational chemistry focused either on solving complex
mathematical problems, typically quantum mechanical, or has tried to model the
dynamical behavior of atomic and molecular systems. The boundaries between these
two areas have never been well defined and, today, we see a convergence between
quantum chemistry and simulation in studying chemical reactions (Curtiss and
Gordon, 2004).

With advances in computer technology leading to ever faster computers,
computational chemistry has become an increasingly reliable tool for investigating
systems where experimental techniques still provide too little information. Ultra-fast
spectroscopy can be used to follow fast reactions but only at a molecular level. A
variety of diffraction techniques can also give detailed information about crystalline
structure, but have difficulties monitoring changes at a molecular level. This is why
the exponential growth in computer power has led to a corresponding growth in the
number of computational chemists and in the variety of different computational
techniques available for solving chemical problems: ab initio Quantum Mechanics
(QM), Density Functional Theory (DFT), semi-empirical methods, Molecular

Mechanics (MM), Monte Carlo (MC), Molecular Dynamics (MD), etc.
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There are two main branches within computational chemistry: the
computationally expensive methods which try to explore the electronic structure of
small systems or systems with fixed crystal structures by quantum mechanical
methods; and the methods which focus on the atomic structure and dynamics of much
larger systems but using less complex calculations. In this thesis, the focus is on the
latter — simulating atomic and molecular interaction with the mathematics of classical
mechanics. The following text is based on (Allen, 1987; Haile, 1997; Colboum, 1994;
Rapaport, 1995).

It has been argued that computational chemistry is both “theory” and
“experiment”: “theory” since clearly no measurements are made on a real system, and
“experiment” since the potentials used are often based on experimental data on simple
systems. MD is indeed often referred to as a “computer experiment”.

Today, most computational chemists would probably say that computation is
neither theory nor experiment, but rather a third leg on the chemical body - both to
test theory and to interpret experiment; alternatively, to perform “experiments” on
systems inaccessible to normal experimental techniques.

This discussion puts focus on the relationship between MD and experiment.
Experimentalists interpret their data using theories and models — they do not
anticipate reality. Experimental data can often be interpreted in several ways,
sometimes even within the same theoretical context. Not rarely are data interpreted on
the basis of incorrect or inappropriate theory for the system under study. The
interpretation of experimental results is not a search for biblical “truth”, just like the

computational chemist, the experimentalists use models to make their interpretation,



54

thereby creating a gap between themselves and reality. MD can indeed sometimes be

as good (or bad) a method as experiment for modeling this reality.

3.2.1 Molecular Dynamics (MD)
3.2.1.1 Simulation Method

In reality, atoms and molecules in solid materials are far from static unless the
temperature is low; but even at 0 K, vibrational motion remains. For ionically
conductive materials, atomic movement is the subject of major interest. Molecular
Dynamics (MD) allows us to simulate the dynamics of the particles in a well-defined
system to gain greater insights into local structure and local dynamics - such as ion
transport in solid materials.

In MD simulation, atomic motion in a chemical system is described in

classical mechanics terms by solving Newton’s equations of motion:

F =m3 (3.13)

for each atom i in a system of N atoms: m is their respective atomic mass; a; = d°ri/dr?
is their acceleration; and F; is the force acting upon atom i due to interactions with all
other particles in the system. The forces are generated from a universal energy

potential E:

(3.14)
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The basic idea of MD goes back to classical idea in Physics - that if one knows the
location of the particles in the Universe, and the forces acting between them, one is
able to predict the entire future. In a normal MD simulation, this Universe comprises
only a few thousand atoms; in extreme cases, up to a million.

With Newton’s equations, it is possible to calculate sequentially the locations
and velocities of all particles in the system. This generates a sequence of snapshots
which constitutes a “movie” of the simulated system on the atomic scale. Due to the
massive computer time necessary to solve these equations for a large number of
particles, the movies are generally fairly short - in this work in the pico- or
nanosecond regime. All that is needed to solve the equations of motion are the masses
of the particles and a description of the potentials, E.

In order to solve Equation (3.14), various kinds of numerical integration
methods such as Gear, Verlet, leapfrog, and velocity Verlet have been developed.
From the Verlet algorithm, which is based on particle position at time t, r(t),
acceleration at time t, a(t), and the position from previous time r(t-At), the new
position of a particle after time At (At is the time-step between two snapshots.) is

given by

r(t+At) = 2r(t) —r(t— At) + At*a(t) (3.15)

Then, the velocity at time t can be calculated by

r(t+At) —r(t—At)
2At

v(t) = (3.16)
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The Verlet algorithm uses no explicit velocities. The advantages of the Verlet
algorithm are, (i) it is straightforward, and (ii) the storage requirements are modest.
The disadvantage is that the algorithm is of moderate precision.

The leapfrog algorithm works stepwise by:

1. Calculating the acceleration at time t according to Equation (3.2).

2. Updating the velocity at time t+ At/2 using
V(t+At/2) =v(t—At/2)+a(t)At (3.17)
3. Calculating the atom position in the snapshot using:
r(t+At) =r(t) +v(t+ At/ 2)At (3.18)

In this way, the velocities leap over the positions, then the positions leap over the
velocities. The advantage of this algorithm is that the velocities are explicitly
calculated, however, the disadvantage is that they are not calculated at the same time
as the positions.

The velocity Verlet algorithm is as follows:

r(t+At) = r(t) + Atv(t) +

At*a(t)
— (3.19)

f(t+At)

a(t+At) = (3.20)
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V(t + At) = v(t) +%At[a(t) +a(t+At)] (3.21)

This algorithm yields positions, velocities and accelerations at the same time. There is
no compromise on precision.

The MD simulation method is very straightforward, but one must bear in mind
that it is based on some severe approximations. At the highest level, the Born-
Oppenheimer approximation is made, separating the wavefunction for the electrons
from those of the nuclei. The Schrddinger equation can then be solved for every fixed
nuclear arrangement, given the electronic energy contribution. Together with the
nuclear —nuclear repulsion, this energy determines the potential energy surface, E. At
the next level of approximation, all nuclei are treated as classical particles moving on
the potential energy surface, and Schrodinger equation is replaced by Newton’s
equations of motion. At the lowest level of approximation, the potential energy
surface is approximated to an analytical potential energy function which gives the

potential energy and interatomic forces as a function of atomic coordinates.

3.2.1.2 Forcefields for MD Simulations
In the context of molecular modeling, a forcefield means the energy functions
and parameter sets used to calculate the potential energy of a system. The energy
functions and parameter sets are either derived from quantum chemistry calculations
or empirically from experimental data. Typically, classical forcefields employ two-
body pairwise additive potentials and ignore multi-body dispersion and many-body

polarization effects. The basic functional form of a classical forcefield can be
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regarded as the sum of nonbonded interactions, also called intermolecular
interactions, and intramolecular interactions (bond stretch, valence angles and

dihedral angles):

E= Ej*(N+2 Ef(N+2 Ex(0)+D Ejy (@) (3.22)

i#] ijk ijkl

where r is the distance between atom centers, EijNB(r) is the nonbonded energy
associated between atom i and j , E;(r) is the covalent bond stretching energy
between atom pair i and j , Eijkb(e) is the bond-angle bending energy that depends on
the angle 6 formed by atoms i , j and k , and Ejj'(®) is the torsional energy arising
from rotation around the dihedral angle ® defined by atoms i,j,k and | . Nonbonded
interactions Ei,-NB(r), the interactions between atoms in different molecules or in the
same molecules separated by two or more bonds, are composed of electrostatic

interactions and van der Waals interactions as given by:

Ei®(r)=E*(r)+E™(r) (3.23)
The summations run over all interactions of each type present in each molecule and
between molecules. The bond-stretching, bond-angle and torsional-angle terms have
many forms. In the vast majority of forcefields used in MD simulations, bond
breaking is not possible; this is also the case for the forcefields used in this work. The
electrostatic energy, E;®® , also called the Coulombic energy, is directly related to

atomic charges by Coulomb’s law,
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1 94 (3.24)

E.e_;lec N =
i () Are, I

where q; , g; are the charges on atoms i and j , and &g is the permittivity of free space.
There are many forms used to describe the van der Waals energy. The two most

popularly used are the Lennard-Jones (LJ) potential (Lennard-Jones, 1931),

12 6
oS ] e
r r r r
where A = 4¢6™? and B = 4¢c° or the Buckingham potential,

ur)=A exp(—B'r)—% (3.26)

In Equations (3.25) and (3.26), 4, B, ¢, o, A’, B and C are constants fitted to ab initio
and/or experimental data. The parameters A’ and B determine the short range
repulsive interaction, C is the dispersion parameter. The parameters ¢ and o have the
significance of being the depth and zero point of the potential. Both the LJ and
Buckingham potential include the long-range London dispersion term.

Such classical forcefields are used widely in MD simulations of polymer
electrolytes, but recent molecular dynamics simulations by Smith and coworkers have
shown that polarization effects can play a very important role for these systems and

should not be ignored (Londono et al., 1997).
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3.2.1.3 Periodic Boundary Conditions and Other Requirements
Since the computation time required to calculate the trajectories of all N
particles in a simulation box increases with N?, the simulated system cannot be made
large enough to accurately represent the bulk properties of an actual crystal or
amorphous material: surface effects would always be present. This problem is solved
by implementing periodic boundary conditions, in which the simulation box is
replicated through space in all directions; see Figure 3.3. The set of atom present in
the box is thus surrounded by exact replicas of itself, i.e. periodic images. If an atom
moves through a boundary on one side of the simulation box, so will its replica on the
other side. This keeps the number of atoms in one box constant, and if the box has
constant volume the simulation then preserves the density of the system, which can
affect the properties of the simulation, but much less than the surface effect would
have done without the periodicity. An MD simulation should also follow the laws of
thermodynamics. At equilibrium, it should have a specific temperature, volume,
energy, density, pressure, heat capacity, etc. In statistical thermodynamics, this
constitutes the state of the system; its ensemble. Since MD is a statistical mechanic
method, an evaluation of these physical quantities can be made from the velocities
and masses of the particles in the system. MD can also serve as a link between these
atomic-level quantities and macroscopic properties. Three different ensembles have
been used here:
1. The microcanonical ensemble (NVE), which maintains the system under
constant energy (E) and with constant number of particles (N) in a well-
defined box with volume (V). This is appropriate during the initial

equilibration phase of a simulation.
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2. The isothermal-isobaric ensemble (NPT), where temperature and pressure
are kept constant. This is normally the best model of the experimental
conditions.

3. The canonical ensemble (NVT), where volume and temperature are kept
constant. This ensemble has been used for most simulations, so that

comparisons can be made with experimental data from structures with fixed

dimensions.
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Figure 3.3 Periodic boundary conditions in molecular simulation.

One factor that impacts total CPU time required by a simulation is the size of
the integration time-step (At). This is the time length between evaluations of the
potential. The time-step must be chosen small enough to avoid discretization errors
(i.e. smaller than the fastest vibrational frequency in the system). Typical time-step
for classical MD is in the order of 1 femtosecond (10™ s). This value may be

extended by using algorithms such as SHAKE, which fix the vibrations of the fastest
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atoms (e.g. hydrogens) into place (Wikipedia, 2008). The SHAKE algorithm, a
modification of the Verlet algorithm, has become the standard approach for doing
molecular dynamics with fixed bond lengths. It can also be used to hold angles fixed,
but this is less common. It works well for time-step up to 5 fs, thereby enabling a five-
fold speedup in computational time as long as the process of iteratively solving the

constraint equations does not consume too much time (Mathiowetz, 1994).

3.2.1.4 Atomistics Molecular Structure from MD Simulations
The trajectories given by MD simulations can be used to calculate different
properties relating to structural behavior. This analysis and its chemical interpretation

is the major part of this thesis work.

3.2.1.4.1 Radial Distribution Function (RDF)

One of the most important properties extracted from MD simulation is the pair
radial distribution function (RDF). It is a function, usually written as g, ,(r), which

presents the probability of finding a particle of type b at a distance r from particle of
type a. In a perfect crystal without thermal motion, RDF would appear as periodically
sharp peaks, which gives information about the short-range order in the system.

RDF can be calculated by counting the number of atom pairs within some

distance ranges, and averaging this over a number of time-steps and particle pairs:

i N k (rab ! Ar)
0 (r) = — (3:27)
M N)PV (1, AT)
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where Ny is the number of atoms found at time k in a spherical shell of radius r and
thickness Ar, and p is the average system density, N/V, of a given atom type.
Integrating this RDF over r gives the coordination number function (CNF),
which is the average coordination number of particle type a to particle type b at
distance r. RDF can be compared directly with experimental data from X-ray or
neutral diffraction, and can thus be used as a check on the reliability of the potentials

in many systems.

3.2.1.4.2 End-to-end Distance and Radius of Gyration
Since polymer molecules may in general assume an enormous number of
spatial arrangements, descriptions of chain configuration are generally given in terms
of statistical (ensemble) averages of some characteristic properties. Two examples of
parameters used to specify average global configuration are the distribution and
moments of the end-to-end distance and the radius of gyration. The end-to-end

distance (r) of a single chain may be defined by:

>

r=>Y1, (3.28)

1
N

where |i denotes the vector along backbone bond i, and n denotes the number of
backbone bonds in the molecule. The radius of gyration (s) is defined as the root mean
square distance of the atoms in the molecule from their common center of mass, that

is,
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§2 =12 (3.29)

where s; denotes the distance of atom i from the center of mass, and N denotes the
total number of atoms.

In polymer science, the radius of gyration is used to describe the dimensions
of a polymer chain. Since the chain conformations of a polymer sample are quasi
infinite in number and constantly change over time, the “radius of gyration” discussed
in polymer science must usually be understood as a mean over all polymer molecules
of the sample and over time. That is, the radius of gyration which is measured is an
average over time or ensemble. One reason that the radius of gyration is an interesting
property is that it can be determined experimentally with static light scattering as well
as with small angle neutron- and x-ray scattering. This allows theoretical polymer
scientists to check their models against reality. The hydrodynamic radius is

numerically similar, and can be measured with size exclusion chromatography.



Figure 3.4 End-to-end distance.

Figure 3.5 Radius of gyration.
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3.2.1.4.3 Bond Angle and Dihedral Angle

Local chain geometry is frequently characterized by measurements of valence
and dihedral angle distributions. The latter, whose values are essentially determined
by a combination of packing effects and local intramolecular interactions are strongly
correlated with global dimensions, and are often experimentally measurable.

In a chemically complex system such as LiPFg:PEOg, the average atomic
distances calculated as RDF can be too rough measurement to capture all the
structural information available. The spatial arrangement of atoms can also be of
major interest, and can be obtained throughout by calculating bond angle and dihedral
angle distributions in the crystallographic asymmetric unit. The total distribution of all
bond and dihedral angles contains all the information we need on the polymer
configuration. Figure 3.6 shows the geometry of a simple chain molecule.

Plotting especially the dihedral angles in this way gives group information for
the simulated system, which can be related to the crystallographically determined

space group. The appearance of new peaks indicates some new repeat unit.

234

Figure 3.6 Geometry of a simple chain molecule, illustrating the definition of

interatomic distance (r3), bend angle (é34), and torsion angle (¢1234) (Allen, 2004).
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3.3 Monte Carlo (MC)

Monte Carlo simulation is the simulation technique that gathers samples in a
random way. As the name implies, Monte Carlo simulation uses random numbers for
making decision during the simulation. In terms of molecular mechanics, MC
provides another way to explore a conformational space. While molecular dynamics
can visit a conformational state in a deterministic way by solving Newtonian
equations of state, MC simulation can find a conformational state in a stochastic way
by generating random numbers.

With a given potential like Equation (3.30), the simulation involves a
successive energy evaluation to make a decision for acceptance of a move attempt

which is chosen randomly.

Vtotal =V (r)bond +V (e)angle +V (¢)torsion +V (z)out—of—plane +V (r)vdw +V (r)elec (330)

Vnon-bonded

Vbonded

The decision is accomplished by Metropolis algorithm (Metropolis et al., 1953) in the

most cases, which has the following criteria.

AE =V ()0, =V (1) <0 accepted
AE =V ()0 =V (r),s > 0AND exp(—AE/kT)>rand(0,1) accepted (3.31)
AE =V (r), ., —V(r),s > 0AND exp(—AE/KT) <rand(0,1) rejected
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If the new state is in a lower energy state, the new state replaces the previous
state. If the new state is in a higher energy state, the decision is based on the energy
difference between two states. For the decision procedure, MC simulation allows a
system to move to higher energy state. The probability to overcome the higher energy
barrier depends on the energy difference between the new attempt and the current
conformation. By doing so, MC simulation explores the conformational space to
calculate the ensemble averaged properties, while MD simulation deals with time
averaged properties. Both averaged properties should be same through the ergodic
hypothesis.

Much effort has drawn attention to increasing the computational efficiency of
MC simulation. One of the efforts is to run the simulation on a lattice, which reduces
the floating number calculation. Another way to gain speed in the MC simulation is to
use an efficient move algorithm that allows the faster relaxation or equilibration.
Many beads can move at a single move attempt. The computational time of the lattice
simulation based on MC method is proportional to the power of 1 to 2 depending on

the quality of the potential energy function.

3.3.1 Monte Carlo Simulation on a High Coordination Lattice

A coarse graining model in a lattice has the computational efficiency that
comes from two seasons. The first one is the reduction of the evaluation of energy
terms, which is generally proportional to the square of the number of particles because
many energetic terms are two-body potentials. The second reason is that the position
of particles during simulation can be stored as integers, which reduces the number of

instructions done by a central process unit (CPU) and memory usage compared to the
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real number operation in off-lattice simulation. As a result of the efficiency, the
method enables running a simulation in a large scale, which is required for polymer
simulation. As often is the case, the pros come with the cons. Due to the coarse
graining, the detailed chemical information such as the chemical nature of the coarse-
grained particle (bead) and the nature of bond between the two beads disappears. The
drawback would not be an important issue when a polymer chain is expressed by a
collective set of simple beads. In the bulk state of polyolefin, the simplification works
well with only the topological consideration. The decoupling of the effect of the
variables or the ruling-out of an effect of a variable using a computer simulation
requires a detailed description of a polymer chain embodied in the simulation as well

as its applicability to the large-scale system.

3.3.1.1 Coarse Graining into Rotational Isomeric State Model

Often the energy state of a molecule can be described by a sum of energetic
contributions of internal coordinates and non-bonded interactions, as in Equation
3.30. Among them, the bond stretching and angle bending terms are so strong,
because of large force constants, that they do not vary much with time, staying at the
most probable bond length and bond angle. Since computational efficiency is
indispensable for a polymer simulation, these two terms are neglected in most cases.
Accordingly, a property of a polymer chain cannot be only dependent on the
remaining energy terms, torsional energy and non-bonded energy. Furthermore, if a
polymer chain is not perturbed by the existence of others, the importance of the long-

range interaction is diminished. In that case, the partition function of a single chain
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can be expressed by only torsional partition function or conformational partition

function as follows.

j jexp( M)d;za dg, (332)

Then, the average of a property, <A>, can be written as,

<A>=Z7" j jexp( M)A@ﬁl $,)dg,...dg, (3.33)

The continuous torsional states can be grouped to have several discrete states.
This assumption is reasonable because discrete torsional states are separated by an
activation barrier. The torsional states are called “Rotational Isomeric State (RIS)”.
With the discrete torsional states, the conformational partition function of Equation

(3.30) can be rewritten as the summation over the discrete conformationals space.

:Z Zexp( "‘1 ) (3.34)

The RIS model (Mattice and Suter, 1994) is a coarse grained model, which
only considers the discrete rotational isomeric states with other internal coordinates
frozen. Schematically, the mapping from a realistic chain to a RIS chain is illustrated

in Figure 3.7. In this simulation for PEO chanis, which have (CH,-CH»-O) repeat
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units, either one of CH, groups is represented as a single united atom as well as O
atoms. In Figure 3.7, every second bead on the main chain, regardless of C or O, is
taken out, and the remainder of united atoms is connected. In this particular kind of
coarse-graining approach, every single bead has to be treated identically. There is no
difference between C-O or C-C contacts in terms of the long-range (LR) interactions,
but there exist a bit of ambiguity regarding the short-range (SR) interactions about

which we will give details in the next sections.

Fully Atomistic Representation

0o

H

Exclusion of Hydrogen Atoms

- (cy o) 1y
Missing
Atom
Coarse-Grained PEO Chain
© © © ©

Figure 3.7 Example of the mapping of a real chain into lattice by coarse graining.
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As shown in Figure 3.8, the 2nnd lattice can be considered a distorted cubic
lattice with 60° between any two axes. Because of that, each lattice site of the 2nnd
lattice can be assigned with integer numbers, which expedites the RIS calculations of
interest. By the geometry, the 2nnd bond length (or step length) can also be
calculated. The 2nnd lattice spacing, or step length, for a coarse-grained PEO chain is
calculated as 2.39 A (details of the calculation can be found in the following pages).
When the melt density of PEO is satisfied at the simulation temperature (373 K), the
2nnd lattice has an occupancy value of 20%. It should be noted that, all of the

simulations presented in this report are done for dense melt systems.

2nnd lattice

Figure 3.8 Graphical demonstration of how a tetrahedral lattice can be converted into

a 2nnd lattice.
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3.3.1.2 Short-Range intramolecular interactions

The short-range (SR) interactions basically enforce the local conformational
preferences of the polymer chains. As emphasized before, the reproduction of realistic
polymer chains on the 2nnd lattice necessitates the use of realistic interaction
potentials. Compared to a simple random walk case, torsion potential energy
functions for real chains are definitely far more complex. In this report, short range
interactions are represented by a model based on RIS calculations.

The RIS model (Flory, 1988; Mattice and Suter, 1994) is very good at
describing the conformational properties of the chain molecules. Therefore, Abe et al.
calculated configuration-dependent properties of PEO chains by means of RIS
calculations (Abe et al., 1985). These calculations are based on a symmetric three-
fold torsion potential with nearest neighbor interdependence. Along the main
backbone of a PEO chain one can find three different types of bonds: C-C, C-O, and
O-C. Thereby, each torsion potential in their RIS model representation is peculiar in
the sense that each of them belongs to a certain bond family.

The RIS model is known to work properly to reveal the local characteristics of
polymer chains. In addition, the diamond lattice is also considered a good candidate
for on-lattice polymer simulations. Thus, the RIS approximation should be considered
a good way to model PEO chains on the diamond lattice. However, in order to
describe the short-range interactions on the 2nnd lattice properly, a mapping
procedure, which will define the torsion angles in the real chains on the 2nnd lattice,
IS needed.

There are three available rotational isomeric states, which are trans (t),

gauche® (g*), and gauche™ (g*) for every single bond on the diamond lattice. As shown
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in Figure 3.9, for a 9-atom polymer subchain there are 8 bonds on the tetrahedral
lattice. With further coarse-graining, i.e. after switching to the 2nnd lattice, half of the
bonds on the diamond lattice will disappear and there will be only four 2nnd bonds
left. Although half of the diamond lattice bonds disappear on the 2nnd lattice, we still

keep track of their information at every single step throughout the MC simulations.

Figure 3.9 Schematic representation of 2nnd subchain composed of 4 coarse-grained
bonds. The coarse grained bonds are represented by solid lines, whereas the dashed

lines denote the corresponding real bonds on the underlying diamond lattice.

The RIS calculations are based on the probabilities of the rotational isomeric
states of pairs of bonds on the main backbone. By combining the probabilities of the
entire amount of rotational isomeric states, the probability of a certain multi-chain
system can be calculated. As described in the previous paragraph, there exists an
independent rotational isomeric state associated with each single bond. Each bond
may be represented by one of t, g*, or g states. On the 2nnd lattice however, there
will be only a coarse-grained single bond, whose rotational isomeric state is defined
by that of former two tetrahedral bonds. For example, if the two corresponding

rotational isomeric states of the two diamond-lattice bonds are g* and g; then the
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resulting 2nnd bond’s rotational isomeric state will be defined by a double rotational
isomeric state representation like “g*g™ instead of a single representation. In that
sense, every single rotational isomeric state on the 2nnd lattice may have triple more
possibilities (tt, tg*, tg’, g't, g°9", 979, g, g°g*, g'g) when the torsions on the
underlying diamond lattice are considered. The probability of a specific multi-chain
system can be calculated in this way with the aid of the mapping technique. In
particular, a more detailed explanation of this mapping technique for polymer chains
with (A-A-B) type of repeat unit, e.g. PEO, can be found.

Next, we present the related statistical weight matrices that determine the local
conformation of the PEO chains used in the MC simulations (Doruker et al., 1996). In
the following three matrices, the rotational isomeric states of bonds J;.; and J; +; are
represented by the rows and columns, respectively. There are three different statistical
weight matrices, each representing a specific bond type. oc.c and oo.0 are the
statistical weights for the C-C and O-O type first-order interactions. wc.c and wc-o
correspond to the second-order interactions. These numbers are calculated as the

Boltzman factors (exp (-E/RT)) of the associated energy values listed in Table 3.1.

t g g
t(1
Uee = o0 o0 (3.35)
1 000 00-0%co
1 G00% .0 Oo-0
t g’ 9
t (1
Ueo = Oc-c ec (3.36)
g1 Occ Occ®Wc o
91 occoco Occ
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t g 9
t(1
Uoe = Occ cc (3.37)
g |1 Oc_c OccWc_c
9 \1 occoc Oc_c

Table 3.1 First- and Second-order local interactions on the 2nnd lattice for PEO

chains: a RIS model approximation.

Interaction (kJ/mol)
Eccc 3.2
Ecoo -2.2
Ewcc o
Ewc-o 2.2

In summary, the rotational isomeric state of any 2nnd bond can be defined by
those of its corresponding tetrahedral lattice bonds J; +; and J;.;. For instance, if the
2nnd bond J; in Figure 3.9 is a C-C type of a bond and the states of the real bonds J;
and J; +1 are g* and g, the resulting statistical weight of the 2nnd bond J; will be equal
to Uc.c [2,3], which is oo-oaxc-o. The values of the statistical weights 6o.0 and wc-o
can be determined by substituting their related energy values, the simulation
temperature, and the universal gas constant into the Boltzman factor. Obviously, the
simulation temperature and the universal gas constant are pre-known parameters. So,
the substitution of the true matrix element is the key point to the determination of the

corresponding statistical weight of the bond J;. Consequently, the same procedure is
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followed for all of the coarse-grained beads in the system. The combination of those

leads to the configurational probability of the overall system.

3.3.1.3 Long-range Interactions

The incorporation of the rotational isomeric state model is not enough to
describe the energetics of the melt system because the RIS model is a single chain
model in the unperturbed state, 0 state. The model only accounts for the short-range
intermolecular interaction up to next nearest neighbor bonds on the 2nnd lattice. For
the remaining long-range intramolecular and intermolecular interaction, the Lennard-
Jones pair potential, u(r), seems to be a reasonable choice since there are only
dispersive interactions in a polyethylene melt. Including the long-range interaction,

the total energy which will be used in Metropolis evaluation will be

Eyp = Ens +E,, (3.38)

total

The lattice representation of the continuous Lennard-Jones potential at the ith
shell, uj, is obtained from an averaged Mayer f-function which is used for the
description of the second virtual coefficient of a non-ideal gas. The interaction

parameter at the ith shell is defined through following equation.

exp(—ku—‘_l_)—lz f (3.39)

B
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The average Mayer f-function at the ith shell, f;, is obtained by integrating u(r) over

the cells in the ith shell.

f Le" far 3.40
- cglr ( | )
R (O

f=exp( kBT) 1 (3.41)

The set of the interaction parameters for 2nnd beads is derived from the Lennard-
Jones potential for a methyl ether molecule (CH3;-O-CHs). Table 3.2 gives a set of
interaction parameters obtained by the averaging method. The details about the long-

range interaction is given by Cho and Mattice (1997).

Table 3.2 Long-range interaction shell energy obtained from the averaging process.

Shell Shell energy (kJ/mol)?
1 8.113
2 -0.213
3 -0.339
4 -0.067
5 -0.017

%In this example, the used LJ parameters are o = 3.76 A and &/k = 154 K

and the interaction shell energies are derived at 373 K.
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The single bead move is always employed in this study with the restriction
that a chain cannot pass through itself, as in a self-avoiding random walk. A randomly
chosen bead can move to a vacant site in the first shell when the attempt does not
change the bond length to its two bonded neighbors. Even though the relaxation or
equilibration of a system is quite slow with the single bead move, the move provides
the reliable dynamic properties at the time scale of Monte Carlo step (MCS). One
MCS is defined as the simulation length when every bead in the system has attempted

one move, on average.



CHAPTER IV
APPLICATION OF X-RAY ABSORPTION
SPECTROSCOPY AND MOLECULAR SIMULATION TO
STUDY THE SOLVATION STRUCTURE OF

POLYMER:KSCN ELECTROLYTES

4.1 H,0:KSCN

In this work, MD (Molecular Dynamic) simulation, Extended X-ray
Absorption Fine Structure (EXAFS) spectroscopy, and the combination of MD
simulation and EXAFS called “MD-EXAFS” method are employed to determine the
atomistic solvation structures of H,O:KSCN system which is the simplified models
for polymer electrolytes. This model would give the information on the solvation
structure around the solute ions which is the first step to understand a more
complicated polymer electrolyte system. Although the structure of solvated ions is not
as well-defined as in the case of crystals, one can still define an average structure,
which is quite the characteristic of ion and its immediate environment.

In general, structural parameters can be calculated from experimental
measurements, ab initio electronic structure calculation or numerical simulations such
as MD. Figure 4.1 gives a qualitative picture of these structural parameters, the

coordination number of the nearest neighbors (N), Debye-Waller factor (5°),
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which corresponds to half-width of the peak in radial distribution function, gj(r); and
the average distance between the central absorbing atom (i) and surrounding atoms
(1), which corresponds to the center of peak, Ro. The broken line depicts the (ideal)
Gaussian peak centered at Rog, which in general, can be more symmetric and
narrower than the real peak. This center is shifted compared to the one obtained
experimentally, or even from MD simulations. The coordination number can be

calculated by a direct integration of this first peak:

N :p]%47zfzgij(l’)dl‘ 4.1)

n

where ry and r; are the integration limits.

ExolR)

r Ropn Rog 1 Iy

RH-‘)

Figure 4.1 The fundamental quantities of ion solvation structure, coordination
number Nq (area under curve), Debye-Waller factor (half-width) ¢, center of peak,

Ro (Glezakou et al., 2006).
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4.1.1 EXAFS Measurement and Data Analysis

The experimental potassium K-edge XAS spectra was measured at beamline
BL-8 of Synchrotron Light Research Institute (Public Organization) at Nakhon
Ratchasima, Thailand. The ring current was 100 mA, and the ring energy 1.2 GeV.
The data was collected in Fluorescent mode (Lytle detector) using a Si(111) double
crystal monochromator. A 2 eV step was used in the pre-edge region and EXAFS
region, while 0.5 eV step was employed from 60 eV below the edge to 60 eV above
the edge. Energy calibration was performed with the standard anhydrous KI
compound. A total of 3 scans were collected and the scans were averaged after Eg
determination before further data analysis to improve the signal to noise ratio. The
EXAFS data processing was carried out with ATHENA software (Ravel and
Newville, 2005). Phase shift and backscattering amplitudes were calculated by
FEFF7.0 software (Rehr and Albers, 2000). The EXAFS data were Fourier
transformed over the ranges 2.0 < k < 8.0 with k* weighting.

Clusters were obtained from each configuration by extracting all species that
fell within 5 A radius of potassium ion. Each cluster was then used as the input for
FEFF7.0, to calculate the EXAFS spectrum («(E)) as a function of energy (E), using a
multiple scattering approach. The resulting spectra were then averaged together to get

a configurationally averaged absorption coefficient z(E). z(E) is actually a

combination of the background absorption coefficient, wo(E), and  EXAFS

oscillations, y(E). The EXAFS oscillations can be extracted from z(E) by the

formula
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4.2
Ay (Ey) 42)

where Aug(Ep) is the jump in the absorption background at the absorption edge E,.
FEFF7.0 provides y(E) directly for each cluster, so 7(E) can be obtained directly by
averaging individual y(E).

The EXAFS oscillations, y(k), were mapped from photoelectron energies to
wavenumbers by h*k*/2m = E — E,, where Eq is the absorption threshold energy. An

analysis of y(k) function was based upon the standard EXAFS relationship
200 = Z% F (k)e 7" & 2%/ sin[2kR + ¢, (¥)] (4.3)

where Njis number of neighboring atoms in thei™ coordination shell at a
distance (R;) away from the absorbing atom. The backscattering amplitude and mean-
squared displacement of neighboring atoms are given by Fi(k) and oj, respectively.
The phase shift of the photoelectron is given by gi(k), while the exponential term
containing the mean free path (L) of the photoelectron accounts for their inelastic
scattering. In order to obtain a real-space representation of the EXAFS spectra,
Fourier transform of y(k) function is calculated as implemented in FEFFIT package

(Newville et al., 1995). Equation (4.3) is thus transformed to:
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7(R) =%Tsz(k)w (k)e'**dk (4.4)

where W(K) is Hanning window.

4.1.2 Molecular Dynamic (MD) Simulations

MD simulations were carried out on a system consisting of 200 H,O
molecules plus 10 K™ and 10 SCN™ ion in a cubic simulation box with the cell length
determined from the density of ~1.0 g/cm® Periodic boundary conditions were
applied in all three spatial directions. MD simulations were performed at 300 K, using
the Amorphous Cell module in Materials Studio 4.2 simulations package provided by
National Nanotechnology Center, Thailand. The COMPASS forcefield which is the
first ab initio forcefield was used. After energy minimization, MD simulations were
initially performed in NPT ensemble at 400 K for a few ns to obtain a new
equilibrium density. Further equilibrations of approximately 1 ns were run in NVT

ensemble. For data analysis, atomic trajectories were collected for another 1 ns.
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Table 4.1 Charge parameters used in the simulation.

atom q (e) atom q (e)
K +1.000 Ow -0.848

Sscn -0.560 Hw +0.424

Csen 0.140

Nscn -0.580

4.1.3 Results and Discussion
4.1.3.1 SCN" Hydration Shell

According to chemistry textbooks, the negative charge of SCN is equally
distributed on the S and N sites and consequently it is an ambidentate ligand, which
can coordinate cations or water molecules at both ends. The effective potential model
(Vincze et al., 2001) available in the literature indicates a small charge difference
between the S and N site. Despite such small difference, our data suggest a clear
asymmetry between the hydration shells of the two atomic sites, as shown in Figure
4.2. As a matter of fact, the first H,-S peak is at r = 2.2 A and this distance looks far
too long in order to achieve hydrogen bonding between hydrogen and sulfur atom.

Conversely, the first peak of gnuw(r) is at 1.9 A and the first peak of gnow(r) is
about 1 A apart, suggesting that nitrogen atoms form a typical hydrogen bond with
surrounding water molecules. Integration over the first peak of gnu(r) gives a
coordination number ~2.0. Importantly, preferential H-bonding at the N site has been

previously reported in aqueous solutions of NaSCN. These earlier experimental works
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(Mason et al., 2003; Kameda et al., 1994) were not supported by an atomistic
simulation and consequently the individual site-site contributions to the total radial
distribution functions were not separated; as a result, a single broad peak at about 2 A
was identified due to H-bonding at the N site of SCN" ion. From our results, water
molecules are likely H-bonded to the N site and weakly coordinated with the S site as
also suggested by the sharpness of the first peak of the gnu(r) and broad peak of the
gsnw(r). Both gcow(r) and genw(r) show a very broad first peak, at higher distances, r
~ 3.4 A, compared to the other site-site RDFs, suggesting that the C site is less
accessible to water molecules.

From the work of Botti et al. (2009), the Empirical Potential Structure
Refinement (EPSR) code was used to identify the peak at 3.0 A as due to the
correlation between water oxygen and nitrogen different from a standard hydrogen
bond due to its primarily Coulombic nature. All RDFs and probability isosurfaces do
not show significant dependence on solute concentration, suggesting that the egg-
shaped hydration shell of the anion (Figure 4.3) is a stable feature of these solutions.
However there is an asymmetry between the top and bottom of this hydration shell,
because our data suggest that water molecules form a H-bond with the N site (top),

and are instead weakly coordinated with the S site (bottom).
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Figure 4.2 The anion hydration site-site RDF for the individual SCN -water atomic

pairs at all the investigated solutions. Data have been shifted for clarity.

Figure 4.3 The spatial distribution functions (SDFs) for water around and SCN" ion.
The S atom is represented as a light gray sphere, the C atom as a middle gray sphere,

the N atom as a dark gray sphere (Botti et al., 2009).
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The SCN" ion shares with OH" the asymmetric character of the hydration shell.
Both ions have indeed H-bonded water molecules at one site and weakly correlated
water molecules at the opposite site. They are strongly bonded to water at one
extreme and in virtue of this can induce distortion to the water network, while the
other extreme can easily loose its hydration water and be exposed to a solute. We
notice however that the N-H bond-length, 1.8 A, is larger than the H-bond length
found in the case of OH", 1.4 A (Imberti et al., 2005), although compatible with

chemical literature (Jeffrey, 1997).

4.1.3.2 K" Hydration Shell

For KSCN aqueous solution, RDFs between K" and all other species (O, Hu,
N, S and C) were calculated and plotted together in Figure 4.4. The simulated peak
positions (Ro) and N calculated from the first peaks of all RDFs are summarized in
Table 4.2. Each K" cation is coordinated by ~5.7 oxygens (K*-O distance 2.65 A) and
~17.6 hydrogens (K*-H distance 3.31 A). This is consistent with MD technique with
polarized forcefield reported by Dang et al. (2006) and from the recent MD
simulation as well as experimental measurements (Marcus, 1988; Botti et al., 2009),
respectively. K*-O distance and coordination number from our MD simulation are
also in good agreement with the recent ab initio dynamic simulation where values of
2.80 A and 6.0-6.8 are reported (Rempe et al., 2004; Fulton et al., 2003). The
negative charges of SCN™ anion are equally distributed on S and N sites and
consequently it is an ambidentate ligand, which can coordinate cation or water
molecules at both ends. The effective potential model (Botti et al., 2009) available in

the literature indicates a small charge difference between the S (-0.5600e) and N
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(-0.5800e) site. RDF between K™ and SCN™ anion (Figure 4.4(b)) exhibit the first K*-
N, K*-S and K*-Cscy peak at 3.15, 3.22 and 3.34 A, respectively. Both nitrogen and
sulfur atoms are less likely to coordinate with K™ compared to oxygen because N of
solvated K™ with anion is very small (0.3) compared to that of K*-O (5.7). Therefore,
to compute MD-EXAFS spectra of H,O:KSCN solution, there is no need to include
anion for further calculation. Figure 4.5 displays the example of cluster extracted from
MD trajectory. There are about six water molecules surrounding one potassium
cation. The position of oxygen atoms in the solvation structures is quite symmetric

and hydrogen atoms prefer to point away from the symmetric K*-O axes.
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Figure 4.4 Radial distribution functions of H,O:K".
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Figure 4.5 Model of potassium ion in water.

Table 4.2 Parameter characterizing the first peak of RDFs determined from MD.
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H,0:KSCN
Correlation
Ro (A) N Ro (A)? N® Ro (A)° NP
K*-Ow 2.65 5.7 2.6 5.9 2.77 5.7
K*-Hy 3.31 17.6 3.4 - - -
K*-Nscn 3.15 0.3 ~3.0 ~0.2 - -
K*-Sscn 3.22 0.3 ~3.1 ~0.2 - -
K*-Cscn 3.34 0.3 ~3.2 - - -

®Botti et al. (2009)

"Dang et al. (2006)
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4.1.3.3 EXAFS Spectra and MD-EXAFS prediction

Selected 100 configurations of potassium aqueous solution from MD
trajectories were taken into account for MD-EXAFS analysis. For each configuration,
a cluster of the surrounding molecules within 5 A to the photoelectron source (K*)
were extracted to form an input for electron multiple scattering analysis in FEFF.

In Figure 4.6(a), the k®-weighted y(k) experimental data from potassium
aqueous solution is compared to both MD-EXAFS spectra with and without
hydrogens. The MD-EXAFS spectrum calculated from the system with hydrogens is
far from satisfactory as the amplitude of y(k) oscillation is too low. The effect of
adding hydrogens on the calculated EXAFS spectra of cation hydration systems has
been explained previously in literature (Palmer et al., 1996; Merkling et al., 2003).
The inclusion of hydrogen atoms proved necessary for obtaining a realistic
backscattering potential but led to a sensible degradation of the spectrum when they
were included as backscatterers. Hydrogens distort the calculation of the background
o(E) quite severely, apparently due to their effect on the muffin-tin radius of the
potential of the absorbing atom, but do not have as large an effect on y(k). It turns out
that the spectrum calculated without hydrogens does a much better job of reproducing
the number of nearest neighbors.

EXAFS spectra from experiment and MD simulation which left all the
hydrogens out of the configurations show an overall good agreement for the
frequency and the amplitude of the oscillations over the full k range. Matching of the
frequency of oscillations means that the K*-O distances are nearly the same. The

corresponding y(R) plots derived from experimental measurements are shown in

Figure 4.6(b), together with the computed generated ensemble (MD-EXAFS). The
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7(R)was generated by Fourier transform of the k?(k) data, and they represent the

partial pair distribution functions convoluted with the photoelectron scattering
functions from Equation (4.3). Again, there is a remarkably good agreement in the
radial structures of experimental and simulated data. It is important to realize that
7(R) are not exact representations of gko(r) (Guillaume, 2005). The K-O phase shift
function, gko(k) in Equation (4.3) alters the phase of the scattered photoelectron
leading to significant broadening and an R-shift of the K-O peak in Fourier
transformed k?(k) data. The exclusion of anion atoms proved that KSCN is
completely dissociated. These results can be confirming by potassium coordination

number with anion which is quite low and negligible (N=0.3).
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Figure 4.6 Comparison (a) k’x(k) and (b) | Z(R)| from experiment and MD

simulation for potassium aqueous solution.
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4.2 Poly(vinyl alcohol):KSCN (PVA:KSCN) Electrolyte

Poly(vinyl alcohol) (PVA) is one of the most important polymeric materials as
it has many applications in industry and relatively low cost. Most of the commercial
PVA samples have been prepared by hydrolyzing poly(vinyl acetate). Due to a
presence of hydroxyl group, hydrogen bond between the PVA chains are developed.
This causes a high melting point and good mechanical stability. In PVA:KOH
systems (Mohamad et al., 2003; Yang, 2004) possessing a conductivity level of 10 -
10 Scm™ at room temperature, which highly depends on the composition of
electrolyte, has been prepared. XRD analysis reveals that KOH disrupts the crystalline
nature of PVA-based polymer electrolytes and converts them to an amorphous phase,
which enhances their ionic conductivity.

In the past few years, Molecular Dynamics (MD) simulations have become a
powerful tool to evaluate such structural and dynamic properties for polymer system.
Karlsson (Karlsson, 2002) have performed MD simulations of atactic poly(vinyl
alcohol) system built from a chain with 145 repeating units. The simulation results
were compared with pressure-volume-temperature data, solubility parameter, X-ray
scattering pattern and the characteristic ratio. X-ray scattering experiment data can be
compared with the Fourier transformed of the radial distribution function. The results
show peaks at ~1 A and ~1.5 A corresponding to bonded (H-C and H-O) hydrogen
atoms and C-O and C-C bonds, respectively. The non-bonded curve is zero and starts
to grow around 2 A this corresponds to the hydrogen bond between oxygen and
hydrogen. The purpose of this part is to employ the EXAFS spectra and MD
simulations to determine the structural quantities such as distance and coordination

numbers for PVA:KSCN electrolytes.
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4.2.1 EXAFS Experimental Details

Potassium K-edge (3608.4 eV) EXAFS spectra were collected at X-ray
Absorption Spectroscopy beamline 8 (BL8), Synchrotron Light Research Institute
(Public Organization), Thailand. The EXAFS measurements were done at K":0 =

1:20 of PVA:KSCN electrolytes.

4.2.2 Computational Details

MD simulation was carried out on a system consisting of 10 K'SCN" and 50
PVA [CH,CH(OH)]s chains in a cubic simulation box with linear dimensions roughly
of 20 A. Periodic boundary condition was applied in all three spatial directions. After
energy minimization, MD simulations were initially performed in NPT ensemble at
300 K for 1 ns to obtain a new equilibrium density. Further equilibrations of
approximately 1 ns were run in NVT ensemble. For data analysis, atomic trajectories
were collected for another 1 ns. The MD-EXAFS spectra were averaged over the 100
configurations. For each configuration, a cluster of all atoms that fell within a 5 A
radius of the potassium ion was extracted to form an input for electron multiple

scattering analysis.

Table 4.3 Charge parameters used in the simulation.

atom q (e) atom g (e)
K +1.000 Cpva +0.300

Ssen -0.560 Opva -0.700

Csen 0.140 Hpva +0.400

Nscn -0.580
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4.2.3 Results and discussion
To validate MD simulation for PVA system, thermodynamic and structural

properties are reported and compared with experiment.

4.2.3.1 Cohesive energy and solubility parameters

The cohesive energy density is the amount of energy needed to completely
remove unit volume of molecules from their neighours to infinite separation (an ideal
gas), which is equal to the heat of vaporization divided by molar volume. In this
calculation, the cohesive energy, U, IS the energy associated with the intermolecular
interactions only and can be estimated by taking a difference between total energy of
the microstructure, Uy, and that of the isolated parent chain, Ups. In order to
determine the parent-chain energy, the cube edge length was simply set to very large
value so that the chain was fully enclosed in the box and did not interact with its
images. Hildebrand’s solubility parameter (3), is the square root of the cohesive

energy density, as following

U,..—U
S = par tot _ ﬁ (45)

where V is the volume of the cell. The average Hildebrand solubility parameter of
PVA is & = 255 (J/cm®¥. The reported experimental value for the solubility
parameters of PVA (Barton, 1991) is 25-27 (J/cm®)?, in good agreement with the

estimated results.
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4.2.3.2 Chain Conformation

Experimental studies of PVA:salt complexes such as vibrational spectroscopy
and XRD (Bhargav et al., 2009; Mohamad et al., 2003) show that the conformation
of PVA chains is altered upon complexation of metal salts. This characteristic can be
considered by the distribution of dihedral angles population of PVA chains. To
examine the conformation of PVA chains, the time-averaged population density
distributions of backbone dihedral angles (6) around C*-C bonds (Figure 4.7) were
calculated from MD simulation trajectories. This analysis provides more detailed
information about PVA chains and supplements the preceding chain dimension
calculations. Dihedral angles around C*-C bonds for uncomplexed PVA and
PVA:KSCN are compared in Figure 4.8. For pure PVA, there are three peaks: with
two smaller peaks at two ends centered around 68° and 293° and between them a
large peak centered around 181°. Similar results study by using Rotational Isomeric
States (RIS) and 2,4-pentanediol as a model compound for PVA give dihedral angles
at ¢ = 185°, ¢y = 65° and ¢ = 290° (Wolf and Suter, 1984). The corresponding
fractions were calculated and compared in Table 4.4. The fractions of trans

conformation around the C*-C bond are in good agreement with the molecular

modeling of isotactic PVA (De La Rosa et al., 2002), f.°° = 0.65, f<¢ =0.19 and
f<*¢ =0.16.
[¢]

Dihedral angles distribution of PVA:KSCN along C*-C bonds show small
difference compared to pure PVA. The population of both g* and g conformations

slightly increases (~16 and ~7%) relative to those of pure PVA while t state slightly
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decreases (~4%). This means that PVA backbone adopt a relatively lower-energy

gauche conformation which oxygen atoms in side chains coordinated with K.

Figure 4.7 Atom sequence in PVA.

Main-chain dihedral angles, ¢ and ¢, are measured in the right-handed or
left-handed sense, depending on the stereochemical character of the diad along C-C*-
C-C*-C PVA chain sequence. The two dihedral angles are around C*-C, C-C* and
their dihedral angles favor g* (or g") and t, respectively. Therefore, the most probable
diads for pure PVA should be g*t and g't (in this case, g is used to represent either g*
or g). Populations of PVA diads in pure PVA and in PVA:KSCN are also shown in
Figure 4.9. In both systems, the gt conformation is predominant. The total population
of gt in pure PVA (43.0%) is lower than in PVA:KSCN (48%). The preference for the
gt conformation in PVA:KSCN indicates that the K*-O complexation favors this local
chain conformation. It can be easily understood that a gauche angle around the C*-C
bond enables oxygens to coordinate with K*, and the t state implies a further distance
between the side chain and the K* which thus lowers the repulsion. For PVA:KSCN,

tg and tt conformations have the second (36.0%) and third largest (7.0%) populations.
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Figure 4.8 Average population density distributions of PVA backbone dihedral

angles around C*-C bond.

Table 4.4 The population of gauche™ and trans in PVA and PVA:KSCN.

population
g* t g g¢g° t g°
PVA; CC*CC* 0.13 075 012 019 065 0.16

PVA:KSCN; CC*CC* 0.14 0.72 0.14 - -

De La Rosa et al.(De La Rosa et al., 2002) for isotactic PVA.
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Figure 4.9 Populations of conformational (C-C*-C-C*-C backbone atom sequences)

for pure PVA and PVA:KSCN complex.

4.2.3.3 Radial Distribution Function (RDF)

The radial distribution function (RDF) of oxygen atoms and the neighboring
methane carbons at 300 K of PVA are shown in Figure 4.10. The oxygen RDF for
PVA oligomer shows that the major peak occurs approximately at the same position
as in the case of hydrogen bond of isopropyl alcohol (around 2.9 A). From Figure
4.10(a), we can identify the major peaks at 2.75 and 5.60 A, similar to result reported
by Rossinsky et al. (Rossinsky et al., 2009). The first peak (2.8 A) arises both from
intramolecular and intermolecular hydrogen bonds between hydroxyl groups. The
intramolecular part is due to oxygen atoms from neighboring repeat units. The
prominent peak at 5.5 A is created by intermolecular and intramolecular atoms far
apart. Adding KSCN salt in PVA shows decreasing peak at 2.75 A due to K"
coordinated with hydroxyl groups.

The RDF of the carbon atoms (Figure 4.10(b)) carrying hydroxyl groups are

similar to the distribution of hydroxyl oxygens. It is possible to correlate each peak in
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the C(CO)-C(CO) RDF to a characteristic peak in the O-O RDF. We also can identify
a set of small sharp peaks at 4.65, 5.13, 6.89 and 7.71 A. All of these peaks are the
fingerprints of the monomers in the long-chain systems due to these peaks completely
absent in isopropyl alcohol and partially absent for 2,4-pentanediol (Rossinsky et al.,
2009). In analogy to the oxygen RDF, these peaks are due to methine carbon-methine
carbon located at nearly 4.65, 5.13, 6.89 and 7.71 A which result mainly from the
contribution of the intramolecular pair for PVA (Moon et al., 2007). They are
somewhat sharper than the corresponding peaks in oxygen RDFs. This can be
explained by the fact that carbon atoms are linked through fewer bonds than oxygen
atoms. Upon mixing KSCN to PVA, the peak at 5.13 A become sharper than pure

PVA due to the conformation change upon coordinating with K* ion.
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Figure 4.10 RDF between (a) oxygen atoms and (b) carbon atoms (connected to

oxygen) of PVA at 300 K.

For PVA:KSCN system, RDFs between K" and all other species in the
complexes were calculated and plotted separately in Figure 4.11. The Ro and N were
summarized in Table 4.5. Integrating over the first coordination shells of K*-O, K*-H
and K'-C RDFs give 4.8 oxygens, 19.4 hydrogens and 11.70 carbons coordinated

with K*. Accordingly, the distance of K*-O, K*-H and K*-C were 2.57, 3.13 and 3.77
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A respectively. In addition, there is no competition in the interaction between K* with
SCN’ (same as H,O:KSCN system). Therefore, K* surrounded by PVA oxygen atoms
is mainly electrostatic. The example snapshot of K* surrounded by PVA is shown in
Figure 4.12. It is seen suggested that PVA chain is wraped around K" ion by some
oxygen atoms. As in the case of K in liquid methanol (Faralli et al., 2007) Ro and N
of K'-O coordination obtained by ab initio Car-Parrinello molecular dynamics
simulations (CPMD) is around 2.70 A and 5.41, respectively. It is important to note
that Ro and N obtained by CPMD simulation for methanol system are lower than the
corresponding values in water (Ro = 2.81 A and N = 6.75), essentially due to greater
steric effects of methanol molecules. Conversely, (PEO)4,KSCN complex (Lightfoot et
al., 1994) gives the oxygen coordination number around K ion around seven. This
probably accounts for the availability of five ether oxygens and two nitrogens of
anion for coordination to K" ion. So, for the solvation structure to compute MD-
EXAFS spectra of PVA:KSCN complex, there is no need to include SCN™ anion in
the calculation.

Figure 4.13 display probability for number of oxygen atoms coordinating with
K" cation for K:0 = 1:20 in PVA:KSCN system. The coordination number varies
from four to six for the first coordination shell (within 4.0 A). The case of five
oxygens coordinating to K*, however, is the most frequently observed. Intra- and
inter-chain coordination shown in Figure 4.13 represents one and two chains
coordinating with K*. The overwhelming majority of K* cations are complexed by

oxygen atoms from two chains.
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Table 4.5 Parameter characterizing the first peak of RDFs determined from MD of

PVA:KSCN at 300 K.

PVA:KSCN
Correlation
Ro (A) N
K*-Opya 2.57 4.8
K*-Hpya 3.13 19.4
K*-Cpva 3.77 11.7
K*-Nscn 3.15 0.37
K*-Ssen 3.22 0.37
K*-Cscn 3.34 0.37

Figure 4.12 Model of potassium ion in PVA.

Potassium
Oxygen

% Carbon

. Hydrogen
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Figure 4.13 Probability of an oxygen atoms coordinating with K* cation for K*:0 =

1:20 in PVA:KSCN system.

4.2.3.4 EXAFS spectra and MD-EXAFS

Figure 4.14, shows MD-EXAFS spectra for both k’-weighted (k) and 7(R)
plot compared to experimental spectra for PVA:KSCN (K":O = 1:20) at 300 K.
Similar to K*-H,0 interaction in Figure 4.6, MD simulation faithfully reproduces the
major features of the spectrum. This is further demonstrated by »(R) plots in Figure
4.14(b) that shows K*-O scattering from the first-shell O atoms in PVA. The
frequency matching of these oscillations means that the distances between K* and
oxygen of PVA molecules were nearly the same compared between experiment and
simulation. The MD-EXAFS peak is narrower indicating that PVA molecules are
more ordered in solvating K* for the simulated structures. There is little or no
evidence of K'-H and K'-C scattering from the methyl unit (-CH,-) which mainly
affect the low-k region in either experiment or simulation. This mean that the wagging

or rocking motions about the K*-O-C bonds induce a large amount of positional
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disorder for the K*-C distance, thereby dampening this contribution to the EXAFS
signal. The higher degree of disorder is similar to that observed for Sr** in methanol
(Roccatano et al., 1998), where the Sr**-H and Sr**-C scattering shows only very
weak contribution to the total signal. It is remarkable that although the -CHj3 group on
the methanol impedes interaction with the second shell molecules, it seems to have
little effect on the first solvation shell structure. As mentioned in H,O:KSCN system,
MD-EXAFS calculation exclude the anion effect due to a small amplitude of anion
coordination number. This work demonstrates that the combination of MD-EXAFS
and the corresponding experimental measurement provides a powerful tool in the

analysis of the solvation structure of PVA with salt.
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Figure 4.14 Comparison (a) kz;((k) and (b) | #(R) | EXAFS spectral from experiment

and MD-EXAFS for PVA:K" system.
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4.3 Tetraglyme:KSCN (TET:KSCN) Electrolyte

4.3.1 EXAFS Experimental Details

Potassium K-edge (3608.4 eV) EXAFS spectra were collected at X-ray
Absorption Spectroscopy beamline 8 (BL8), Synchrotron Light Research Institute
(Public Organization), Thailand. The EXAFS measurements were done for a 1:10,
1:20 and 1:40 (K":0) TET:KSCN (tetraglyme or tetraethylene glycol dimethyl ether,

defined as CH30O(CH,CH,0),CH5).

4.3.2 Fourier Transform Infrared spectroscopy (FTIR)

TET [Mw = 222 g/mol, a 4-mers model compound of PEO] was used as
received. Potassium thiocyanate (KSCN, Fluka), was dried in vacuum oven at 353 K
for 24 hour. TET and given amounts of KSCN were mixed and stirred vigorously for
24 hour until a homogenous solution was formed. For infrared measurements, the
gelatinous polymer solution was cast on KBr windows and then the spectra were
collected at room temperature. The composition of SPEs is represented as K*: ether
oxygen ratio (K":0) = 1:n, where n refers to the molar ratio of ethylene oxide
repeating unit and salt. Infrared absorption spectra were recorded on FT-IR
spectrometer Perkin-Elmer model: spectrum GX in the range 4000-400 cm™ with a

resolution of 2 cm™.

4.3.3 Computational Details
MD simulation was employed to study the structure of amorphous
TET:KSCN. An advantage to use tetraglyme (TET) to represent PEO is because

tetraglyme and tetraglyme:salt complexes are easily equilibrated, experimentally and
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computationally, than longer chain analog. It is also benefit to use KSCN salt as one
can capture the monodentate, bidentate, or tridentate different atom to coordinate with
K" by SCN. Coordination of cation to tetraglyme or PEO also causes the
conformational change and their relation to the extent of ionic aggregation.

MD of TET, TET:K" and TET:KSCN were performed using the Amorphous
Cell module with COMPASS forcefield in Materials Studio 4.2 software package
provided by National Nanotechnology Center, Thailand. The simulated systems
containing 50 TET chains, 50 TET plus 12 K™ and 50 TET chains plus 12 K* and 12
SCN ions (M:O = 1:20) were generated. After energy minimization, MD simulations
were initially performed in NPT ensemble at 400 K for 1 ns to obtain a new
equilibrium density (1.009 g/cm®). Further equilibration of approximately 1 ns was
run in NVT ensemble. For data analysis, atomic trajectories were collected for another
1 ns. The properties investigated by MD techniques are: structure (radial distribution
function between K* and all other species i.e. O, C, H and SCN"), conformation
(dihedral angle distribution along C-C, O-C and C-O bonds) and dimension (radius of

gyration, a measure of the size of the spatial domain of polymer chain).

Table 4.6 Charge parameters used in the simulation.

atom q (e) atom g (e)
K +1.000 Crer +0.054

Ssen -0.560 OreT -0.320

Csen 0.140 Hrer +0.053

Nscn -0.580
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4.3.4 Results and Discussion
4.3.4.1 Chain Conformation and Dimension
Experimental studies of PEO:salt complexes such as vibrational spectroscopy
and XRD (Papke et al., 1981; Dupon et al., 1982) show that the conformation of PEO
chains is altered upon complexation of metal salts. KSCN complexation with TET
chains is therefore expected to alter the conformation of TET chains. This
characteristic can be considered by the change in dihedral angles population and

dimensions of TET chains such as the root-mean-square radius of gyration <52>m.

To examine the conformation of TET, the time-averaged population density
distributions of backbone dihedral angles (6) around C-O bonds (C-C-O-C atom
sequence) and C-C bonds (an O-C-C-O atom sequence) were calculated from MD
simulation trajectories. This analysis provides more detailed information about TET
chains and supplements the subsequent chain dimension calculations. Comparison of
dihedral angles for uncomplexed TET and TET:KSCN is shown in Figure 4.15. The
dihedral angles around C-C bonds distribution of TET gives three peaks, with two
bigger peaks at two ends centered around 70° and 290° and between them a small
peak centered around 180°. The convention is to define the conformation with heavy
atoms eclipsed as @ = 0° and label gauche™ (g*) conformations if the torsional angle
has value in the range 0° < ¢ < 120°, gauche™ (g°) conformations if 240° < 8 < 360°,
and trans (t) conformations if 120° < 8 < 240°. By our definition, the C-C bonds of
TET prefer the gauche over the trans states. This is referred to as the oxygen gauche
effect (Flory, 1988; Abe and Mark, 1976). The gauche effect is also found in PEO and

low molecular weight oligomer crystals, melts, and in solution. It is believed that a
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pendent oxygen atom acts to lower the energy of the gauche conformation despite the
Coulombic repulsion between oxygen atoms in polyethers and therefore makes the
gauche state the preferred conformation over the trans state. For the dihedral angles
around C-O bonds, the distributions indicate that the trans conformation is
predominant. The corresponding fractions were calculated and compared in Table
4.7. The fractions of trans conformation around the C-C bond of TET (0.18) are in

cc
ft

good agreement with other studies: i.e., = 0.21 from electron diffraction (Astrup,

1979), 0.23 from NMR (Inomata and Abe, 1992), 0.26 from MD (Hyun et al., 2001)

and 0.23 from RIS model (Jaffe et al., 1993). For the adjoining C-O bond ( f° =

0.73), the agreement is moderate: f.“° =0.64 (ED), 0.76 (NMR), 0.80 (MD) and 0.77

(RIS model).

For dihedral angles of KSCN:TET along C-C bonds, g* and g~ conformation
are centered about 64° and 296°, instead of 70° and 290° in pure TET (Figure 4.15).
This means that two adjacent oxygen atoms of TET can stay in the relatively low-
energy gauche conformation which allows coordinating K* cation. These results are
in good agreement with Dhumal et al. (Dhumal and Gejji, 2006) work, which focus
on how K" ions coordinated with TET based on the hybrid density functional theory
(B3LYP). The optimized structure 1:1 K*-TET ion pair exhibit oxygen atom to bind
strongly with K* ion and the conformation around C-C bond prefers to gauche state
(67.9° and 292.1°). In MD simulation of TET:NaCF3;SO; (Dong et al., 2002), two
distribution peaks of g* and g are centered around 60° and 300°. The two distribution
peaks of TET:NaCF3SO; complexes show small differences from TET:KSCN

complexes. The population of both g™ and g~ conformations slightly increases (~7.7%)
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relative to those of pure TET while t state almost vanishes (~11.1%). The distribution
along C-O bonds shows less population of t conformer (~8.0%) and gives higher g*
and g conformations (~22.2%) compared to pure TET. This is resulted from the
interaction of K* with ether oxygens. An increase in gauche population causes TET
become more compacted shape as seen in Figure 4.17 where the root-mean-square
radius of gyration decreases upon K*-O coordination. The population of trans and
gauche conformation in KSCN:TET (Table 4.7) are in good agreement with MD
simulation reported by Hyun et al. (Hyun et al., 2001). The major difference may be
from the difference salt used in the previous work (TET:LiCF3;SO3 complex).

Conformational triads are three consecutive dihedral angles along C-O-C-C-
O-C sequence in tetraglyme chain. Three dihedral angles are around O-C, C-C, C-O
bonds and their dihedral angles favor t, g* (or ), and t, respectively. Therefore, the
most probable triads for pure tetraglyme should be tg*t and tg't (in this case, g will be
used to represent either g* or g” and g’ to indicate a change in sign of the gauche
conformation. For example, tgg” implies either tg"g" or tg'g”). Populations of
tetraglyme triads in pure tetraglyme and TET:KSCN are also shown in Figure 4.16.

In both pure tetraglyme and TET:KSCN, the tgt conformation is predominant.
The total population of tgt for pure tetraglyme is 49.0% and for TET:KSCN is 57.0%,
respectively at 300 K. At this temperature, the population of tgt is higher in
TET:KSCN compared to pure tetraglyme. The preference for tgt conformation in
TET:KSCN indicates that the K'-O complexation favors this local chain
conformation. It can be easily understood that the gauche angle around the C-C bond

enables two oxygens to coordinate with K*, and the t state implies a further distance
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between the big end groups and thus lowers the repulsions. For TET:KSCN, the tgg
and tgg “conformations have the second (16.0%) and third largest (8.0%) populations.

Compared to pure TET, TET chains that are involved in complexation with K*
have more tgg and fewer tgg ” conformations. Dong et al. (Dong et al., 2002) reported
the TET:NaCF3SO3; complex with Na™:O = 1:10. The structure shows that TET chain
adopts a zigzag conformation in which the triads (C-O-C-C-O-C sequence) are tgt and
tgg conformational sequences, which is consistent with our computational results.
Another difference in triads population between pure TET and TET:KSCN occurs in
the ttt conformation. The K*-O complexation decreases its population from 17.0% in
pure tetraglyme to 8.0%. ttt conformation is the most extended chain structure and
decrease in ttt population implies a shorter end-to-end distance for tetraglyme chains.
This is in agreement with the reduction of chain dimension.

As mentioned before, the root-mean-square radius of gyration, <52>M are used

to investigate the dimensional changes of TET chains which are affected by K*-ether
oxygen complexation. Figure 4.17 shows the distribution of the root-mean-square

radius of gyration, (S°)" for pure TET (solid line) and KSCN:TET complexes (dotted
line). <52>m distribution gives two main peaks at 3.35 A and 4.25 A. The first smaller

peak is represented the more compacted chains and the second larger peak is due to a
more stretched chain as shown in Figure 4.18(a) and (b). The higher second peak
means that stretched chain is more probable than the compacted one. Upon adding
KSCN into TET, the height of first peak obviously increases whereas the second peak
decreases. This suggests that K*-O interaction changes the conformation and

dimension of TET. Strong Coulombic attraction between K* and ether oxygen tends
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to pull segments together and the overall size of molecules in TET:KSCN becomes
smaller. From simulation, the most stable form of KSCN is that K* bridges between N
and S Figure 4.18(c) and (d). This result agrees well with ab initio calculation of
NaSCN having larger stability of Na* in bridging position between N and S compared

to N connected to Na* (Oléh et al., 2004).

0.02

TET; OCCO

—e—TET; CCOC

|-+ TET/KsCN; occo
—o— TET/KSCN; CCOC

Probability

0 120 180 240 360
Dihedral angle (°)

Figure 4.15 Average population density distributions of TET backbone dihedral

angles around C-O and C-C bonds.
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Table 4.7 The population of gauche™ and trans in TET and TET:KSCN.

population

+ +a +b t ta t 3] - -a -b

g g g

TET; OCCO 039 038 0.39 0.18 0.26 0.23 0.43 0.38 0.38
TET,; CCOC 0.14 0.10 0.12 0.73 0.80 0.77 0.13 0.10 0.11
TET:KSCN; OCCO 042 044 - 016 012 - 042 044 -

TET:KSCN; CCOC 0.17 012 - 067 076 - 016 0.12 -

®Hyun et al. (Hyun et al., 2001)

®Inomata et al. (Inomata and Abe, 1992)

60

[ pure tetraglyme

50 4 I TET:KSCN

40 4

30 +

Population

20

tgt tgg tgg' other

Figure 4.16 Populations of conformational triads (C-O-C-C-O-C backbone atom

sequences) for pure tetraglyme and TET:KSCN complex.
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Figure 4.17 <52>M distribution for TET:KSCN system with K*:0 = 1:10 (dashed line)

and 1:40 (dotted line) compared with pure TET system (solid line).
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(@) (b)

(©) (d)

Figure 4.18 Snapshots from MD simulations of (a) compacted TET (<32>V2= 3.35 A),
(b) stretched TET (<sz>“: 4.25 A), (c) compacted 1:20 TET:KSCN and (d) stretched

1:20 TET:KSCN. (colors: hydrogen atoms: white, oxygen atoms: red, carbon atoms:

gray, potassium atoms: purple, sulfur atoms: yellow and nitrogen atoms: blue).
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4.3.4.2 Radial Distribution Functions (RDFs)

In TET:K" complex, RDFs between K* and all TET atoms (O, C, H) were
calculated and plotted together in Figure 4.19. The simulated peak positions (Ro) and
N calculated from the first peaks of all RDFs are summarized. Each K" cation is
coordinated by ~8.0 oxygens (K'—O distance < 4.55 A), ~35.8 carbons (K'—C < 7.15
A), and ~40.6 hydrogens (K*—H < 5.15 A). So, in the first solvation shell, K* cation is
coordinated with ether oxygen from TET. This is consistent to MD techniques with
polarizable potential models. Dang et al. (2006) presented a detailed study of the
solvation structure of K™ in water. The calculations show that an average of 5.7 water
oxygens coordinate K* while in our work an average of 8.0 TET oxygens coordinate
each K*. We suggest that the smaller coordination number for H,O:K" system is due
to oxygens (or water molecules) in H,O:K" system can diffuse easier than ether
oxygens in TET chains. Compared to TET:NaCF3;SO3; complex (Dong et al., 2002),
the first solvation structure of Na" contain oxygen with the total coordination number
of seven, consisting five oxygens from trifate ions and two oxygens from polyether
chain. So, for the simulated solvation structural model to compute MD-EXAFS

spectra, anion from salt must be included in the calculation.

For TET:KSCN system, RDFs between K" and all other species in the
complexes (O, Cscn, S and N) were calculated and plotted separately in Figure
4.20(a)-(d). Rp and N from RDFs were summarized in Table 4.8. Integrating over the
first coordination shells of K*-O, K*-N, K*-Cscy and K*-S RDFs give 2.0 oxygens,
2.4 nitrogens, 2.3 carbons and 2.3 sulfurs coordinated with K*. There is a competition
in the interaction between K* with ether oxygens and SCN". Accordingly, the distance

of K*-0, K*-N, K™-Cscy and K-S were 2.67, 2.77, 2.86 and 2.95 A, respectively. In
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addition, the peak position of K*-anion RDFs suggest that ion pairing may occur at
both ion sides, as expected for an ambidentate ligand. The simulated peak position
approach the distance of K*-N pair which are shorter than those of K*-S, due to
smaller ionic radius. Similar results were reported by Dhumal and Gejji (2006b) for
1:1:1 diglyme:K":SCN" complex, K* ion exhibits tetradentate coordination (3 ether
oxygens and one nitrogen) and the calculated K*-O distance are varied in the range of
2.76 - 2.85 A. Other distances (K*-N, K*-Cscy and K*-S) are 2.97, 2.87 and 3.29 A,
respectively. In Figure 4.20, all RDFs peak positions for more diluted system (K*:0 =
1:20 and 1:40) remain the same while N are different as listed in Table 4.8. The
similarity in RDF peak positions indicates a fundamental similarity in K"
complexation. Integrating the first peaks for K":0 = 1:20 system gives an average 3.0
oxygens, 1.8 nitrogens, 1.8 carbons and 1.8 sulfurs coordinated to K*. This suggests
that ether oxygen is more competitive than SCN™ anion in coordinating with K* for
diluted system as shown by fewer numbers of solvated anions. It can be said that
increase in tight coordination for cation-polymer should lead to low ionic
conductivity. Thus, the 1:40 TET:KSCN complexes which gives high coordination
numbers should have lower ionic conductivity than 1:10 TET:KSCN complexes. This
result is supported by Preechatiwong and Schultz (1996) work in that the highest ionic
conductivity of PEO:KSCN is at K":0 = 1:8 and exhibits an almost completely
amorphous state. In addition, the interaction between ether oxygens and K* causes a
change in TET conformation can be observed in the dihedral distribution function and

root-mean-square radius of gyration.

Figure 4.21 display the probability for number of the ether oxygen atom

coordinating K* cation for (a) 1:10 (b) 1:20 and (c) 1:40 TET:KSCN systems. The
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coordination number varies from one to three for 1:10 TET:KSCN, two to four for

1:20 TET:KSCN and three to five for 1:40 TET:KSCN in the first coordination shell
(within 4.0 A). However, the most frequently observed is two (1:10 TET:KSCN),

three (1:20 TET:KSCN) and four (1:40 TET:KSCN) ether oxygens coordinating to
K*. Similar results were reported by Borodin and Smith (1998), they report a wide
distribution of complexation environments of PEO,:Lil at 450 K, with a significant
probability of finding anywhere from two to seven ether oxygen atoms in the first
coordination shell of Li* cation, with three and six ether oxygen being the most
probable. As mention in PVA system, intra- and inter-chain coordination used to
represent one and two chains that coordinate with K*. In 1:10 TET:KSCN system, K*
cation is complexed by two ether oxygen atoms from a single TET chain. The
majority of K* cations are complexed by three ether oxygen atoms from a single chain
(1:20 TET:KSCN system). This indicate that the conformation around the C-C bond
preferred to gauche state which promote oxygen binding to K*. For 1:40 TET:KSCN
system, the majority of K" cations are complexed by four ether oxygen atoms from

two different chains.
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Table 4.8 Parameter characterizing the first peak of RDFs determined from MD at

300 K.
1:10 TET:KSCN 1:20 TET:KSCN 1:40 TET:KSCN
Atom Pair
RO N Ro N Ro N
K*-0 2.67 2.0 2.65 3.0 2.67 4.3
K*-N 2.77 2.4 2.77 1.8 2.79 15
K*-Csen 2.86 2.3 2.86 1.8 2.88 15
K*-S 2.95 2.3 2.97 1.8 2.95 15
Ro unit = A
—K ---0
- - -K'--C
—o—K'-—-H

g(r)

Figure 4.19 Radial Distribution Function (RDFs) for K and all TET atoms.
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4.3.4.3 EXAFS Experiment and MD-EXAFS
Selected 100 independent configurations of TET:K" and TET:KSCN from
MD trajectories were taken into account for MD-EXAFS analysis. For each
configuration, a cluster of the TET and thiocyanate (SCN) anion within 5 A to the
photoelectron source (K*) were extracted to form an input for electron multiple

scattering analysis in FEFF.

In Figures 4.22(a) and 4.23(a), the k*-weighted y(k) and #(R) plot derived
from experimental data were compared to simulated MD-EXAFS spectra for K*:0 =
1:50 system. The MD-EXAFS spectrum calculation not containing thiocyanate anion
is far from satisfactory i.e. the amplitude of y(k) oscillation is too low. Inclusion of
SCN'™ anion atoms proved necessary to get a realistic backscattering potential. This is
consistent to X-ray structure of PEO4KSCN that shows K* ion coordinating with ether

oxygen and nitrogen from SCN" anion.

For TET:KSCN system, Figures 4.22(b)-(d) and 4.23(b)-(d) compare
experimental data to MD-EXAFS simulated spectra for K*:0 = 1:10, 1:20 and 1:40
system both in k%-weighted y(k) and #(R) plot. All curves are in good agreement for
frequency and amplitude of the oscillations over the full k rang from 1 to 8 A™. The
frequency matching of the oscillations means that the distances of K*-O, K*-N, K*-
Csen and K™-S were nearly the same for experiment and simulation. The
corresponding %(R) plots derived from the experimental measurements were shown
in Figure 4.23, together with the computed generated ensemble (MD-EXAFS) and

fitting. y(R) was generated by Fourier transform of kz;((k) data to represent partial

pair distribution functions convoluted with the photoelectron scattering functions.
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Again, this is a remarkably good agreement in the radial structures of experimental

and simulated data. These results suggest that K* coordinated to both ether oxygen

and SCN" as described in RDFs results.
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Figure 4.22 Comparison of the k?y(k) EXAFS spectral from experiment and MD

simulation for (a) 1:20 TET:K", (b) 1:10, (c) 1:20 and (d) 1:40 TET:KSCN system.
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4.3.4.4 lonic Association

As mentioned earlier, RDFs results for SCN™ suggest a formation structure
between TET with metal ions through N or S atom. The formation of N- or S-bonded
complex gives rise to spectral changes in the vibrational frequencies of CN stretching
mode in SCN™ (in 2010-2130 cm™ region). The CN stretching modes have high
absorption intensity, high sensitivity to its ionization states and little overlap with FT-
IR spectrum of PEO. In order to investigate ion association in these electrolytes, the
spectral envelope of SCN" is curve-fitted to a straight base line and one Gaussian
function for each band. The predominant peak at 2056 cm™ is assigned to
spectroscopically contact ion-pairs (K'SCN'): the peak at 2081 cm™ is attributed to
the triple ion aggregates; the peak at 2104 cm™ is an indication for the formation of
the higher ion aggregations; the peak at 2044 cm™ is ascribed to the contact ion-pair
dimers (K'SCN),. The results of curve fitting for TET:KSCN were shown in Figure
4.24, in which the relative intensity of the peaks was expressed as percents. For lower
salt concentration (K*:O = 1:40), it can be seen that a relative intensity of the peak of
contact ion-pair increase with increasing the salt content, whereas the relative
intensities of peaks of the triple ion and higher ion aggregates decrease under the
same condition and no peak of contact ion-pair dimers is observed. These phenomena
can be explained as results of PEO:NH,SCN electrolytes (Zhang and Wang, 2009). It
is well known that PEO at room temperature consists of crystalline and amorphous
phases, and inorganic salts can well dissolve in the amorphous part of PEO. When
inorganic salts are introduced to PEO, the large SCN’, the contact ion-pairs can play a
role of “plasticizer”, and transform PEO form crystal to amorphous phase. Therefore,

the microenvironment of solvation in the electrolytes is improved due to salt addition,
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and leads to a decrease of relative intensity of the bands of triple ion and higher ion
aggregates. Moreover, these phenomena lead to more ether oxygen coordinated with
K" rather than N or S in SCN", these results consistent with RDFs results. For higher
salt concentration (K*:0 = 1:10), it is observed that the peak of contact ion-pair, triple
ion and the higher ion aggregates decrease with increasing salt content. However, a
new peak at 2044 cm™ is detected and suggest as the contact ion-pair dimers are
formed. These phenomena suggest the trend of potassium solvation by ether oxygen is
reduced. It is evident that the relative intensity depends on salt content to N for K*

with all other species in TET:KSCN.
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Figure 4.24 The results of curve-fitting to FTIR data for TET:KSCN complexes at

different K™:O ratio.
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4.4 Poly(propylene glycol):KSCN (PPG:KSCN) electrolyte

It is generally believed that ion conduction takes place in the amorphous
domains of the polymer matrix and is assisted by large-amplitude segmental motion
(Berthier et al., 1983; Fauteux et al., 1988). Hence, it is advantageous to reduce the
crystalline order and try to create an amorphous system which remains in this state
throughout the temperature range of interest. Several methods have been reported in
literature for the synthesis of novel polymers that would improve the ionic
conductivity of polymer electrolyte (Blonsky et al., 1984; Killis, Le Nest, Gandini and
Cheradame, 1984; Xia et al., 1984; Allcock et al., 1986; Blonsky et al., 1986;
Greenbaum et al., 1988). They include modification of polymer by (i) formation of
crosslinked networks (Killis, Le Nest, Gandini, Cheradame, et al., 1984; Watanabe et
al., 1986; Le Nest et al., 1988; Ballard et al., 1990; Killis, Le Nest, Gandini and
Cheradame, 1984) (ii) formation of block copolymers (Robitaille and Prud’homme,
1983; Bannister et al., 1984; Watanabe et al., 1985; Spindler and Shriver, 1988) (iii)
plasticization (addition of small organic solvent molecules) (Kelly et al., 1985;
Sheldon et al., 1989; Chintapalli and Frech, 1996; Chaodamrongsakul, 2003) and use
of structurally similar polymers such as poly(propylene glycol); PPG (Bernson and
Lindgren, 1993; Schantz and Torell, 1993). PPG appear to be an ideal candidate as a
stable and amorphous host polymer which significant ionic motion in polymer
electrolytes.

This part studies the solvation structure of PPG:KSCN using a combination of
Molecular Dynamic (MD) simulation and Extended X-Ray Absorption Fine Structure

(EXAFS) called “MD-EXAFS” method. The solvation structure and ionic
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conductivity of PPG:KSCN were undertaken and compared with TET:KSCN to get

more understanding at the molecular level.

4.4.1 EXAFS Experimental Details

Potassium K-edge (3608.4 eV) EXAFS spectra were collected at X-ray
Absorption Spectroscopy beamline 8 (BL8), Synchrotron Light Research Institute
(Public Organization), Thailand. The EXAFS measurements were done on a 1:20

(K*:0) PPG:KSCN.

4.4.2 Conductivity measurement

lonic conductivity was obtained using Jenway 4020 conductivity meter.
Before measurement the conductivity, the probe has been calibrated. The tip of the
probe were inserted into the samples to be tested. While gently swirling the probe,
wait for the reading on your computer screen to stabilize. This should take no more

than 5 to 10 seconds. Rinse the tip of the Conductivity Probe with distilled water.

4.4.3 Computational Details

MD simulation was carried out on a system consisting of 10 KSCN and 25
atactic PPG [CH3O(CH,CH(CH3)O);CHgs] chains in a cubic simulation box with
linear dimensions roughly of 20 A. Periodic boundary condition was applied in all
three spatial directions. After energy minimization, MD simulations were initially
performed in NPT ensemble at 300 K for 1 ns to obtain a new equilibrium density.
Further equilibrations of approximately 1 ns were run in NVT ensemble. For data

analysis, atomic trajectories were collected for another 1 ns. MD-EXAFS spectra
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were averaged over the 100 configurations. For each configuration, a cluster of all
atoms that fell within a 5 A radius of the potassium ion was extracted to form an input

for electron multiple scattering analysis.

Table 4.9 Charge parameters used in the simulation.

atom q (e) atom q (e)

K +1.000 Crpc +0.120
Ssen -0.560 Opprg -0.330
Cscn 0.140 Hpepc +0.117
Nscn -0.580

4.4.4 Results and Discussion
4.4.4.1 Chain Conformation

The chain conformation is conveniently described via a set of dihedral angles.
There are three different types of dihedrals along the main chain, OC*CO, COC*C,
C*COC*, where the notation C* is used for the chiral carbon atom. For the dihedral
angles around the C-O bonds the trans conformation is dominating with about 60%
for the C*COC* and COC*C dihedral. On the other hand, around the C*-C bond,
only about 40% of the dihedrals are in the trans-conformation and the rest is in the
two gauche-conformations. The reason for this trend is that the connected methyl
groups and hydrogen atoms make the chiral carbon atom more “bulky” compared to

the oxygen atoms. It implies that the gauche transformations become less favorable
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for the C*COC* and COC*C dihedrals. Similar results are found by MD simulation
for PPG systems with various chain lengths (Ahlstrom et al., 2000). The backbone
dihedral angle distributions are also nearly identical for PPG;; and PPGys but deviate
slightly from the ones for PPG;. The probability for gauche conformations is quite
large. It is equal to about 60%, 40% and 30% for the OC*CO, COC*C and C*COC*
dihedrals, respectively.

Conformational distributions for PPG system at 300 K have been calculated.
The OC*CO and COC*C distributions are evaluated by mirroring around 180° for
each dihedral angle depending on the chirality of the C* carbon. This gives rise to the
distributions shown in Figure 4.25. A quantitative analysis of the dihedral distribution
is presented in Table 4.10. The probability of gauche conformations for PPG:KSCN
system slightly increases (~15%) relative to pure PPG. This means that PPG
backbone adopt a relatively lower-energy gauche conformation which oxygen atoms
coordinating K.

Conformational triads are three consecutive dihedral angles along a C*-O-C-
C*-0O-C PPG chain sequence. The three dihedral angles are around O-C, C-C*, C-O
bonds and their dihedral angles favor t, g* (or g"), and t, respectively. Therefore, the
most probable triads for pure PPG should be tg*t and tg't. Populations of triads in
pure PPG and in PPG:KSCN are also shown in Figure 4.26. For pure PPG, the total
population of tgt is 53.0% and in PPG:KSCN the population of tgt is 58.0%. At a
given temperature, the population of tgt is higher in PPG:KSCN compared to pure
PPG. Similarly in TET:KSCN system, tgt conformational sequences is dominated,
which indicates that the K*-O complexation favors this local chain conformation. The

gauche angle around C*-C bond implies that two oxygen atoms coordinate with K*
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and trans angle around O-C and C-O bond implies the low repulsion between end

groups and K.

Table 4.10 The distribution of the various dihedral angles at 300 K.

population
g g t t* g g°
PPG; OC*CO 018 021 039 039 043 040
PPG; COC*C 005 002 057 058 038 040
PPG; C*COC* 020 014 060 072 020 0.14
PPG:KSCN; OC*CO  0.20 - 0.32 - 0.48 -
PPG:KSCN; COC*C  0.056 - 0.524 - 0.42 -
PPG:KSCN; C*COC*  0.24 y 0.52 - 0.24 -

%Ahlstrom et al. (2000)
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4.4.4.2 Radial Distribution Functions (RDFs)

As in the case of TET:KSCN system, to study the solvation structures of
PPG:KSCN system, the model for MD simulation must have anion. RDFs between K*
and all other species in the complexes were calculated and plotted separately in Figure
4.27. Ro and N were summarized in Table 4.11. Integrating over the first coordination
shells of K*-O, K*-H and K'-C RDFs give 3.8 oxygens, 15.6 hydrogens and 4.9
carbons coordinated with K*. Accordingly, the distance of K*-O, K*-H and K*-C were
2.65, 3.29 and 3.55, respectively. So, in first solvation shell, K* cation is mainly
coordinated with ether oxygen from PPG (same as TET system). This is consistent
with previous vibrational studies by Suthanthiraraj et al. (2010) that show the
vibrational spectroscopic and electrochemical characteristics of PPG:AgCF3;SOs. The
observed infrared spectral features of the C-O-C stretching mode (~1,110 cm™)

decrease as the cation tend to dissociate and coordinate with ether oxygen. Figure
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4.27(c) shows RDF of K" and SCN™ species and equally give 0.9 nitrogen, sulfur and
carbon atoms coordinated with K*. There is a competition in the interaction between
K* with ether oxygens and SCN". Accordingly, the distance of K*-N, K*-S and K'-
Cscn Were 2.60, 2.77 and 2.69 A, respectively. These results resemble to TET:KSCN
system (Figure 4.27(b) and (d)) which suggest that the first solvation shell of K"
should coordinate with both ether oxygen and SCN™ anion. The simulated peak
position approach distance of K*-N pair is shorter than those of K*-S, due to smaller
ionic radius. N of PPG:KSCN system exhibit more oxygen atoms to coordinate with
K" than in TET:KSCN system. The different solvation structure of PPG:KSCN
(Figure 4.28) may affect the ionic conductivity due to tighter coordination which lead
to a reduced ionic mobility.

The probability of K" complexed with oxygen atoms by one (intra-chain
coordination) or two different (inter-chain coordination) PPG chains for K:0 = 1:20
PPG:KSCN system is shown in Figure 4.29. The coordination numbers vary from
three to five for the first coordination shell (within 4 A). The most frequent
probability is four oxygen atoms from two PPG chains coordinated to K.
Comparison between 1:20 PPG:KSCN and 1:20 TET:KSCN system, it indicates that
only one TET chain but two PPG chains needed to coordinate with K*. These results
can be explained by the bulky chiral carbon atoms that connected to methyl group in
PPG and the C*-C bonds prefer to form gauche-conformation that make two PPG

chains to complex with K.
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Table 4.11 Parameter characterizing the first peak of RDFs determined from MD of

PPG:KSCN at 300 K.

1:20 PPG:KSCN

1:20 TET:KSCN

Correlation
Ro (A) N Ro (A) N
K*-Oppg 2.65 3.8 2.65 3.0
K*-Hppg 3.29 15.6 3.29 15.2
K"-Cppo 3.55 4.9 3.75 13.4
K*-Nscn 2.60 0.9 2.77 1.8
K*-Ssen 2.77 0.9 2.97 1.8
K*-Cscn 2.69 0.9 2.86 1.8

Figure 4.28 Snapshot from MD simulation of PPG:KSCN.
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PPG:KSCN system.

4.4.4.3 lonic conductivity

A comparison of the ionic conductivity for PPG:KSCN and TET:KSCN at
room temperature with various salt concentrations is illustrated in Table 4.12 and
Figure 4.30. A trend is observed in which the ionic conductivity increases with
increasing salt concentration until the ratio of K™:O is equal to 1:20 for PPG:KSCN
and 1:10 for TET:KSCN. This is because increasing salt concentration provides more
number of charge carriers. After these ratio, the ionic conductivity decreases at higher
salt concentrations. The decrease of ionic conductivity was related to higher
percentage of associated ions. A similar trend was also observed by Suthanthiraraj et
al. (2010) and Chaodamrongsakul (2003). These studies also found that the highest
ionic conductivity of PPG:AgCF3;SO3 and PEO:KSCN were at 1:16 and 1:8 ratio,
respectively. Fraction of free ion calculated by IR spectra exhibit that free ions

increase with increasing salt concentration up to the maximum (1:20 for PPG:KSCN
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and 1:10 for TET:KSCN). Moreover, IR spectra have the band that is attributed to the
ion aggregate when salt concentration is higher than this maximum point.

From the ionic conductivity comparison of PPG:KSCN and TET:KSCN
system, TET:KSCN complexes give higher ionic conductivity than that of
PPG:KSCN complexes. This is related to a higher coordination number of K* ion with
PPG ether oxygen than that in TET system. This causes a reduction of ionic mobility.
The mean square displacements (MSD) from MD simulation were used to support this

conclusion. Mean square displacement is a linear function of time and defined as:

1.
ng!lmd <r(t)-r(0)>* /dt (the brackets denote an ensemble average). From

Figure 4.31, K" ion in PPG diffuse slightly slower than K* ion in TET.

Table 4.12 lonic conductivity of PPG:KSCN and TET:KSCN at room temperature.

lonic conductivity (S cm™)

K*:0
PPG:KSCN TET:KSCN
1:5 4.85x 107 6.45 x 107
1:10 5.57 x 10°® 7.38 x 107
1:20 6.68 x 107 3.19 x 107
1:30 6.42 x 10°® 2.62 x 107

1:40 6.00 x 10 2.01 x 10
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Figure 4.31 Mean square displacement of K™ ion in PPG and TET at 300 K.

4.4.4.4 EXAFS spectra and MD-EXAFS
As in case of H,O:KSCN, PVA:KSCN and TET:KSCN, 100 configurations of
PPG:KSCN from MD trajectories were selected and extracted to use as an input for

MD-EXAFS spectra calculation. In Figure 4.26, the k’-weighted y(k) and 7(R) plot

derived from experimental data were compared with simulated MD-EXAFS spectra
for 1:20 PPG:KSCN system. The MD-EXAFS spectra which exclude thiocyanate
anion (not shown) were far from agreeable with experimental data. So, as in case of
TET:KSCN, the MD-EXAFS spectra of PPG:KSCN must include thiocyanate anion
to attain realistic EXAFS spectra. This phenomenon is similar to PPO:NaCF3;SO;
system, Schantz et al. (Schantz et al., 1988) investigated the symmetric SOj3 stretching
for M:O ratio 1:16, 1:8 and 1:5. In all concentrations, the peak at 1037 cm™ is
corresponding to ion pair between CF3SOs™ and Na®. The comparison shows an

overall good agreement for the phase and frequency of y(k) oscillations and »(R)

plot. It is therefore convinced that the distances and coordination number of K*-O,
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K*-N, K*-Cscn and K*-S obtained from MD simulation were acceptable to study the

atomistic solvation structure of PPG:KSCN system.
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Figure 4.32 Comparison (a) k’#(k) and (b) | 7(R) | EXAFS spectral from experiment

and MD-EXAFS for PPG:KSCN system.
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4.5 Conclusions

In this chapter, computer simulation and experimental techniques are
combined to describe and interpret the characteristics of the atomistic solvation
structures of K* in water, poly(vinyl alcohol);PVA, tetraethylene glycol dimethyl
ether (TET) and poly(propylene glycol);PPG as the model complexes for solid
polymer electrolytes. Molecular simulations with an empirical potential (COMPASS
forcefield) were used to calculate the RDFs and local coordination at 300 K. Those
structural properties obtained from MD simulations are in good agreement with other
previous works. The simulated solvation structures were used to generate the MD-
EXAFS spectra for K ions in water, PVA, TET and PPG. MD-EXAFS spectra were
then compared with the experimental spectra. Comparison shows the consistence
between the EXAFS spectra from MD simulations and those from the experiments.
Thus, we suggest that MD simulation with empirical forcefield as well as EXAFS are
useful techniques to study the local solvation structures of ionic aqueous solution and
model compound representing polymer electrolytes. However, it should be noted that
this work only employed smaller molecular systems to represent high molecular

weight polymer to calculate MD-EXAFS spectra.



CHAPTER V
MONTE CARLO SIMULATION OF STATIC AND
DYNAMIC PROPERTIESOF BIDISPERSE

POLYETHYLENE OXIDE MIXTURE

The goal of the current MC simulations is to reveal the underlying features of
the physical response of the polyethylene Oxide (PEO) matrix upon the insertion of
low molecular weight PEO. Before presenting results regarding the bidisperse PEO
system, we first focus on the features of the simulations for bulk monodisperse PEO
system. The efficiency of the 2nnd simulation parameters for PEO chains, which was
discussed in detail in chapter 111, would be tested. Once it is verified that the essential
physical properties of the PEO system are recovered properly, we will continue with

the discussion of the simulation for bidisperse PEO systems.

5.1 Computational Details

For the test simulations, MC simulations for PEO chains were performed on
2nnd high coordination lattice (Rapold and Mattice, 1995; Baschnagel et al., 2000) at
the experimental melt density (1.06 g/cm®) (Orwoll, 1996) using a coarse grained RIS
model for unperturbed PEO chains (Doruker et al., 1996). This lattice, which can be
constructed by eliminating every other site from a diamond lattice, has a coordination

number of 12, which provides flexibility to define a rotational state on the lattice. On
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this lattice, the angle between any two axes along the sides of the unit cell was 60°,
and the lattice sites were identical to the hexagonal packing of hard spheres.

Both short-range intramolecular interactions and long-range intra- and
intermolecular interactions were introduced into simulations. The short-range
intramolecular interactions resulting from the local chain conformation were based on
the RIS model for an unperturbed chain (Abe et al., 1985), which incorporates the
influence of partial charges. The RIS model for PEO chains, in which all bonds are
subject to a symmetric 3-fold torsion potential with the nearest neighbor
interdependence, is given by the following three statistical weight matrices for three

successive bonds of type C-C, C-O, and O-C.

t g g
ThAIL
Uce = < o0 (5.1)
g |1 Oo.0 Oo0_0Wc_o
9 \1 o0p0@0 Oo0
t g 9
t (1
U = HEE Oe-c (5.2)
9|1 Occ Occ@Wc_o
g (1 occoc, Oc_c
t g g
U _ t(1l o Occ (5.3)
oc = .
1 Oc_c Oc_cWc_¢
g 1 occocc Oc_c
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The three accessible rotational isomeric states for each bond were t, g*, and g,
used in this order in the matrices. The oc.c and oc-o are the statistical weights for the
C-C and C-O type first-order interactions, and woc.c and wc.o represent the second-
order interactions. They were calculated as Boltzmann factors using the energies
listed in Table 5.1. The short-range interactions determine the local chain

conformation for an unperturbed chain.

Table 5.1 First- and Second-Order local interactions on the 2nnd lattice for PEO

chains.

Interaction (kJ/mol)
Eccc 3.2
Eco.o -2.2
Ewcc o
Ewc-o 2.2

Long-range interactions result from bead-bead interaction, which is applied to
all pair of beads except for the nearest and second-nearest neighbors in the same
molecule. The interaction of the directly bonded beads is constant throughout the
simulation and it is ignored. The interactions of the second-nearest pairs are
incorporated in the RIS model and are not counted again in the long-range
interactions. The long-range interactions are obtained from a discretized form of the

LJ potential, in which the second virial coefficient for polymers is evaluated similar to
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nonideal gas using the Mayer f function (Cho and Mattice, 1997). However, the LJ
parameters for two backbone atoms of PEO are not available since the pairs of two
backbone atoms are not always the same. Two different methods were used to
estimate o and ¢ values.

The o value is obtained by first noting that 6 for propane is within 1% of
(3/2)*36etnane. Therefore, the required value of o for a coarse-grained bead of PEO can
be estimated from the data for methyl ether (CH30CHs, 6 = 4.307 A) as

Opo = (2/ 3)1/30_ (5.4)

methylether

from which opgo = 3.76 A.

The ¢ value is obtained by fitting the experimental bulk density of PEO at 373
K from series of simulations of free-standing PEO thin films that have different &
values. The density profiles for PEO thin films calculated for ¢ of 3.76 A and &kg of
154 K (kg is the Boltzman constant) yields a cohesive film with a bulk density that
most closely matches the experimental density of 1.06 g/cm®. In Table 5.2, the
discretized LJ interactions at 373 K for the first five shells are given. The first shell is
strongly repulsive since the distance between two beads, 2.39 A, is smaller than the
value of o in LJ potential. Both the second and third shells have attractive interaction,
which leads to the cohesive nature of polymer and the corresponding thin film. The
fourth and higher shells are attractive, but less than the third shell. Use of three shells

improves the simulation efficiency with little sacrifice in accuracy.
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In order to perform MC moves, the single bead (Doruker and Mattice, 1997)
move algorithms is used to attempt at least once for each bead in the system.
Acceptance of any move is decided according to the Metropolis criterion. The
equilibration of the system is considered to be satisfied when the mean square
displacement (MSD) of the centers of mass is higher than (s?) and the orientation
autocorrelation function for the end-to-end vectors (OACF) decays to values close to

0 (Helfer et al., 2003).

Table 5.2 Long-range interaction shell energy obtained from the averaging process.

Shell Shell energy (kJ/mol)
1 8.113
2 -0.213
3 -0.339
4 -0.067

5 -0.017
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5.2 Results and Discussion

5.2.1 Single Chain

The statistic and dynamic characteristics of a single isolated chain based on
our simulation are presented in Figure 5.1. All slopes shown in Figure 5.1 are based
on data regression. The mean square of radius of gyration, (s°), scales with the
molecular weight to the power 1.12, close to the theoretical predication, 1.2, for the
expanded chains in dilute solutions. Because the dynamic Monte Carlo is based on
stochastic monomer motions without hydrodynamic interactions, instead of Zimm
dynamics, Rouse dynamics is expected if the algorithm is correct (Binder and Paul,
1997). Besides, our results show that D is inversely proportional to molecular weight

(MW), which is also predicted by Rouse theory.

- 100
1000—-
%)
— 1.12+0.05 O
< >
N S
(.\//) _—lOE
[ £
—> | N\
1 ¢— -1.09+0.03 e
()]
100 . —
1000 10000

M, (g/mol)

Figure 5.1 The diffusion coefficient (D) and the mean square radius of gyration (s%)

of a single PEO chain plotted against molecular weight.
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In Figure 5.2, the relaxation time (), IS obtained from fitting the auto
correlation function of the end-to-end vectors to Equation (5.5) with e as the only

parameter:

(R,(t).R,(0) = Nb? Zziﬁzexp(—pzt/ree) (5.5)

p:odd

The equation was derived from Rouse theory and has been found identical to
the one derived from Reptation theory (Doi, 1986). The resulting zee is plotted against
M. The regression shows that t scales with M to the power 2.08, which is close to the
Rouse prediction, 2, but a little lower than 2.2, which is the theoretical prediction
allowing the excluded volume effects. Some may still argue that Equation (5.5) is not
valid for longer chains here because Rouse theory always assumes Gaussian statistics
which is absent for a single chain in its good solvent, in which (s?) scales with M to
1.2 instead of 1. Although this is a legitimate argument, approximating a diluted long
chain to the Gaussian distribution was acceptable because the final scaling results are
not very sensitive to this approximation as seen in Zimm theory (Doi, 1986).
Therefore, this algorithm has yielded the expected dimension scaling law and the

Rouse-like dynamics for chains longer than 200 g/mol.
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Figure 5.2 The relaxation time of end-to-end vectors versus molecular weight for

single chain simulations.

5.2.2 Equilibration of PEO Melt System

Firstly, we perform a set of 10 million MCS simulations for 56 PEO chains,
each having 100 coarse-grained beads, to ensure that the simulated systems reach
equilibrium. The simulation temperature is at 373 K, which is well above the melting
temperature of PEO chains. An insertion of 5600 coarse-grained beads into the 2nnd
lattice with the periodic boundary conditions (box size = 30 unit) in all three
directions meets the experimental bulk density of PEO chains (= 1.06 g/cm®).
Equilibration can be verified by a decay of the orientation autocorrelation function
(OACF) of end-to-end vectors and mean square displacement of the centers of mass
(MSD). OACF and MSD profiles are shown in Figure 5.3 and Figure 5.4,

respectively.
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Figure 5.3 Orientation auto correlation function (OACF) of end-to-end vectors of

PEQ chains in test simulation. All of 56 parent chains of 100 coarse-grained beads

were used.
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Figure 5.4 Mean-square displacement of the center of mass (gcm(t)) of PEO chains in
test simulation. All 56 parent chains of 100 coarse-grained beads were used. The

value of (s) is 274.1 + 0.5 A2, which is represented by the horizontal dashed line.
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The criterion to confirm whether equilibration has been reached is the time
elapsed for OACF to come to 1/e (~0.37). The time required for OACF to fall to 0
practically means that the system is well-equilibrated and the final conformations of
all chains are completely independent from the starting conformations. In this
particular example in which we make a test simulation for 56 PEO parent chains,
equilibrium conditions are well satisfied after 4 million MC steps. Besides, mean
square displacement (MSD) of the center of mass gcm(t) of PEO chains has also been
analyzed for the test simulation. From Figure 5.4, it can be agreed that the equilibrium
condition is satisfied before 4 million MCS. It is well-confirmed that the system can
reach equilibrium condition at the early stage of simulation. For subsequent
simulation, at least 10 million MCS will be performed for data analysis, which is

well-above the simulation time required for assuring equilibrium considerations.

5.2.3 Monodisperse PEO Chains

It is a well-known fact that (s%) scales with M under @ conditions. The melt
state can be also considered as analogous to the @-state in terms of scaling prediction
in which, the dimensions of polymer chains in bulk are proportional to the changes in
molecular weight (MW). Figure 5.5 shows the existence of such a well-defined
behavior illustrated for sufficiently long polymer chains. The slope of log(MW)
versus log(s?) line is 1.07 + 0.04. Thus, the universal scaling law is satisfied
reasonably well when the chains are sufficiently long.

In order to verify the statistics of PEO chains, the ratios of mean square end-
to-end distance and mean square radius of gyration, (r?)/(s®), are plotted against MW

in Figure 5.6. This expected ratio for Gaussian chains equals to 6. From Figure 5.6,
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short chains are significantly non-Gaussian as the ratio indicates (Mattice et al.,
2004). The ratio gradually approaches 6 as the chain is getting longer at MW ~3,000 g

mol ™.
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Figure 5.5 The mean square radius of gyration (s?) of monodisperse system plotted

against molecular weight.
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Figure 5.6 The ratios of mean square end-to-end distance and mean square radius of

gyration, (r’)/(s®), versus molecular weight.
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The major purpose of our algorithm is to model the dynamic properties,
especially the molecular diffusion in PEO melts, which can be extracted directly from
the simulation. Figure 5.7 shows a popular plot for the mean square displacement of
the center of mass from N20, N40, N60, N80 and N100 beads. The diffusion
coefficient can be calculated from these curves and the results are given in Table 5.3.
The translation motion of the center of mass of short chains seems to be faster than
that of the long chains during the entire simulation. The high mobility of short chains
are probable as the shorter chain can relax faster than the longer ones. These results
are consistent with Monte Carlo simulations of multichain systems in dense cubic
lattice (Ngai and Skolnick, 1991). They pointed out that as chain length increases, the
self-diffusion coefficient of center of mass decreases, presumably reflecting more and

more constrained motion.
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Figure 5.7 MSD of monodisperse PEO of length N=20, 40, 60, 80 and 100.
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Table 5.3 Diffusion coefficients (D) of monodisperse PEO.

Chain length (N) D (A%/millionMCS)
20 2.47
40 1.12
60 0.60
80 0.55
100 0.39

5.2.4 Bidisperse PEO Chains

MC simulations of probed chains (Np) dissolved in matrix (Nm), have also
been performed. All MC simulations were performed at a fixed weight fraction at ¢
= ¢ = 0.5, where ¢, and ¢, are volume fraction of probed and matrix polymers,
respectively. Only the static and dynamic properties of probed chain consisting of N,
= 100 segments in the matrix of chains length of N, = 10 up to Ny, = 75 have been
simulated.

The static properties of both probed and matrix polymer components have
been checked. Figure 5.8 and Table 5.4 are results of mean square radius of gyration
(s* of N, = 100 in matrix polymer with varied molecular weight. As expected, no
systematic dimension change was found. For example, (s%) of matrix polymer (Nm, =
25) are 60.28 + 5.7 and 60.63 + 6.1 A for monodisperse and bidisperse system,
respectively. These results are similar to MC simulation on a high coordination lattice

(2nnd) of bidisperse polyethylene (M, = 1 x 10° and 4.5 x 10% g/mol), which exhibit
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no change in chain dimension against the weight concentration of 1 x 10 g/mol (Lin
et al., 2006). The expected scaling law of polymer dimensions in the bidisperse
system is that <s®> should be proportional to M. In Figure 5.9, a similar interesting

feature was also observed here as seen in monodisperse system i.e. <s?> ~ M*%.
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Figure 5.8 The mean square radius of gyration (s*) of N, = 100 in the mixture against

the chain length of Ny, = 10 to 75.

Table 5.4 Mean square radius of gyration (s*) of bidisperse PEO at #% =0.5.

System (s*np =100 + S.D.
Ny =10 2909 +29.1
Ny =25 278.4 + 30.0
Ny =50 285.4 + 31.2
Nm =75 281.1+ 355

N, = 100 283.5 + 40.6
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Figure 5.9 The mean square radius of gyration (s?) of bidisperse system plotted

against molecular weight.

To study dynamic properties of bidisperse PEO, the mean square displacement
(MSD) of N,=100 in Ny,=10-75 are ploted in Figure 5.10. Starting from the
monodisperse with N, = N, we can consider what happens if Ny, is reduced such that
Nm < Np. The shorter matrix chains would relax faster than the probed chain, and
therefore the dynamic constraints imposed on the probed chain should be reduced. In
other word, part of the dynamical constraints in N, is mitigated in a matrix with Ny, <
Np. This behavior can be seen in Figure 5.11 which show probed chain in bidisperse
system which relax faster than that in monodisperse system. Accordingly, MSD plot
show the faster translation motion of probed chain in short matrix chain than that of
probed chain in monodisperse system. If the matrix chain is sufficiently large nearly
to the probe chain, the MSD of probed chain seem to be close to MSD of
monodisperse. A similar behavior was also observed in dynamics of probed chain in

matrix of different degrees of polymerization (Ngai and Skolnick, 1991). From the
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published results, in binary blend system which increasing chain length of matrix
chain, the matrix chain relaxation is shifted to longer times (Figure 5.12), consistent

with the MSD plot which show slower matrix chain mobility in bidisperse system

compared to that in monodisperse system (Figure 5.13).
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Figure 5.10 Mean square displacement of Np=100 in N»,=10-75.
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Figure 5.11 Orientation auto correlation function (OACF) of the end-to-end vectors

of Np=100 in mono- and bi-disperse system.
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Figure 5.12 Orientation auto correlation function (OACF) of the end-to-end vectors

of Ni,=75 in mono- and bi-disperse system.
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Figure 5.13 Mean square displacement of N,=75 in mono- and bi-disperse system.
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To verify that the system has not segregated, the intermolecular pair
correlation function (PCF) is evaluated the various systems included in this study.
This PCF function gives the probability of finding a particle A at a specified distance

from another particle A on the high coordination lattice defined by Equation (5.6).

Imli) = (12%(2'% (5.6)

In Equation (5.6), naa(i) is the number occupancy of A in the ith shell from another A
particle and Va is the volume fraction of A in the entire system. Beads on the same
chain are ignored in the evaluation of the intermolecular PCF.

In bidisperse system, intermolecular PCF as a function of shell number, which
indicates the distance away from a given bead, is shown in Figure 5.14. It can be
suggest that short chain (N,=10) stay closer to longer chain (Np,=100) than the long
matrix chain (N, =75). Therefore, simulation provides no evidence for segregation of
the bidisperse system. All of results (MSD, OACF and PCF) indicates that insertion
of short chain enhance the long probed chain to move and relax faster than that of
monodisperse system and no phase separate is observed in bidisperse system. These
results may be related to an increased ionic conductivity of plasticized polymer
electrolytes when adding low molecular weight renders mobility of high molecular

weight.
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Figure 5.14 Five types of intermolecular pair correlation functions (PCF) as a

function of shell number.

5.3 Conclusions

In this chapter, Monte Carlo simulation of coarse-grained PEO model on a
high coordination lattice was used in simulating bidisperse PEO mixture. Static and
dynamic properties were studied. In monodisperse system, dimensions of PEO chains
in bulk (log(s?)) are proportional to the change in molecular weight (log(MW)) and
consistent with the universal scaling law. In bidisperse system, there is no systemic
dimension change of both probed and matrix components. MSD results show the
probed chain in bidisperse system with shorter matrix chains move faster than the

probed chain in monodisperse system.
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MONTE CARLO SIMULATION STUDIES OF STATICS AND DYNAMICS
OF BIDISPERSE POLYETHYLENE OXIDE MODELS

Jittima Chaodamrongsakul®?, Wantana Klysuban®, Visit VVao-soongnern*2*
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A new Monte Carlo (MC) simulations for dense melts of coarse-grained
polymers on a high-coordination lattice has been developed for predicting static and
dynamics properties of mono- and bi-disperse poly(ethylene oxide) (PEO). This work
presents a recently developed strategy that has used a method where an atomistic
chain is mapped onto a coarse-grained model. Polyethylene oxide (PEO) model which
each bead represents series of linked vectors connecting the CH,CH, and CH,O units
was constructed. Both short-range interactions based on the rotational isomeric state
model and long-range interactions from a discretized form of the Lennard-Jones (LJ)
potential energy function are included. The simulations were performed at 373 K for
bidisperse (1.4K/8.7K) PEO melt in the Rouse regime (unentangled). The
equilibration of the system is considered to be satisfied when the mean square
displacement (MSD) of the center of mass is higher than mean-square radius of
gyration ((s%)) and the orientation autocorrelation function for the end-to-end vector
(OACF) decays to values close to zero. The internal relaxation modes fit the KWW
relationship very well. There is no systematic change of (s?) as the concentration
varies in the mixture. Thus, the mixture can be regarded as the ® solution of each
species. For the long-chain component in the mixture, the tube dilation concept has
been visualized through the short-time diffusion of monomers at different
concentration.
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Figure 1 (a) Mean-square radius of gyration (s®) and (b) diffusion coefficient D of
long chain (8.7K) and short chain (1.4K) components in the mixture against the

weight concentration of the short chain.
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Molecular Dynamic Simulation and Extended X-Ray Absorption
Fine Structure (EXAFS) Spectroscopy Studies of Cation Local

Structure of Tetraglyme/Potassium Thiocyanate Electrolytes
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Solid polymer electrolytes (SPEs) are of great interest in the context of
developing a variety of modern electrochemical applications. The wide range of
technological applications of SPEs has spurred attempts to understand the mechanism
of ionic transport in polymer electrolytes. The local structures around the potassium
species of tetraglyme [CH3O(CH,CH,0),CHj, a 4-mers model compound for
poly(ethylene oxide)] were characterized using a combination of Extended X-Ray
Absorption Fine Structure (EXAFS), acquired on BL-8 at Synchrotron Light Research
Institute (Public Organization), and Molecular Dynamic (MD) simulation which give
information such as coordination number and distance of neighbours around
potassium ion (K®). Radial distribution functions (RDFs) between K* and all
tetraglyme atoms (O, C, H) were determined. Each K is coordinated by ~2.6 oxygens
(K*-O distance < 4.05 A), ~1.5 sulfurs (K*-S < 3.55 A), and ~1.5 nitrogens (K*-N <
3.65 A).
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Abstract: Solid polymer electrolytes (SPEs) are of great interest in the context of
developing a variety of modern energy storage materials. Conventionally, SPEs
consist of a salt (KSCN) and polymer host. The KSCN salt supplies mobile ions and
polymer plays a role of solvent. The limited room temperature conductivity polymer
electrolytes are still a barrier in many applications. Therefore, it is indispensable for
understanding of the ion conduction mechanism in such SPEs. The local structures
around the potassium species of tetraglyme [CH3O(CH,CH,0),CH3 (Tetraethylene



197

glycol dimethyl ether), a 4-mers model compound for poly(ethylene oxide)] were
characterized using a combination of Extended X-Ray Absorption Fine Structure
(EXAFS), acquired on BL-8 at Synchrotron Light Research Institute (Public
Organization), and Molecular Dynamic (MD) simulation which give information such
as coordination number and distance of neighbors around potassium ion (K*) In
additionally, provide more understanding for an explanation of the change in ionic
conductivity as a function of O:K" ratio and a possible mechanism of ion movement
of these SPE materials. Radial distribution functions (RDFs) between K* and
neighbors atoms (O, C, H, S, N) were determined. Each K" is coordinated by ~2.6
oxygens (K*-O distance < 4.05 A), ~1.5 sulfurs (K*-S < 3.55 A), and ~1.5 nitrogens
(K*-N < 3.65 A). Furthermore, for each configuration taken from the trajectory, a
cluster was obtained by extracting all species that fell within 6 A radius of the K* ion.
The cluster was then used as an input to the program FEFF6, which calculates the
EXAFS spectrum #(E) for the K ion and then the average spectrum, was compared
to the EXAFS spectrum.
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Molecular Simulation Analysis and X-Ray Absorption Measurement of K* lon in
Aqueous Solution and Poly(Vinyl Alcohol) Based Polymer Electrolytes

J. Chaodamrongsakul?® W. Klysubun®, V. Vao-soongnern?
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School of Chemistry, Institute of Science, Suranaree University of Technology
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Corresponding Author: jittima_chao@hotmail.com, Tel: +66 4422 4187

Molecular Dynamic (MD) simulation and Extended X-ray Absorption Fine Structure
(EXAFS) spectroscopy were combined to determine the solvation structures of
K*/H,0 and K*/PVA systems. The local structures of K*/H,O was studied as the first
step toward understanding more complicated K*/PVA system. The radial distribution
functions (RDFs) calculated from MD simulations by using COMPASS forcefield at
300 K provided the structural parameters: the distance between K* and water
molecules (K*-O and K*-H) as well as the coordination numbers (No and Ny are the
numbers of oxygen atoms and hydrogen atoms, respectively). For the K*/H,O system,
the average K*-O and K*-H distance and No and Ny for the first coordination shell are
265 A, 331 A, 57 and 17.6, respectively. In this work, 50 independent
configurations from MD simulations were selected to generate the MD-EXAFS
spectra which were found to be in very good agreement with the EXAFS spectra
obtained from experiment. However, it should be noted that hydrogen atoms can
affected on the MD-EXAFS signals. Excluding all hydrogen atoms in the calculation
for the K'/H,O system gave the better MD-EXAFS spectra as compare to the
experimental one. As mention above can be confirm that MD simulation is the useful
technique to study local solvation structures of K*/H,0O. In this work MD simulation
also employed to study the complicated K'/PVA system to explain the local solvation
structure of PVA unit around K™ ion. The RDFs showed that the first solvation around
K" is the oxygen atoms from PVA with the average K*-O distance and Ng are 2.55 A
and 4.9, respectively. The comparison between MD-EXAFS (excluded all hydrogen
in PVA structure) and EXAFS spectra obtained from experiment showed overall
agree well for both the frequency and the amplitude of the oscillations over the full k
range from 2 to 7 A. The matching of the frequency of the oscillations means that the
K*-O distances are nearly the same between the experiment and the simulation.
However, the EXAFS spectra obtained from the experiment showed the broader peak
compared to the MD-EXAFS spectra due to the higher orderity in the simulation
system.
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