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ABSTRACT
Molecular dynamics simulations were performed to investigate the structural and dynamical
properties of ionic liquid (IL) [EMIM+][TFMSI-] confined inside slit-like graphite pores. ILs are
salts composed of an organic cation and an organic or inorganic anion with melting point below
100ºC. Their unique properties such as great thermal and chemical stability have gained them
immense attention in recent years. The main goal of this research is to understand how molecular
level properties of ILs are affected by the properties of the nanoporous materials.
The results obtained in this work indicate that pore size has a profound effect on structural and
dynamical properties of ILs. Significant layering was observed at the IL-graphite interface, with
the number of layers of cations and anions showing a monotonic dependence with pore size.
Radial distribution function shows that the liquid structure of the confined IL is similar to that
observed in bulk systems. Strong interaction was observed between oxygen atom of anion and
acidic hydrogen atom of cation ring, suggesting formation of weak hydrogen bonding between
cations and anions. Both cations and anions lie flat near the pore walls. It was observed that
dynamics of cations and anions increase with increases in pore size. The results also suggest that
cations diffuse faster than anions irrespective of pore size. The results for means square
displacement (MSD) show three different regimes characterized by different time dependences
(1) Ballistic (2) diffusive (3) sub-diffusive. It was observed that dynamics of cations and anions
in the regions close to the surface are slower as compared to the liquid in the center. Single
particle dynamics was studied by finding van Hove self correlation function (VHSCF) and self
intermediate scattering function (SISF). At short time, the ions do not interact much with the
neighboring ions. The intermediate regime in which ions rattle inside the cage MSD increases
slowly with time. For long-time motion when particle escape from the cage, the ions are in
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diffusive and MSD shows a linear relation with time. The results of SISF as a function of wave
vector

indicate

that

relaxation

time

decreases

vii

with

increase

in

wave

vector.

CHAPTER 1 - INTRODUCTION AND REVIEW OF LITERATURE
The main goal of this research is to understand how structural and dynamical properties of ionic
liquids (ILs) confined inside carbonaceous nanoporous materials are affected by pore size of the
nanoporous materials. Such fundamental understanding is crucial to optimize the performance of
several alternative energy devices, such as electrochemical double layer capacitors (EDLCs) and
dye-sensitized solar cells (DSSCs), as the molecular-level properties of confined ILs, affect the
macroscopic performance of these devices. For example, the structural properties of an IL
confined inside a nanoporous electrode affect macroscopic properties such as the capacitance in
an EDLC; and the dynamical properties of the confined IL is one of the factors that determines
the macroscopic electrical resistance in electrochemical devices.
Molecular dynamics (MD) simulations were performed on a typical IL, [EMIM+][TFMSI-] (see
Figure 2.3) confined inside an uncharged slit-like graphite pore (see Figure 3.1). ILs under
confinement show interesting changes in properties with respect to the bulk phase, and are of
great importance in electrochemistry and other industrial applications. In addition, interfacial
properties of ILs inside nanoporous electrodes might not be easily accessible through
experiments. This study is intended to understand the change in properties of [EMIM+][TFMSI-]
with respect to pore size . This variable was varied to study its effect on the structural and
dynamical properties of the IL. [EMIM+] was chosen from the various families of ILs, because
imidazolium salts exhibit unique properties. They are the most used and studied ILs according to
ACS, RSC and Elsevier publications. [EMIM+][TFMSI-] was used because it has been proved as
a potential electrolyte for application in EDLCs and DSSCs. Previous studies have shown that
imidazolium based ILs possess many unique features such as negligible vapor pressure, high
chemical and thermal stability and high ionic conductivity which make them suitable for use in
1

electrochemical devices. As an example, Mastragostino et al. performed a series of study using
[EMIM+][TFMSI-] and different electrode materials for their use in EDLCs (Arbizzani, Beninati
et al. 2007; Lazzari, Mastragostino et al. 2007; Mastragostino and Soavi 2007; Lazzari, Soavi et
al. 2008; Lazzari, Soavi et al. 2009). The purpose of their study was to improve the performance
of EDLCs for their use in hybrid electric vehicles (HEVs).
ILs can enhance reliability, energy density, and safety of supercapacitors, therefore a deeper
theoretical insight of molten salts confined inside nanoporous material is required. It is difficult
and expensive to explore atomic level properties of ILs experimentally, but computer simulation
can provide unprecedented information at atomic level. However strong columbic interaction in
ILs among ions and highly viscous nature makes simulations more challenging, and increase the
time taken for the simulated system to reach equilibrium. Very few simulation studies have been
done using [EMIM+][TFMSI-] (Tokuda, Hayamizu et al. 2004; Canongia Lopes and Pádua 2006;
Kelkar and Maginn 2007; Fujii, Soejima et al. 2008; Porter, Liem et al. 2008; Tsuzuki, Shinoda
et al. 2009) and no simulation study has been done till now for [EMIM+][TFMSI-] confined
inside nanoporous materials.
The rest of this document is structured as follows. Chapter II contains a background on ILs and
their properties and applications; a brief introduction of EDLCs, DSSCs, carbonaceous
nanoporous materials and the IL [EMIM+][TFMSI-]; a brief literature review on MD simulations
and ILs is also presented here. Chapter III contains details about the computational models and
methods used in this study. The main results and discussion from this study are presented in
Chapter IV, and concluding remarks are included in Chapter V.
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CHAPTER 2 - BACKGROUND
This chapter is organized as follows. In Sec. 2.1 ILs and their properties and applications are
discussed. Sec. 2.2 discusses EDLCs, DSSCs, carbonaceous porous materials and the IL
[EMIM+][TFMSI-]. Sec 2.3 contains a brief literature review on MD simulations and ILs.
2.1. Ionic Liquids (ILs): Properties and Applications
ILs have received considerable attention both in industry and academia. Immense increase in
their research both experimentally and computationally has been observed especially during the
last few decades. Due to their numerous applications and unique properties, there is a rapidly
growing scientific and commercial interest in ILs. This is evident from the increasing number of
experimental and computational publications on experimental characterization, force field
development (Hanke, Price et al. 2001; Canongia Lopes, Deschamps et al. 2004; Canongia
Lopes and Pádua 2004; Shimizu, Almantariotis et al. 2010), physical chemistry of ILs (Yan, Li
et al. 2006; Fujii, Soejima et al. 2008), and their applications (Balducci, Bardi et al. 2004;
Balducci, Dugas et al. 2007; Lazzari, Mastragostino et al. 2007; Mastragostino and Soavi 2007;
Lazzari, Soavi et al. 2009). Nevertheless, many physicochemical properties and elementary
understanding of their behavior at the solid interface are still in the early stages.
ILs are salts composed of an organic cation and an organic or inorganic anion. Due to their bulky
structure and loose packing they remain liquid at room temperature with a melting temperature
or glass transition temperature below 100°C, hence are also known as room temperature ionic
liquids (RTILs). Their bulky and flexible nature enhance the entropy effect in the system hence
prevent them from crystallization. The first IL, ethylammonium nitrate [EtNH3+][NO3-] was
reported by Paul Walden in 1914, but their popularity increased after the discovery of first air3

and water stable IL in 1990s. However, they attracted less attention until recently due to lack of
understanding of their complex behavior and obliviousness to their numerous applications.
Impurities such as water and chloride ions are another hurdle in their experimental studies.
Presence of halide increases the viscosity and decreases the conductivity and water decreases the
electrochemical potential window of ILs (Kowsari, Alavi et al. 2008; Kowsari, Alavi et al.
2009). By selecting proper combination of cations and anions millions of ILs can be synthesized.
Simple and systematic modifications of the constituent ions can alter their chemical and physical
properties for their use in specific applications. They possess great thermal, chemical, and
electrochemical stability, and high ionic conductivity which distinguish them from other
traditional electrolytes and make them interesting for their use in electrochemistry. They are also
almost non-volatile, non-explosive and non-flammable, which makes them more environmental
friendly as compared to volatile organic compounds, and thus these molten salts are being
considered as the “Green solvents of future”. They remain liquid over a wide range of conditions
and show remarkable dissolution range for organic and inorganic compounds. They are
immiscible with a number of organic solvents and can be used as an alternative to water in multi
phase systems (Kowsari, Alavi et al. 2008; Kowsari, Alavi et al. 2009).
ILs show a wide range of promising industrial applications. They have become fascinating due to
multiplicity of their uses in nuclear fuel reprocessing (Vasudeva Rao, Venkatesan et al.),
biomedical applications (Turner, Spear et al. 2005), heat transfer process (Valkenburg, Vaughn et
al. 2005), mass spectroscopy (Sun, Cabovska et al. 2005), and as a potential electrolyte for
energy applications in EDLCs, batteries and

DSSCs (Balducci, Bardi et al. 2004; Seki,

Kobayashi et al. 2006; Balducci, Dugas et al. 2007; Lazzari, Mastragostino et al. 2007;
Mastragostino and Soavi 2007; Lazzari, Soavi et al. 2009). Being polar, ILs are also powerful
4

solvents and can be used in chemical synthesis (Welton 1999). Their attractive characteristics
such as wide electrochemical stability window (up to 6.0 V), low vapor pressure, and high
chemical and thermal stability have bolstered their further research in electrochemistry.
However, high viscosity of ILs is a major disadvantage in mass transfer and mixing processes.
Various experiments have shown that ILs are better and safer than other organic salts such as
methylene chloride for usage in electrochemical devices. ILs exhibit various features which
make them better than traditional electrolyte solutions such as acetonitrile (ACN) and propylene
carbonate (PC). Absence of volatility is one of the vital properties as it prevents them from
generating noxious volatile residues, hence make them less toxic than other organic solvents.
Their bulky nature and flexibility increases the entropy effects on the system and thus prevent
crystallization (Galinski, Lewandowski et al. 2006). High conductivity (7.5-16.0 mS cm-1 at
25°C) and wide electrochemical window(6 V) of imidazolium salts give them low equivalent
series resistance (ESR) and high cell voltage for their use in EDLCs. In electrochemistry
applications, ILs typically interact with solid and/ or porous surfaces. In this work changes in
structural and dynamical properties were observed for IL [EMIM+][TFMSI-] confined in
nanometer scale graphite sheets. Drastic changes in properties of ILs were observed when
confined inside nanoprous materials. Recent simulation studies of IL adsorbed on rutile (Liu, Li
et al. 2007), quartz (Feng, Zhang et al. 2009), metallic aluminum (Pounds and et al. 2009; Tazi,
Salanne et al. 2010), graphite (Maolin, Fuchun et al. 2008; Sha, Wu et al. 2008; Kislenko,
Samoylov et al. 2009; Sha, Wu et al. 2009; Wang, Li et al. 2009), carbon nanotubes (Chen, Wu
et al. 2007; Chen, Kobayashi et al. 2009; Dong, Zhou et al. 2009; Shim and Kim 2009; Yang,
Fishbine et al. 2009; Singh, Monk et al. 2010) and CMK-3 (Monk, Singh et al. 2011) have
provided important information about the behavior of ILs at these interfaces. Increase in melting
5

point by more than 200°C and phase transition from liquid to solid was observed in many studies
(Sha, Wu et al. 2008; Sha, Wu et al. 2009; Shim and Kim 2009).
With increasing applications of ILs particularly in heterogeneous systems such as fuel cells and
batteries, it has become important to study the behavior of ILs in the vicinity of charged surface.
Structure of electrochemical double layer (EDL) built at the electrode/electrolyte interface plays
an important role in determining the operating efficiency of electrochemical devices (Kislenko,
Samoylov et al. 2009). It is important to understand the charge storage mechanism of EDL to
enhance the capacitance of EDLCs. Although recent experimental (Seki, Kobayashi et al. 2006;
Lazzari, Mastragostino et al. 2007; Mastragostino and Soavi 2007; Lazzari, Soavi et al. 2009)
and MD studies (Spohr 1999; Pinilla, Del Pópolo et al. 2005; Pinilla, Del Pópolo et al. 2007;
Fedorov and Kornyshev 2008; Fedorov and Kornyshev 2008; Feng, Zhang et al. 2009; Kislenko,
Samoylov et al. 2009; Tazi, Salanne et al. 2010; Vatamanu, Borodin et al. 2010) have provided
useful information about improving the efficiency of EDLCs, understanding the microscopic
behavior of IL-electrodes interface is still in its early stages. Understanding the structure of EDL
is important for the rational design of EDLCs and DSSCs with optimal properties. This in turn is
determined by obtaining a better understanding of structural, dynamical and transport properties
of IL confined inside nanoporous materials.
2.2. EDLCs, DSSCs, Carbonaceous Porous Materials and the IL [EMIM+][TFMSI-]
With the invention of motors and generators in 1870s, electrical energy has become one of the
most essential energy sources. Electrochemical storage devices like batteries, EDLCs, fuel cells
and DSSCs provide us energy for transportation, communication and have numerous industrial
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applications. In addition, environmental concerns and depleting fossil fuel sources requires the
society to look for sustainable, renewable and clean energy sources.
DSSCs are photovoltaic devices with application in production of clean energy (Picálek and
Kolafa 2007). They are also known as Grätzel Cell, named after its inventor Michael Grätzel in
1991.DSSCs are photovoltaic devices which consist of a cathode, a conducting glass and a layer
of titanium dioxide nanoparticles (TiO2) coated with a light-sensitive dye. The cathode and the
semiconductor are in contact with a mediator dissolved in an electrolyte. Photons from sunlight
travel through the transparent electrode and excite electrons in the dye, these electrons then flow
into the conduction band of TiO2. The oxidized dye is regenerated by the mediator, which in turn
is reduced at the cathode by the electrons coming from the external circuit. Traditionally used
organic solvents are flammable and cause leaking therefore declining the performance of DSSCs.
Low degradation and high viscosity, wide temperature range and low safety risks have increased
the use of ILs in DSSCs (Wang, Zakeeruddin et al. 2003).
EDLCs are charge storage devices with higher energy density than conventional dielectric
capacitors and higher power density than batteries. Ragone plot (Figure 2.1) shows energy and
power density profile for various electrochemical devices. Fuel cells can supply highest amount
of energy density (up to 1000 Wh kg-1) followed by batteries (100 Wh kg-1) but they suffer from
low power delivery. EDLCs are best for the devices requiring high power density. They show
very high power density but less energy density as compared to batteries and fuel cells. Energy
density in EDLCs can be enhanced by using high surface area activated carbons as electrodes
and electrolytes with higher electrochemical stability window. EDLCs are gaining importance
because they are environment friendly and show exceptionally high cycle life and ability to
operate in a wide temperature range. Further enhancement in performance of electrochemical
7

storage devices are desired to meet the higher requirements of future systems, ranging from Zero
Emission Vehicles (ZEVs) to Uninterruptible Power Supply (UPS) and large industrial
equipments (Simon and Gogotsi 2008).This can be achieved by advancing our understanding of
pore morphology, surface characteristics, diffusion kinetics, behavior of ions in small pores and
developing new electrode materials with high specific surface area (SSA). Therefore, study of
electrode/electrolyte interface is important. Due to their ability to undergo millions of charge
discharge cycle in few seconds and high power density as compared to batteries and much larger
charge storage capacity than conventional capacitors, they are being considered as one of the
most important electrochemical devices. Their unique properties have increased their demand in
electric vehicle, load leveling, power buffer and power saving units and for back up supply.

Figure 2. 1 Ragone plot showing approximate relations of specific energy and specific power for
several energy storage and conversion devices. Adapted from (Kötz and Carlen 2000)
EDLCs store electrostatic charge using reversible adsorption of ions in a thin layer at the
interface of porous electrode and an electrolyte, this layer is known as Electrochemical Double
Layer (EDL). It typically consists of two electrodes immersed in an electrolyte and an ionpermeable separator as shown in Figure 2.2. Energy stored in EDL is proportional to voltage
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square, E= (CV2)where, V is the potential and C is the capacitance .This capacitance is related
to the area and thickness of EDL by the following equation C =

, where єr is electrolyte

dielectric constant, є0 is the dielectric constant of the vacuum, A is the area of the electrode and d
is the effective thickness of the double layer. Specific energy (SE) and Specific power (SP) in
EDLCs are limited by cell voltage through the following equation.SE =

CV2 ) and SP =

EDLC gets charged with the application of external voltage that drives the cations and anions
towards cathode and anode respectively. Discharging takes place due to electrochemical reaction
which causes transfer of electron through outer circuit. EDLCs achieve energy through nonfaradaic reactions, which prevents swelling of active material. Hence, it can be charged and
discharged faster as compared to batteries. EDLCs show low impedance and virtually unlimited
number of charge-discharge cycles. Conventional ACN-based electrolytes have been used in
EDLCs due to their better performance but they are flammable and harmful for the environment.
Aqueous electrolytes yield a high power density but suffer from small electrochemical stability
window (ca. 1 V). Non-aqueous electrolytes such as quaternary ammonium and phosphonium
salts shows good performance in energy storage devices but suffer from poor conductivity and
undesirable solubility. Advanced energy storage devices, needs to be developed to obtain clean
and efficient energy. Hence, ILs are being considered by researchers as alternative electrolytes.
ILs are potentially safe and „green‟ electrolytes and can enhance the capacity retention and safety
of EDLCs at high temperature. Despite of high viscosity, ILs display fast and efficient screening
of electric field (Pinilla, Del Pópolo et al. 2007). Demand of batteries and EDLCs based on green
electrolytes has increased in Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs).
EDLCs can be coupled with batteries or fuel cells, to deliver the high power needed during
9

acceleration as well as to recover the energy during braking. Molecular simulation will be the
key for advancement in designing tomorrow‟s high energy and high power devices (Simon and
Gogotsi 2008).

Figure 2. 2 Schematic representation of an electrochemical double layer capacitor (EDLC) in its
charged state. Adapted from (Pandolfo and Hollenkamp 2006)
Nanoporous carbons are typically used as electrodes in EDLCs. Nanoporous materials are
sponge like substance with pore size of approximately 100 nm or less. Such pore size enables
nanoporous materials to separate the component of a mixture on the basis of differences in
molecular shapes and size (Kim, Kim et al. 2005). They can be synthesized from silica, carbon,
polymers and other organic materials. Nanoporous materials show a wide range of applications
in separation, electrochemistry, purification, adsorption, light emitting diodes and catalysis.
Porous materials offer very high surface area, pore volume and electrical conductivity. It is
difficult to control the pore size and their arrangement during synthesis. Morphology, pore size
and structure parameters of porous materials can be easily controlled using molecular
simulations.
10

Electrodes are one of the most important factors in determining the performance of EDLCs.
Porous carbon materials such as activated carbon powder, activated carbon fibers (ACF), carbon
nanotubes (CNTs), carbon aerogels, and Carbon Mesostructures from Korea (CMK-n) are
generally used as an electrode material in EDLCs. Carbonaceous nanoporous materials are light
weight, mechanically robust, thermally stable and environment friendly. They show low
electrical resistivity, low mass density, high specific surface area (SSA) and robust surface
chemical environment, which make them suitable for several electrochemical applications. These
low cost materials can be derived from coconut shell, wood or coal which is abounding in nature.
However, these material suffer from high inter particle contact resistance. High surface area and
well-dispersed pore size distribution can easily accumulate a significant amount of charge in the
electrical double layer formed at electrode/electrolyte interface (Liu and Zhu 2007). Thermal
stability of carbon nanoporous materials allows their use in high temperature applications.
Graphite is preferred as a negative electrode material in lithium-ion batteries because of its stable
cycling properties and high specific capacity. Graphitized carbon electrodes provide very high
surface area and pore volume for ions adsorption and hence increase conductivity and
electrochemical stability of EDLCs. However, they suffer from low thermal stability. Heating a
lithiated carbon electrode and electrolyte result in decomposition of solid-electrolyte interface
(Profatilova, Choi et al. 2009). Experimental studies using carbon electrodes and ILs as
electrolyte have shown that optimization of pore size and surface chemistry enhances the specific
energy and cycling stability of EDLCs. It is difficult to determine individual effect of each
variable (e.g., pore size, shape, interconnectivity) on the system‟s properties. Molecular
simulation enables us to work with model porous material that is completely characterized and
helps in understanding the charge storage mechanism inside nanopores. Slit-like graphite pore
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used in this study represents the simplest model of carbon electrodes. Carbon nanotubes offer
very large micropore volume, but few studies (Liu and Zhu 2007) have reported that storage
capacity of single walled carbon nanotubes is less than idealized slit-like graphite pore. The slitlike graphite pores show well defined layered structure with difference between two layers of ~
0.34 nm. To enhance performance of graphitized carbon electrode it is important to understand
the surface chemistry, and electron transfer in electrode/electrolyte interface.
The IL 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [EMIM+][TFMSI-] was
chosen as a model IL for this simulation study (Figure 2.3). [EMIM+][TFMSI-] has been
extensively studied experimentally (Balducci, Bardi et al. 2004; Balducci, Dugas et al. 2007;
Lazzari, Mastragostino et al. 2007; Mastragostino and Soavi 2007; Lazzari, Soavi et al. 2009) to
develop green, safe and high energy EDLCs for application in HEVs. Largeot et al.(Largeot,
Portet et al. 2008) observed very high capacitance of 160 F g -1 at 60° C using carbide derived
carbon (CDC) material with [EMIM+][TFMSI-] as electrolyte. ILs generally show thermal
decomposition at high temperature, but [EMIM+][TFMSI-] illustrates high temperature durability
, which makes it suitable for high temperature applications such as HEVs. [EMIM +][TFMSI-]
show electrochemical window of 4.4 V much larger than traditional aqueous electrolytes (<1.2
V) and melting temperature of 258 K. High number of charge discharge cycle (>100,000) and
satisfactory specific capacity of ca. 10 μF cm-2 makes it a potential candidate for EDLCs.
Michael et al.(Holzapfel, Jost et al. 2004) results showed high reversibility and very stable
cycling ability of graphite electrodes using [EMIM+][TFMSI-] as electrolyte. The ongoing EU
ILHYPOS Project, “Ionic Liquid-based Hybrid Power Supercapacitors” (ILHYPOS) requires an
IL that can

develop a green, safe and high energy and power hybrid supercapacitor for
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applications in HEVs (Mastragostino and Soavi 2007). [EMIM+][TFMSI-] can be a suitable
candidate for this purpose.

+

-

[EMIM ]

[TFMSI ]
Bis-(trifluoromethanesulfonyl)imide

1-ethyl-3-methylimidazolium

Figure 2. 3 A schematic representation of IL [EMIM+][TFMSI-]. The labels are atom notations
used throughout in this work. The arrows indicate the molecular axes used to compute the
orientation of the ions relative to the graphite surface.
[TFMSI-] is a complex inorganic perfluorinated sulfonylimide anion and has a tendency to form
hydrolytically stable, hydrophobic ILs. Its low viscosity, high thermal stability (up to 600 K),
high electrochemical stability and high electrical conductivity (of 8.8 mS cm-1) make it uniquely
interesting. It shows very low dipole moment and forms liquid salt of low fusion temperature.
[TFMSI-] forms trans- and cis conformers with different steric and electronic environments, this
thought to have a major consequence on bulk properties, giving low melting point and low
viscosity (Weingärtner 2008). [TFMSI-] is a complex perfluorated anion but is preferred over
[BF4-] and [PF6-] because [BF4 -] and [PF6-] hydrolyzed in presence of moisture, forming HF
among other things. Long chain [TFMSI-] based ILs have less tendency to form crystal due to
weak Coulombic interactions. [TFMSI-] has more diffuse charge density as compared to other
smaller anions such as [PF6-], [NO3-] and [CL-], which results in softer Coulombic interactions
between cation and anion. Due to delocalization of charge over [TFMSI-], it shows less charge
13

ordering as compared to [PF6-],[NO3-] and [CL-]. This may give a much softer ionic structure
and hence faster dynamics to ILs based on [TFMSI-]. Delocalization of negative charge along the
S-N-S core of the ion, which is additionally shielded by steric features of the noncharge-carrying
sulfonyl oxygen atoms and trifluoromethane groups, reduces the capacity for cation–anion
interactions and resulting in low melting temperature and low viscosity (Köddermann, Wertz et
al. 2006). Due to its small size [EMIM+] shows fast diffusion as compared to other cations of
imidazolium family. [DMIM+] is smaller than [EMIM+] but its symmetric structure gives tighter
packing, hence slower dynamics.
2.3. Molecular Dynamics Simulations and ILs
For molecular level simulations of liquids, solids and gases; stochastic (Monte Carlo) and
deterministic (molecular dynamics) methods of molecular simulations have been used for many
years. Monte Carlo (MC) molecular simulation is based on random exploration of the
configuration space of the molecular systems by modifying a few degrees of freedom at a time.
This generates a sequence of configurations to determine the local structure and thermodynamics
of the system. Molecular dynamics (MD) involves a numerical step by step solution of Newton‟s
equation of motion under the influence of specified force field. The trajectory obtained from
integration of the classical equations of motion gives information about the coordinates and
momenta of particles as they vary with time. MC does not allow time evolution of molecular
systems hence, is often used for static properties. MD allows determining time dependent
properties (dynamical properties) of the system such as transport coefficient, relaxation time and
rheological properties and thermodynamical state of systems. Molecular simulations have an
advantage of accessing unknown trends and any time access to the complete information about
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the systems, this helps in determining useful properties at molecular levels of detail, which are
difficult to measure experimentally.
The main goal of this research is to understand how molecular level properties of ILs are affected
by properties of the nanoporous materials. Several experimental techniques can probe the
properties of ILs confined inside narrow pores;(Baldelli 2008; Su, Fu et al. 2010) however,
experiments alone cannot paint a complete picture of nanoconfined ILs. Experimental issues include:
difficulties in distinguishing between different phases inside the pores; limitations in experimental
resolution; and presence of long-lived metastable states. In addition, for many disordered porous
materials, the characterization techniques give an incomplete picture of their pore morphology and
surface chemistry. These difficulties are not present or can be overcome in molecular simulations.

Previous experimental results have helped in understanding these complex molecules, but it is
difficult to investigate molecular properties such as phase inside nanopores, surface chemistry,
and study of systems at high temperature and negative pressure using current experimental
techniques.
Computational science and atomistic simulation enables us to achieve a fundamental
understanding of complex intermolecular interactions in ILs and molecular properties of ILs and
nanoporous materials, further complementing experimental work and validating theoretical
concepts. Calculations obtained from molecular simulations help in understanding the structure
and dynamics of ILs, nature of ILs in crystal form and in vapor phase. They are also helpful in
determining several surface properties such as structural relaxation at the surface, kinetics at the
surface, preferential absorption of ions and rate of diffusion which are difficult to obtain from
experiments. Molecular simulations also enable direct testing of the parameterizations and
functional forms of theories developed for ILs such as Statistical Associating Fluid Theory
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(SAFT) and Regular Solution Theory (RST) (Maginn 2009). However, MD simulations of ILs
are computationally expensive and time consuming, due to strong long range electrostatic
interactions, drastic structural changes, large number of atoms in imidazolium cations and
complex molecular interactions (Kowsari, Alavi et al. 2008; Kowsari, Alavi et al. 2009).
Complex and slow dynamics of ILs demand long simulation times. MD simulation of large
system of IL thus requires long runs in supercomputers. The choice of simulation method, length
of simulations runs and force field is a tradeoff between computational cost and complexity
(Kowsari, Alavi et al. 2008; Kowsari, Alavi et al. 2009). MD simulations were performed in this
work in hope of understanding the molecular properties and microscopic interaction of ionic
liquid with graphite surface.
Accuracy of MD simulations strongly depends upon the ability of force field to perfectly predict
the properties of ILs. A realistic force field is essential for determining physical, thermal and
chemical properties. Force field includes a functional form or a model to calculate the potential
energy of the system and a set of parameters. The functional form generally includes bonded and
non-bonded interactions. Bonded interactions include energy from bond stretching, bond angle
bending and dihedral angles. Non-bonded interactions include long-range Coulombic and van
der Waals forces. General form of a force field can be
E total = E bonded+ E non-bonded + E torsion +E non-bonded +….
The first force field for imidazolium based ILs was developed in 2001 by Hanke et al.(Hanke,
Price et al. 2001). They used united atoms in place of methyl and methylene groups. The first
ever molecular simulation on imidazolium based ILs was performed by this group in 2001. They
calculated diffusion coefficient for [DMIM+][CL-] using united atom and explicit models and
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observed that united atom model does not give accurate result for dynamics of ILs. In 2002 they
performed simulations to understand the solvation properties of [C1MIM+][CL-] (Lynden-Bell,
Atamas et al. 2002). Their results on free energy calculations helped in understanding the
hydrogen bonding and solvation behavior of ILs. Force field developed by Lopes and Padua
(Canongia Lopes, Deschamps et al. 2004; Canongia Lopes and Pádua 2004; Canongia Lopes and
Pádua 2006; Canongia Lopes, Padua et al. 2008) is one of the most widely used force field. After
2004 a wide range of simulations have been performed on ILs using this force field by several
dedicated groups (Köddermann, Wertz et al. 2006; Kowsari, Alavi et al. 2008; Porter, Liem et al.
2008; Singh, Monk et al. 2010; Monk, Singh et al. 2011) and is continued to the present.
Yan et al.(Yan, Burnham et al. 2004) used polarizable and non-polarizable force field for
simulations of [EMIM+][NO3-] at 400 K. Their results for viscosity show that polarizable force
field substantially decreased the viscosity and increased the diffusion coefficients to values
comparable with experimental values and it gives similar result as non-polarizable model gives
at higher temperature. Bagno et al.(Bagno, D'Amico et al. 2007) used classical non-polarizable
force field and suggested that use of non-polarizable hampered the dynamics of the system.
However, Kelkar and Maginn (Kelkar and Maginn 2007) and Micaelo et al.(Micaelo, Baptista et
al. 2006) observed that transport properties obtained from non-polarizable force field were also
in good agreement with experimental values. Morrow and Maginn (Morrow and Maginn 2002)
used functional form of standard molecular mechanics (Leach 2001) and parameters from
CHARMM 22 force field (MacKerell, Bashford et al. 1998) for simulating [BMIM+][PF6-] at
different temperatures. They reproduced densities within about 1% of experimental values.
Dynamical properties such as diffusion coefficient and rotational time constant were calculated.
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The rotational time constant indicated very slow rotational dynamics of the [BMIM +] but
relatively fast rotational motion of the [PF6-] anion (Morrow and Maginn 2002).
Balasubramanian et al. (Sarangi, Zhao et al. 2010) simulated [BMIM+][PF6-] at different
temperatures using force field parameters from the all-atom model developed by their group
(Bhargava and Balasubramanian 2007). They used a fully flexible model with reduced charges of
+0.8 e and -0.8 e on cation and anion respectively. They calculated mean square displacement,
electrical conductivity and self intermediate scattering function. Though they used nonpolarizable force field, their results were in good agreement with the experimental results. Many
ab initio molecular dynamics (AIMD) studies have been reported in literature (Bhargava and
Balasubramanian 2007; Chen, Wu et al. 2007). In another study by Bhargava and
Balasubramanian (Bhargava and Balasubramanian 2007), AIMD simulation was performed on
IL [BMIM+][PF6-]. They observed many cation-anion hydrogen bonds which were not observed
using MD. However, large computational sources were used to obtain adequate length of
simulations using AIMD.
Urahata and Ribeiro (Urahata and Ribeiro 2005) studied the dynamics of [amim+] cations with
different anions using united atom models and obtained viscosity values in excellent agreement
with NMR spectroscopy results. They observed that the fast dynamics of cations as compared to
anions is due to less hindered dynamics of cations along the direction of the cation ring carbon
atom which is located between two nitrogen atoms. Picálek and Kolafa (Picálek and Kolafa
2007) studied the effect of different force fields on transport properties of ILs. They observed
significant difference in the diffusion coefficients and ionic conductivity using different force
fields. They determined the ionic conductivity lower than the experimental data for explicit all
atom force fields but observed good results for united atom force fields. They also studied the
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effect of change in number of ion pairs of [BMIM+][PF6-] at 380 K on diffusion coefficients
using all atom force field developed by lopes et al. (Canongia Lopes, Deschamps et al. 2004;
Canongia Lopes and Pádua 2004; Canongia Lopes and Pádua 2006; Canongia Lopes, Padua et
al. 2008; Shimizu, Almantariotis et al. 2010) and did not observe any significant difference in
diffusion coefficients of cations and anions.
Kowsari and Najafi (Kowsari, Alavi et al. 2008; Kowsari, Alavi et al. 2009) studied 12 [amim+]
based ILs using all atom force field developed by Lopes et al.(Canongia Lopes, Deschamps et al.
2004; Canongia Lopes and Pádua 2004; Canongia Lopes and Pádua 2006; Canongia Lopes,
Padua et al. 2008; Shimizu, Almantariotis et al. 2010) based on OPLS and AMBER framework
with minor modifications. They calculated diffusion coefficients using Green-Kubo relation and
Einstein relation and observed that values obtained from the Green-Kubo relation are close to
experimental values than the results from the Einstein relation. From viewing the literature, it can
be seen that all atom force field developed by Lopes et al. hampers the dynamics hence gives
lower value of diffusion coefficient and electrical conductivity as compared to experimental
values. At the same time simplified united atom force filed is also not accurate in predicting
dynamical properties. Studies showed that simple classical force fields parameterized against
high level ab initio can determine thermodynamics and transport properties of ILs (Maginn
2009).
Borodin et. al. published a series of paper using polarizable force field(Borodin 2009; Vatamanu,
Borodin et al. 2010). They developed a quantum chemistry-based polarizable force field for a
wide set of commonly used ILs and investigated the effect of polarization on structure and ion
transport ((Borodin 2009). Their results for [EMIM+][BF4-] show that polarization of [EMIM+] is
more important than polarization of [BF4-] for facilitating ion transport. The influence of
19

polarization on the ion transport increases with decreasing temperature indicating that a
nonpolarizable force field will have higher activation energy for transport properties vs 1/T.
Their results also suggest that the position of [BF4 -] near the ring carbon atom of [EMIM+] is
noticeably different for the polarizable and nonpolarizable force fields .Borodin et. al.((Borodin
and Smith 2006) used many body polarizable force field to understand the structure and ion
transport in neat [mppy+][TFMSI-] in the temperature range of 303 K and 333 K. They
determined that the rotational dynamics of [mppy+] and [TFMSI-] were anisotropic with the
degree of anisotropy increasing with increase in temperature. Electrostatic interactions were
found to be responsible for slowing down the ion dynamics, increasing viscosity of the IL with
large effects were observed at lower temperature.
In this work MD simulations using explicit fully flexible, non-polarizable force field model were
performed, because polarizable models are complex and computationally more expensive. It has
been argued that polarizable FF are more realistic than non-polarizable, some studies have
reported ordering transition using polarizable force field but others have shown that polarizable
and non-polarizable force fields give very similar interfacial structural properties and dynamics
at higher temperature (Yan, Li et al. 2006; Yan, Wang et al. 2010). Lynden-bell et al.(Del
Pópolo, Lynden-Bell et al. 2005) observed no change in structural properties for [DMIM+][CL-]
using polarizable and non-polarizable force fields. Borodin et. al. and Yan et. al. suggested that
effect of polarizability is more at lower temperature. Thus in this work temperature well above
the melting point was used for determining properties of ILs. This is our initial study in this area
hence less complex non-polaizable FF was used. Implementation of polarizable force field will
be considered in future work. Though polarization effect is not included in this model, the force
field form and parameters used have been shown to reproduce the bulk structure of the IL
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extremely well. This force field can also give values for the dynamical properties of the bulk IL
that are comparable to those measured experimentally.
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CHAPTER 3 - COMPUTATIONAL DETAILS
This chapter is divided into two sections. Section 3.1 describes the force field used in this work
and Section 3.2 explains the MD calculations.
3.1. Force Field
MD simulations were performed to study the liquid state properties of the IL [EMIM+][TFMSI-]
confined inside a hydrophobic slit-like graphite pore at 333 K. The simulations were performed
using GROMACS MD package (Hess, Kutzner et al. 2008) version 4.0.5 in the canonical
ensemble (constant NVT). GROMACS performs parallel MD simulations by solving Newtonian
equation of motion. Simulations were run on the LSU Tezpur cluster. The functional form of the
force field used is given by

θ

θ

The energy of a pair of molecules includes sum over intramolecular bond lengths, bond angles,
dihedrals angle and non-bonded interaction sites. Force constants, Kr,b, Kθ,a, describe the
intermolecular bond stretching and angle bending motions respectively. No bond or angle
constraints are applied on the cation ring. The Lennard-Jones interactions among ions were
handled by combination rule. Lennard-Jones parameters: σ, which describes the interparticle
spacing at zero potential and є which gives the energy minima, are obtained by the conventional
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correlation rule

ij

= (

ii

jj)

1/2

and єij = (єiiєjj)1/2. The force field parameters for the cations

[EMIM+] and anions [TFMSI-] were taken from Maginn et al. (Kelkar and Maginn 2007). Partial
charges were located on cations and anions according to the values reported by Maginn et al..
Force field parameters for [EMIM+][TFMSI-] from Maginn et al. reproduced adequately for the
experimental density, heat of vaporization and dynamical properties. All parameters can be
found in Maginn‟s publication (Kelkar and Maginn 2007).
Mass density and enthalpy of vaporization represents molecular size and average intermolecular
interactions in the liquid states, hence it is important to properly reproduce these properties to
check the reliability of force field. Mass density and enthalpy of vaporization for the bulk system
showed good agreement with previous results (Kelkar and Maginn 2007). The enthalpy of
vaporization was calculated by

Where, Etotal (liquid) is the total potential energy or internal energy of the liquid. It was obtained
from NPT simulation of the bulk liquid with three-dimensional periodic boundary condition. An
average pressure of 1 bar was applied on the system which causes the variation in box size.
Etotal(gas) is the internal energy of the gas phase. The gas phase was assumed to consist of single
ion pair in vacuum. Etotal(gas) was obtained by doing NVT simulation of single ion pair in vacuum
at the same temperature. PV-work term was replaced by RT term by assuming ideal state
(noninteracting pair of ions in gas phase) for the gas. Different experimental techniques showed
wide deviation in enthalpy of vaporization. Hence it is difficult to compare with experimental
values. A value of 144.72 KJ mol-1 for enthalpy of vaporization was obtained using simulations,
which is 0.8% higher than the value reported by Maginn et al. (Kelkar and Maginn 2007), but
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5-6 % higher than the experimental values (Santos, Canongia Lopes et al. 2006). To obtain the
correct bulk density, the system was equilibrated in the isothermal-isobaric ensemble (NPT).
Berendsen barostat (Berendsen 1984) was used to maintain the pressure of 1 atm with a time
constant of 2 ps. The average bulk density obtained by MD simulations with NPT ensemble at
333 K was 1.55 g cm-3, which is ~ 4% higher than the experimental density (Fredlake,
Crosthwaite et al. 2004) but is comparable with the simulated values obtained by Kelkar and
Maginn(Kelkar and Maginn 2007). The radial distribution function, g(r) (cation, cation-anion
and anion-anion) obtained in the bulk liquid were found to be in good agreement with results
reported by Watanabe et al. (Tsuzuki, Shinoda et al. 2009) and Porter et al.(Porter, Liem et al.
2008). Diffusion coefficients were also compared with the experimental values and other
computational results. Calculated diffusion coefficients at 333 K for cations and anions are
5.50E-7 and 3.60E-7 cm2 s-1 respectively. Experimental diffusion coefficients for cations and
anions at the same temperature are 13.7E-7 and 9.0E-7 cm2 s-1, respectively(Tokuda, Hayamizu
et al. 2004). Although the simulated bulk diffusivities are about 3 times lower than experimental
values, this is a well-known limitation of non-polarizable force fields for ILs; polarizable force
fields can give values of dynamical properties of ILs that are closer to experimental
values(Borodin 2009; Maginn 2009). As this is our initial study in this area, we have decided to
use the less complex non-polarizable FF from Kelkar and Maginn. Implementation of polarizable
force field will be considered in future work.
3.2. Molecular Dynamics Simulations
IL [EMIM+][TFMSI-] confined inside parallel graphite slabs was simulated at a temperature of
333 K to characterize its structural and dynamical properties. MD simulations at constant
volume and temperature (NVT) ensemble were performed. Temperature higher than the melting
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point, Tm = 258.15 K of [EMIM+][TFMSI-] was chosen to ensure significant ionic displacement.
Mastragostino et al. (Seki, Kobayashi et al. 2006; Arbizzani, Beninati et al. 2007; Lazzari,
Mastragostino et al. 2007; Mastragostino and Soavi 2007; Lazzari, Soavi et al. 2008; Lazzari,
Soavi et al. 2010) performed many experimental studies using [EMIM+][TFMSI-] and graphite
surface at 333 K for its application in EDLCs. Six sheets of graphene, three on each side were
fixed in space with the nm-size space in between them occupied by [EMIM+][TFMSI-] (Figure
3.1). The three graphene sheets are separated by a distance Δ=0.335 nm. The carbon atoms in the
graphene sheets were modeled as 6-12 Lennard-Jones particles corresponding to sp2 hybrid
carbon atoms with єc/k = 28.0 K and

c

= 0.340 nm. This model system is a simple

representation of a slit-shaped nanopore in an electrode, which is in contact with an IL
electrolyte. All systems contained equal number of cations and anions with a charge of +1 and -1
respectively, so that the net charge of the system is zero. Molecular simulation model with fixed
charges was used. A representative snapshot of the system is shown in Figure 3.1. In all
simulations bond length and angle were held rigid. In all the systems, the simulation temperature
control was achieved using the improved velocity rescaling thermostat recently developed by
Parrinello et al. (Bussi, Donadio et al. 2007; Bussi, Zykova-Timan et al. 2009) with a time
constant of 0.1 ps. The long range electrostatic (Columbic) interactions were treated using
Particle-Mesh Ewald (PME) (Darden, York et al. 1993; Bussi, Donadio et al. 2007) summation
method with cutoff of 1.2 nm. The Lennard-Jones interactions were truncated at the cutoff
distance of 1.0 nm and a grid spacing of 0.1 nm. Periodic boundary conditions were applied in all
three directions. To avoid artificial influence from periodic images, IL-graphite sheets were kept
in the center of a simple orthorhombic box with vacuum on both sides separating it from the next
periodic image in Z direction. The Z distance was kept large enough to avoid any interaction
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between the adsorbed ions and its periodic image. The two sides of the box were equal to the X
and Y dimensions of graphite sheets. Periodic boundary conditions in all three directions were
used. The initial configuration of [EMIM+] and [TFMSI-] ions was obtained from an online
package “The Dundee PRODRG2 Server” (Schuttelkopf and van Aalten 2004). Verlet leap frog
algorithm was implemented for integrating the equations of motion, with the integration time
step of 0.5 fs. The configurations from MD trajectory were recorded at a time interval of 25 ps.
Initial configuration was generated by making an arbitrary lattice structure of cation-anion
sandwiched between parallel graphite slabs. Figure 3.1 shows one such configuration. To relax
strained contacts in the initial configuration, the system was energy-minimized twice, first using
steepest descent and then using conjugated-gradient energy minimization schemes. All the
systems were then melted to 600 K to improve mobility of molecules and subsequently annealed
from 600 to 333 K in three steps to ensure proper equilibration. The three step annealing ensures
that the system is no longer affected by the artificial initial configuration. Simulations were run
long enough to overcome the initial configuration (ergodic system) and get statistically
converged results. Preceding results show that long simulation runs are required to ensure the
measurement of correct dynamical properties. Hence all production runs were performed for 50
ns at 333 K.
It has been observed both experimentally and computationally that only the surface of pores
accessible by ions contributes to the capacitance of double layer. Hence, to analyze the effect of
pore size on IL-graphite interface five different pore sizes of 1.9, 2.4, 2.5, 4.0, and 5.2 nm were
examined with 108, 360, 224, 665, and 504 IL pairs inside the graphite slabs, such that all
systems have a density of ~1.56 g cm-3 (ρ simu), which is similar to the model bulk density at 333
K. The effect of area on the system size was investigated by simulating systems with different
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size of graphite sheets. For a pore size of 1.9 nm a smaller system of dimensions 5.289*5.577*10
and a bigger system of dimensions 8.8*8.58*10 were considered. Similarly, for a pore size of 2.5
and 5.2 nm two systems of 6.83*6.45*10 and 8.68*8.28*10 were considered. It was observed
that the size of graphite sheets does not alter the structural and dynamical properties
significantly. Width of pores (H) was defined by the minimum surface-to-surface distance
between the two graphite sheets in Z direction confining IL. Volume occupied by IL in the
confined system was calculated by using Vmin=x*y (z-σc ) where σc= 0.334 nm. The actual width
of pore (Z direction) is thus given by H -

c.

Z (non periodic)

Y (periodic)

X (periodic)

Figure 3.1 A snapshot of the [EMIM+][TFMSI-] confined inside graphite sheets with a pore size
of 1.9 nm at 333 K; ρ =ρBulk
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CHAPTER 4 - EFFECT OF PORE SIZE ON STRUCTURAL AND DYNAMICAL
PROPERTIES OF A CONFINED IL

4.1 Introduction
This chapter includes the results obtained for structural and dynamical properties of IL
[EMIM+][TFMSI-] confined inside slit-like graphitic pores. Most of previous computational
studies (Tokuda, Hayamizu et al. 2004; Canongia Lopes and Pádua 2006; Kelkar and Maginn
2007; Fujii, Soejima et al. 2008; Porter, Liem et al. 2008; Tsuzuki, Shinoda et al. 2009) using IL
[EMIM+][TFMSI-] focused on the bulk properties. In this work systematic simulation study has
been done to understand the interfacial properties of [EMIM+][TFMSI-] and graphite surface.
Pore size of electrodes affects transport, adsorption and surface kinetics of ions; hence, its
optimization is important for improving the performance of EDLCs. Largeot et al.(Largeot,
Portet et al. 2008) reported experimental results of change in capacitance with respect to pore
size, for systems of [EMIM+][TFMSI-] inside carbide-derived carbon materials. Their results
indicate that capacitance increases with decrease in pore size until it reaches the same size as that
of the ions; a further decrease in pore size leads to a drop in the capacitance. Hence, different
pore sizes were studied in this work to understand the effects on the microscopic properties of
the IL under confinement. As mentioned in the previous section, pore sizes of 1.9, 2.4, 2.5, 4.0
and 5.2 nm were studied, and in all cases the confined IL had a density similar to ρbulk at the
same temperature. In this study different structural properties, namely number density, radial
distribution function (RDF) and orientation order parameter were monitored. Several dynamical
properties of the confined ions, namely mean square displacement (MSD), auto correlation
functions (C(t)), self-part of van Hove correlation function (G s(r, t)), and incoherent intermediate
scattering function (Fs(q, k)) were also monitored.
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4.2 Structural Properties
Packing and screening are the two most important characteristics in determining structure of
liquids (Del Pópolo, Lynden-Bell et al. 2005). Geometry, size and short range interactions of
particles affects the packing of molecular constituents, whereas long-range Coulombic
interactions are responsible for screening of electric fields. This section includes number density,
radial distribution function (RDF), orientation order parameter of IL [EMIM+][TFMSI-] confined
inside slit-like graphite pores.
4.2.1 Number Density
Figure 4.1 presents the number density ρ (z) profiles (in molecules nm-3) for the CR atom of
[EMIM+] and the NJ atom of [TFMSI-] confined inside a slit-like graphite pore of different pore
sizes at 333 K (see Figure 2.3 for nomenclature). It is observed that the hydrophobic graphite
walls induce a layering effect in [EMIM+][TFMSI-]. Cations and anions showed a similar trend
of local maxima near the walls with higher density of cations and anions at the interface as
compared to the bulk liquid. Formation of layers close to the walls and strong oscillations for
both cations and anions were observed. In smaller pores clear oscillations were observed,
however a uniform density distribution was observed in the center for large (H=5.2 nm) pore
size. The layering structure near the wall is in agreement with previous computational (Gao,
Luedtke et al. 1997; Pinilla, Del Pópolo et al. 2005; Feng, Zhang et al. 2009; Singh, Monk et al.
2010; Monk, Singh et al. 2011) and experimental (Souda 2009) studies. Local maxima (first
peak) for both the ions was observed at the same position from the wall, this indicates that both
ions are stacking at the same distance from the wall, forming a layer of average thickness 0.30.4 nm. Oscillations at the walls vanished after ca.1.5 nm in large pore systems.
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Figure 4. 1 Number density of CR carbon atom of cations (blue, solid line) and NJ nitrogen
atom of anions (red, dashed line) for [EMIM+][TFMSI-] confined in slit pores with H = 1.9, 2.5,
4.0, 5.2 nm at 333 K
Layering indicates strong interaction between IL [EMIM+][TFMSI-] and the graphite sheets.
Number of peaks increased from 3 to 4 with increase in pore size from 1.9 to 5.2 nm. This
change in number of peaks can be justified by observing the number of ions in the interfacial
layer per unit surface area. Width and height of peak at the interface decreased with increase in
pore size from 1.9 to 5.2 nm, indicating decrease in number of ions in the interfacial layer per
unit surface area.
4.2.2. Radial Distribution Functions (RDFs)
Analysis of radial distribution function g(r) gives insights on the structure of ILs. To further
investigate the local structure of IL confined inside slit pore, the radial distribution function
(RDF) was computed. Figure 4.2 represents the site-site intermolecular RDF for cation-cation,
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anion-anion and anion-cation confined inside slit-like graphite pore of 5.2 nm and for the bulk
liquid at 333 K. „CR‟ carbon atom of [EMIM+] and „NJ‟ nitrogen atom for [TFMSI-] were
chosen for RDF because they appear only once in their respective ions and are likely to be
involved in inter-ion interactions (see Figure 2.3 for nomenclature). The position and other
feature of the peaks are similar for confined system and bulk, indicating that the local structure
of IL in confinement is similar to bulk IL. The simulated results of RDF for the bulk liquid are in
good agreement with results obtained by other groups (Porter 2008, Tsuzuki 2009). The RDF of
„CR‟ carbon atom of [EMIM+] (gCR-CR), and the nitrogen „NJ‟ atom of [TFMSI-] (gNJ-NJ), shows
up to three coordination shells. Maxima for gCR-CR and gNJ-NJ are broader and weaker than that of
gCR-NJ, suggesting a weak structuring of CR-CR carbon atoms of [EMIM+] and the NJ-NJ
nitrogen atoms of [TFMSI-] as compared to CR-NJ atoms. Due to bulky nature of IL, the first
coordination shell of (gCR-CR) CR carbon atom of [EMIM+] and (gNJ-NJ) NJ atom coincides, and is
observed well beyond 0.77 nm and the second neighbor around 1.53 nm. However, the
contribution of gCR-CR is less as compared to gNJ-NJ over the entire range. Coordination shell for
the distribution function between the carbon atoms of [EMIM+] and nitrogen atoms of [TFMSI-]
(gCR-NJ) was observed at a shorter distance of 0.33 nm, signalizing a strong interaction between
cations and anions. RDF for cations and anions gCR-NJ has three well defined peaks at 0.33, 0.53
and 0.73 nm and two broad peaks at 1.13 and 1.18 nm. The 0.2 nm spacing between the first
three peaks is due to the effect of differing lengths of ethyl and methyl side groups of the
[EMIM+] on the shape of coordination shells of anion surrounding it. Further out, the broad
peaks of gCR-NJ at 1.15 and 1.89 nm indicates weakening of cation-anion structure (due to loss of
anisotropy). Maxima of gCR-CR and gNJ-NJ are in phase with each other, but out of phase with
maxima of gCR-NJ by 180 ° indicating highly structured alternating charged layers. For all the pore
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sizes considered, oscillations extended up to half-length of the simulation box, this long spatial
correlation is due to the long-range columbic interaction between ions. This considerable longrange correlation was also observed experimentally (Fujii, Soejima et al. 2008). Decay in the
height of peaks with increase in distance indicates the disordered structure, which is generally
observed in liquid.

Figure 4. 2 Radial distribution function of cation-cation, cation-anion and anion-anion for pore
size of 5.2 nm and for the bulk liquid: T= 333 K, P=1 atm
The effect of pore size on the structure of IL is shown in Figure 4.3 by comparing the RDFs for
different pore sizes. RDF for bulk and confined systems has similar positions and feature of
peaks. The first peak for cation-cation distribution was observed at 0.8 nm for all pore sizes,
indicating that the position of peaks is independent of pore size. However, with increase in the
pore size, the height of cation-cation distribution function decreases with bulk IL showing the
least height. This effect is may be due to confinement and excluded volume of systems (Soper
1997; Soper, Bruni et al. 1998; Gallo, Ricci et al. 2002; Morineau and Alba-Simionesco 2003;
Hung, Coasne et al. 2005). Similar dependency on pore size was observed in RDFs of anionanion and cation-anion. This confirms that the structure of confined ILs coincides with bulk.
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Figure 4. 3 RDF for a pore size of 1.9, 2.5, 4.0, and 5.2 nm and the bulk liquid
Further insight into the liquid structure can be gained by studying the RDF between oxygen (OJ)
and fluorine (FJ) atoms of anion and all three hydrogens (HA, HE, H1) of cation (see Figure 2.3
for nomenclature). This gives valuable information about the interactions between cations and
anions. Figure 4.4 shows the RDF of oxygen (OJ) and fluorine (FJ) atoms of the anion [TFMSI-]
with three different types of hydrogen (HA, HE, H1) atoms of the cation [EMIM+] for a pore size
of 5.2 nm and the bulk liquid. There has been a controversy about the existence of hydrogen
bonding between cation and anion among many groups. Dupont (dupont 2004) observed a threedimensional network of hydrogen bonds but Schroder et al. (Schroder, Rudas et al. 2006)
observed no hydrogen bonding in imidazolium based ILs. The first RDF peak of oxygen with
polar hydrogen atom „HA‟ was observed at 0.25 nm and with „HE‟ and „H1‟ at ca. 0.27 nm. It
was observed that oxygen atom „OJ‟ of [TFMSI-] prefers to associate more with the acidic
hydrogen „HA‟ of imidazolium ring and then with the „H1‟ hydrogen atom of the methyl group
and has least preference for the terminal „HE‟ hydrogen of the ethyl group . The same trends are
observed in the RDFs of the bulk IL (Figure 4.4).
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Figure 4. 4 RDF (a) OJ-HA (blue), OJ-HE (red), OJ-H1 (orange) and (b) FJ-HA (blue), FJ-HE
(red), FJ-H1 (orange) for a pore size of 5.2 nm (solid lines) and for the bulk liquid (dashed lines)
at 333 K (see Figure 2.3 for nomenclature)

Similar preferential order is observed for site-site RDFs for nitrogen (NJ), oxygen (OJ) and
fluorine (FJ) atoms of [TFMSI-] with acidic hydrogen atom (HA) of [EMIM+]. Figure 4.5
indicates that the oxygen atom of [TFMSI -] anion has the highest affinity for the acidic hydrogen
atom of cation, followed by nitrogen and fluorine. RDF for CR atom of cation and OJ atom of
anion was also observed (not shown here) and the results showed that CR atom has more affinity
for OJ atom as compared to NJ atom. Formation of weak hydrogen bonding between acidic
hydrogen atoms of cation with anion can be expected in liquid [EMIM +][TFMSI-]. Strong
interaction between acidic hydrogen of cation with sites of anion could be one of the reasons for
ordering in ILs at the graphite interface. Strong interaction between CR atom of [EMIM+] and OJ
atom of [TFMSI -] was observed experimentally by Takamuku et al.(Fujii, Soejima et al. 2008).
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Figure 4. 5 RDF of acidic hydrogen (HA) of [EMIM+] with nitrogen (NJ), oxygen (OJ) and
fluorine (FJ) atoms of [TFMSI-] at 333 K for a pore size of 5.2 nm (solid lines) and the bulk
liquid (dashed lines)
Looking at the snapshots in Figure 4.6 (a), it can be seen that anions tend to arrange themselves
with cations due to hydrogen-bonding-type interaction between cations and anions. Figure 4.6 (a)
shows strong interaction between OJ atom of the anions and CR-HA groups of the cations.
Experimental studies (Köddermann, Wertz et al. 2006) showed strong interaction between
[EMIM+] and [TFMSI-] and high affinity of [TFMSI-] for CR-HA group of [EMIM+] to form
hydrogen bonds. The Figure 4.6 (b) gives the idea of equilibrium structure of ions. Each
[EMIM+] ion is surrounded by four [TFMSI-] ions and vice versa.

Figure 4. 6 (a) Snapshot showing hydrogen-bonding-type interactions between EMIM+][TFMSI](b) Snapshot from a simulation of pore size 1.9 nm (one of the three layers) with 108 pairs of
[EMIM+][TFMSI-] at 333 K
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4.2.3 Orientation of the Ions
Structure of ILs can be quantified by measuring the order parameter of ions. Figure 4.7 (a) shows
the order parameter and number density of [EMIM+] and (b) shows the order parameter and
number density of [TFMSI-] as a function of distance perpendicular to the graphite surface for a
pore size of 5.2 nm. The orientation order parameter is defined as the ensemble average of first
Legendre polynomial <P1 (cosθ)> = <cosθ >, where θ is the angle between a direction vector and
vector normal to the surface. The direction vectors considered in this work are (1) a vector
normal to the imidazolium ring, and (2) a vector connecting the two carbon atoms (CJ-CJ) in
[TFMSI-] (see Figure 2.3 for nomenclature). Brackets indicate that an average over Z direction
and MD simulation was taken to find the orientation order. Magnitude of P1 (cosθ) gives
information about the extent and range of orientation of ions with respect to the surface. An
average value of ~ 0.57 for P1 (cosθ) indicates no preferred orientation and a value close to one
indicates that the vector is perpendicular to the surfaces. This orientation preference induced by
the solid surface results in a dense region at the interface. Well structured charged layers
behavior observed in RDF is due to the preferential orientation of [EMIM+][TFMSI-] at the
graphite surface.
In the first peak of adsorbed cations, the order parameter showed a very high value of ca.0.83,
indicating that the adsorbed cations show high tendency to lie flat on the surface, but some
cations have their direction vector perpendicular to the vector normal to the surface or making a
small angle with the surface. Thus, cations can show multiple orientations at the surface.
Number density profile for cations and anions were also plotted to distinguish the regions of high
and low density. The result is in agreement with previous results (Pinilla, Del Pópolo et al. 2005;
Sha, Wu et al. 2008; Wang, Li et al. 2009) for similar IL confined in slit-like graphite pore,
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carbon nanotubes (Singh, Monk et al. 2010) and CMK-3 carbon material (Monk, Singh et al.
2011). Beneath this parallel layer of cations there is a low-density region at ca. 0.31 nm where
cations are preferably perpendicular to the plane. A small value of order parameter ca. 0.368 for
anions indicates that anions are lying flat with their CJ-CJ vector parallel to the surface. Unlike
cations, anions show no preferred orientation in the layers beneath the surface layer. Cations and
anions are restrained in a plane configuration at the interface, which is due to the presence of the
walls; this effect is somewhat enhanced by the strong interaction of graphite with cations and
anions. Orientation of ions at the surface is caused by change in energy and entropic balance, this
leads to tight packing of ions at the interface and increased melting point. No preferred
orientation order was observed as we move away from the surface or in the bulk because of loss
of anisotropy. Confinement of ILs gives tighter packing and increased density of ions at the
interface resulting in more favorable energy in confined systems as compared to the bulk liquid.
The corresponding plots for other pore sizes are very similar. It was observed that orientation for
cations and anions is independent of pore size.

Figure 4. 7 Orientational order parameter (a) P1 (cosθ) (blue,solid line) and number density
(red,dashed line) of [EMIM+] and (b) P1 (cosθ) (blue,solid line) and number density (red,dashed
line) of [TFMSI-] confined in a pore size of 5.2 nm at 333 K
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Figure 4.8 shows the number density profile of different groups of [EMIM+] and [TFMSI-].
Strong peak of C1atom of [EMIM+] at ca. 0.2 nm to the graphite surface indicates aggregation of
methyl groups at the surface. CR, CE, C1 show peaks at the same distance from graphite,
suggesting that the cations preferred orientation is with the ring and ethyl chain lying flat to the
surface, in agreement with orientation profile. However, multiple peaks of carbon atoms within
1.0 nm distance suggest the possibility of several orientations of cations at the interface. A peak
of NJ at 0.2 nm followed by peaks of SJ and CJ at 0.27 nm indicates that nitrogen atoms are
adsorbed on the surface with the CJ-CJ and SJ-SJ vectors are parallel to the surface.

Figure 4. 8 Number density for CR, CW, C1, CE atoms of [EMIM+] and NJ, SJ, CJ atoms of
[TFMSI-] for a pore size 5.2 nm (see Figure 2.3 for nomenclature)
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4.3 Dynamical Properties
This section presents results for single particle dynamics such as mean square displacement
(MSD), autocorrelation function (ACF), van Hove self correlation function (VHSCF) and self
intermediate scattering function (SISF). Study of translational dynamics is important for
fundamental understanding of mass transfer, conductivity, interfacial and mixing behavior and
rheology of liquids.
4.3.1 Mean Squared Displacement (MSD)
The mobility of the confined ions in different directions is one of the factors in determining the
internal resistance in EDLC, which ultimately affects its specific power (Pandolfo and
Hollenkamp 2006). Translational dynamics was studied by measuring mean square displacement
(MSD). ILs exhibit complex and slower dynamics as compared to inorganic molten salts because
of their bulky nature and high viscosity.
MSD in the Z direction for [EMIM+][TFMSI-] confined inside a pore size of 1.9, 2.5, and 5.2 nm
and for the bulk liquid, and single particle time correlation function at 333 K is shown in Figure
4.9. The density in confined system is same as the bulk density obtained from NPT simulation.
Results indicate that the MSD for bulk is faster than the confined systems; mobility of the ions
increases monotonically with increase in pore size from 1.9 nm to 5.2 nm. This may be due to
increase in fraction of ions which are away from the surface and have higher MSDs. For the
sake of clarity only three pore sizes were plotted in Figure 4.9, as the intermediate pore sizes
show a consistent trend. It is evident from the results that dynamics of both cations and anions
increases with increase in pore size. This may be due to increase in fraction of ions which are
away from the surface and have higher MSDs. Hence, confined IL has propensity to behave
more like bulk liquid with increase in pore size. But, the dynamics in bulk liquid is always faster
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than the confined system. For all pore sizes considered diffusion of cations was faster than
anions. In spite of bulky and bigger size of [EMIM+] than [TFMSI-], it diffuses faster than
[TFMSI-] in comparison to previous findings for different ILs (Margulis, Stern et al. 2002;
Urahata and Ribeiro 2005; Chang and Dang 2008; Kowsari, Alavi et al. 2008). Bhargava and
Balasubramanian (Bhargava and Balasubramanian 2005) rationalized this behavior of diffusion
by stating that anions lie in a deeper potential well than cations i.e. the average potential energy
of anions is greater than cations. Another cause for high mobility of cations in comparison to
anions can be due to enhanced movement of cations along the CR-HA direction (Figure 2.3)
(Urahata and Ribeiro 2006). The dynamical behavior of [EMIM+][TFMSI-] was also observed by
plotting single-particle time Auto Correlation Function (ACF) for the reorientation of the cation
along the vector normal to the imidazolium ring, following the work of Urahata and Ribeiro
(Urahata and Ribeiro 2006).The rotational auto correlation function was studied as auto
rotational correlation function of the vector n. where n is the cross product of vector connecting
atom NA-NA and NA-HA (see Figure 2.3). Time correlation function decorrelated in less than
500 ps for the bulk and took more than 1800 ps for confined systems. The decorrelation time
increased with decrease in pore size confirming the comparatively slow dynamics in small pores.
Confinement and interaction between graphite and IL restricts the movement of ILs. Thus,
confinement has a profound effect on both rotational and translational dynamics of ILs.
MSD for IL in the direction of confinement (Z direction) and in the direction perpendicular to the
confinement (X direction) for pore a size 5.2 nm is shown in Figure 4.10. It is important to
understand the dynamics in different directions as relaxation dynamics in this system are not
isotropic. Dynamics of cations and anions is faster along the X (or Y) direction as compared to
the Z direction. This indicates that the confinement hinders the motion of the IL in the confined
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direction. Hence, confinement is an important factor in changing the relaxation dynamics of ILs.
These findings are in analogy to previous results (Scheidler, Kob et al. 2004) of IL under
confinement.

Figure 4. 9 Linear scale plot of (a) mean square displacement and (b) rotational relaxation time
(auto correlation function) for IL confined inside 1.9, 2.5, and 5.2 nm pore and for bulk liquid at
333 K

Figure 4. 10 Linear scale plot of MSD of cations and anions in X and Z direction for a pore size
of 5.2 nm
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MSD in Z direction as a function of time in log-log scale for [EMIM+][TFMSI-] confined in pore
size of 5.2 nm and for the bulk IL is shown in Figure 4.11. Pore was divided in five bins with
width same as that of the width of layers observed in density profile of pore size 5.2 nm. For the
sake of clarity only first three layers are shown in Figure 4.11 as MSD for bin 1 and bin 2 are
same of bin 4 and bin 5.The MSDs for both ions can be divided in three different time scales. At
short time, t ~ 0.1 ps, the ions try to overcome their initial configuration and do not interact much
with the neighboring ions. This region involves only local particle motion and is known as
ballistic regime. Due to lack of restriction in movement, the diffusion in this region is very fast
with quadratic time dependency of MSD on time, MSD α t2. The intermediate regime in which
ions rattle inside a cage formed by neighboring ions, and MSD increases slowly with time is
known as sub diffusive regime (or cage-effect). This region is indicated by the plateau in the
above figure. Due to high operating temperature a weak plateau was observed at intermediate
time. The time range for which particles were trapped in the cage is short and hence the MSD
crossed over to the Fickian region immediately. Previous studies (Walter 1999) have reported
that with decrease in temperature the cages become more and more rigid. Due to slower
dynamics in confined systems as compared to the bulk liquid, the cage regime is observed for
longer times in confined systems. For long-time motion when particle escape from the cage, the
ions are in diffusive or Fickian regime and MSD shows a linear relation with time (MSD α t).
The above three regimes are explained in detail in the next section. Dynamics of cations and
anions in the bins close to the surface are slower as compared to the central bin. At the center of
the confined system MSD is identical to the MSD of the bulk liquid for few picoseconds.
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Figure 4. 11 log-log scale plot of mean square displacement in Z direction for pore size 5.2 nm
for three different layers of fluid (see figure 4.1) for (a) [EMIM +] (b) [TFMSI-] and the bulk
liquid
At longer time, slow dynamics in liquid close to the wall showed pronounced effect on the
dynamics of the liquid away from the wall. This results in deviation of MSD of bulk liquid from
the central bin of confined liquid. The results are in reasonable agreement with results obtained
by Singh et al. (Singh, Monk et al. 2010). The results show that MSD is a strong function of Z,
the distance of ions from the wall. The ratio of diffusion coefficient for the central and the first
bin is ca. 1.2. The corresponding plots for other pore sizes are very similar. From the results it
was observed that the ions become diffusive within few hundred picoseconds. Kelkar and
Maginn (Kelkar and Maginn 2007) observed that [EMIM+][TFMSI-] remains in subdiffusive
regime even at 1 ns. They observed the dynamical properties at a lower temperature of 293 K.
However, reasonable values of diffusion coefficients reported in this work show that dynamics
can be studied using equilibrium simulations for a temperature well above the melting point.
MSD of different carbon atoms of cation was also calculated (not shown here), it was observed
that the terminal butyl carbon atom and methyl carbon atoms are faster than carbon atoms on
imidazolium ring in short time scale. This may be due to lower partial charge and greater
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flexibility of chain as compared to the ring. Less interaction of chain with anion as compared to
the ring could be the reason for the fast dynamics of chain atoms.
4.3.2. Diffusion Coefficient
From the molecular point of view, the self diffusion coefficient gives the microscopic description
of single particle dynamics (Kowsari, Alavi et al. 2008; Kowsari, Alavi et al. 2009). The selfdiffusion coefficients for cation and anion were calculated from the log-log plot of MSD versus
time in the region, where MSD increases linearly with time. The self diffusion coefficient
obtained from the slope of MSD for a pore size of 5.2 nm is 5.0E-7 and 2.7E-7 cm2 s-1 for
[EMIM+] and [TFMSI-] respectively. Experimental diffusion coefficients for cations and anions
at the same temperature are 13.7E-7 and 9.0E-7 cm2 s-1, respectively (Tokuda, Hayamizu et al.
2004). The simulated and experimental diffusion coefficients are of same order of magnitude.
Small value of diffusion as compared to the experimental values is due to confinement effects.
Diffusion coefficients of cation in X (or Y) and Z directions are 5.4E-07 and 4.0E-07 and for
anion in X (or Y) and Z directions are 3.2E-07 and 2.2E-07 cm2 s-1 respectively. Less value of
diffusion coefficients in Z direction as compared to X (or Y) direction conforms the slower
dynamics in the direction of confinement. Figure 4.12 indicate that diffusion coefficients
increased monotonically with increase in pore size, this corroborates faster dynamics with
increase in pore size. For all pore sizes considered, diffusion coefficient of cations was ca. two
times higher than the diffusion coefficient of anions. In spite of the bulky and bigger size of
[EMIM+] than [TFMSI-], it showed larger value of diffusion coefficient. This observation can be
rationalized by stating that the planar structure of imidazolium cations and the greater friction for
translational motions of the anions as compared to the cations are responsible for faster diffusion
of cations as compared to anions (Kowsari, Alavi et al. 2008; Kowsari, Alavi et al. 2009).
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Figure 4. 12 Diffusion coefficients of [EMIM+] and [TFMSI-] as a function of pore size.
4.3.3. Self-Part of van Hove Correlation Function
Single particle dynamics can be studied by finding van Hove self correlation function (VHSCF)
and self intermediate scattering function (SISF). VHSCF gives a detailed description of the
motion of particle in a fluid. Inelastic neutron scattering probe the structure and dynamics of
condensed media and its theory is based primarily on the VHSCF but it is related to the
experimental intensity through a double Fourier transformation in space and time. SISF gives a
more direct comparison with the experimental results obtained from quasi-elastic neutron
scattering experiments. The VHSCF is defined for a system of N particles as follows (Habasaki
and Ngai 2008)
G (r, t) =

The physical interpretation of van Hove function G(r, t) is that it gives the probability of finding
a particle i in a region dr around a point r at time t provided that the particle i was at origin

(0)

at t=0 at a particular temperature (Hansen and McDonald 2006). Van Hove correlation function
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can be divided into two parts, self (G s) and distant (Gd) van Hove correlation corresponds to the
possibility that i and j may be the same particle or different ones. It is easier to calculate self (Gs)
part than distant Gd part because Gs is concerned with single particle correlation which can be
easily determined from the MD trajectory file.
The self-part of van Hove correlation function Gs (r, t) as a function of r with different layer at
(1) 0<z<0.48 nm (2) 0.48<z<1.0 nm (3) 1.0<z<3.8 nm was plotted for pore a size of 5.2 nm and
the bulk liquid in Figure 4.13. At short time t=0.2 ps both ions were found within 0.13 nm
distance. Dynamics of liquid close to the wall were superimposed by the liquid away from the
wall at short time scales, hence no difference was observed in the height and position of peaks of
different layers of fluids. Thus, the function is independent of the distance from the wall for the
first few picoseconds. Sharp peaks and rapid decay of peaks to zero for both [EMIM+] and
[TFMSI-] indicates very fast dynamics of ions. Both ions were positioned within 0.5 nm distance
at t=100 ps, indicating that the particles are still inside the cage formed by neighboring ions at
time t=0. This distance corresponds to the peak in the RDF, indicating that the particles are still
inside the cage formed by neighboring ions. Figure 4.13 (b) shows a noticeable difference in
Gs(r,t) in the different layers of IL as a function of distance Z. At longer time, t=25 ns ions in the
central bins show Gaussian but the ions close to the surface still show non-Gaussian behavior
was observed. Stretched exponential decay observed in this regime is due to hopping of fast
moving ions particularly in the layer close to the surface. Cations showed well developed tails
(more skewed) than anions because cations are moving faster and showing more jump like
motion particularly in the bin close to the surface. Diverse distribution of height and position of
peaks was observed.
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Figure 4. 13 The self-part of van Hove correlation functions (VHSCFs) as a function of r for
[EMIM+] (solid lines) and [TFMSI -] (dashed lines) confined in pore size of 5.2 nm and for the
bulk liquid at 333 K at different time scales (a) t=0.2 ps (b) t=100 ps (c) t=25000 ps
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Scheidler et al.(Scheidler, Kob et al. 2004)rationalized this hopping mechanism by stating that,
the walls give rise to a local potential energy landscape with energy minima for positions
between those particles and the observed jumps are just the motion of particles between these
local minima. Hopping mechanism occur when molecules move by crossing substantial potential
energy barriers. This mechanism is generally observed in supercooled liquids at low temperature
and high viscosity. However, due to highly viscous nature of ILs hopping can be seen at
relatively high temperature also. Dynamics for the liquid close to the walls is slow as compared
to the liquid away from the walls. This behavior is related to the reorientation and diffusion of
ions. For all three layers relaxation in cation is faster than the anion. Thus, both MSD and
VHSCF suggest that the cations move faster than the anions. Also the movement of ions close to
the walls is less than that of the ions at the center of the pore.
VHSCF for a pore size of 2.5 nm and 5.2 nm for cation (Left) and anion (Right) at three different
time scales was observed in order to determine the effect of pore size on VHSCF. It is important
to note that pore size 2.5 nm was divided in three bins and pore size 5.2 nm was divided in 5 bins
as per the number density profile. It was observed that both the ions show same relaxation time
in ballistic region irrespective of pore size. Also in sub-diffusive regime distributions of two
pores sizes are very similar. However, as we move toward diffusive regime relaxation time is
less in larger pore size. This behavior is more prominent in anions as compared to cations. The
result also indicates that the dynamics of anions is more heterogeneous as compared to cations.
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Figure 4. 14 VHSCF for a pore size of 2.5 nm (dashed lines) and 5.2 nm (solid lines) for cations
(Left) and anions (Right) at three different time scales (a) t= 0.2 ps (b) t=10 ps (c) t=2000 ps
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4.3.4. Incoherent (self) Intermediate Scattering Function
Incoherent intermediate scattering function is a measure of time decorrelation of the positional
wave vectors (q). Incoherent intermediate scattering function was plotted to understand the
nature of relaxation of density correlations of individual ions at different wave vectors and at
different time scales. Space Fourier transform of the self-part of van Hove correlation function
Gs(r, t) with respect to r gives incoherent intermediate scattering function (Sarangi, Zhao et al.
2010). It can be easily measured from light scattering experiments and is given by (Varnik,
Baschnagel et al. 2002).
Fs (q, t) =
Here, N is the number of ions,

is the position of ion i and q is the wave vector. Typical

behavior of incoherent intermediate scattering function Fs (q, t) can be divided into two time
scales (1) a fast β–relaxation corresponds to the decay of plateau, this is due to the diffusion
inside the cage and (2) α-relaxation corresponds to the final structural relaxation when the
trapped particles escape from the cage (Reis, Ingale et al. 2007). Due to high operating
temperature (T=333 K), the plateau corresponds to β–relaxation is not well developed in figure
4.15. Relaxation of [EMIM+][TFMSI-] at 333 K showed exponential decay, two step relaxation
is generally observed for temperature at or around critical temperature (Tc).
Intermediate scattering function, Fs(q, t) for [EMIM+] and [TFMSI-] was plotted in confined
system as a function of time for different wave vectors of 5, 10, 15, 20, 25, 30 nm-1 at 333 K in
Figure 4.15. The figure indicates that decorrelation of Fs (q, t) is a strong function of the wave
vector. Intermediate scattering function, Fs(q, t) decay faster for large wave vectors irrespective
of distance from the wall.
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Figure 4. 15 Incoherent intermediate scattering function for confined system of pore size 5.2 nm
at 333 K for [EMIM+](solid lines) and [TFMSI-] (dashed lines) at different time scales (a)
0<z<0.48 (b) 0.48<z<1.9 (c) 1.0<z<3.68.
Figure 4.15 shows that cation relaxes faster than anion in the liquid close to the wall. Cations and
anions behave quite similarly for liquid away from the walls particularly at longer time scales,
indicating mutual diffusion of cations and anions. For longer execution times, relaxation time
decreased with increase in distance from the walls for all wave vectors. Results indicate that
cations show faster structural relaxation as compared to anions for the liquid close to the walls. It
was observed that dynamics in confined systems is affected by distance from the wall as well as
wave vector. Regions close to the graphite walls showed slower dynamics as compared to the
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regions away from the walls. Hence the relaxation time in the vicinity of the surface is more and
decreases with increase in distance from the walls. This behavior was more pronounced in anions
as compared to cations.

52

CHAPTER 5 - CONCLUSION AND FUTURE WORK
In this work MD simulations of IL [EMIM+][TFMSI -] confined inside slit-like graphite pore
were performed. The structural and dynamical properties were studied as a function of pore size.
The results indicate that pore size have a profound influence on properties of confined ILs.
Layering structure was observed in the density profile of IL close to the surface which indicates
strong interaction between graphite surface and IL. Both ions are stacking at the same distance
from the wall, forming a layer of average thickness 0.3-0.4 nm. Number of layers shows a
monotonic behavior with respect to pore size. The RDF results indicate well structured charged
layers formation of IL. While studying the effect of pore size on RDF, it was observed that the
height of cation-cation distribution function decreases with increase in the pore size, with bulk IL
showing the least height. This effect is may be due to confinement and excluded volume effects.
Well structured charged layer behavior observed in RDF is due to the preferential orientation of
[EMIM+][TFMSI-] at the graphite surface. Order parameter indicates that the adsorbed cations
and anions show high tendency to lie flat on the surface, but some ions have their direction
vector perpendicular to the vector normal to the surface or making a small angle with the surface.
Results of MSD indicate that confinement has a profound effect on dynamics of ILs. Results
indicate that the MSD for bulk is faster than the confined system and increases monotonically
with increase in pore size from 1.9 nm to 5.2 nm. For all pore sizes considered diffusion of
cations was faster than anions. Cations and anions move faster along the X and Y direction as
compared to the Z direction. This indicates that the confinement hinders the motion of the IL in
the confined direction. Overall MSD as a function of time in log-log scale for [EMIM+][TFMSI-]
confined in pore size of 5.2 nm indicate that the dynamics of cations and anions in the bins close
to the surface are slower as compared to the central bin. The self diffusion coefficient obtained
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from the slope of MSD for a pore size of 5.2 nm is 5.0E-7 and 2.7E-7 cm2 s-1 for [EMIM+] and
[TFMSI-] respectively. Values similar to experimental values indicate that after few hundred
picoseconds the ions were in diffusive regime. Results indicate that three different time regimes
namely ballistic regime, cage regime and diffusion regime were observed based on time scale.
Fast motion in ballistic regime is due to less interaction between ions followed by the cage
regime in which ions are trapped in a temporary cage formed by the surrounding ions. At longer
time diffusive regime was observed in which hopping mechanism of ions can be seen. Finally
results of SISF indicate that cations show faster structural relaxation as compared to anions for
the liquid close to the walls. It was observed that dynamics in confined systems is affected by
distance from the wall as well as wave vector.

A proposed research in this area could be studying the effect of charge systems by introducing
charges on the electrode material. This will give a more realistic picture of the relations between
electrode/electrolyte surface and its ability to store charge at the interface. A more complex
model of “electroactive potential” can also be studied. By fundamentally understanding how the
electrical, structural and dynamical properties of ILs are affected by the properties of nanoporous
materials (i.e pore size and shape, surface density of electrical charge, presence of chemical
functional groups at the pore surfaces, and various degree of heterogeneities in these properties),
a solid platform will be in place to rationally design EDLCs, DSSCs, ionogels and IL-based
electrochemical systems with optimal properties.
Two different approaches can be used to study how the properties of the ILs are affected by
different values of surface charge density (σ) in the nanopores. In the first approach, a charged
nanoporous material can be modeled by uniformly distributing a constant charge q= ±ne among
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the wall atoms (where e is the charge of one electron; n=0 for an uncharged porous
material).(Pinilla, Del Popolo et al. 2005; Pinilla, Del Popolo et al. 2007; Feng, Zhang et al.
2009; Shim and Kim 2009; Shim and Kim 2010). A system with an uncharged porous material
will contain an equal number of cations and anions. In contrast, a system where the porous
material has a charge, q= ±ne, n/2 randomly selected cations (anions) can be replaced by anions
(cations) for the case of positively (negatively) charged nanopores, to ensure that the whole
system is electrically neutral. The total charge q will be kept fixed throughout the simulations.
Replacing cations for anions and vice versa will lead to variations in the density of the IL, and
therefore different system sizes will be evaluated in an attempt to minimize the effects of these
variations. A number of dynamical properties such as MSD, self part of van Hove correlation
function, intermediate scattering function can be determined in the proposed simulations for
charged systems in order to understand the dynamics of ILs inside nanopores at the molecular
level.
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