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CHAPTER 1

Ionic Liquids: an Introduction

Ionic liquids (ILs) are, quite simply, liquids that are comprised entirely of ions.

Despite this definition, the terms ionic liquids and molten salts do not have exactly the

same meaning. In fact, one usually calls molten salts compounds that are solid at room

temperature, and reach the liquid state only at high temperatures, like, for example,

sodium chloride. Instead, with ionic liquids one typically refers to room-temperature

ionic liquids (RTILs), i. e. usually organic ILs which are fluid near and often even below

∼ 100 ◦C.

Another term somehow connected with ILs is neoteric solvents: it is used to indicate

a class of novel solvents that have remarkable new properties, that “break new ground”,

and that offer a huge potential for industrial application, in particular for the so called

green chemistry. It is applied not only to ILs, but also to supercritical fluids, another

type of solvent that shows huge promise for clean synthesis.

In this introductory chapter we give a brief overview of the nature and properties of

ILs, and name their main applications. We refer to the review works by K. R. Seddon,

T. Welton and J. S. Wilkes (see for instance Refs. [1, 2, 3, 4, 5, 6, 7, 8] and citations

therein) for a more comprehensive analysis of this subject.

1.1. Lowering the melting point

The traditional molten salts are composed of atomic ions. For this reason, the

minimum distance between particles of opposite charge is of the order of 2÷ 3 Å, and

the cohesive energy is large. As a consequence, the melting temperature of the system

is high.

System Mole % Melting Point [◦C]

LiCl 100 610

NaCl 100 803

KCl 100 772

CsCl 100 646

LiCl-CsCl 60-40 355

NaCl-KCl 50-50 658

CsCl-KCl 35-65 610

Table 1.1: Melting points of selected Group 1 chlorides.

7



8 1. IONIC LIQUIDS: AN INTRODUCTION

System Mole % Melting Point [◦C]

AlCl3 100 192

LiCl-AlCl3 50-50 144

NaCl-AlCl3 50-50 151

KCl-AlCl3 50-50 256

Table 1.2: Melting points of selected tetrachloroaluminate(III) salts.

We report in Table 1.1 the melting points of some Group 1 chlorides (from Ref. [1]).

As can be seen, these are significantly above room temperature: the field of applicability

of molten salts is thus quite restricted, and they cannot form a generic medium for

reactive chemistry. However, the eutectic compositions of mixed ternary systems (last

three lines in Table 1.1) do melt at significantly lower temperatures than either binary

component (see for example Ref. [9], §5.5): system complexity plays an important role

in the location of the melting point. This is confirmed by the data of Table 1.2, where we

report the melting points of some tetrachloroaluminate(III) salts. These are in the range

of the boiling points of high-boiling organic solvents. However, since these represent the

lowest temperature at which these systems are liquid, it is necessary to bring the melting

point down even further.

An estimation of the lattice energy UL per unit formula for an ionic crystal is given

by the Kapustinskii equation [10]:

(1) UL = −1202.5
ν |z+| |z−|
r+ + r−

(

1− 0.345

r+ + r−

)

,

where ν is the number of ions in the empirical formula, z± is the cationic/anionic

charge, r± is the radius (in Ångstrom) of the cation/anion, and UL is expressed in

kJ/mol. Applying the understanding of lattice energies gained from this equation, and

the rough proportionality of melting temperature to UL/ν, one can assert that the

melting point can be lowered by increasing the size and the complexity of the cations:

replacing the simple inorganic cations with unsymmetrical organic cations increases the

lattice spacing of the solid, and accordingly depresses the melting point to temperatures

near or below room temperature. Moreover, the relatively high viscosity of these ILs at

low temperatures inhibits crystallization, and promotes glass formation.

Following this idea, the start of the modern era of ILs was set in the late 70s, with

the discovery and development of the 1-butylpyridinium chloride–aluminium chloride

mixture (BPC–AlCl3) by R. A. Osteryoung’s group at Colorado State University [11,

12]. The melting temperature of the equimolar composition of the BPC–AlCl3 IL is

40 ◦C, thus it is not liquid at room-temperature. Another major problem with this IL

is that, in its basic composition (AlCl3 mole fraction < 0.5), the butylpyridinium cation

is easily reduced.
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Figure 1.1: Left: schematic representation of the imidazolium ring, basis of

the 1,3-dialkylimidazolium cation family. Right: some possible substituents

at nitrogen of imidazole, namely the methyl, ethyl and propyl groups (from

top to bottom); also other alkyl chains of different length can be considered.

1.2. The dialkylimidazolium cation family

After the development of BPC–AlCl3, C. Hussey and J. S. Wilkes started an effort

to find an alternative chloride salt that would make a low-melting chloroaluminade

IL, but would be more difficult to reduce, thus more stable. Several types of cations

were considered, and one class stood out as an excellent candidate for a new IL with

a wider electrochemical window: the 1,3-dialkylimidazolium cation class [13, 14, 15].

When a dialkylimidazolium chloride is mixed with aluminium chloride, an IL is formed

that has a freezing point below room temperature in a wide range of mole fractions.

Furthermore, the imidazolium cation in these ILs is more stable toward electrochemical

reduction compared to the alkylpyridinium.

We report in Fig. 1.1 the structure of the imidazolium ring, with some examples of

possible alkyl substituents. For its ease of synthesis plus good physical, chemical and

electrochemical properties, the most studied ILs in the 80s were those containing the

1-ethyl-3-methylidazolium cation, indicated in brief by [emim]+.

In this work we focus our attention on the 1-butyl-3-methylimidazolium cation, or

[bmim]+, shown in Fig. 1.2. As can be deduced by its name, the substituents at nitrogen

of [bmim]+ are methyl and butyl, i.e. alkyl chains composed of one and four carbon

atoms, respectively. The delocalization of the positive charge around the imidazolium

ring and the asymmetry of the molecule are the principal reasons of the low melting

point of the ILs containing this cation.

The pyridinium- and the imidazolium-based chloroaluminade ILs discussed so far

share the disadvantage of being reactive with water. Moreover, a product of the reac-

tion with water is corrosive HCl: for these reasons chloroaluminate must be handled

exclusively in a moisture-free atmosphere, usually in a glove box. This surely marks a

limit in the possibility to study these ILs and in their applicability. To overcome this
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Figure 1.2: Ball-and-stick model of the 1-butyl-3-methylimidazolium cation

[bmim]+. Turquoise, yellow, and green correspond to hydrogen, carbon, and

nitrogen atoms, respectively. The chemical formula is [C8H15N2]
+. The posi-

tive charge is mainly located on the imidazolium ring.

difficulty, the next step in the development of modern ILs was the search and character-

ization of salts based on dialkylimidazolium cations, but with water-stable anions, like

tetrafluoroborate [BF4]
−, hexafluorophosphate [PF6]

−, nitrate [NO3]
−, sulfate [SO4]

2−,

acetate [CH3COO]−, and many others.

In the early 1990s, the production of water- and air-resistant ILs has opened the way

to a new series of promising chances of application. In fact, the family of ILs is huge:

one can change the physical-chemical properties of the salts by varying the structure of

the organic cation and replacing the inorganic anion.

In this work we consider the bistriflimide anion, or [NTf2]
−, shown in Fig. 1.3.

Nowadays, [NTf2]
− is widely used in ILs, since it is less toxic and more stable than more

“traditional” anions. The choice of [bmim]+[NTf2]
− for this work has been suggested

by the fact that it is considered one of the archetype systems by the ILs scientific

community. Moreover, this IL is being studied by P. Milani’s experimental group at

University of Milan [16], in collaboration with QUILL (Queen’s University Ionic Liquids

Laboratories) at the Queen’s University of Belfast.

1.3. Interests and applications

Room-temperature ILs have been a focal point of “green” chemistry [17] for the past

fifteen years, and have stimulated interest in both academia and industry for the past

decade. The growing attention of the scientific community toward this subject can be

appreciated considering the increase in the number of publication per year concerning

ILs (Fig. 1.4).

The initial motivation for studying salts with a “low” melting point, from the

chloroaluminates in the 1960s to the first RTILs in the 1970s, was a problem with ther-

mal batteries [8]. Thermal batteries are electrical batteries that exploit molten salts as
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Figure 1.3: Ball-and-stick model of the bistriflimide anion, systematically

known as bis(trifluoromethane)sulfonimide, or simply [NTf2]
−. Green, white,

red, yellow, and blue correspond to nitrogen, sulfur, oxygen, carbon, and

fluorine atoms, respectively. The chemical formula is [(CF3SO2)2N]−. The

negative charge is mainly located around the central nitrogen atom.

Figure 1.4: Number of publications containing the sentence “ionic liquid” in

the title, determined from the ISI Web of Science, from 1995.

an electrolyte, allowing both a higher energy density and a higher power density. The

problem with traditional thermal batteries is the high temperature they need, com-

monly 375–550 ◦C. The modern ILs, besides being candidates for battery electrolytes,

have proven very useful for other applications.

Apart from the low melting point, one of the most important properties of ILs

is the extremely low vapor pressure [18], at the limit of measurability, due to the
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strong long-ranged Coulombic interaction. Moreover, ILs show a remarkable efficiency

as solvents [7]. These properties make them attractive for many industrial applications,

from clean synthesis to electrochemical supercapacitors to solar cells.

1.3.1. ILs for “green” chemistry. Nearly all our understanding of reactive chem-

istry has been derived employing molecular solvents: there has been no learning experi-

ence from studying reactive chemistry in ionic solvents. The thermodynamics and the

kinetics of any reaction is different in an ionic fluid compared to a molecular solvent,

thus the outcome of the same reaction may also differ. The new properties of ILs and

their huge potential for academic research explain the interest awakening in the chemical

community, and the use of the expression neoteric solvents.

While there are only about 600 molecular solvents commonly in use in the industry,

the number of IL systems is enormous: at least one million simple ILs can be easily

prepared in the laboratory [6], thus 1012 binary combination of these and 1018 ternary

systems! In fact, ILs are designer solvents. As already pointed out, one can tune the

physical-chemical properties by changing cations and anions. Therefore, it should be

possible to design, or tailor, an IL solvent to optimize a given reaction, reducing the

waste of the chemical process.

It is also believed that the substitution of traditional organic volatile solvents with

ILs could reduce costs. As a matter of fact, a substantial part of the expenses for

the industrial synthesis of organics, petrochemical and pharmaceutical, concern the

purchase of a great quantity of solvents, but also their regeneration and purification,

and the processes of extraction of the reaction products. Moreover, organic solvents have

high vapor pressure, therefore some amount is unavoidably lost through evaporation,

causing environmental pollution.

ILs have the potential to overcome these problems. Indeed, their properties can be

tuned to provide a medium for clean reactions with minimal waste and efficient product

extraction, since ILs are immiscible with a number of organic solvents, and some of them

are hydrophobic [7]. Even though ILs are not intrinsically “green” [19] (one could easily

design noxious ionic liquids, such as alkaloid-based cations and/or cyanide as the anion),

their low vapor pressure and immiscibility greatly limit the hazard for the environment.

In addition, ILs are non-flammable, thus they are intrinsically safer for industrial use.

For these reasons, it is widely believed that catalysis in ILs has the potential to provide

greener chemical processes [20].

1.3.2. Industrial applications. An example of an industrial application already

in use is BASIL (Biphasic Acid Scavenging using Ionic Liquids) process, the first com-

mercial procedure that takes advantage of an IL in a defining role [3, 21, 22]. BASIL

was developed by BASF in 2002 for the removal of hydrochloric acid in the production

of alkoxyphenylphosphine, an important precursor for the synthesis of photoinitiators

that are themselves used in the manufacture of printing inks, glass fiber and wood coat-

ings. Conventionally, the waste HCl is removed by adding a simple base and filtering off

the solid chloride salt that is formed in the neutralization reaction. BASF, instead, has

decided to use the more expensive 1-methylimidazole, i.e. [mim], as a base, to form the
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Figure 1.5: Left: ball-and-stick model of the 1-methylimidazolium [Hmim]+,

the cation of the IL [Hmim]+[Cl]−, which BASF uses for the synthesis of an

alkoxyphenylphosphine. Turquoise, yellow, and green correspond to hydrogen,

carbon, and nitrogen atoms, respectively. The formation of the ionic liquid al-

lows the removal of HCl simply through gravity separation. Right: the BASIL

reactor, showing how the reaction mixture splits. The gravity separation is

pointed out by the meniscus visible between the two liquids. The upper phase

contains the solvent-free pure product, and the lower one is the IL.

salt 1-methylimidazolium chloride, [Hmim]+[Cl]− (Fig. 1.5). The advantage is in the

fact that [Hmim]+[Cl]−, above 70 ◦C, is a colorless, dense IL, immiscible with the reac-

tion mixture. Thus, [Hmim]+[Cl]− is removed by gravity separation, much easier and

cheaper than filtration, and the 1-methylimidazole is regenerated from the IL and recy-

cled. BASIL has increased the productivity in the formation of an alkoxyphenylphos-

phine by a factor of 80000 compared with the conventional process! It is clear that

the applications of BASIL are not restricted to this specific process. There are many

reactions in industrial organic chemistry that generate waste acids: a version of the

BASIL could be applied to any of these.
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As already pointed out, ILs can be utilized for catalytic reactions (see for instance

Refs. [7, 6, 23, 24, 25]). In fact, the 1-methylimidazole used in BASIL also acts as

a catalyst and speeds up the reaction considerably. Another example is the extraction

of sulfur compounds from diesel oil [26, 27]. In this case ILs with one cation but two

anions are used, so that one of them forms a new IL with the sulfur compounds present

in diesel oil. Again, the IL thus formed is immiscible with the other one, so that a

biphasic system is obtained, and the IL is regenerated. This process, cheaper than the

more conventional ones, provides high extraction ratios and greater selectivity compared

to molecular solvents.

ILs can be useful as solvents not only for solids and liquids: in fact, gases like CO2

show high solubility in some ILs [28]. Applications in gas-separation systems are thus

possible, for example for the filtration and recycling of air in a closed environment.

1.3.3. ILs as lubricants. The properties of ILs, in particular the negligible volatil-

ity, the non-flammability, the high thermal stability, the low melting point, and the

broad liquid range, potentially make them excellent lubricants, especially in vacuum

and space applications [29]. The lubricants currently used in space have disadvantages

that can limit their lifetimes in vacuum environment: catalytic degradation, high vapor

pressure at high temperature, de-wetting problems. On the other hand, some ILs, like

the dialkylimidazolium tetrafluoroborate, exhibit excellent tribological performances for

steel, aluminium and copper contacts. These performances are superior to other stan-

dard fluorine-containing lubricants. It has been proposed that this superior tribological

behavior is due to the adsorption on the sliding surfaces: the formation of a strongly

glued boundary film would reduce friction and wear. Moreover, under severe friction

conditions, the tetrafluoroborate anion will decompose to form anti-scratch components

such as fluorides or B2O3, a good solid lubricant.

ILs have also been proposed as lubricants for sliding Micro/Nano Electro-Mechanical

Systems (MEMSs/NEMSs) [30]. These are mechanical devices of micro/nano-metric

dimensions, utilized for example as accelerometers for airbag deployment or consumer

electronics devices, gyroscopes to detect yaw and trigger dynamic stability control,

biosensors in medical and health related technologies. The absence of proper lubrication

schemes to provide long contact endurance and acceptable reliability explains the lack

of MEMSs using sliding contact interfaces. The great tribological properties of ILs and

their low vapor pressure could overcome this difficulty.

1.3.4. ILs for supercapacitors and solar cells. Since ILs are composed entirely

by ions, their ionic concentration is of course much higher than normal electrolytes,

i.e. ionic solutions. For this reason, they are potentially useful in all those devices

that exploit electrolytes. Two examples of possible applications are electrochemical

supercapacitors and Grätzel solar cells.

Supercapacitors, or electrochemical double-layer capacitors (EDLCs), are capacitors

that take advantage of an electrolyte to gain high energy density [31]. The capacitance
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of a parallel-plate capacitor is given by

(2) C = ǫ
A

d
,

where ǫ is the dielectric constant of the material between the plates, A is the area of each

plate, and d is the distance between the plates: the capacitance increases as d decreases.

In an EDLC, a charge accumulation is achieved electrostatically at either side of the

electrode-electrolyte interface, leading to the development of an electrical double-layer

which is essentially a molecular dielectric. This separation is analogous to the distance

d between the plates of the capacitor, but is extremely short, of the order of 1 nm.

The capacitance is thus high, but the reduced separation of charges limits the potential

at which EDCLs can work, typically of the order of 2 to 3 V. Anyway, the storage

density can be improved through the use of a nanoporous high surface-area material,

like activated charcoal or carbon nanotubes. Therefore, EDCLs with capacitance of

several farads, up to 5000 F, can be realized.

The possibility of employing ILs as a novel generation of electrolytes for EDLCs has

been demonstrated [32, 33, 34]. In fact, because of their very low vapor pressure, high

chemical and thermal stability, wide electrochemical window, and good conductivity,

ILs are attracting attention as solvent-free green electrolytes for high voltage EDCLs.

An important role is played by how ions arrange themselves at the surfaces. A deeper

comprehension of the structure and dynamics of the first ionic layers could help the

development of ILs with better properties, and thus optimize for example the viscosity

and the wetting of the nanoporous material.

Solar energy can be converted into electricity through a photovoltaic cell, by the

photovoltaic effect. Common solar panels consist of monocrystalline silicon, doped to

realize p-n junctions, which are very sensitive to light. These devices are quite expensive,

although their efficiency is limited to ∼ 15% for ordinary commercial applications (the

theoretical limiting efficiency of single junction silicon devices is 33%). Therefore, a new

kind of photovoltaic cell, called Grätzel cell or dye-sensitized solar cell (DSSC) [35], has

been developed: this is constructively much simpler and cheaper. The efficiency of this

sort of cell is around 10%, thus it is extremely promising and commercial applications

could be a potentially significant contributor to renewable electricity generation.

Unlike traditional solid-state junction devices, where the semiconductor is both the

source of photoelectrons and the medium for charge transport, DSSCs separate these

two functions. The structure of a DSSC is quite simple. A transparent anode, realized

by a conductive oxide film, is deposed on the back of a glass plate. In contact with the

anode is a thin layer of titanium dioxide (TiO2), which forms a nanoporous structure

with a high surface-area and acts as a wide band-gap semiconductor. The TiO2 is soaked

with a photosensitive dye to form a thin film, which provides the photoelectrons. This

TiO2-dye surface is then covered with an electrolyte, containing the redox couples, in

contact with a metallic cathode. Sunlight photons striking with enough energy excite

the dye molecules, so that electrons are injected into the conducting band of TiO2, and

diffuse to reach the anode. Electrons are returned to the system from the cathode, by
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reduction of an oxidized component of the electrolyte redox couple. The oxidized dye

is finally regenerated by the reduced component of the redox couple.

The use of volatile organic electrolytes makes encapsulation of DSSCs difficult, and

the employ of iodide/triiodide as redox couple limits the performance of the device.

Attractive alternatives to these electrolytes are ILs [36]. However, the relatively high

viscosity of ILs appears to limit their use because of transport limitations: the efficiency

of the reduction of oxidized dye is hindered by the lower diffusion coefficients of the

redox couple components in IL electrolytes. Moreover, the specific interactions of the

IL electrolytes with the cathode and with the porous TiO2-dye surface need further

investigations, in order to fully exploit the potentials of ILs [37].

1.3.5. Why simulate IL films? From what we have said so far, it should be clear

that not only bulk properties of IL systems are of great interest. In fact, the structure

and the dynamical behavior of ILs in the presence of surfaces affects the possibility of

employing them in many useful applications. A deeper understanding of the chemical-

physical properties of ILs in a 2D, or quasi-2D, configuration is thus an intriguing task,

from both the academical and the industrial point of view. These considerations led

us to the choice of the system investigated in the present thesis: an IL film adsorbed

by a solid substrate. Following the approach of P. Ballone’s group at the Atomistic

Simulation Centre of Queen’s University in Belfast, we investigate the system of our

interest using molecular dynamics simulations, as described in the next chapters.



CHAPTER 2

Simulation Methods

The objective of the present work is to investigate the behavior of a model IL ad-

sorbed at a solid surface, focusing on confinement effects on the structure and dynamics

of the ions. We approach this problem with the tools provided by computer simula-

tions, in particular molecular dynamics (MD). In this chapter we explain the simulation

methods we adopt: we summarize the elements of classical MD, describe the param-

eterization we use for the interactions, introduce the DL POLY package, and, finally,

discuss the observables we are interested in.

2.1. Molecular Dynamics

In this section we introduce the basics of molecular dynamics, following the review

works by F. Ercolessi [38] and L. Colombo [39]. We refer to the classical book by Allen

and Tildesley [40] and to the more recent one by Frenkel and Smit [41] for a more

comprehensive presentation of this subject.

We consider a system composed by N atoms. Within the Born-Oppenheimer ap-

proximation, it is possible to express the Hamiltonian of the system as a function of the

nuclear variables, the rapid motion of the electrons having been averaged out. With

the additional approximation that a classical description is adequate, the Hamiltonian

H can be written as a sum of kinetic and potential energy functions:

(3) H(r,p) = K(p) + U(r) ,

where

r = (r1, r2, · · · , rN )

p = (p1,p2, · · · ,pN )

are the set of Cartesian coordinates ri and momenta pi of each atom i.

The usual definitions of K and U are:

(4) K =
1

2

N
∑

i=1

∑

α=x,y,z

p2
i α

mi
,

where mi is the atomic mass, and:

(5) U =
∑

i

v1(ri) +
∑

i

∑

j>i

v2(ri, rj) +
∑

i

∑

j>i

∑

k>j>i

v3(ri, rj , rk) + . . . ,

meaning that the potential energy can be divided into terms depending on the coordi-

nates of individual atoms, pairs, triplets and so on. The first term, v1(ri), represents

17
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the effect of an external field on the system; the remaining terms represent interparticle

interactions.

The choice of the potential is the main ingredient of a MD simulation, because it

corresponds to the model for the physical system. For this reason, the development of

accurate potentials represents an important research line. In this work we assume that

the interactions between atoms are known, as discussed in Sec. 2.2.

According to classical mechanics, once the potential (5) is given, the forces are

derived as the gradients of this potential with respect to atomic displacements:

(6) fi = −∇ri
U(r1, · · · , rN ) ,

and, if instantaneous atomic positions {ri} are known at one time t0, the mechanical

trajectory can be computed at successive time t by integration of Newton’s equation of

motion

(7) mir̈i = fi(r1, · · · , rN ) .

In condensed matter physics, the number of atoms N one can simulate is negligible

compared to the number of atoms usually contained in a real extended system (of

the order of 1023). To represent an extended system by means of a rather small (∼
106) number of particles, it is customary to use periodic boundary conditions (PBCs):

particles are enclosed in a box, which is replicated infinite times by rigid translation

in all three Cartesian directions. Of course, each particle in the box interacts not only

with the other particles in the simulation box, but also with their images in nearby

boxes. When dealing with a potential with a finite range, to simplify the additional

complexity introduced by PBC, the minimum image criterion can be used: among all

possible images of a particle j, only the closest to particle i is a candidate to interact.

More care must be taken when dealing with long range potentials, e.g. when Coulomb

forces are present, as occurs for ILs, and as we will discuss in Sec. 2.4.

The engine of a molecular dynamics program is its time integration algorithm, re-

quired to integrate the equations of motion of the interacting particles and follow their

trajectory. Time integration algorithms are based on finite-difference methods, where

time is discretized on a finite grid, the time step ∆t being the distance between con-

secutive points on the grid. Knowing the positions and some of their time derivatives

at time t (the exact details depend on the type of algorithm), the integration scheme

gives the same quantities at a later time t + ∆t. By iterating the procedure, the time

evolution of the system can be followed for long times.

The time evolution of the full system is then generated following this simple scheme:

• step 1: Start with an initial atomic configuration and initial velocities.

• step 2: Compute the interatomic forces for the current configuration.

• step 3: Update the atomic positions and velocities according to the inte-

gration algorithm.

• step 4: Iterate step 2 and step 3 Nstep times, until Nstep ·∆t equals the

desired total time.
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Such a procedure is called a molecular dynamics simulation, the above scheme repre-

senting its backbone. The reliability of this iterative scheme, besides being related to

that of the interaction potential U , depends critically on the generation of accurate

and stable particle trajectories. This underlines the importance of the selection of the

numerical algorithm for the integration of Newton’s equations of motion.

A commonly used time integration algorithm is the so-called Verlet algorithm. The

basic idea is to write two third-order Taylor expansions for the positions r(t), one

forward and one backward in time. Calling v the velocities, a the accelerations, and b

the third derivatives of r with respect to t, one has:

r(t + ∆t) = r(t) + v(t)∆t +
1

2
a(t)∆t2 +

1

6
b(t)∆t3 + O(∆t4)(8)

r(t−∆t) = r(t)− v(t)∆t +
1

2
a(t)∆t2 − 1

6
b(t)∆t3 + O(∆t4) .(9)

Adding the two expressions gives:

(10) r(t + ∆t) = 2r(t)− r(t−∆t) + a(t)∆t2 + O(∆t4) .

This is the basic form of the Verlet algorithm. Since we are integrating Newton’s

equations, a(t) is the force divided by the mass, and the force is in turn a function of

the positions r(t), as already pointed out with Eq. (6):

(11) ai(t) = − 1

mi
∇ri

U (r(t)) .

As one can immediately see, the truncation error of the algorithm when evolving the

system by ∆t is of the order of ∆t4, even if third derivatives do not appear explicitly.

This algorithm is at the same time simple to implement, accurate and stable, explaining

its large popularity among MD simulators.

A problem with this version of the Verlet algorithm is that velocities are not gen-

erated directly. While they are not needed for the time evolution, their knowledge is

sometimes necessary, e.g. for the computation of the kinetic energy K. To overcome

this difficulty, some variants of the Verlet algorithm have been developed. They give

rise to exactly the same trajectory, and differ in what variables are stored in memory

and at what times. Examples of these implementations of the same basic algorithm are

the velocity Verlet and the leap-frog; we will present this last scheme in Sec. 2.6.

In a MD calculation, most of the computer time is usually spent in computing the

forces, i.e. for step 2. To minimize the number of force calls in a MD loop, one can take

advantage of the so-called Verlet list algorithm [42]. Indeed, for short-ranged potentials

and for large enough systems, many faraway particles do not contribute to the net force

acting on a given j-th atom. It is therefore convenient to exclude those particles that

do not interact with particle j from the expensive calculation of fj . In order to obtain

that, the potential cutoff sphere, of radius rcut, around particle j is surrounded by a

“skin” , to give a larger sphere of radius rcut + ∆r: all particles contained there are

stored as a list of neighbors of particle j, and the inter-particle contributions to fj are

computed only for atoms in this list. If the difference ∆r is chosen properly, for quite a
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few time-steps there is no need to refresh the neighboring list, an operation whose CPU

workload scales as O(N2), and this method saves substantial computer time.

The equipartition principle can be expressed by:

(12) 〈
N

∑

i=1

p2
i

mi
〉 = 2〈K〉 = gkBT ,

where T is the thermodynamic temperature, kB is the Boltzmann constant, g is the

number of degrees of freedom, i.e. 3N − Nc, where Nc is the total number of inde-

pendent internal constraints. It is thus convenient to define an instantaneous “kinetic

temperature” function:

(13) T (t) =
2K

gkB
=

1

gkB

N
∑

i=1

p2
i (t)

mi
.

These relations represent the basic link between classical dynamics and thermodynam-

ics. Indeed, the mechanical formulation of MD can be recast in a statistical-mechanic

formulation. The set of instantaneous particle positions {r1, r2, · · · , rN} and momenta

{p1,p2, · · · ,pN} defines a unique microstate Γ(t) in the 6N -dimensional phase space

of the system. Generating trajectories is therefore equivalent to generate the time evo-

lution of the microstate Γ(t) in the corresponding phase space.

Statistical mechanics tells us how to relate a macroscopic physical property to the

instantaneous values that the observable experiences during the evolution of the system.

In fact, we can compute the value A(t) = f(r1, · · · , rN ,p1, · · · ,pN ) assumed by the

observable when the system is in a given microstate Γ(t), and define the macroscopic

value Amacro to be the time average 〈A(t)〉t, assuming ergodicity [41]. In a MD run we

thus have:

(14) Amacro = 〈A(t)〉t ≃
1

Nt

Nt
∑

k=1

A(tk) ,

where k is an index running over the equally spaced time-steps, from 1 to the total

number of steps Nt, producing a grid tk = t1 + k ∆t.

We have discussed so far the standard MD scheme, where simulations are performed

in the microcanonical ensemble, or NVE ensemble: the number of particles, the volume

and the energy are constant quantities. However, the evaluation of macroscopic physical

properties forces us to deal with the choice and implementation of fixed-temperature

thermodynamical ensemble. A possible implementation of a fixed-temperature MD

involves the introduction of extra dynamical variables, which produce modifications of

Newton’s equations, in such a way that time evolution samples a suitable statistical

ensemble. We are interested in particular in the canonical ensemble, or NVT ensemble,

where the number of particles, the volume and the temperature are constant quantities.

Another common choice in MD simulations is the isothermal-isobaric ensemble, or NPT

ensemble. We will return to this in Sec. 2.5.
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2.2. Ionic liquid potentials

In MD, the problem of modeling a material can be restated as that of finding a

potential function U(r1, · · · , rN ) which describes realistically the atomic motions of that

material. However, everybody knows that systems at the atomistic level are controlled

by the laws of quantum mechanics rather than classical mechanics, and that electrons

play a major role in determining the bonding properties of the system. So, can such a

potential function exist? And if it does, how is it related with the behavior of the real

material?

The Born-Oppenheimer approximation is the first step that must be considered to

answer these questions. Nuclei are much heavier than electrons, and move on a time

scale which is about two orders of magnitude longer than that of electrons:

(15)
ωele

ωnuc
∼

√

mnuc

mele
∼ 100 .

It is therefore sensible to regard the nuclei as fixed as far as the electronic part is

concerned. This simplifies the problem greatly, and the total wavefunction of the system

can be factorized as:

(16) Ψ({ri}, {rele
n }) = Θ({ri})Φ({rele

n }; {ri}) ,

where Θ({ri}) describes the nuclei, and Φ({rele
n }; {ri}) the electrons (depending para-

metrically on the positions of the nuclei). With this assumption, the true problem is

reformulated in terms of two separate Schroedinger’s equations:

(17) Hele Φ(rele
n ; {rj}) = U({rj})Φ(rele

n ; {rj})
and

(18)

[

∑

i

p2
i

2mi
+ U({rj})

]

Θ({rj}) = E Θ({rj}) .

The first is the equation for the electronic problem, considering the nuclei as fixed. The

electronic Hamiltonian Hele also contains the Coulombic nuclear repulsion Ucoul({rj}),
which is a constant with respect to the electronic positions {rele

j }. Its energy eigenvalues

U({ri}) will depend parametrically on the coordinates of the nuclei; this quantity is

called interatomic adiabatic potential, and incorporates all the electronic effects plus

the nuclear repulsion Ucoul({rj}). Once found through the solution of Eq. (17), the

function U({rj}) enters the second equation, which gives the motion of the nuclei.

Under some conditions, the nuclear Schroedinger equation can be replaced with a

Newton equation, as in Eq. (11). A simple test of the validity of the classical approxi-

mation is based on the de Broglie thermal wavelength [43], defined as:

(19) Λ =

√

2π~2

mminkBT
,

where mmin is the smallest among the atomic masses mi and T is temperature. To

justify a classical treatment it is necessary that Λ ≪ a, where a is the mean nearest

neighbor separation. If one considers for instance liquids at the triple point, Λ/a is
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Figure 2.1: Schematic representation of a bond valence angle θ (left) and of

a torsion dihedral angle φ (right).

of the order of 0.1 for elements such as Li, Na and Ar, decreasing further for heavier

elements. The classical approximation is poor for very light systems such as H2 and

He, or under non-standard thermodynamic conditions (low temperature, high pressure).

We can thus safely use the Newton equation (11) for the dynamics of our ionic liquids.

The next step in the development of a suitable interatomic potential is the choice of

an estimation of the adiabatic potential U({rj}) given by Eq. (17). In fact, the solution

of the true electronic Schroedinger equation usually is a too complicated task. A possible

way to overcome this difficulty is the introduction of a relatively simple parametric form

to approximate U({rj}).
For molecular systems, the set of functions needed to define interactions and bonds is

called force-field. These functions can have a wide variety of analytical forms, with some

basis in chemical physics, which must be parameterized to give the correct energy and

forces. A few examples of parameterizations of the potentials are the GROMOS [44],

Dreiding [45], AMBER [46], and OPLS [47] force-fields.

In the present work we adopt the potentials for the molecular modeling of ionic

liquids of the dialkylimidazolium cation family constructed by Pádua et al. [48]. The

same group also calculated the parameters for the bistriflylimide anion [49]. In these

works, Pádua et al. have employed ab-initio quantum chemical calculations to obtain

several parameters of the force-field that were not yet defined in literature, like molecular

geometry, torsional energy profiles, and partial charge distributions. Their model is

based on the OPLS-AA/AMBER framework [50]. The potential energy of a pair of
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molecules is given by:

U12 =
∑

b

kr,b

2
(rb − r0,b)

2

+
∑

a

kθ,a

2
(θa − θ0,a)

2

+
∑

d

3
∑

m=1

Vm,d

2

[

1 + (−1)m+1 cos (mφd)
]

+
∑

i

∑

j<i

{

4ǫij

[

(

σij

rij

)12

−
(

σij

rij

)6
]

+
1

4πǫ0

qiqj

rij

}

,(20)

where the sums are over covalent bonds, valence angles, torsion dihedral angles and

nonbonded interaction sites, respectively. Moreover, rb, θa and φd represent the instan-

taneous intramolecular bond length rb = |ri−rj |, bond valence angle and dihedral angle

(see Fig. 2.1), r0,b, θ0,a are the analogous equilibrium values, and kr,b, kθ,a and Vm,d the

corresponding energy parameters. Finally, rij = |ri−rj | represent the nonbonded inter-

action site distance, ǫij and σij are the Lennard-Jones parameters, and qi is the atomic

charge. The sole difference between Eq. (20) and the functional form of OPLS-AA is

that the values of harmonic force constants for bond stretching and angle bending in

the latter correspond to k/2 in Eq. (20).

The Lennard-Jones interactions between atoms of different type are parameterized

using the geometric mean of the values reported in Tables 2.2 and 2.4 as the mixing

rules. Thus, the parameters for two atoms of species i and j are given by:

σij =
√

σiiσjj

ǫij =
√

ǫiiǫjj .

We remark that these formulae do not coincide with the more conventional Lorentz-

Berthelot mixing rules (arithmetic and geometric mean rules for σ and ǫ, respectively),

in contrast to what has been written in Ref. [48].

In Tables lattice energy2.1, 2.2, 2.3 and 2.4 we summarize the parameters appearing

in Eq. (20) that we use in our simulations. The values reported are essentially those given

in Ref. [48] and [49] for the 1-alkyl-3-methylimidazolium cation family (see Fig. 2.2)

and for the bistriflylimide anion; the only difference is in the cation C–H bonds: while

Pádua et al. keep the bond length constrained, we choose a harmonic parameterization

taken from the AMBER force-field. The reason to treat those bonds as flexible is to

avoid complications with the convergence of the constraints; anyway, this small detail

will not affect our results appreciably.

The interactions between nonbonded atoms are given by the last term of Eq. (20):

they consist of repulsive and dispersive terms, described by the Lennard-Jones 12-6 po-

tential, plus the Coulombic interactions of partial point charges located at each atom.

These contributions act between sites in different molecules, but also between sites

within the same molecule separated by three or more bonds. For sites of a same mol-

ecule separated by exactly three bonds, i.e. for atoms interacting also via a torsion
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bonds r0 [Å] kr [kJ mol−1 Å−2]

CR/W–HA 1.08 1422.5

C∗–H∗ 1.09 1422.5

CR–NA 1.315 3992

CW–NA 1.378 3574

CW–CW 1.341 4352

NA–C1 1.466 2820

C∗–C∗ 1.529 2242

angles θ0 [deg] kθ [kJ mol−1 rad−2]

CW–NA–CR 108.0 585.2

CW–NA–C1 125.6 585.2

CR–NA–C1 126.4 585.2

NA–CR–HA 125.1 292.6

NA–CR–NA 109.8 585.2

NA–CW–CW 107.1 585.2

NA–CW–HA 122.0 292.6

CW–CW–HA 130.9 292.6

NA/C∗–C∗–H∗ 110.7 313.2

NA/C∗–C∗–C∗ 112.7 418.4

H∗–C∗–H∗ 107.8 276.2

dihedrals V1 [kJ mol−1] V2 [kJ mol−1] V3 [kJ mol−1]

X–NA–CR–X 0 19.46 0

X–CW–CW–X 0 44.98 0

X–NA–CW–X 0 12.55 0

CW–NA–C1–H1 0 0 0.519

CR–NA–C1–H1 0 0 0

CW–NA–C1–C2/E −7.154 6.106 0.794

CR–NA–C1–C2/E −5.269 0 0

NA–C1–C2–CS/T −7.480 3.164 −1.203

NA–C1–C2/E–HC 0 0 0

C∗–C∗–C∗–H∗ 0 0 1.531

H∗–C∗–C∗–H∗ 0 0 1.331

C∗–C∗–C∗–C∗ 7.28 −0.657 1.168

X–NA–X–X 0 8.37 0

X–CW/R–X–X 0 9.2 0

Table 2.1: Internal stretching, bending and torsional parameters defined in

the first three terms of Eq. (20), for the 1-alkyl-3-methylimidazolium cation.

C∗ represents a generic aliphatic carbon: C1, C2, CE, CS or CT. H∗ represents

either H1 or HC. Note that 1 kJ/mol = 10.3643 meV = 1.66054 · 10−21 J and

1 kJ/mol/Å2 = 1.03643 · 10−4 eV/Å2 = 0.166054 N/m.
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Figure 2.2: Microscopic structure and atomic labeling of the 1-alkyl-3-

methylimidazolium cations. AMBER-like notation was used for the ring

atoms. C1 refers to the first carbon atom in any side chain; CE is the second

carbon atom in the ethyl side chain of 1-ethyl-3-methylimidazolium; C2 is the

second atom in alkyl side chains with more than two carbon atoms; CS refers

to any secondary carbon of the alkyl side chain that is at least two bonds

away from the ring; CT is the terminal carbon atom of longer than ethyl side

chains. HA, H1 and HC refer to hydrogen atoms attached to the aromatic ring,

to the first carbon atom on the side chain, and to carbon atoms on the side

chain further removed from the ring, respectively. The positive charge of this

molecular ion is located in the dashed region, while the rest of the alkyl chain

is globally neutral, as can be evinced by the partial atomic charges reported

in Table 2.2. Abbreviations used for 1-alkyl-3-methylimidazolium cations are

[mim]+ = methylimidazolium, with prefixes a = alkyl, m = methyl, e = ethyl,

b = butyl, h = hexyl, dd = dodecyl.

dihedral angle, a scale factor of 0.5 is introduced into the Lennard-Jones and Coulom-

bic potentials [49].

2.3. Interaction with a solid surface

The IL we want to simulate is not isolated, but interacts with a solid surface: the ions

are adsorbed to form a film (monolayer). We thus need to introduce an external field

that represents the interaction between the atoms of the IL and the surface. Following

Refs. [51] and [37], we model this interaction by an integrated Lennard-Jones potential

of the form

(21) Uwall(z) =
2πσ3

wǫwρ

3

[

2

15

(σw

z

)9
−

(σw

z

)3
]

,
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atoms q [e] σii [Å] ǫii [kJ mol−1]

C1 −0.17 3.50 0.27614

C2 0.01 3.50 0.27614

CE −0.05 3.50 0.27614

CR −0.11 3.55 0.29288

CS −0.12 3.50 0.27614

CT −0.18 3.50 0.27614

CW −0.13 3.55 0.29288

HA 0.21 2.42 0.12552

HC 0.06 2.50 0.12552

H1 0.13 2.50 0.12552

NA 0.15 3.25 0.71128

Table 2.2: Nonbonded parameters defining the last term of Eq. (20), for the

1-alkyl-3-methylimidazolium cation.

bonds r0 [Å] kr [kJ mol−1 Å−2]

C–F 1.323 3697

C–S 1.818 1970

S–O 1.442 5331

N–S 1.570 3113

angles θ0 [deg] kθ [kJ mol−1 rad−2]

F–C–F 107.1 781

S–C–F 111.8 694

C–S–O 102.6 870

O–S–O 118.5 969

O–S–N 113.6 789

C–S–N 100.2 816

S–N–S 125.6 671

dihedrals V1 [kJ mol−1] V2 [kJ mol−1] V3 [kJ mol−1]

F–C–S–O 0 0 1.452

S–N–S–O 0 0 −0.015

F–C–S–N 0 0 1.322

F–C–S–N 7.8327 −2.4904 −3.1950

Table 2.3: Internal stretching, bending and torsional parameters defined in

the first three terms of Eq. (20), for the bistriflylimide anion.

represented in Fig. 2.3. The exponents and the coefficients of this 9-3 potential are

obtained by integration of the 12-6 Lennard-Jones potential for a dimer over the vol-

ume of the adsorbent, and approximating the whole 3-dimensional array of atoms as a
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atoms q [e] σii [Å] ǫii [kJ mol−1]

C 0.35 3.50 0.27614

F −0.16 2.95 0.22175

N −0.66 3.25 0.71128

O −0.53 2.96 0.87864

S 1.02 3.55 1.04600

Table 2.4: Nonbonded parameters defining the last term of Eq. (20), for the

bistriflylimide anion.

0 1 2 3 4 5 6 7 8 9 10
z  [Å]

-2

-1

0

1

2

U
w

al
l(z

) 
 [k

J/
m

ol
]

~ 1/z
9

~ 1/z
3

Figure 2.3: The surface-atom interacting potential as a function of the dis-

tance z from the surface, as in Eq. (21). The hard-core repulsion and the

attractive tail are parameterized with z−9 and z−3 terms, respectively. These

exponents derive from an integration of the 12-9 Lennard-Jones potential over

the interaction centers of the surface, at z < 0. This expression models the

interaction energy between each atom in the ions and the solid surface. As

1 kJ/mol = 10.3643 meV, the optimal binding energy equals 20 meV per atom.

continuum (see Ref. [51], §3.3). The parameters appearing in equation (21) are chosen

to model silica: σw = 3.0 Å, ǫw = 0.8 kJ/mol = 8.29142 meV, and 4πρ = 0.5 sites/Å3.
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2.4. Simulation of ions: the long-range interactions

When simulating ionic systems, Coulomb forces play certainly an important role.

The problem with this type of interaction is that it is long-ranged, in the sense that it

decays as 1/r. For this reason, no cutoff distance can be applied: therefore, in particular,

each particle interacts with all the images of all particles in the nearby and faraway

simulation boxes: the “minimum image criterion” introduced in Sec. 2.1 breaks down.

A particle would also interact with its own image. The best technique for calculating

electrostatic interactions in a periodic (or pseudo periodic) system is the Ewald sum,

described in Ref. [40], §5.5.

The basic model for a neutral periodic system is a system of charged point ions

mutually interacting via the Coulomb potential. The Ewald method makes two amend-

ments to this simple model. Firstly, each ion is effectively neutralized, at long range,

by the superposition of a spherical Gaussian cloud of opposite charge centered at each

ion. The combined assembly of point ions and Gaussian charges becomes the real-space

part of the Ewald sum, which is now short-ranged and treatable by the methods de-

scribed in Sec. 2.1. The second modification is to superimpose another set of Gaussian

charges, this time with the same charges as the original point ions and again centered

at the point ions, then nullifying the effect of the first set of Gaussians. The potential

due to the second set of Gaussians is obtained from Poisson’s equation and is solved

as a Fourier series in reciprocal-space. The complete Ewald sum requires an additional

correction, known as the self energy correction, which arises from a Gaussian acting

on its own site, and is constant. Ewalds method therefore replaces an infinite noncon-

verging sum in real-space by two rapidly converging sums: one in real-space and one in

reciprocal-space, plus the self-energy correction.

For molecular systems, as opposed to systems composed simply of point ions, addi-

tional modifications are necessary to correct for the excluded (intra-molecular) Coulom-

bic interactions. In the real space sum these are simply omitted. In reciprocal space

however, the effects of individual Gaussian charges cannot easily be extracted, and the

correction is made in real space. It amounts to removing terms corresponding to the

potential energy of an ion l due to the Gaussian charge on a neighboring charge m (or

vice versa). This correction appears as the final term in the full Ewald formula below.

From these considerations, it can be shown that the total electrostatic energy is

given by:

Ucoul =
1

2V0ǫ0

∑

G 6=0

exp(− G2

4α2 )

G2

∣

∣

∣

∣

∣

∣

N
∑

j=1

qj exp(−iG · rj)

∣

∣

∣

∣

∣

∣

2

+
1

4πǫ0

N
∑

n≤j

cjn
qjqn

rjn
erfc(αrjn)

− 1

4πǫ0

∑

molecules

M
∑

l≤m

(1− clm)qlqm

[

δlm
α√
π

+
erf(αrlm)

r1−δlm

lm

]

,(22)
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where N is the number of charges in the system, M represents the number of charges in a

given molecule, and the cij factor accounts for the excluded intramolecular interactions:

(23) cij =







0 if nb = 0, 1 or 2

0.5 if nb = 3

1 if nb > 3

where nb is the number of bonds between the i-th and j-th atoms. Moreover, V0 in

Eq. (22) represents the simulation cell volume and G is a reciprocal lattice vector,

defined by

(24) G = lu + mv + nw ,

where l, m, n are integers and u,v,w are the reciprocal space basis vectors. Both V0

and u,v,w are derived from the vectors a,b, c defining the simulation cell:

u = 2π
b× c

V0

v = 2π
c× a

V0
(25)

w = 2π
a× b

V0

and

(26) V0 = |a · b× c| .
With these definitions, the Ewald formula above is applicable to general periodic sys-

tems.

In practice, the convergence of the Ewald sum is controlled by three variables: the

real space cutoff rcut, the convergence parameter α, and the largest reciprocal space

vector Gmax used in the reciprocal space sum. These variables are not independent: it

is usual to regard one of them as pre-determined and adjust the two others accordingly.

We assume that rcut, defined by the cutoff of the short ranged interactions, is fixed for

the given system.

To take advantage of the greater efficiency of the three-dimensional Ewald sum,

we apply PBCs in all three directions, even when the system is intrinsically two-

dimensional. To simulate a thin film adsorbed by a solid surface, we thus use a cell

with a large size in the z direction, so that the interaction between different images of

the slab is weak.

2.5. Thermostat: the Nosé-Hoover algorithm

In a MD simulation, the system must be coupled to a heat bath to ensure that

the average temperature is maintained close to the requested temperature, Text. When

this is done, the equations of motion are modified and the system no longer samples

the microcanonical ensemble. Instead, trajectories in the canonical (NVT) ensemble,

or something close to it, are generated. Several different methods of prescribing the

temperature in a MD simulation exist; the ones in common use are outlined in Ref. [40],

§7.4.
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In this work, we adopt the Nosé-Hoover algorithm [52], which is capable of gener-

ating smooth, deterministic and time-reversible trajectories in the canonical ensemble.

The Newton’s equations of motion are thus modified to read:

dr(t)

dt
= v(t)

dv(t)

dt
=

f(t)

m
− χ(t)v(t)(27)

where χ is called friction coefficient, and is controlled by the first order differential

equation

(28)
dχ(t)

dt
=

fkB

Q
(T (t)− Text) ,

where Q = fkBTextτ
2
T is the effective “mass”, τT is a specified time constant, f is the

number of degrees of freedom, T (t) is the instantaneous temperature of the system

and is given by Eq. 13. This dynamics involves a conserved quantity derived from the

extended Hamiltonian of the system, which, to within a constant, equals the Helmholtz

free energy:

(29) HNVT(t) = U + K +
1

2
Qχ(t)2 +

Q

τ2
T

∫ t

0
χ(s)ds .

2.6. Implementation: the DL POLY package

Our calculations are carried out using DL POLY [53], which is a parallel MD sim-

ulation tool developed at Daresbury Laboratory by W. Smith and T. R. Forester.

DL POLY is a package of subroutines, programs and data files designed to facilitate

MD simulations of macromolecules, polymers, ionic systems, solutions and other molec-

ular and atomic systems on a distributed memory parallel computer. The DL POLY

force-field includes all common forms of non-bonded atom-atom, Coulombic, valence

angle, dihedral angle, inversion, Tersoff and metals potentials. In addition to the molec-

ular force-field, it allows the use of an external force-field. DL POLY accommodates

different types of boundary conditions: none, slab (x,y periodic, z nonperiodic), and

various PBCs in the three dimensions. NVE, NVT and NVP ensembles are available,

with a selection of thermostats and barostats. In DL POLY two versions of the Verlet

integration algorithm are implemented: the velocity Verlet and the leap-frog.

In our simulations we adopt the leap-frog (LF) algorithm. It requires values of

positions r and forces f at time t, while the velocities v log half a time-step ∆t behind.

The first step is thus to advance the velocities to t + 1
2∆t by integration of the force:

(30) v(t +
1

2
∆t)← v(t− 1

2
∆t) + ∆t

f(t)

m
.

The positions are then advanced using the new velocities:

(31) r(t + ∆t)← r(t) + ∆tv(t +
1

2
∆t) .

As already pointed out in Sec. 2.1, MD simulations normally require properties that

depend on positions and velocities at the same time, such as the sum of potential and
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kinetic energy. In the LF scheme, the velocity at time t is thus obtained from the

average of the velocities half a time-step on either side of time t:

(32) v(t) =
1

2

[

v(t− 1

2
∆t) + v(t +

1

2
∆t)

]

.

In this work we use an integration time-step ∆t = 1 fs: it guarantees a good

conservation of the constant of motion (29) for the NVT ensemble. Typical values we

used for the other parameters required by DL POLY are: rcut = 12 Å for the short-

ranged forces cutoff, rvdw
cut = 8÷9 Å for the van der Waals forces cutoff, ∆r = 0.5÷1 Å for

the Verlet neighbor list shell width, τT = 0.2 ps for the thermostat relaxation time. We

set the Ewald sum precision to ǫ = 10−5, so that the Ewald parameters are automatically

optimized: α = 0.23464 Å−1 for the convergence parameter, kmax = 17÷ 20 (depending

on system size) for the maximum k-vector index in the x/y/z-direction.

2.7. Observables

In this work we focus on the structural and dynamical properties of a monolayer

of [bmim]+[NTf2]
−, an IL composed by 1-alkyl-3-methylimidazolium cations and bistri-

flylimide anions (see Sec. 1.2 and Figs. 1.2, 1.3), adsorbed by a solid surface. In order

to obtain physical properties of the simulated system, we need to analyze the output

history files containing the atomic trajectories, which are saved at regular time intervals.

Some of the quantities we are interested in are calculated from the positions of

reference points in the ions, e.g. the anion center of mass (CM), the cation-ring CM,

the ion center of charge (CC). The ring-CM was considered instead of the global-CM in

order to avoid spurious variations in the position of the cation due to the mobility of its

chain. The ion-CC is calculated in a way analogous to that of the CM, but considering

the absolute values of the partial atomic charges, rather than the masses, as weights in

the means.

Since PBCs lead to a fictitious “breaking” of the molecules placed across contiguous

boxes, attention must be paid when calculating the mean coordinates of these border

molecules. The maximum distance between atoms in the same ion, ∼ 10 Å for [bmim]+

and ∼ 6 Å for [NTf2]
−, is small compared with the box size (several tens of Å), so it can

be taken as a reference to “reconstruct” the correct relative positions of the atoms of a

given ion. In fact, if the distance between two atoms in the same molecule happens to

be longer than this reference distance, one of them is translated in the proper adjacent

box, so that the CM or CC is correctly calculated.

By processing the files with the positions of reference points thus obtained, together

with the other output files written by DL POLY, we can calculate the quantities intro-

duced in the rest of this section. The results of this analysis are reported in the next

chapter.

2.7.1. Surface tension. The surface tension γ of a system with a slab geometry

can be calculated from the formula [54, 55, 56]:

(33) γslab =
Lz

2
〈Pzz −

Pxx + Pyy

2
〉 ,
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where Lz is length of the MD simulation box perpendicular to the slab, 〈. . . 〉 represents

average over different configurations, and Pαα is the αα-element of the pressure tensor,

which is calculated by DL POLY and saved in the STATIS file [53]. The factor 1/2

outside the bracket arises from the two interfaces that are present in a slab configuration.

Our system consists of a thin film, basically a monolayer of IL, with a confining po-

tential that brakes the symmetry in the z-direction: it has not properly a slab geometry.

In particular, a monolayer has only one surface, so we omit the factor 1/2 in Eq. 33,

and consider the formula:

(34) γml = Lz 〈Pzz −
Pxx + Pyy

2
〉 ,

This equation accounts also for the effects of the confining potential Uwall(z) of Eq. (21),

through the term Pzz. In fact, a free IL film without confinement would display Pzz = 0,

thus the intrinsic surface tension of the monolayer can be evaluated with the formula:

(35) γint = −Lz 〈
Pxx + Pyy

2
〉 .

2.7.2. The density profile. Since we are dealing with a system that is not in-

variant for translations in the z-direction, a quantity of interest is the density profile

ρ(z), expressed in ions/Å3 for cations and anions, as a function of the z-position. These

number densities are calculated considering the CM for the anions, and the ring-CM for

the cations. We divide the simulation box into thin slabs of height ∆h (order of 0.1 Å)

and volume ∆V = ∆hA, where A is the xy-area of the box. At each time frame, for

each ion, the i-th bin corresponding to the slab in the z-position, with z = ∆h (i−1/2),

i = 1 . . . imax, is incremented if the anion/ring CM happens to be inside that slab. Each

bin is then normalized by dividing by ∆V and the number of time-steps, so that the

histogram produces the desired density profile.

2.7.3. Electrostatic potential. The variation of the electrostatic potential across

the layer can be determined from integration of the average charge density, using [54]:

(36) φ(z) =
1

ǫ0

∫ z

−∞

(ζ − z) ρc(ζ)dζ

where φ(z) is the potential at height z, ρc(ζ) is the average charge density (in C/m3)

at height ζ and ǫ0 is the permittivity of free space. If the charge density is measured in

electrons/Å3, then multiplying the integral by 180.95 accounts for both ǫ0 and the units

of charge to give the potential drop in volts. The charge density ρc(z) is calculated in a

way analogous to that of number density ρ(z), but considering the positions and partial

charges of all atoms, rather than the ions reference points. In addition, we calculate the

integral in Eq. (36) starting from ζ = 0 instead of menus infinity, since we apply PBCs

also in the z-direction: in this way, we consider the potential drop across a single IL

film.

The potential drop across the film is also a measure of the surface average dipole

along the z-direction. In fact, an IL in contact with a solid substrate can form a

charge double-layer, i.e. two layers of opposite charge placed at different distances from

the surface. This structure would exhibit a dipole in the z-direction, and thus a net
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electrostatic potential drop, since a charged particle would experience an electric force

while crossing it. The film average dipole can be calculated with

(37) dz = 〈
Natoms
∑

i=1

qizi〉 ,

where i is an index running over all the Natoms atoms, zi and qi are the z-position

and partial charge of the i-th atom, and 〈. . . 〉 represents an average over different

configurations.

2.7.4. Radial distribution function. Equilibrium particle distribution functions,

together with the closely related particle densities, provide a complete description of

the structure of a simple fluid [43]. Moreover, the knowledge of the low-order particle

distribution functions is often sufficient to calculate the equation of state and other

thermodynamic properties of the system. These functions measure the extent to which

the structure of a fluid deviates from complete randomness.

For a system composed of all identical particles, the simplest of these is the pair

distribution function g2(r1, r2), that represents the probability of finding two particles

of the system with coordinates around r1 and r2, irrespective of the positions of the

remaining particles and irrespective of all momenta. If the system is isotropic, g2(r1, r2)

is a function only of the separation r12 = |r2 − r1|; it is then usually called the radial

distribution function (RDF) and written simply as g(r). Therefore, the RDF gives the

probability of finding a pair of particles a distance r apart, relative to the probability

expected for a completely random distribution at the same density. In fact, in a fluid,

when r is much larger than the range of the interparticle potential, the RDF approaches

the ideal-gas limit:

(38) lim
r→∞

g(r) = 1 .

For a bulk monatomic fluid in the canonical ensemble, the definition of the RDF is

given by [43, 40]

(39) g(ri, rj) =
N(N − 1)

ρ2ZNV T

∫

dr(N−2)exp (−βU(r1 . . . ri . . . rj . . . rN )) ,

where β = 1/(kBT ), N is the number of particles in the system, ρ = N/V is the density,

and ZNV T is the configuration integral

(40) ZNV T =

∫

drNexp (−βU(r1, r2, . . . rN )) .

An equivalent definition, expressed in terms of δ-functions of position, is:

(41) g(r) =
V

N2
〈
∑

i

∑

j 6=i

δ(r − rij)〉 ,

where the normalization factor V
N2 accounts for the ideal-gas large-r limit. This form can

be simply used in the evaluation of g(r) by computer simulation (see Ref. [40], §6.2). The

δ-function is replaced by a function which is non-zero in a small range of separations δr,

and a histogram n(b) is compiled counting the number of pair separations, with respect
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to the number of particles N , falling within each such range: each bin b corresponds to

the interval [r, r + δr]. Moreover, the histogram is averaged over different configurations.

In the 3-dimensional case, the correct ideal-gas limit normalization factor is

(42) nid
3D(b) =

4πρ3D

3

[

(r + δr)3 − r3
]

,

where ρ3D = N/V . The RDF is thus given by

(43) g(r +
1

2
δr) =

n(b)

nid
3D(b)

.

The PBCs impose an intrinsic limit to the information that can be extracted from the

RDFs: the meaningful structure of the g(r) is restricted to a maximum value of r, typi-

cally half the size of the box. Above this value spurious peaks appear, as a consequence

of the multiple counting of interparticle distances and self-correlation contributions.

Since we are not dealing with a simple monatomic system, instead of calculating the

RDF using the positions of all atoms, we consider only the anion-CM and ring-CM. We

thus apply Eq. (40) and build three histograms, concerning anion-anion, cation-cation

and cation-anion separations (g−−(r), g++(r) and g+−(r), respectively).

Moreover, in order to obtain the correct large-r limit when considering a 2-dimen-

sional system, the normalization factor, derived from the ideal-gas, must be changed:

instead of using Eq. (42), we normalize the histogram of Eq. (43) with:

(44) nid
2D(b) = πρ2D

[

(r + δr)2 − r2
]

,

where ρ2D = N/A. In other words, the correct density and element of volume/area,

defined by the range δr used to build the histogram, must be taken into account to gain

the correct long-r 2-dimensional ideal-gas limit.

We consider the 3-dimensional distance between ions when calculating RDFs, even

if the system is 2-dimensional as a monolayer. The g(r) thus obtained approaches zero

in the low-r range, as a consequence of the repulsive hard-core term in the interac-

tion between atoms. However, the main features of the RDFs are not influenced: the

positions of the g(r) peaks are substantially unaltered.

2.7.5. Static structure factor. While the RDF describes the structure of the

system in real space, the structure factor gives analogous information in reciprocal

space. The definition of the structure factor S(k) is [40, 43]

(45) S(k) =
1

N
〈ρ(k)ρ(−k)〉 ,

where ρ(k) is a Fourier component of the microscopic density ρ(r):

ρ(r) =
N

∑

j=1

δ(r− rj)(46)

ρ(k) =

∫

dr ρ(r)exp(−ik · r) =
N

∑

j=1

exp(−ik · rj) .(47)

Thus, S(k) describes the correlations of density fluctuation in the fluid.



2.7. OBSERVABLES 35

In 3-dimensions, the link between the structure factor and the pair distribution

function is given by a Fourier transform:

(48) S(k) = 1 + ρ3D

∫

dr3 exp(−ik · r) = 1 + (2π)3ρ3Dδ(k) + ρ3Dh̃(k) ,

where h(r) = g(r) − 1 is called pair correlation function, h̃(k) is its Fourier transform,

and ρ3D = N/V . The relation between S(k) and the RDF is:

(49) S(k) = 1 + 4πρ3D

∫ +∞

0
dr r2 sin(kr)

kr
g(r) .

Note that S(k) is real, since g(r) is a even function, as a consequence of a general

property of Fourier transforms.

In a simulation with PBCs, there is a limitation to wavevectors that are commensu-

rate with the periodicity of the system, i.e. the G vectors of Eq. (24). For example, in a

cubic box of size L the structure factor can be calculated only for k = (2π/L)(nx, ny, nz),

where nα are integers. This is a severe restriction, particularly at small k.

Since in a MD simulation the range of g(r) is limited, the calculation of S(k) via

Eq. (48) or (49) is inaccurate. We thus take advantage of the more general defini-

tion (45). The main practical problem with this equation is that it apparently requires

a double summation over particle positions. In fact, by using Eq. (47), we have:

(50) S(k) =
1

N
〈
∑

j,l

exp[−ik · (rl − rj)]〉 .

To speed up the calculation, we observe that Eq. (47) implies that ρ(−k) = ρ∗(k). The

structure factor contribution of a configuration is thus obtained by a single summation

as

(51) ρ(k)ρ(−k) = |ρ(k)|2 .

Since the system we are studying is substantially 2-dimensional, the scalar product

appearing in Eqs. (47) is calculated in the xy-plane:

(52) k · rj = kxrjx + kyrjy ,

where kx/y is a multiple of 2π/Lx/y, as already pointed out. The structure factor S(k)

as a function of the modulus k =
√

k2
x + k2

y is then obtained through an angular average

of S(k).

Like in the case of RDFs, we consider the anion-CM and ring-CM for the calculation

of the structure factor. This generates a set of functions Sαβ (α,β = ±), called partial

structure factors, since we are dealing with ions of two different types:

S++(k) =
1

N
〈ρ+(k)ρ+(−k)〉(53)

S−−(k) =
1

N
〈ρ−(k)ρ−(−k)〉(54)

S+−(k) = S∗
−+(k) =

1

N
〈ρ+(k)ρ−(−k)〉 ,(55)
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where ρ±(k) is calculated considering the positions of ring/anion-CM, respectively. Even

S+−(k) is real, under mild assumption on the symmetry of the simulation box.

From the partial structure factors, we can calculate the charge and number structure

factors. Charge fluctuations and total density fluctuations are defined as

q(k) =
∑

α

Zαρα(k)

ρ(k) =
∑

α

ρα(k) ,

where Zα is the valence of species α (±1 in our case). Based on these quantities,

the charge-charge, number-number, and number-charge structure factors are defined,

respectively, as:

SQQ(k) =
1

N
〈q(k)q(−k)〉 =

1

2
[S++(k) + S−−(k)− 2S+−(k)](56)

SNN(k) =
1

N
〈ρ(k)ρ(−k)〉 =

1

2
[S++(k) + S−−(k) + 2S+−(k)](57)

SNQ(k) =
1

N
〈ρ(k)q(−k)〉 =

1

2
[S++(k)− S−−(k)] .(58)

The structure factors described in this subsection are only a computational tool

introduced to highlight the structure of the liquids, and are not directly related to

scattering experiments, since reference points in the molecular cations and anions have

been considered instead of the positions of all atoms [57].

2.7.6. Orientational order parameter. The orientational order as a function of

the distance perpendicular to the surface can be analyzed using the order parameter

P2(cos θ), defined as the averaged value of the second Legendre polynomial [37]

(59) P2(cos θ) = 〈3
2

cos2 θ − 1

2
〉 ,

where θ is the angle between a vector fixed in the cation frame and a vector normal

to the wall, and 〈. . . 〉 denotes an average over ions at position z and over subsequent

configurations. The usefulness of P2(cos θ) is that it vanishes in the absence of any

preferred orientation, while its sign and magnitude give information about the cation

orientations: precisely, P2 = +1 and P2 = −0.5 correspond to θ = 0 and θ = π/2,

respectively.

We calculate this order parameter as a function of the distance z from the surface

for two vectors θ: one connecting the two nitrogen atoms (denoted by a), and one

normal to the plane of the cation-ring (denoted by b), as sketched in Fig. 2.4. These

two parameters allow us to investigate the orientation of the cation-ring with respect

to the surface.

2.7.7. Diffusion. The self-diffusion coefficient D can be expressed in terms of the

velocity autocorrelation function [40, 43]; in 3-dimensions, one has:

(60) D =
1

3

∫ ∞

0
〈v(τ) · v(0)〉dτ ,
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Figure 2.4: Reference vectors fixed in the cation-ring frame: a is parallel to

the ring plane and connects the two nitrogen atoms; b is normal to the ring

plane (pointing out in the figure).

that is an example of a Green-Kubo formula, an important class of relations in which a

macroscopic dynamical property is written as the time integral of a microscopic time-

correlation function. When dealing with several species, the correct expression for the

diffusion coefficient Dα for each molecular species in the system (in our case, α =+/−
for cation/anion) is given by [57]:

(61) Dα =
kBT

Nαmα

∑

j∈α

∫ ∞

0

〈vj(τ) · vj(0)〉
〈|vj |2〉

dτ ,

where Nα and mα are the number and the mass of molecules of species α, vj is the

translational velocity of the position rj of the j-th ring-CM or anion-CM, and 〈. . . 〉
represents an average over different initial conditions.

A different but in principle equivalent approach is based on the Einstein relation for

diffusion, more suitable for MD simulations:

(62) Dα = lim
t→∞

msdα(t)

2d t
,
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where the mean-square displacement (MSD) is given by

(63) msdα(t) =
1

Nα

∑

j∈α

〈|rj(t)− rj(0)|2〉 ,

where again 〈. . . 〉 denotes an average over different initial conditions. This relation is

characteristic of a “random walk” in d dimensions, in which the MSD of the walker

becomes a linear function of time after a sufficiently large number of random steps.

In MD simulations the limit must be estimated by finite and relative short trajectory:

in practice the self-diffusion coefficient is calculated by the slope of msd(t). Moreover,

a technical problem in the calculation of rj(t) − rj(0) is brought by PBCs. In fact,

when an ion crosses a face of the box, it is remapped on the other side, thus the CM

trajectories become apparently discontinuous functions. Anyway, the proper continuous

trajectories can be reconstructed simply by shifting appropriately a particle position

when it happens to cover an irrealistically long distance (say, more than half of the box

length) in a single time step.

When analyzing an IL film, we consider only the xy-positions of the ions, and apply

Eq. (62) with d = 2.

2.7.8. Conductivity. The dynamical behavior of a system composed by ions can

also be studied considering the conductivity σ. In this case, the Green-Kubo relation

is [57]:

(64) σ =
NIL

V

Z2e2

µ

∫ ∞

0

〈J(τ) · J(0)〉
〈|J|2〉 dτ ,

where Z2 =
∑

α Z2
α, NIL is the number of ion pairs in the volume V , µ is the reduced

mass of the two ions, J(t) =
∑

α Zα

∑

j vj(t) is the instantaneous current, Zα is the net

charge of species α in units of e, the elementary charge.

The corresponding Einstein relation, which again provides a better route for MD

simulations, is:

(65) σ =
e2

kBTV
lim
t→∞

〈|Z+∆+(t) + Z−∆−(t)|2〉
2d t

,

where ∆α =
∑

i∈α(ri(t)− ri(0)) . In the evaluation of the conductivity, rather than the

CM we consider the position of the CC of each cation and anion, in order to remove

the fluctuations connected with the intra-molecular degrees of freedom.

Despite the superficial similarity, the estimation of the conductivity is much more

difficult than that of the diffusion coefficient. In fact, the term msd(t) of Eq. (63) is

replaced by

(66) ∆(t) = 〈|Z+∆+(t) + Z−∆−(t)|2〉 .

In other words, self-diffusion is a single particle property, while conductivity is a col-

lective property, thus the corresponding statistics is not improved by averaging over

Nα molecules. Indeed, in the definition (63) of msd(t) the sum includes averaging over

particles, besides that over different configurations. The definition (66), on the other
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hand, does not include this extra average, since all ions contribute to the calculation of

the quantity inside the 〈. . . 〉 average.

As in the case of self-diffusion, when dealing with a IL film we analyze the xy-

positions of the ions. Moreover, we replace the volume V at the denominator of Eq. (65)

with the surface area A, and take d = 2.





CHAPTER 3

Results

The present chapter reports and analyzes the data obtained by means of extensive

MD simulations of the ionic liquid [bmim]+[NTf2]
−. The potential parameterization

and the implementation of the observables introduced in the previous chapter are firstly

tested on a reference bulk system, described in Sec. 3.1. The main system investigated

in this work, i.e. an IL adsorbed film, is then simulated: Sec. 3.2 describes the results

concerning the adsorbed film.

3.1. Bulk ionic liquid

We illustrate here the results obtained from MD simulations of a homogeneous IL

system. We consider 64 cation-anion pairs, contained in a cubic box with PBCs; no

external field is applied. The ions are initially placed in a large cubic box whose lateral

size is Linit = 60 Å: a single cation-anion pair is replicated by means of the DL POLY

GUI (Graphical User Interface) [53], and groups of ions are then placed by hand in

the box, avoiding overlaps. The system is then equilibrated by means of a NVT run at

comparably high temperature T = 500 K. Afterwards, a NPT simulation is performed

in order to reduce the box size to the proper thermodynamical equilibrium value. In

this second run, the values of temperature and pressure considered are close to standard

conditions, i.e. T = 300 K and P = 1 atm, respectively.

3.1.1. Calculation of the equilibrium density. When the system volume fluc-

tuates around a constant value and all drifts have ceased, a simulation of 500 ps in the

NPT ensemble has been carried out to estimate the average volume value for subsequent

runs in the NVT ensemble. We report in Fig. 3.1 the system volume as a function of

time, in a typical NPT simulation: we observe a slight volume drift in the first 200 ps,

followed by fluctuations at later times. From these data, the equilibrium density is

calculated. Other samples at T = 350, 400, 450 and 500 K are obtained in a similar

fashion.

Figure 3.2 shows the density of the bulk systems thus obtained, as a function of

temperature. The density is calculated from the system volume V = L3:

(67) ρ =
NILmIL

V
,

where NIL = 64 is the number of cation-anion pairs, each of mass mIL = 419.36 amu

= 6.9636 · 10−25 kg. As expected, the density is a decreasing function of temperature.

The error bars show an opposite trend: they increase with temperature. Of course,

41
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Figure 3.1: Bulk volume V as a function of time t, for a MD simulation in

the NPT ensemble. The system consists of 64 cation-anion pairs, for a total

of 2560 atoms, in a cubic box with PBCs. Temperature and pressure are set

to T = 300 K and P = 1 atm, respectively.

larger thermal fluctuations imply larger variations in the volume, especially in a finite

and relatively small system.

The density obtained at T = 300 K, i.e. ρ = (1.500 ± 0.001) · 103 kg/m3, can be

compared with the value ρ = 1.48 · 103 kg/m3 reported by Pádua et al. [49], who have

developed the force-field for [bmim]+[NTf2]
− (see Sec. 2.2). The agreement is quite good,

the discrepancy being of the order of 1.5 %, even though our system is much smaller than

the one simulated by Pádua et al. (64 versus 200 ion pairs). This confirms the validity of

our computational procedure. Moreover, the discrepancy with the experimental density

ρexp = 1.44 ·103 kg/m3 [58, 59] is 4 %. Knowing the equilibrium density, we proceed in

the study of the bulk system in the NVT ensemble. We rescale the box size and atomic

positions of the last configuration resulting from the NPT run to match the equilibrium

volume and, after 1 ns of equilibration, we perform simulations of 3 ns. The trajectories

thus obtained are analyzed in order to calculate structural and dynamical properties.

Figure. 3.3 shows a typical bulk IL configuration, selected from a MD simulation at

T = 300 K.

3.1.2. The liquid structure: RDF. The structure of the bulk system can be

examined by means of the RDF g(r), as described in Sec. 2.7.4. Figure 3.4 shows

the RDFs g++, g−− and g+−, for three different temperatures. The features of these

functions are typical of ionic liquids (see for instance Ref. [43] § 10.2 and Ref. [9] § 2.4).
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Figure 3.2: Bulk density ρ as a function of temperature T , at constant pressure

P = 1 atm, for the same system of Fig. 3.1. The density is obtained from

Eq. (67), and the box volume is calculated by averaging the instantaneous

volume as shown in Fig. 3.1, over MD trajectory of 500 ps. The size of the

error bars is of the order of data points.

The structural order at the nanoscale, consisting of an alternation of charge, is

underlined by the opposite phase of g+− with respect to g++ ant to g−−. In particular,

the existence of a well defined first-neighbor shell of anions (cations) around a cation

(anion) is clear: it corresponds to the first peak in g+−, at about 5.5 Å. The presence of

a second shell of like ions is also apparent, being marked by the first rather broad peak

in g++ and in g−−, at roughly 9 and 8 Å, respectively. The different positions of these

two peaks can be explained by the smaller size of the anion compared to the cation.

The structural ordering, due to the strong Coulombic interactions, is still present at the

limit of the ion separation range we can investigate with a box of size L ∼ 30 Å: in fact,

at r ∼ 15 Å the ideal limit of a liquid g(r)→ 1 is not yet reached.

No large structure modifications with temperature variations are observed, as can

be evinced by the similarity between the graphs in Fig. 3.4. The main feature is the

broadening of the peaks, related to wider thermal fluctuations, and their shift toward

slightly longer inter-ion separations, related to the thermal expansion illustrated in

Fig. 3.2. The noise in the T = 300 K curves is probably due to an insufficient thermal

averaging of the system during the MD run. Indeed, especially at lower temperatures,

the complexity of the ions limits their mobility, thus in a finite and quite short simulation

the configurational space is explored only partially.



44 3. RESULTS

Figure 3.3: Typical bulk IL configuration, for a MD simulation performed

in the NVT ensemble at T = 300 K. 64 ion-pairs are contained in a cubic

box of side length L = 30.95 Å, with PBCs. Turquoise, yellow, green, red,

white, and blue correspond to hydrogen, carbon, nitrogen, oxygen, sulfur, and

fluorine atoms, respectively (see Figs. 1.2 and 1.3).

The RDFs obtained compare quite well with those calculated for similar systems

and reported by other authors (see for instance Refs. [60, 61, 62]). The microscopic

structure of ILs can be investigated also experimentally, for example by means of neutron

diffraction, as described in Ref. [63] (To be precise, neutron scattering experiments

measure the structure factor(s), see next section). The experimental RDFs reported

show a qualitative behavior analogous to that obtained in MD simulations.

3.1.3. The liquid structure: partial structure factors. To analyze the struc-

ture of the bulk IL in reciprocal space, we calculate the partial structure factors of
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Figure 3.4: The RDFs as a function of inter-ion distance r, for cation-cation

(g++, dashed), anion-anion (g−−, dot-dashed), and cation-anion (g+−, solid),

respectively. Cation ring-CM and anion-CM are taken as reference points

for the distance r. The three graphs correspond to different temperatures:

300 K (bottom), 400 K (middle), and 500 K (top). The simulations refer to

64 cation-anion pairs, in a cubic box of fixed volume (NVT ensemble), whose

size is given by the densities of Fig. 3.2. Averages are taken over simulation

times of 3 ns. The 300 K g(r) is evaluated as an average over 4 independent

simulations.

Eqs. (53)-(55). From these we also derive the charge and number structure factors of

Eqs. (56)-(58). Figure 3.5 reports the results thus obtained for T = 300 K. Again, the

shape of these functions is characteristic of ionic liquids (see Ref. [9] §5.2). The quality

of these structure factors is limited by the small size of the system. Indeed, the min-

imum distance between successive k-points is fixed by the size of the simulation box:

∆k = 2π
L ∼ 0.2 Å−1, since L ∼ 30 Å.

As regards the partial structure factors, the huge peak (out of scale) for k → 0

corresponds to the δ-function of Eq. (49), and gives the number of ion pairs in the
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Figure 3.5: Partial structure factors of Eqs. (53)-(55) (top graph), and relative

charge and number structure factors of Eqs. (56)-(58) (bottom graph). Data

refer to the same simulations of Fig. 3.4, for T = 300 K. The principal features

around k = 0.8 Å−1 are a reflection of the alternation of cations and ions in

the IL, leading to local charge ordering.

system. Moreover, the first structure at k ∼ 0.8 Å−1 mirrors the main periodicity in

the RDFs: in fact, r = 2π
k ∼ 7.9 Å matches quite well the distance between the first

maxima in g+−(r) of Fig. 3.4. The second feature of S+−(k) is the first maximum

around k = 1.2 Å−1.

The features of charge and number structure factors are related to those of the

partial structure factors. The pronounced maximum of SQQ(k) is due to the main

peaks and valley of Sαβ , at the same wavenumber: it reflects the alternation of cations

and anions in the IL, leading to a local charge ordering. The main peak of SNN(k)

is readily traced to the first maximum in S+−(k): it is lower than that of SQQ(k),

meaning that charge-ordering is stronger than number-ordering. Finally, the fact that

S++ and S−− are quite similar results in SNQ(k) being quite small: we can thus infer

that correlations of density and charge fluctuations are coupled only weakly, as it is the

case also for prototypical molten salts such as NaCl and KCl.

3.1.4. The liquid structure: the absence of orientational order. In a isotropic

liquid system, the molecular orientations with respect to a fixed direction should be ran-

dom, thus the orientational order parameter P2(cos θ) described in Sec. 2.7.6 should be

null. Of course, this is true in the thermodynamical limit, i.e. for a large number of
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Figure 3.6: Orientational order parameter P2(cos θ) of Eq. (59) as a function

of z-position, in a region of the simulating box between z = −10 Å and

z = +10 Å, for T = 400 K (top panel) and T = 300 K (bottom panel). The

angle θ is that between a vector parallel to the z-axis of the box and the

vectors a, connecting the two nitrogen atoms of the cation-ring (solid curve),

and b, perpendicular to the cation-ring (dashed curve). Values of P2(cos θ)

close to 0, +1 and −0.5 correspond to random orientations, θ ∼ 0 and θ ∼ π/2,

respectively. The data refer to the same simulations of Fig. 3.4.

molecules and averaging over all possible configurations. In a relative short simulation

of a small system, instead, the average is carried out over a limited number of config-

urations, thus one cannot expect to obtain an identically null result. Figure 3.6 shows

the order parameter P2(cos θ) as a function of the z-position, comparing two different

temperatures: T = 300 K and T = 400 K. The angle θ is calculated between a vector

parallel to the z-axis of the simulation box and the vectors a and b, respectively the

one connecting the two nitrogen atoms of imidazolium and that perpendicular to the

cation-ring (see Fig. 2.4). As expected, for both vectors P2(cos θ) oscillates around zero,

i.e. the imidazolium rings tend to be oriented randomly. At T = 400 K the amplitude

the residual fluctuations is much smaller than at T = 300 K: the higher temperature pro-

motes a better thermal averaging of the system, as already pointed out when discussing

the RDFs.

3.1.5. The liquid dynamical properties. The dynamical properties of the bulk

IL can be investigated by means of the diffusion coefficient, introduced in Sec. 2.7.7: it

gives an estimation of the capacity of an ionic species to migrate around the system.
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Figure 3.7: Mean square displacement msd(t) as a function of time t for

cation (dot-dashed line) and anion (dashed line), as defined in Eq. (63), at

three temperatures: T = 300 K (bottom), T = 400 and 500 K (top). The

slope of the linear fit for t > 0.5 ns (solid line), through Eq. (62), gives the

corresponding self diffusion coefficient (see Table 3.1). Data refer to the same

simulations of Fig. 3.4.

In a MD simulation, the best way to evaluate diffusion coefficients is by means of the

MSD defined in Eq. (63).

Figure 3.7 shows the MSDs calculated for T = 300, 400 and 500 K. The correspond-

ing diffusion coefficients, reported in Table 3.1, are obtained from the slope of the large-t

linear part of the msd(t), following Eq. (62), and averaging over 4 independent simu-

lations. As expected, ion diffusion is an increasing function of temperature. Moreover,

we observe that diffusion of cations is systematically higher than that of anions. This

tendency has been noticed also in MD simulations of analogous systems, even with a

lighter and smaller anion (see for example Ref. [64]). The diffusion coefficients obtained

at T = 300 K can be compared with the experimental values reported in Ref. [65]:

D+ ≃ 3.0 · 10−11 m2/s for the cation and D− ≃ 2.4 · 10−11 m2/s for the anion. The

calculated values are thus about a order of magnitude lower than the experimental ones:
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cation anion

T [K] D+ [m2/s] D− [m2/s]

300 (2.4± 0.9) · 10−12 (1.8± 0.3) · 10−12

400 (8± 1) · 10−11 (5.7± 0.5) · 10−11

500 (3.5± 0.4) · 10−10 (2.9± 0.3) · 10−10

Table 3.1: Self-diffusion coefficients D± for cation/anion, at different temper-

atures. Values are obtained from the slopes of the linear fits of Fig. 3.7, using

Einstein’s relation (62) for self diffusion. Average values and corresponding

standard deviations are calculated from the results of 4 independent simula-

tions. The calculated diffusion coefficients are systematically about one order

of magnitude lower than the experimental ones.

the simulated system diffuses much more slowly than the real IL. We remark that a dif-

fusivity of the order of some 10−12 m2/s = 0.1 Å2/ns, like that obtained at T = 300 K,

is extremely small: this low mobility renders the evaluation of the diffusion coefficient

uncertain. Only a longer simulation time could confirm our results: in fact, following

the trend of Fig. 3.7, a time t & 50 ns would be necessary to obtain a msd & 100 Å2,

i.e. a displacement greater than the typical size of an ion. This strong and systematic

underestimation has been already underlined by the authors of Ref. [64], who make use

of our same force-field. Note that the rapid variation of the diffusivity with temperature

would lead our model to reproduce the experimental T = 300 K diffusion coefficients

at a simulation temperature in the vicinity of 360 K. Anyway, the experimental results

confirm the qualitative finding of our simulations that cations diffuse faster than anions.

Another dynamical quantity of interest in a ionic system is the electrical conduc-

tivity, introduced in Sec. 2.7.8. Figure 3.8 shows the quantity ∆(t) defined in Eq. (66),

which plays for the conductivity a role analogous to that of msd(t) in the case of self

diffusion. The fact that conductivity in a ionic system is a collective property, and not

a single particle property as diffusion, explains the worse quality, pointed out by the

higher level of noise, of the calculated ∆(t) with respect to msd(t).

Table 3.2 reports the conductivities calculated with Eq. (65), from the slopes of

the ∆(t) curves, and averaging over 4 independent runs. The conductivity obtained

for the simulations at T = 300 K can be compared with the experimental one: σ ≃
0.41 S/m [65, 66]. Like in the case of self diffusion, the calculated value of σ is about

one order of magnitude smaller than the experimental value.

3.2. Adsorbed film

We illustrate here the results of MD simulations relative to a confined IL. Figure 3.9

shows a typical configuration of the system we are interested in, i.e. an adsorbed thin

film. We consider N = 128 cation-anion pairs, for a total of 5120 atoms, contained in an

orthorhombic box with square xy-section. PBCs are applied in all the three dimensions.

The ions are initially located by hands, using DL POLY GUI [53], in a box with lateral
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Figure 3.8: Square-displacement ∆(t) of the ionic charge, defined in Eq. (66),

as a function of time t, for T = 300 K (bottom), T = 400 and 500 K (top). The

slope of the linear fit for t > 0.3 ns (solid line), through Eq. (65), gives the cor-

responding conductivity (see Table 3.2). Data refers to the same simulations

of Fig. 3.4.

T [K] σ [S/m]

300 0.02± 0.01

400 1.2± 0.5

500 3.7± 1.5

Table 3.2: Ionic conductivities σ at different temperatures. Values are ob-

tained from the slopes of the linear fits of Fig. 3.8, using Einstein’s relation (65)

for conductivity. Average values and corresponding standard deviations are

calculated from the results of 4 independent simulations. Like the self-diffusion

coefficients, the calculated conductivities are about one order of magnitude

lower than the experimental ones.
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Figure 3.9: Typical adsorbed IL film configuration, for a MD simulation

performed at T = 300 K. 128 ion-pairs are contained in a box of x/y-length

L = 78.2 Å and height Lz = 80 Å, with PBCs. The z-confinement is obtained

by means of the potential (21). The same color notation of Fig. 3.3 is used.

side length L = 90 Å and height Lz = 100 Å, avoiding overlaps. In order to obtain

a bidimensional configuration, we initially apply a flat-wall confining potential in the

z-direction:

(68) Ufw(z) =







k
2 (z − z0)

2 if z > z0

0 if −z0 ≤ z ≤ z0
k
2 (z + z0)

2 if z < −z0

where z0 = 2.5 Å and k = 1 kJ/mol/Å2 = 0.166 N/m. Performing a simulation in the

NVT ensemble, Ufw(z) helps to form a thin slab of ions in the central region of the box.

When the desired configuration is achieved, we turn off the potential Uharm(z) and

apply the Lennard-Jones potential Uwall(z) of Eq. (21), which models the interaction

between a solid surface and the adsorbed ions. The attractive tail of the potential and

the fairly high cohesion of the ionic liquid prevent the ions from leaving the surface.

After several tens of picoseconds of equilibration at T = 400 K, we obtain an adsorbed-

film initial configuration for subsequent runs. We choose this procedure, rather than

the direct application of Uwall(z), for two reasons: the first is that Uwall(z) diverges at

z = 0, so the energy of a random initially bulk configuration would be too large; the

second is that Uwall(z) has a weak attracting tail, thus faraway ions would take a long

time to reach the surface.
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3.2.1. Calculation of the equilibrium surface density. The choice of the ap-

propriate surface density is the first problem to be solved when dealing with a quasi-2D

system. As described in Sec. 3.1.1, in the 3D case the equilibrium volume, and thus

the density of the system can be obtained by computations in the NPT ensemble. In

this 2D case, however, we cannot apply the NPT ensemble, since the vacuum space in

the simulation box would play a major role in the evaluation of pressure, and the box

would consequently reduce its size. Moreover, DL POLY does not support simulations

at constant lateral pressure, therefore we cannot extend the 3D procedure to the 2D

configuration.

The system behavior, however, helps us in overcoming this problem. In fact, we

observe that the IL film spontaneously tends to reach its equilibrium surface density,

leaving part of the solid substrate uncovered. When the xy-area A = L2 is sufficiently

large, indeed, the system forms a sub-monolayer with “holes”, whereas the IL layer

adopts its optimal thickness and area density irrespective of the average ρ2D = N/A

imposed density. This phenomenon is closely related to the observed layer-by-layer

terrace formation in the films of ionic liquids adsorbed on flat surfaces [16, 67]. To

evaluate the appropriate surface density of the monolayer, we simulate the IL film for

two different values of A = L2 and, from the change in extension of the hole-area Ahole,

we extrapolate the equilibrium surface density, i.e. the system surface-area A at which

Ahole = 0.

Figure 3.10 shows a top view of the IL film configuration obtained at T = 300 K and

L = 90 Å, after a simulation of 2 ns. We observe that the hole contour is characterized by

a regular alternation of ions of different type, as a consequence of the strong Coulombic

interactions. To calculate the hole-area Ahole of this configuration, we consider the

following estimate of the local density:

(69) ρ(x, y) =
1

2πσ2

Natoms
∑

i=1

exp

[

−(x− xi)
2 + (y − yi)

2

2σ2

]

,

where Natoms = 5120 is the total number of atoms, xi and yi are the atomic positions in

the xy-plane, and the Gaussian width is set to σ = 3 Å in order to generate a sufficiently

smooth function. We call ρmean ≃ 0.8 Å−2 the average value of this density away from

the hole. We define “hole” the xy-region for which

(70) ρ(x, y) ≤ 1

2
ρmean .

The area of this region can be simply evaluated with the Monte Carlo method: we

consider n = 10000 random xy-points in the simulation box area, and count the number

nhole of those for which the condition (70) is satisfied. These points are shown in

Fig. 3.11: the presence of a low density region corresponding to the hole in Fig. 3.10 is

clear. The hole-area is then estimated by Ahole = Anhole

n .

We repeat this analysis for a system composed by the same ions in a smaller box of

lateral side L = 84 Å. The values of Ahole thus obtained are reported in Fig. 3.12. From

these data, with the assumption that the hole-area Ahole is a linear function of the total

area A = L2, we can extrapolate the box size at which the hole should disappear: L =
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Figure 3.10: Top view of a IL film configuration obtained from simulations

at T = 300 K. The system is composed of 128 ion-pairs, contained in a box of

x/y-length L = 90 Å and height Lz = 100 Å. The surface-area is larger than

that corresponding to the equilibrium surface density: indeed, the system

spontaneously forms a monolayer terrace, leaving part of the solid substrate

uncovered. Same colors of Fig. 3.3.

78.2 Å. This simulation box xy-area should correspond to the equilibrium surface density

of our system at T = 300 K: the result of this analysis is ρ2D = N
A = 2.1 ·10−2 pairs/Å2.

Indeed, we observe no hole in the configurations obtained with MD simulations at these

conditions, as shown in Fig. 3.13.

This homogeneous thin film configuration is reached starting from the final config-

uration of the simulations with L = 84 Å, after a smooth rescaling of the system size.

We multiply the box length L and the atomic xy-positions by a scale factor r = 0.997,

and run a short simulation of 5 ps at T = 300 K, to relax the stretched bonds. We
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Figure 3.11: Random points in the xy-plane for which the condition (70) is

satisfied, and thus are in the hole region. Data refer to the same configuration

of Fig. 3.10: the number of points corresponds to the hole-area of the IL film.

repeat this procedure until the desired surface density is gained, i.e. when L = 78.2 Å,

and equilibrate the system for several hundred ps to allow the remaining hole to be

re-adsorbed. Moreover, we set Lz = 80 Å, so that the G-points of the Ewald sum form

a fairly homogeneous and isotropic grid. As a consequence, the z-separation between

atoms of successive copies of the film is at least z = 70 Å, making sure that spurious

interactions coming from PBCs are negligible. The configuration obtained is the start-

ing point for the analysis of the structural and dynamical properties of the adsorbed IL

film. After 3 ns of equilibration, we perform simulations lasting 11 ns at T = 300, and

6 ns at T = 400 and 500 K: the resulting trajectories are processed in order to compute

the observables introduced in Sec. 2.7.

3.2.2. Film surface tension. We compute the surface tension γml of the adsorbed

IL monolayer through the pressure tensor route introduced in Sec. 2.7.1. We also evalu-

ate the intrinsic surface tension γint of an isolated IL film. Table 3.3 reports the results
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Figure 3.12: The IL film hole-area Ahole as a function of the simulation box

xy-area A, for simulations at T = 300 K. The box size at which the system is

homogeneous, i.e. Ahole = 0 (circle), can be extrapolated from the calculated

values (squares), with the assumption of linearity.

T [K] γml [10−2 N/m] γint [10−2 N/m]

300 11.0± 0.2 7.1± 0.2

400 7.3± 0.3 4.0± 0.2

500 5.4± 0.2 2.3± 0.1

Table 3.3: The surface tension γml of the adsorbed IL monolayer, calculated

with Eq. (34) and the intrinsic surface tension γint, computed with Eq. (35).

Average values and corresponding errors are obtained from 6 ns long simula-

tions of the system described in Fig. 3.9.

obtained at the three temperatures considered. We observe that the surface tension

decreases as temperature is raised. This tendency has been noticed also in MD sim-

ulations of [bmim]+[Cl]− and [bmim]+[PF6]
− reported in Ref. [54], where liquid slab

configurations are investigated. The numerical results are also of the same order of mag-

nitude. The experimental surface tension of [bmim]+[NTf2]
− is: γ = 3.38 · 10−2 N/m
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Figure 3.13: Top view of the same system of Fig. 3.9. The surface density

ρ2D = N
A considered corresponds to the circle point of Fig. 3.12, and is evalu-

ated from the change in extension of the hole-area Ahole obtained from simu-

lations of the same system in boxes with larger surface-area A (see Fig. 3.10).

Indeed, we observe no hole in this configuration.

at T = 278.15 K, γ = 3.28 · 10−2 N/m at T = 298.15 K, and γ = 3.13 · 10−2 N/m at

T = 328.15 K [59]. A direct comparison with our calculations is not possible, since

the geometric arrangement considered is different: the experimental value is obtained

through the pendant drop method, i.e. from the curvature of an interface exposed to a

gravitational field, while our simulations concern a monolayer of adsorbed IL. However,

the experimental results confirm the behavior of the surface tension with respect to

temperature.

3.2.3. Film number density profile. The structure of the IL film as a function

to the distance z from the adsorbing surface can be investigated by means of the density

profile computed as described in Sec. 2.7.2. Figure 3.14 reports the total/ion number
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Figure 3.14: Number density profiles in the z-direction, as a function of the

distance z between anion-CM or ring-CM and the divergence of the confining

potential, as described in Sec. 2.7.2. Individual curves refer to cation density

(ρ+, dashed line), anion density (ρ−, dot-dashed line), and total density (ρtot,

solid line). For comparison, the confining potential Uwall(z) of Fig. 2.3 is also

reported (bottom panel). The data refer to 6 ns long simulations of the same

system described in Fig. 3.9, at T = 300 K (bottom), 400 K (middle) and

500 K (top).

density profiles along the z-direction, calculated from anion-CM and ring-CM positions,

at different temperatures. These data should be compared to the confining potential

Uwall(z) of Fig. 2.3. We observe that the total number density ρtot(z) presents a main
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T [K] dz [eÅ] ∆φ [V]

300 −3.1± 0.2 0.1

400 −1.4± 0.2 0.03

500 −0.3± 0.2 0

Table 3.4: The IL film average dipole dz in the z-direction, calculated with

Eq. (37), and the corresponding potential drop ∆φ, obtained from Fig. 3.15,

at different temperatures.

peak between z = 5.5 and 6 Å, and a smaller structure at z ∼ 4 Å. The vanishing

density at low z, even in the region where Uwall(z) is the most attractive, is due to

the repulsion terms experienced by the external atoms of each ion: the ion reference

CM positions considered in the calculation of the density profiles are thus prevented

from getting closer than z ∼ 3.5 Å from the solid surface. At longer distances, in the

region of the attractive tail of Uwall(z), we observe a progressive decrease in the total

number density; a few ions are still present at a distance of ∼ 15 Å, especially at higher

temperatures. Moreover, the height of main peak decreases and its width becomes wider

as the temperature is raised: the higher thermal fluctuations favor a larger separation

between the ions and the solid substrate.

The ionic number density profiles ρ±(z) show different features, depending on the

system temperature. At T = 400 and 500 K, the cation and anion density distributions

display substantially the same position and shape, and thus they closely overlap over

the entire z range. At T = 300 K, on the other hand, the two density profiles are

significantly different: ρ+(z) is quite broad, and its main features are the peaks at

z ≃ 5.5 Å and z ≃ 7 Å; ρ−(z), instead, is sharper, and presents a high peak at z ≃ 6 Å

and a weak one around z ∼ 4 Å, in a region where ρ+(z) is very low.

3.2.4. Electrostatic properties of the IL film. The electrostatic properties

of the IL film can be examined considering the charge density profiles ρc(z) and the

corresponding electrostatic potential φ(z), as described in Sec. 2.7.3. Figure 3.15 reports

these functions for MD simulations at different temperatures. In the region between

z = 2 Å and z = 10 Å, we observe a charge structure underlined by the oscillations of

ρc(z). The behavior is similar for the three temperatures investigated, but the amplitude

of these oscillations is larger at lower temperatures. The oscillations in ρc(z) at T =

400 K and 500 K are not in contradiction with the fact that ρ+(z) ≃ ρ−(z) at these

temperatures: indeed, while number density profiles are calculated considering only the

ring-CM and anion-CM, the charge density profiles account for all the atom positions

with their partial charges.

The electrostatic potential φ(z) across the IL film reflects this layering of the charge.

Moreover, at T = 300 K we observe a potential drop ∆φ ≃ 0.1 V between the solid

surface and the vacuum at the other side of the film. The potential drop decreases as

temperature is raised: in fact, at T = 500 K we obtain ∆φ ≃ 0. The link between
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Figure 3.15: Left scale, dashed line: charge density profiles ρc(z) as a function

of the distance z from the divergence of the confining potential. Right scale,

solid line: the corresponding electrostatic potential drop φ(z) across the IL

film, obtained from ρc(z) via Eq. (36). The data refer to the same simulations

of Fig. 3.14.

the potential drop across the film and its dipole can be evinced from the comparison

of Fig. 3.15 with Fig. 3.16, that shows the instantaneous dipole in the z-direction at

T = 300 and 500 K. The average dipole values and the corresponding potential drops

are reported in Table 3.4. We observe that, at T = 300 K, the film dipole fluctuates

around a negative average-value. The absolute value of the surface dipole decreases as

the temperature is increased, coherently with the behavior of the potential drop.

3.2.5. The film structure: RDF. To investigate the spatial ordering of the ions

at the microscopic level, we consider the RDF g(r) introduced in Sec. 2.7.4. Figure 3.17

shows the RDFs g++, g−− and g+− for different temperatures. The opposite phase of

these curves mirrors the alternation of charge typical of IL systems, found in the RDFs
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Figure 3.16: Time dependency of the IL film dipole dz(t), for two different

temperatures: T = 300 K (bottom) and T = 500 K (top). The average values

are reported in Table 3.4. The data refer to the same simulations of Fig. 3.14.

of the bulk IL discussed in Sec. 3.1.2. In the IL film case we observe an even stronger

local ionic ordering, enforced by the 2-dimensional nature of the system: the features

of these RDFs are well marked, and the oscillations persist up to r ∼ 35 Å, at the

limit of the range we can investigate. Moreover, the first valleys are very deep, thus the

presence of a first- and a second-neighbor shells of unlike and like ions is clear.

The first peak of g+− at r ∼ 5 Å and the first two peaks of g++ and g−− near

r ∼ 7.5 and 10 Å suggest the presence of a square lattice, as described in Fig. 3.18.

This is supported by the similarity of Fig. 3.17 with Fig. 3.19, that displays the RDFs

calculated for an ionic solid system. The correspondence between the peaks is clear, at

least up to r ∼ 25 Å. We can thus infer that ring-CM and anion-CM tend to form a

locally ordered square lattice, similar to the one represented in Fig. 3.18. This structure

is confirmed by Fig. 3.20, that shows the cation ring-CM and anion-CM positions for a

typical IL film configuration at T = 300 K: the presence of patterns analogous to the

ideal situation of Fig. 3.18 is clear.

We observe that the locally ordered structure is stable even at higher temperatures,

as can be evinced by the similarity among the panels in Fig. 3.17. As in the bulk case,

wider thermal fluctuations broaden and lower the peaks. Their shift toward longer

inter-ion separations, instead, in this case is limited by the fixed surface density of the

system. The square lattice like structure is present also in the low surface density IL
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Figure 3.17: RDFs as a function of inter-ion distance r, for cation-cation

(g++, dashed), anion-anion (g−−, dot-dashed), and cation-anion (g+−, solid).

Cation ring-CM and anion-CM are taken as reference points for the distance

r. The three graphs correspond to different temperatures: 300 K (bottom),

400 K (middle), and 500 K (top). g(r) = 1 corresponds to the 2-dimensional

ideal gas limit, where particles are randomly placed in the plane. Positions of

the first peaks correspond with that of Fig 3.19, where a 2-dimensional ionic

crystal is considered. Data refer to the same simulations of Fig. 3.14.

films described in Sec. 3.2.1: the ions tend to rearrange themselves in view of reaching

a locally ordered configuration: this mechanism is at the origin of the formation of the

holes regions.

3.2.6. The film structure: partial structure factors. The microscopic struc-

tural properties of the IL adsorbed film can also be analyzed in reciprocal-space, through
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the partial structure factors of Eqs. (53)-(55) and the related charge and number struc-

ture factors of Eqs. (56)-(58). Figure 3.21 reports the results obtained at T = 300 K.

In this case, the minimum distance between adjacent k-points is given by ∆k = 2π
L ∼

0.08 Å−1, since the xy-size of the simulation box is L = 78.2 Å. This explains the better

quality of these structure factors with respect to those of Fig. 3.5. As in the bulk case

described in Sec. 3.1.3, the features of the partial structure factors are related to the

distances between the peaks in the RDFs of Fig. 3.17. For example, the first structure

at k ∼ 0.8 Å−1 corresponds to an average distance r = 2π
k ∼ 8 Å, that matches the sep-

aration between successive main peaks in the RDFs. Moreover, the features at larger k

can be related with the distance between some peaks and their sub-peaks or shoulders.

As regards the charge and number structure factors, the same considerations done

for the bulk system can be applied to the film case. In particular, we observe that

the pronounced maximum of SQQ(k), due to the main peaks and valley of the partial

structure factors, mirrors the alternation of cations and anions in the IL film. The

charge ordering is stronger than density ordering, since the main peaks in SNN are
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ments of variance σ = a/10, where a = 7.5 Å is the lattice spacing for like

particles as in Fig. 3.18. The correspondence with the peaks of Fig. 3.17 is

evident.

much lower than the maximum of SQQ(k) at k ∼ 0.8 Å−1. Moreover, the small and flat

SNQ(k), consequence of the similarity of S++ and S−−, suggests that density and charge

fluctuations are coupled only weakly also in 2D, in full analogy to what was found for

the 3D case.

3.2.7. The film structure: orientational order. The presence of an adsorbing

surface breaks the isotropy of the bulk IL, thus there is no reason why the ions of the

film should be oriented randomly as in the bulk case, described in Sec. 3.1.4. In order

to investigate the orientational order of the cation-rings, we consider the parameter

P2(cos θ) introduced in Sec. 2.7.6. Figure 3.22 reports the calculated P2(cos θ) as a

function of the z-position of the ring-CM with respect to the solid substrate. The angle

θ is calculated between a vector parallel to the z-axis, i.e. perpendicular to the surface,

and the vectors a and b, respectively the one connecting the two nitrogen atoms of

imidazolium and that perpendicular to the cation-ring, as sketched in Fig. 2.4. We

observe that the values of P2(cos θ) obtained are significantly different from zero up to

z ∼ 10 Å, i.e. in the region where most of the ions are placed: this confirms a significant
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Figure 3.20: Top view of a typical IL film configuration resulting from MD

simulations at T = 300 K. For better clarity, only cation ring-CM (circles)

and anion-CM (squares) are reported, rather than all atoms and bonds. The

presence of regions with strong local ordering is clear: ions tend to form a

square lattice like that reported in Fig. 3.18. This explains the peaks in the

RDFs of Fig. 3.17.

orientational order of the cations. The values for z < 3 Å and z > 10 Å are affected by

poor statistics, since few cations are found in these positions.

The data indicate that for z < 4 Å, i.e. close to the solid substrate, the cation rings

tend to lie flat on the surface. Indeed, in this region, the value of the P2(cos θ) function

is positive and close to its limiting P2 = 1 value for the vector b, while for the vector

a it approaches the P2 = −0.5 value. In other words, the vector perpendicular to the

cation-ring tends to be parallel to the z-axis, and consequently the vector connecting the

nitrogens of the ring tends to be parallel to the solid surface. A similar orientational

ordering of the imidazolium rings in contact with a solid substrate is reported also

in Ref. [37], where MD simulations of a confined slab of [dmim]+[Cl]− are presented.

Moreover, Fig. 3.22 points out a reversed orientation of the cation-rings for z > 5 Å.

At longer distances, indeed, the parameter P2(cos θ) tends to acquire an opposite sign

with respect to the region closer to the adsorbing surface. Finally, we observe that the

orientational order is not lost as temperature is increased.
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Figure 3.21: Partial structure factors computed according to Eqs. (53)-(55)

(top graph), and relative charge and number structure factors, Eqs. (56)-

(58) (bottom graph), for the IL adsorbed film. The data refer to the same

simulations of Fig. 3.14, for T = 300 K. The main features around k = 0.8 Å−1

mirrors the local charge ordering in the xy-plane of the film, as pointed out in

real-space by the RDFs of Fig. 3.17.

3.2.8. The film dynamical properties. The dynamical properties of the IL ad-

sorbed film can be investigated by means of the 2-dimensional self-diffusion coefficient

introduced in Sec. 2.7.7: in this case, it describes the ion mobility parallel to the sur-

face. Like in the bulk case (see Sec. 3.1.5), we calculate diffusion coefficients using the

Einstein MSD approach, Eq. (63).

Figure 3.23 shows the MSDs in the xy-plane computed for T = 300, 400 and 500 K,

and for cations and anions separately. Since the mobility of the sample at T = 300 K is

very low, we extend the simulation time to a total of 11 ns, in order to obtain a better

averaging over different initial configurations. The slopes of the large-t linear part of

these msd(t), via Eq. (62), yield the diffusion coefficients reported in Table 3.5. We

observe that the 2-dimensional ionic mobility increases with temperature, as a conse-

quence of higher thermal fluctuations. At T = 300 K the diffusion coefficients show

the same order of magnitude found for bulk case, but we find D+ ≃ D−. In addition,

at higher temperatures the film diffusion coefficients are lower than those of the bulk
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Figure 3.22: Orientational order parameter P2(cos θ) defined in Eq. 59, as a

function of the distance z between the solid substrate and the ring-CM, for

T = 300 K (bottom), T = 400 K (middle), and T = 500 K (top). The angle θ

is measured between the z-axis, perpendicular to the surface, and the vectors

a, connecting the nitrogen atoms of the imidazolium ring (solid curve), or b,

perpendicular to the cation-ring. Values of P2(cos θ) close to 0, +1 and −0.5

correspond to random orientation, θ ∼ 0 and θ ∼ π/2, respectively. Data refer

to the same simulations of Fig. 3.14.

system. We remark that, like in the bulk case, the diffusion coefficient obtained at

T = 300 K are very small, of the order of some 10−12 m2/s= 0.1 Å2/ns: such a low

mobility makes the evaluation of this coefficient quite uncertain, even if the simulation

was carried on for a longer time of 11 ns. Nevertheless, the similarity of the msd(t)

and of the corresponding diffusion coefficients of cations and anions, displayed by the
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Figure 3.23: Mean square displacement msd(t) as a function of time t for

cation (dot-dash line) and anion (dash line), as defined in Eq. (63) and con-

sidering the motion only in the xy-plane. Three different temperature are

explored: T = 300 K (bottom), T = 400 and 500 K (top). The slope of the

linear fit for t > 1.5 ns (solid line), via the Einstein relation (62) with d = 2,

gives the corresponding diffusion coefficient (see Table 3.5). Data refer to the

same simulations of Fig. 3.14 for T = 400 K and 500 K, and to an analogous

simulation lasting 11 ns for T = 300 K.

dynamics of the film at T = 300 K and 400 K, indicates a strong association in the ionic

motion.

Assuming that diffusivity follows an Arrhenius-like dependence on temperature:

(71) D(T ) = D0 exp

[

− Ea

kBT

]

,
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cation anion

T [K] D+ [m2/s] D− [m2/s]

300 2.0 · 10−12 2.1 · 10−12

400 1.7 · 10−11 1.8 · 10−11

500 1.2 · 10−10 1.8 · 10−10

Table 3.5: Self-diffusion coefficients D± for cation/anion, at different tem-

peratures. Values are obtained from the slopes of the linear fits of Fig. 3.23,

using the Einstein’s relation (62) for 2-dimensional self diffusion.
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Figure 3.24: Dependence of the self-diffusion coefficient on the inverse temper-

ature and corresponding Arrhenius fit, as described by Eq. (71), for the IL film

(cation: squares; anion: diamonds) and for the IL bulk liquid (cation: trian-

gles; anion: circles). The activation energies, obtained from the slopes of the

fits, are: E+
a = 25 kJ/mol ≃ 260 meV and E−

a = 27 kJ/mol ≃ 280 meV

for the cation/anion in the film; E+
a = 31.5 kJ/mol ≃ 325 meV and

E−
a = 32 kJ/mol ≃ 330 meV for the cation/anion of the bulk, respectively.

The same self-diffusion coefficients are reported in Tables 3.5 and 3.1.
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Figure 3.25: Square displacement ∆(t) of the ionic charge, defined in Eq. 66,

but only accounting for the xy-components of the ion motion, as a function

of time t, for T = 300 K (bottom), T = 400 and 500 K (top). The connection

with electrical conductivity is given by the Einstein’s relation (65), but in this

case the linear limit is reached only for the longer simulation at T = 300 K:

the result is σ = 7.4 · 10−12 S. Data refer to the same simulations of Fig. 3.23.

the activation energy Ea can be evaluated through the dependence on the inverse tem-

perature of ln[D(T)]. Figure 3.24 shows these plots and the corresponding fits, compar-

ing the self-diffusion coefficients calculated for the film with those of the bulk system.

The activation energies, obtained from the slopes, are of the order of Ea ≃ 26 kJ/mol ≃
270 meV for the IL film and Ea ≃ 32 kJ/mol ≃ 330 meV for the bulk.

As for the electrical transport properties of the IL film, we compute the function

∆(t) of Eq. (66) considering the ion center of charge displacements in the xy-plane.

Figure 3.25 reports the results obtained at several temperatures. These results are

quite noisy, in particular the regime of linear increase is not reached in the relatively
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short simulation time considered for the samples at T = 400 K and 500 K. The fact that

conductivity is a collective property of the system, and not a single particle property

as self-diffusion, explains the poor quality of the results obtained: for this reason we

can infer the in plane conductance σ from Eq. (65) only for the longer simulation of

11 ns at T = 300 K. The result is σ = 7.4 · 10−12 S. The fact that the calculated ∆(t)

are rather flat for T = 400 K and 500 K suggests that also at higher temperature the

IL adsorbed film should show very little conductance in the plane parallel to the solid

substrate. However, quantitative evaluation of the temperature dependence of σ needs

longer simulations, at least ∼ 10 ns like the one performed at T = 300 K.



CHAPTER 4

Discussion and Conclusions

In this thesis work we have simulated the structural and dynamical properties of a

model IL composed of [bmim]+[NTf2]
− (see Figs. 1.2 and 1.3). The high complexity

of these molecular ions and the large minimal number of atoms needed to simulate

a liquid structure requires a classical MD approach. These MD simulations produce a

wealth of atomistic data, including explicit molecular trajectories and correlations which

are essentially impossible to access experimentally. On the other hand, the intrinsic

limitations of computer simulations, namely the use of relatively simple semi-empirical

force-fields, the small size, and short time scale, rise some concern about the accuracy

of the results obtained. These issues are particularly severe for the simulations of ILs,

which are characterized by low diffusivity, relatively high molecular polarizability and by

the ionic nature of the species involved. As an alternative to semi-empirical potentials,

first-principles ab-initio MD was considered for the study of [dmim]+[Cl]−, one of the

simplest ILs [68, 69]. That approach does not, however, represent a room-temperature

IL, even if it is considered a prototypical system. Moreover, the time scale covered

was limited to few picoseconds, which, as many calculations including those the present

work show, is insufficient to investigate properly most dynamical properties. Due to

the heavy computational cost of the ab-initio approach, classical MD is still the only

practical choice. Moreover, a strong reason in favor of classical MD for the investigation

of ILs is the good level of reliability of the results that one can obtain with simulations

of these systems. In fact, the force-fields are fairly accurate for the study of organic

systems, even more than DFT, that fails the description of an important component as

the long-ranged dispersion forces, i.e. the van der Waals interaction.

As illustrated in chapter 3, we tested our method firstly on a IL bulk system, and

then simulated a confined configuration representing the same IL as a monolayer ad-

sorbed by a solid substrate. For the atomic and molecular interactions we adopt the

non-polarizable all-atom force-field developed by Pádua et al. [48, 49]. This param-

eterization is based on the OPLS-AA/AMBER framework, a family of force-fields for

MD of biomolecules, which has a good level of reliability and transferability.

As regards the bulk IL, the structural results of our MD simulations are in agree-

ment with those reported in the literature for the same system and for others ILs of the

dialkylimidazolium cation family. In particular, the equilibrium density resulting from

simulations in the NPT ensemble matches quite well the experimental density [58, 59],

and the one obtained by Pádua et al. from simulations aimed at the testing of the force-

field [49]. Moreover, the structural analysis of the bulk IL, carried out through the

calculation of radial distribution functions and partial structure factors, gives results

71
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that are typical of ionic systems in the liquid phase [9, 43], showing a local organi-

zation of the ions in shells of different charge: this structural ordering is due to the

strong long-ranged Coulombic interactions. The dynamical properties of the bulk IL

have been investigated by means of the calculation of self-diffusion coefficients and elec-

trical conductivities. Our results are systematically about one order of magnitude lower

than the experimental measures [65, 66], while they agree with simulations of related

models [64, 60]. The literature reports some efforts with the purpose of improving the

dynamical properties of simulated ILs. The authors of Ref. [70], for instance, have mod-

ified the force-field developed by Pádua et al. for [Cnmim]+[NTf2]
− (n = 1, 2, 4, 6, 8),

by reducing the Lennard-Jones interactions in such a way that the simulated properties

mostly agree with experimental densities and self-diffusion coefficients. Of course, the

cost of this procedure is a loss in generality and transferability of the model. Some

work has been devoted to the development of polarizable force-fields. In fact, the aro-

matic imidazolium ring is expected to be quite polarizable and its charge distribution

to depend on the instantaneous configuration of the counter-ions [64]. In simulations of

[emim]+[NO3]
− using a polarizable force-field, the diffusion coefficient was three times

larger than the one obtained with the non-polarizable force field [71]: the charge redis-

tribution allows a more rapid translational movement of the ions. This improvement in

the dynamical properties is paid with a loss of generality and an additional computa-

tional cost. Interestingly, the cation-anion radial distribution function was affected only

slightly by the use of a polarizable rather than non-polarizable force-field.

The central point of this work was the simulation of an IL monolayer. The confine-

ment has been realized by means of an integrated Lennard-Jones potential, modeling

the interaction between a flat silica surface and the adsorbed ions (see Sec. 2.3). The

approximations behind this potential could appear quite drastic: the substrate is static

and none of its corrugation is kept into account. Moreover, the properties of metallic

surfaces are described poorly by Lennard-Jones interactions, since no electrostatic ef-

fects, like the charge rearrangement leading to the image-charge effect, are considered.

Of course, the simulation of ILs in contact with a metallic electrode are of great impor-

tance for many applications. The development of more sophisticated models to describe

the interfaces between ILs and different materials would certainly improve the accuracy

and reliability of this kind of simulations. However, the parameterization adopted for

the interaction between the adsorbed IL and the solid substrate allows us to investi-

gate the confinement effects on the structure and dynamics of the IL. In particular,

our objective in this work was to verify if and how the lowered dimensionality would

alter the Coulombic character of the system with respect to the 3-dimensional IL bulk

case. Moreover, the results of our simple model could be compared with films of ILs on

semiconductors or insulators.

We have proposed a simple method for the evaluation of the surface equilibrium

density of the quasi-2D IL configuration considered in our model. This method is based

on the calculation of the change in extension of the hole-area presented by the samples

with a low average surface density. An alternative route could be the development

of a thermodynamical ensemble in which the lateral pressure of the IL film is kept
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constant, and the simulation box xy-area is changed accordingly: a tool at the moment

not supported by the DL POLY package that we use for our computations. This would

allow the direct evaluation of the equilibrium surface density in a way analogous to that

adopted routinely in the bulk case for the determination of the equilibrium density,

i.e. by means of simulations in the NPT ensemble.

As regards the structural properties of our system, we have demonstrated a strong

spatial ordering of the ions at the nanoscale, pointed out by the computation of the

radial distribution functions. This structural ordering is characteristic of the Coulombic

interaction, and enhanced by the quasi-2D configuration. Indeed, we have observed

the formation of 2-dimensional solid-like patterns, that are stable not only at room

temperature, but at least up to T = 500 K. The Coulombic character of our system,

and the strength of the charge local ordering, is confirmed also by the computation of the

partial structure factors. In addition, our simulations reveal an orientational ordering

of the imidazolium cation-rings with respect to the adsorbing substrate, displayed by

the orientational order parameter P2(cos θ), and in accord with the results reported for

related models [37].

The dynamical properties of the IL films, in particular the self diffusion and the

electrical conductivity, are affected by the same difficulties discussed for the bulk case:

the force-field adopted underestimates the ion mobility, thus the computed self-diffusion

coefficients in the plane parallel to the substrate are probably lower than those of a real

2-dimensional system. However, we have found that the diffusion coefficients of the IL

film are of the same order of those obtained in the 3-dimensional bulk. As regards the

electrical transport properties, we have evidence of finite conductance at T = 300 K,

while longer simulations of ∼ 10 ns are needed for a full investigation of this topic.

A further line of investigation in the framework of the present model is a multilayer

configuration. It would be interesting to compare the structural and dynamical proper-

ties of the ions in contact with the adsorbing surface with respect to those further away.

It would be also possible to study the ion mobility in the z-direction, and in particular

the interdiffusion of ions between the layer in contact with the adsorbing surface and

the rest of the IL. In fact, the formation of films, their layering, and the viscosity of

the system are important elements in the investigation of the tribological properties of

ILs [29], thus a deeper understanding of these aspects would help in the application of

ILs as lubricants.

Another intriguing topic would be the investigation of the role played by the cation

alkyl-chain length. In this respect, Voth et al. [72, 73, 74] have proposed a multi-

scale coarse-graining (MS-CG) study of ILs of the dialkylimidazolium cation family. In

these works, a simpler description of the effective interactions is achieved by means of

a coarse-grained mapping of the system into a structurally less detailed level, with the

atoms grouped into fewer interaction sites. Voth et al. have shown that, for a sufficiently

long side-chain, neutral tail groups of cations aggregate to form spatially heterogeneous

domains, while the charged headgroups and anions distribute as uniformly as possi-

ble due to the strong Coulombic interactions. The formation of similar structures at

the mesoscopic scale, also called mesophases, have been observed also by Pádua and
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Lopes [75] in the framework of an all-atom force-field, the same adopted in this work.

It would thus be interesting to investigate this side of the problem also for an adsorbate

film described as in the present work, and thus to check if the lowered dimensionality

affects the formation of mesophases. For this kind of analysis, simulation of more ILs

of the dialkylimidazolium cation family and longer alkyl chains are needed.
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[60] M. G. Del Pópolo and G. A. Voth, J. Chem. Phys. B 108, 1744 (2004).

[61] J. K. Shah, J. F. Brennecke, and E. J. Maginn, Green Chemistry 4, 112 (2002).

[62] J. K. Shah and E. J. Maginn, Fluid Phase Equilibria 222-223, 195 (2004).

[63] C. Hardacre, J. D. Holbrey, S. E. J. McMath, D. T. Bowron, and A. K. Soper, J. Chem. Phys.

118, 273 (2003).

[64] A. Bagno, F. D’Amico, and G. Saielli, J. Mol. Liq. 131-132, 17 (2007).

[65] H. Tokuda, K. Hayamizu, K. Ishii, M. A. B. H. Susan, and M. Watanabe, J. Phys. Chem. B 109,

6103 (2005).

[66] J. A. Widegren, E. M. Saurer, K. N. Marsh, and J. W. Magee, J. Chem. Thermodyn. 37, 569

(2005).

http://news.rpi.edu/update.do
http://www.fisica.uniud.it/~ercolessi/md/md/


BIBLIOGRAPHY 77

[67] R. Atkin and G. G. Warr, J. Phys. Chem. B 111, 5162 (2007).
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[69] M. Bühl, A. Chaumont, R. Schurhammer, and G. Wipff, J. Phys. Chem. B 109, 18591 (2005).

[70] T. Köddermann, D. Paschek, and R. Ludwig, Chem. Phys. Chem. 8, 2464 (2007).
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difficili: è soprattutto grazie a lei se questi cinque anni sono volati.

79


