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Synopsis
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Title of the Thesis: Molecular Dynamics Studies of Molecular and
Ionic Liquids in Aqueous and Non-aqueous
Multi-component Systems.

Board of Studies: Chemical Sciences

Chapter 1: Introduction

Molecular liquids are ubiquitous in nature. Water, benzene, ethanol etc. are some very common

examples of molecular liquids. Now, what is an ionic liquid? Ionic liquids are liquidsalts com-

posed of ions with melting point (Tm) < 373 K [1, 2]. Due to wide liquid range, high thermal and

electrochemical stability, low vapor pressure and many other interesting properties [3, 4], they have

potential applications in the field of solvents, biomolecule stabilization, heat andenergy storage,

etc [5, 6]. To understand their function, atomic level investigation of the structure and dynamics

in bulk and liquid–vapor interfacial layer for aqueous and non-aqueous multi-component systems

containing ionic liquids is essential. We have applied atomistic molecular dynamics simulation

technique and adapted the force field parameters developed under the OPLS (Optimized Potential

for Liquid Simulation) framework [7]. Bonded and non-bonded interactions contributed to the
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total potential energy whose functional form is given by the equation,
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∑

b

Kr,b

2
(rb − r0,b)2 +

∑

a

Kθ,a

2
(θa − θ0,a)2 +

∑

d

n
∑

m=1

Vm,d

2
[1 + (−1)m+1 cos(mφd)]

+
∑

i

∑

j















4ǫi j















(

σi j

r i j

)12

−

(

σi j

r i j

)6












−
1

4πǫ0

qiq j

r i j















where the total potential energyUTotal consists of the sum over the energy terms involving all the

bonds, angles, dihedrals and non-bonded interactions. Ther0,b andθ0,a represents the equilibrium

bond length and bond angle respectively, whereas theKr,b andKθ,a are the corresponding force

constants. TheVm,d terms are the fourier coefficients involved in the dihedral interactions.qi is

the partial charge on the i-th atom,σ andǫ are the Lennard-Jones interaction parameters.

Chapter 2: Segregation of Ions at the Interface: Molecular Dynamics Studies of the

Bulk and Liquid–vapor Interface Structure of Equimolar Binary Mi xtures of Ionic

Liquids. [8]

The structures of three different equimolar binary ionic liquid mixtures and their liquidÂŋva-

por interface have been studied using atomistic molecular dynamics simulations. Two of these

binary mixtures were composed of a common cation 1-n-butyl-3-methylimidazolium and vary-

ing anions (chloride and hexafluorophosphate in one of the mixtures and chloride and trifluo-

romethanesulfonate in the other) and the third binary mixture was composed ofa common anion,

trifluoromethanesulfonate and two imidazolium cations with ethyl and octyl side chains. Binary

mixtures with common cations are found to be homogeneous. The anions are preferentially lo-

cated near the ring hydrogen atoms due to H-bonding interactions. Segregation of ions is observed

at the interface with an enrichment of the liquidÂŋvapor interface layer by longer alkyl chains and

bigger anions with a distributed charge. The surface composition is drastically different from that

of the bulk composition, with the longer alkyl tail groups and bigger anions populating the outer-

most layer of the interface. The longer alkyl chains of the cations and trifluoromethanesulfonate

anions with a smaller charge density show orientational ordering at the liquidÂŋvapor interface.
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Chapter 3: Surface Structure and Dynamics of Ions at the Liquid–Vapor Interface

of Binary Ionic Liquid Mixtures. [9]

The surface structure and dynamics of ions at the liquid–vapor interfaceof binary mixtures of ionic

liquids 1-n-octyl-3-methylimidazolium trifluoromethanesulfonate ([omim][TfO]) and 1-ethyl-3-

methylimidazolium trifluoromethanesulfonate ([emim][TfO]) of varying composition have been

studied using atomistic molecular dynamics simulations. Global definition of the interface and

the identification of the truly interfacial molecule method (ITIM) have been used to analyze the

structure and dynamics of the ions at the interface. We have seen enhancement in the density of

the longer alkyl chain cation ([omim]) at the liquid-vapor interface comparedto the bulk. The

surface is mainly enriched with the [omim] cation, and it becomes smoother with a decrease in

mole fraction of [omim] cations in the mixtures. The [omim] cation shows greater survival proba-

bility at the liquid-vapor interface than other ions, and this probability increases with a decrease in

mole fraction of [omim] cations. The reorientational correlation function suggests that the [omim]

cations prefer to retain their orientation with respect to the interface normal for a longer time. The

movement of ions in and out of the interface is facilitated by the out-of-plane rotation of the ions

with respect to the interface.

Chapter 4: Effect of Cation Asymmetry on the Aggregation in Aqueous 1-Alkyl-3-

decylimidazolium Bromide Solutions. [10]

Self-assembly of cations in aqueous solutions of 1-alkyl-3-decylimida-zolium bromide (with four

different alkyl chains, methyl, butyl, heptyl, and decyl chain) have been studied using atomistic

molecular dynamics simulations. Polydisperse aggregates of cations are formed in the solution

with alkyl tails in the core and the polar head groups present at the surface of the aggregates. The

shape of the aggregates is dictated by the length of the alkyl chain. Aggregation numbers increase

steadily with the increasing alkyl chain length. The greater asymmetry in the two-substituent chain

length leads to a different surface structure compared to that of the cations with alkyl chains of

similar length.

15



Chapter 5: Self-Assembly of Cations in Aqueous Solutions ofHydroxyl-Functionalized

Ionic Liquids. [11]

The effect of presence of a hydroxyl-functionalized alkyl chain of varying carbon number on

the self-assembly of cations in aqueous solutions of 1-(n-hydroxyalkyl)- 3-decylimidazolium bro-

mide (where the alkyl groups are ethyl, butyl, heptyl, and decyl) has beenstudied using atomistic

molecular dynamics simulations. Spontaneous self- assembly of cations to formaggregates with

hydrophobic core and hydrophilic surface is observed. The shape of the aggregates changes from

quasispherical in the case of cations with hydroxyheptyl or smaller substituent chain, to a thin film

like intercalated aggregate in the case of cations with hydroxydecyl chain.Cations with hydroxy-

decyl substituent chain exhibit long-range spatial correlations, and theanions are associated with

cations to a greater extent due to the higher surface charge density of theaggregate. The ordered

film like aggregate is stabilized by the dispersion interactions between the intercalated substituent

chains and the intermolecular hydrogen bonds formed between the alkoxy oxygen atoms and the

hydrogen atoms of the imidazolium ring. The cations form less compact aggregates with lower ag-

gregation number than their nonhydroxyl analogues in the correspondingaqueous solutions. The

intracationic and aggregate structures are governed by the length of the hydroxyalkyl chain.

Chapter 6: Effect of Spacer Chain Length on the Liquid Structure of Aqueous Di-

cationic Ionic Liquid Solutions. [12]

The liquid structure of aqueous solutions of five different imidazolium based gemini dicationic

ionic liquids 1-n-bis(3-methylimidazolium-1-yl) alkane bromide (n being the length of the spacer

alkyl chain), with propyl, pentyl, octyl, decyl and hexadecyl spacer chains has been studied using

atomistic molecular dynamics simulations. While solutions with propyl and pentyl spacers are

homogeneous, those with octyl and decyl spacers show spatial heterogeneity. Microscopic inho-

mogeneity in the bulk solution phase increases with an increase in the length of the spacer chain

leading to polydisperse aggregates in the solution with a hexadecyl spacer. Organization of the

16



cations at the solutionÂŋvapor interface also depends upon the length of the spacer chain with the

most organized interfacial layer observed in the solution with a hexadecylspacer chain.

Chapter 7: Glycine Molecules in Ionic Liquid Based Reverse Micelles: Investigation

of Structure and Dynamics Using Molecular Dynamics studies.[13]

Amino acids, the building blocks of proteins, are probed in reverse micellar encapsulation pro-

cesses of biological molecules. To understand the effect of confinement of amino acids on the

structure and dynamics of reverse micellar aqueous core, a water/[C1C10Im][Br] reverse micelles

containing variable number of glycine molecules (0 to 8), dispersed in pure nonane has been stud-

ied using atomistic molecular dynamics simulations. The size of the central water pool was found

to become stable with increase in the number of glycine molecules. Confinement innano-space re-

gion stabilizes the H-bonds formed between glycine molecules compared to bulkaqueous solution.

Increase in the number of glycine molecules within the reverse micellar aqueous core increases

the survival time of H-bonds among glycine molecules as well as among water molecules. Trans-

lational and reorientational motion of glycine and water molecules are found tobe directly related

to the survival probability of intermolecular glycine-glycine and water-water H-bonds suggesting

the correlation between the mobility of molecules with rearrangement of the H-bonding network.

Chapter 8: Ionic Liquids at Nonane–Water Interfaces. [10]

The structures of ternary systems with water, nonane, and an ionic liquid, with the ionic liquid

placed between water and nonane, have been studied using atomistic molecular dynamics sim-

ulations. Three different ionic liquids with 1-n-butyl-3-methylimidazolium cation and bromide,

tetrafluoroborate, and trifluoromethanesulfonate anions have been studied. The ionic liquids dis-

perse into the aqueous phase quickly and are solubilized in water within 15 nsto form two equiv-

alent nonane-aqueous ionic liquid interfaces. The interfacial region is enriched with ionic liquids

due to the amphiphilicity of the cations. The presence of ionic liquids at the interface reduces

the interfacial tension between the nonane and water, thus facilitating the mixingof aqueous and

17



nonane phases. The reduction in the interfacial tension is found to be inversely related to the

solubility of the corresponding ionic liquid in water. The butyl chains of the cations and the triflu-

oromethanesulfonate anions present in the interfacial region are foundto be preferentially oriented

parallel to the interface normal.

Chapter 9: Insights into the Structure and Dynamics at the Hexadecane Droplet–

Water Interface in the Presence of 1-Alkanols as Emulsifiers.[15]

The structure and dynamics at the surface of nanoscopic hexadecanedroplets immersed in aque-

ous phase with and without emulsifiers (1-alkanols of varying chain length;pentanol, heptanol,

decanol and dodecanol) have been studied using atomistic molecular dynamics simulations. The

nature of layering of alcohol molecules on the oil droplet is governed by the hydrophobicity of

alkanols. Longer chain alkanols are more likely to penetrate into the oil droplet. The proba-

bility of tangential orientation of hexadecane molecules at the interface decreases with decreas-

ing hydrophobic environment around the droplet. The interfacial hexadecane molecules show

greater probability to obtain a puckered conformation in binary oil–water system than in ternary

oil–water–alkanol systems. Decrease in hydrophobic interaction betweenhexadecane and water

molecules due to the efficient screening of oil surface by longer chain alkanols in ternary oil–

water–alkanol systems leads to greater survival probability of water molecules in the oil–water

interfacial layer and enhancement in life time of H-bonds formed between alcohol and water

molecules.
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Chapter 1

Introduction

1.1. Ionic Liquids “Considered from the standpoint of chemistry, living bodies appear to us as

laboratories of chemical processes, for they undergo perpetual changes in

their material substrate. They draw materials from the outside world and combine them with the

mass of their liquid and solid parts”.

Friedrich Tiedemann

Life probably evolved in the liquid phase, and our bodies are kept alive by chemical reactions

occuring in liquids. Molecular liquids are most ubiquitous in nature. Water, benzene, ethanol

etc. are some very common examples of molecular liquids. Now, what is an ionic liquid (IL)?

Ionic liquids are liquid salts composed of ions with melting point (Tm) < 100◦C. This definition

was reaffirmed and codified in a NATO workshop in Crete in 2000 [1]. A hundred years back

starling discovery by the German chemist Walden of a pure liquid salt (ethylammonium nitrate,

EAN) at ambient temperatures gave birth the saga of ionic liquids [2]. In his original paper on

EAN, Walden described a class of materials as “water-free salts...which melt at relatively low

temperatures, about upto 100◦C”. Since the days of Walden, a drastic progress has been observed

in the science of liquid salts or “ionic liquids”. In particular, there has been an exponential growth

in number of publications and patents in the field of ionic liquids in the last three decades [3, 4, 5].

Ionic liquids consist of bulky organic cations and usually inorganic anions. Asymmetry in

the molecular structures of constituent cations and anions destabilizes the solid-phase crystals of

ILs and hence, they exist as liquids in a large window of temperature. Although the first IL,
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ethyl ammonium nitrate, was identified in 1914, the invention did not receive great attention at

that time. Significant attentions towards these systems were imposed in early 1980s after the

development of chloroaluminate anions (AlCl−
4 or Al2Cl−7 ) based ionic liquids [6, 7]. Now a days,

a number of well known cations such as ammonium, pyridinium, imidazolium, pyrrolidinium,

phosphonium, pipyridinium, morpholium, etc. are combined with anions such as halides (F−, Cl−,

Br−, I−), tetrafluoroborate (BF−4 ), hexafluorophosphate (PF−6 ), nitrate (NO−3 ), triflate (CF3SO−3 ),

bis(trifluoromet-

hanesulfonyl)imide ([NTf−2 ]) etc. to design ionic liquids having desired properties. Because of

this, they are also known as “designer solvents” [3]. Also, at least a millionbinary ionic liquids,

and 108 ternary ionic liquids are potentially possible [8]. Figure 1.1 represents structures of some

common constituent cations and anions of ILs.
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Figure 1.1: Schematic representation of structures of some common constituent cations ans anions.
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1.1.1 Properties of Ionic Liquids

Several inherent and unique physicochemical properties of ILs make them attractive for being

used in different areas of research and industry. Figure 1.2 represents some ofthe most important

characteristics of ILs.

Figure 1.2: Properties and applications of ionic liquids.

• Melting points: Melting point plays a crucial role in determining the liquidous range and

solubility of ILs in water or organic solvents. Correlating the melting points of ILs to the

nature of the constituent cations and anions [9], it has been found that symmetric cations

impose high melting point to ILs [10] and it decreases gradually with increasein radius of

anions [11].

• Density: ILs are denser than water. The density of ILs depends on the efficiency of packing

among the constituent ions and hence, on the size and shape of the ions andinter-ion in-

teraction. Alkylammonium and alkylimidazolium based ILs show gradual decrease in their

density values with the increase in alkyl chain length. For ammonium cation based ILs,

it is expected that number of alkyl/aryl substituents around the nitrogen atom will lead to

decrease in density and indeed, tributylammonium nitrate is known to have lowest density
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because of its bulky size [12, 13]. The density of heterocyclic amine cations based ILs are

generally more than alkylammonium based ILs.

• Low vapor pressure: Due to the presence of strong Coulombic interactions between ions

within an IL, they have very low vapor pressure at temperatures upto theirdecomposition

temperatures. Therefore, they contribute negligible amount of volatile organic compounds

(VOCs) unlike traditional industrial solvents to the atmosphere. This also leadsto ease of

distillation and recyclability of ionic liquids [14, 15].

• Viscosity: ILs are highly viscous (ranging between 10 and 1000 cP) than conventional

molecular solvents (e. g., 0.890 cP for water, at NTP). Strong electrostaticinteraction among

the constituent ions, van der Waals interaction and hydrogen bonding interaction within the

ionic species lead to high viscous nature of ionic liquids. It has been revealed that viscosity

of ILs increases with increase in the alkyl chain length of the cationic moiety [16] and

decreases with charge delocalization in anionic species. The temperature dependence of

viscosities of ILs is governed by Vogel-Tammann-Fulcher (VFT) equation[17]

ln(η) = ln(η0) +
DTC

T − TC

where,η0 , D andTC are constants.

• Wide liquid range and thermal stability: ILs remain in liquid state in a wider range of

temperatures than conventional molecular solvents. The thermal decomposition temperature

(Td) can reach the value up to 250◦C for many of the ILs [18]. Although cations have no

significant contribution in the thermal stability of ILs, decomposition temperaturedecreases

with increase in hydrophilicity of anions employed in the order [PF6] > [NTf2] > [CF3SO3]

> [BF4] [19]. In addition, the typical glass transition temperatures (Tg) of ILs are close

to -80◦C. As a result, they can be used in many high-temperature and low-temperature

applications without significant solvent degradation.

• High ionic conductivity and high electrochemical stability: Ionic liquids, being solely

composed of ions, show intrinsic ionic conductivity. The ionic conductivity of ILs is gov-
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erned by the number of mobile charge carriers and viscosity of the medium. Although

the number of charge carriers found in ILs is greater than conventionalelectrolyte solu-

tions and other ionic fluids, the usual higher viscosity of the medium hinders the mobil-

ity of ions leading to lower conductivity (of the order of 10−1 S/m) than that of conven-

tional electrolytes [20, 21]. The ionic conductivity of ILs containing alkylammonium and

alkylimidazolium cations decreases as the alkyl chain length of cations increases. However,

the ILs are redox stable across a wide electrochemical window of voltages between 2.0 to

6.0 V [22, 23, 24].

• Solubility and miscibility: Since 1950s, ILs are known to dissolve both polar and apo-

lar compounds. This is incompatible to the dictum “like dissolves like”. The ability ofa

solvent to dissolve a solute is governed by its polarity. Although the static dielectric con-

stant (ǫ) which dictates the bulk polarity of ILs, falls in a narrow range between 9.0 to13.0

(25◦C), the high microscopic polarity parameter such as ET and EN
T justifies their ability to

dissolve polar compounds. On the otherhand, being an amphiphile, ILs candissolve apolar

substances also.

1.2. Motivation and Purpose “ If you want to understand function, study structure!”

Francis H. Crick

The main purpose of this thesis is to analyze the structure and dynamics in the bulk and at the

interface of molecular and ionic liquids in multicomponent aqueous and non-aqueous systems by

using computer simulation techniques. Binary mixtures of ionic liquids (ILs) areused as sol-

vents in the field of catalysis [25, 26, 27, 28, 29], extraction layers [30], dispersive liquid – liquid

micro-extraction [31], supercapacitor electrolytes in lithium batteries [32] and dye-sensitized solar

cells[33]. So a detailed understanding of the bulk and liquid – vapor interface structure of binary

mixtures of ILs is necessary to elucidate their role as reaction and extractionmedia as well as elec-

trolytes. With this aim, the Chapter 2 of my thesis deals with all-atom classical MD simulations on

a series of equimolar binary mixtures of ILs with common anion, [C2C1Im][C8C1Im][CF3SO3],

and common cation, [C4C1Im][Cl][PF6] and [C4C1Im][Cl][CF3SO3], to get insights into the sur-
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face structure of the liquid – vapor interface as well as the bulk phase organization. On the oth-

erhand, the Chapter 3 discusses the computational studies on a series of of binary IL mixtures

[C2C1Im][C8C1Im][CF3SO3] to get insights into the effect of composition on the surface structure

and dynamics of ions in the liquid–vapor interfacial layer.

Understanding the aggregation behavior of ILs in solution is very importantfrom the perspec-

tive of academic and applied aspects. Knowledge of the antibacterial properties of ionic liquid

based surfactants (ILBSs) is essential to demonstrate their effects on aquatic organisms and envi-

ronments [40, 41, 42]. It has been reported that there is a linear correlation between the critical

micelle concentration (CMC) and minimum biofilm eradication concentration (MBEC) of ILBSs,

i.e., CMC appears to be an appropriate index to estimate the efficiency of ILBSs as antimicrobial

agents. Also, the transport and distribution of ILs through soil is mainly dependent on the size and

structure of the aggregates formed [43]. Studies have been reported toshow that MBEC of ILBSs

showed an inverse dependence on the length of hydrocarbon chain which makes them potentially

effective to be used for improved infection control within the hospital environment. So, investi-

gation of structure/activity relationships (SAR), in particular to the length of the alkyl group, the

heterocycle employed, and the counterion governing the properties of micellar solutions of ILBSs

emerges to be essential for the better use of ILs as surfactants. The aqueous solution of ILs with

single alkyl chain is well studied using experimental and theoretical methods.The presence of

second alkyl chain on the imidazolium ring may alter the structure of the aggregates and aggre-

gation numbers. Recently, double tailed imidazolium based ionic liquids have been reported to

show interesting aggregation properties in their aqueous solution [44]. Based on experimental

data, it is predicted that the cations in aqueous solution of dioctylimidazolium bromide form ag-

gregates with hydrophobic core and hydrophilic surface consisting of cation rings in a staggered

parallel orientation. In the present thesis, Chapter 4 is investigating atomic level details of the bulk

and vapor–liquid interface of aqueous solutions of dialkylimidazolium bromide. We have carried

out atomistic molecular dynamics (MD) simulations on 1-alkyl-3-decylimidazolium bromide so-

lutions with the alkyl chain ranging from methyl to decyl. The antibacterial andantifungal active
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properties of these ILs depend upon the structure of the functional group and the alkyl chain length.

ILs with a hydroxyethyl group showed broad spectrum of antimicrobial activity [45]. Chapter 5

discusses the atomic-level details of the effect of the presence of a hydroxyl group attached to

one of the two alkyl chains in dialkylimidazolium based ILs, on the bulk solution structure. The

solution structure has been studied using atomistic molecular dynamics (MD) simulations per-

formed on a series of 1-(n-hydroxyalkyl)-3-decylimidazolium bromide ILs (where the alkyl chain

is ranging from ethyl to decyl) in their aqueous solutions. Compared to conventional monochain

surfactants, gemini surfactants show lower CMC, higher adsorption efficiency, better foaming and

limber-soap dispersing properties. The length and polarity of the spacer length plays an important

role in determining the liquid structure of imidazolium based DILs in aqueous solution. Chapter

6 presents atomistic MD simulations on aqueous [Cn(MIm)2][2Br] solutions to gain insights into

the structure of the solution at atomic level.

Dispersions made of water, oil, and amphiphiles that are thermodynamically stable are often

coined as microemulsions. The domains of the dispersed phase are either globular or bicontinuous

in a microemulsion. Reverse micelles are nanometer-sized (1-10 nm) water droplets dispersed

in organic media obtained by the action of surfactants. Reverse micelles havepotential applica-

tions in the field of downstream processes and enzyme recovery due to their ability to encapsu-

late and probe biological molecules [46, 47, 48]. In Chapter 7, we have discussed the atomistic

molecular dynamics simulations of reverse micelles consist of imidazolium based ionic liquids

and encapsulating variable number of glycine molecules in zwitterionic forms withthe aim of ex-

ploring the effect of increase in the number of amino acids on the structure of the aqueouscore

of the reverse micelles as well as dynamics of species confined in the aqueous core. Microemul-

sions are also widely used to mobilize petroleum trapped in porous sandstonefor enhanced oil

recovery (EOR) [58, 59, 60] and solubilization of sparingly soluble drugs [61]. In an attempt

to gain insights about the adsorption and orientation of amphiphilic ILs at the planar interface

of a ternary system composed of water, 1-n-butyl-3-methylimidazolium ([C4C1Im]) cation based

IL and nonane, Chapter 8 discusses the effect of anions using MD simulations on three different
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systems by varying the counter anion ( Br−, BF−4 and CF3SO−3 ) associated with the cation.

Oil–in–water droplet systems or emulsions are supramolecular assemblies which act as artifi-

cial life models representing the hydrophobic domains in contact with aqueous regions (with oil

corresponding to the lipid membranes of the cell) [62]. SFS and SHG studies have been performed

to gain molecular level insights into the structural aspects of the transition froma hydrophobic to

an aqueous phase on hexadecane droplet by employing different chain length alkanols as emul-

sifiers [77]. The aforementioned study primarily focuses on interfacial alkyl chain conformation

of the oil and various alcohol molecules and the orientational alignment of water molecules in a

qualitative manner. Chapter 9 deals with the atomistic molecular dynamics simulation studies to

get insights into structural transition from hydrophobic to aqueous regionaround the hexadecane

droplet and the organization of the hexadecane, water and alkanols near the oil–water spherical

interface in presence of 1-alkanols of varying chain length as emulsifiers.

1.3. Literature Review. Surface composition of binary mixtures of ionic liquids has been stud-

ied using various experimental methods [18, 19, 20, 21]. Classical

molecular dynamics (MD) simulations on an equimolar mixture of [C2C1Im]

[C6C1Im][NTf 2] have shown the microscopic phase segregation of polar and non-polardomains,

which is not observed in pure components [34]. The mixture shows very small positive excess

of molar volume and thus ensures ideal behavior of mixing.Ab initio MD simulations [35, 37]

of [C2C1Im][SCN][Cl] correlates the tendency of the anion to coordinate with the mostacidic

hydrogen of the cation to its basicity. The [C2C1Im] cations show weaker ordering in their spatial

arrangements due toπ – π stacking of the imidazolium rings. The self-diffusion coefficients of var-

ious moieties of the IL mixtures were found to depend on the compositions of the mixtures studied.

It has also been found that the binary mixtures are well mixed at the molecularlevel [38]. Classical

MD studies on the IL mixture [b3mpy][BF4][N(CN)2] over a range of composition conclude that

the diffusion coefficients of cations and anions in the mixture depend upon the interaction between

them [39].

Small angle neutron scattering (SANS), transmission electron microscopy (TEM), nuclear
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magnetic resonance (NMR), and molecular dynamics (MD) simulation techniques are exten-

sively used to study the microstructure of IL aggregates in solutions. SANSinvestigation [91]

of microstructure of the aggregates of [C8C1Im][Cl], [C 8C1Im][I] and [C4C1Im][BF4] in aqueous

solutions revealed that above CMC, [C4C1Im][BF4] formed polydisperse spherical aggregates,

[C8C1Im][I] behaved as regularly sized near-spherical charged micelles whereas [C8C1Im][Cl]

formed disklike particles showing weak long-range ordering. Goodchild et al. [92] had carried

out SANS experiment to study the solution structure of [CnC1Im][X] (n=2, 4, 6, 8, 10; X= Cl,

Br) in water and reported that [C2C1Im] and [C4C1Im] cations did not show any sign of aggre-

gate formation whereas [C6C1Im] cation, above its CMC, formed oblate aggregates with radius

∼9 Å and the radius increases with increase in concentration of the ionic liquid.[C8C1Im] and

[C10C1Im] based ILs formed near-spherical aggregates with core radii of 10.5 ± 0.5 Å and 13.2

± 0.5 Å respectively just above the CMC. With increase in concentration, [C10C1][Br] system

formed elongated (prolate) micelles. TEM and DLS (dynamic light scattering) experiments [93]

on [C8C1Im][X] (X = Cl, Br, NO3, CH3COO and CF3COO), [C8mpyrr][Br] and 4 m-[C8pyr][Br]

aggregates in water concluded that the types of anions and cations have avery weak effect on

the morphology but the size of the spherical aggregates increases with increase in hydrophobic-

ity of the anions. NMR study based on the chemical shift of various protonsof [C4C1Im][Cl],

[C4C1Im][BF4], [C8C1Im][Cl] and [C4mpy][Cl] in water as a function of IL concentrations pro-

posed that the imidazolium and pyridinium rings of [C4C1Im][BF4] [C4mpy][Cl] are oriented at

the surface in a configuration which favors theπ-π ring stacking interaction, whereas the imi-

dazolium rings of [C4C1Im][BF4] and [C8C1Im][Cl] ILs do not show such conformation [94].

Experimental studies on the aggregation behavior of HFILs in aqueous solutions indicate the for-

mation of loosely bound aggregates with lower aggregation number [95, 96]. The first atomistic

MD simulation on IL–water mixture was carried out by Hanke and Lynden-Bell in 2003 [97],

where they observed differences in the signs of both excess volumes and the enthalpies of mixing

for [C1C1Im][Cl] and hydrophobic [C1C1Im][PF6] with water. A percolating network of water

molecules was found as well as some isolated molecules and small clusters. Theionic mobility
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was found to increase linearly with the mole fraction of water in the mixtures. MD simulations

of [C6C1Im][PF6]–water binary mixture [98] showed close association between water and anions

and the authors deduced that the experimentally observed decrease in viscosity is a consequence

of the faster and rotational dynamics of ions in the presence of water. Computer simulation study

in mixture of [C8C1Im][NO3] and water revealed nanostructural organization in the solution [99].

The calculated static structure factors with different water contents indicated the disruption of the

polar network as the amount of water increased by intruding water, while thestructural organi-

zation of the water network and the micelle exhibited a turnover. MD studies of [CnC1Im][Br]

(n = 10, 12, 14, 16) in water [100, 101] found that in all the systems, quasi-spherical polydis-

perse aggregates were formed with the alkyl tails buried deep inside the aggregates and the polar

imidazolium group exposed to water. The aggregation numbers steadily increase with increase

in the hydrocarbon chain length. Molecular dynamics (MD) studies have probed the effects of

spacer length and anions on the liquid structure and dynamical properties of imidazolium based

DILs [102, 103]. The length and polarity of the spacer length plays an important role in deter-

mining the liquid structure of imidazolium based DILs in aqueous solution [104, 105, 106]. Only

few computational studies are available on the aggregation properties of imidazolium based DILs

in aqueous solutions [107, 108]. The dicationic IL 1,3-bis(3-decylimidazolium-1-yl)propane bro-

mide in its aqueous solution formed interconnected cationic micellar aggregates mediated by by

head groups, a phenomenon which is not observed in monocationic ionic liquids.

Molecular dynamics simulations on modelα-helical peptide encapsulated in a reverse micelle

has shown the preferential residence of the peptide at the interface of the reverse micelle [109].

Computer simulation studies on ubiquitin encapsulated in a reverse micelle concluded that the

backbone dynamics of the protein in reverse micelle is similar to that in bulk [110]. Computer

simulation studies have also shown that the octaalanine is stable in small size reverse micelle [46].

The peptide’s partial helical structure has been found to be stable in reverse micellar confine-

ment [111]. Recent computational studies have explored the role of charge and solvation in the

structure of alanine-rich AKA2 in AOT reverse micelles [112]. There are numerous experimen-
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tal [49, 50, 51, 52] and computational studies [53, 54, 55, 56, 57] reported on the structure and

water dynamics in reverse micellar confinement.

The first study of the phase behavior of ternary systems composed of water, surfactant and

oil was reported in 1948 by Winsor [113]. Experiments [114, 115, 116]have been carried out to

determine the optimum formulation of ternary systems that leads to minimum interfacialtension.

Spectroscopic studies [117] of such ternary systems with anionic and cationic amphiphiles have

provided insights into the ion effect on the interface structure of the system. The phase equilibria

of a water – ionic liquid – oil ternary system have been investigated [118, 119, 120]. Comparative

studies of thermodynamic properties between ionic liquid (IL) – oil and water –oil systems have

been reported [121]. Effect of ILs on interfacial tension between heavy crude oil and water [122,

123] has been investigated. Molecular dynamics (MD) studies of adsorption and orientation of

ionic surfactants at heptane – water interface have also been reported [124].

Vibrational sum frequency scattering (SFS) study on sodium dodecyl sulfate (SDS)-stabilized

nanoscopicn-hexadecane droplets dispersed in D2O has shown that the effect on interfacial ten-

sion due to SDS surfactant is negligible compared to a planar interface [73]. SFS and molecular

dynamics studies on oil emulsions have shown that water orientation on a neatoil droplet/water

interface resembles the water orientation on a negatively charged interface [74]. SFS spectra on a

kinetically stabilized emulsion with SDS, consisting of nanoscopic oil droplets in water shows that

the oil molecules are preferentially orienting parallel to the plane of the droplet–water interface

with less number of chain defects than that in SDS molecules [75]. Second harmonic generation

(SHG) study has proved that the adsorption free energy of malachite green on the surface of oil

droplet in surfactant stabilized hexadecane–water emulsion is mediated by competition between

the adsorption and charge–charge interaction [76]. SFS and SHG studies have been performed

to gain molecular level insights into the structural aspects of the transition froma hydrophobic to

an aqueous phase on hexadecane droplet by employing different chain length alkanols as emul-

sifiers [77]. The aforementioned study primarily focuses on interfacial alkyl chain conformation

of the oil and various alcohol molecules and the orientational alignment of water molecules in a
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qualitative manner.

1.4. Methods and Models Determination of properties of liquids at a microscopic level by ex-

perimental methods comes out to be inadequate both from resolu-

tion of length scale and time scale. Computer simulation techniques are considered as a fundamen-

tal tool for understanding the properties and behavior of liquids at this level. The physical charac-

terization of molecular and ionic liquids by means of simulations has been significantly developed

over the last decades and enormous progress has been achieved in thedesign of new potentials

and more powerful computational tools. There are several computational techniques employed

for studying the characteristics of materials, such asab initio quantum chemical (AIQC),ab initio

molecular dynamics (AIMD), Monte Carlo (MC) and molecular dynamics (MD).Each of them

handles specific problems when dealing with molecules. For example, whereas AIQC methods

include polarization and charge transfer and are very suitable to accurately describe the electronic

structure, they are computationally expensive and therefore not useful when it comes to analyze

a great number of molecules. On the other hand, MC and MD methods are appropriate for de-

scribing the liquid state, since they are capable of simulating a great number ofions interacting

with each other. However, they can not be expected to adequately model the motion of the elec-

trons within this kind of systems. AIMD methods fall somewhere in between, since they provide

information about the electronic structure but can not be used to investigatea large number of

molecules. Thus, in order to obtain a reasonably good analysis of liquids, itis of fundamental im-

portance to deeply understand both the advantages and disadvantages of each and every technique

and choose the most appropriate one depending on the size and time scales of the problem.

All the studies concerning in this thesis were performed using classical MD simulations. So,

a deeper discussion of the theory behind MD is essential. The microscopic state of a system

is specified in terms of the positions and momenta of a constituent set of particles.Classically,

the HamiltonianH of a system ofN particles can be written as a sum of kinetic and potential

energy functions of the set of coordinates~r i and momenta~pi of each particlei. Using a condensed
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notation,

~r = (~r1,~r2, ...,~rN)

~p = (~p1, ~p2, ..., ~pN)

H(~r , ~p) = K(~p) + V(~q)

The kinectic energyK takes the form

K =
N

∑

i=1

∑

α

p2
iα

2mi

wheremi is the mass of the particle and the indexα runs over the different (x, y, z) components of

the momentum of particlei. The potential energyV can be splitted into terms which are functions

of coordinates of individual atoms, pairs, triplets etc.:

V =
∑

i

v1(~r i) +
∑

i

∑

j>i

v2(~r i ,~r j) +
∑

i

∑

j>i

∑

k> j

v3(~r i ,~r j ,~rk) + ...

The first term in the above equation,v1(~r i) stands for effect of an external field on the system and

depends on the coordinates of the individual atoms. The second term,v2(r i j ) represents the pair

potential and depends on the inter-particle pair separation,r i j = |~r i −~r j |. For liquid properties, the

pairwise approximation works really well and the above equation is reducedto

V ≈
∑

i

v1(~r i) +
∑

i

∑

j>i

v2(~r i ,~r j)

Once the form of the potential energy function is known, the force~fi acting on thei-th particle is

calculated from the gradient of the potential energy as

~fi = −
δV
δr iα

The indexα runs over the different (x, y, z) coordinates of particlei. Now, by solving the Newton’s

equation of motion for the system ofN interacting particles from the equation

mi
δ2~r i

δt2
= ~fi , i = 1, ...,N.
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we get the trajectory describing the positions, velocities and accelerations of the particles as a

function of time. We have used the Verlet method to integrate the equations of motion. The posi-

tion of a particle in the next step,~r(t + δt) is calculated from its current postion,~r(t), acceleration,

~a(t) and the position from the previous step,~r(t − δt) by using the following equation:

~r(t + δt) = 2~r(t) − ~r(t − δt) + δt2~a(t)

The potential energy function is constructed under the framework of Optimized Potential for Liq-

uid Simulation (OPLS) model defined by Jorgensen et. al [125]. Bonded and non-bonded interac-

tions contributed to the total potential energy whose functional form is given by the equation,

UTotal =
∑

b

Kr,b

2
(rb − r0,b)2 +

∑

a

Kθ,a

2
(θa − θ0,a)2 +

∑

d

n
∑

m=1

Vm,d

2
[1 + (−1)m+1 cos(mφd)]

+
∑

i

∑

j















4ǫi j















(

σi j

r i j

)12

−

(

σi j

r i j

)6












−
1

4πǫ0

qiq j

r i j















where the total potential energyUTotal consists of the sum over the energy terms involving all the

bonds, angles, dihedrals and non-bonded interactions. Ther0,b andθ0,a represents the equilibrium

bond length and bond angle respectively, whereas theKr,b andKθ,a are the corresponding force

constants. TheVm,d terms are the fourier coefficients involved in the dihedral interactions.qi is the

partial charge on the i-th atom,σ andǫ are the Lennard-Jones interaction parameters. All the sim-

ulations have been performed using the LAMMPS [126] and visualization software VMD [127]

has been used to render the images. The problem arising due to edge effects caused by the finite

size of the central simulation cell was solved by using the periodic boundaryconditions (PBC),

i.e. an infinite system can be mimicked by rolling the central simulation cell in three dimensional

space, which means that if any atom leaves the box by the right-hand face,its periodic image enters

the box by the left-hand face. This artifact was combined with the minimum image convention,

with which short-range non-bonded interactions only takes into account the nearest image of each

particle. Additionally, in order to get accurate long-range electrostatic interactions we employed

lattice sum methods. 13Å cutoff was used to calculate the non-bonded interactions. Long range

electrostatic interactions [128] were handled using particle-particle particle-mesh solver (PPPM)
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with an accuracy of 10−5.The temperature and pressure were controlled using Nóse-Hoover ther-

mostat and barostat with time constants of 1000.0 and 500.0 fs respectively.The SHAKE [129]

algorithm was used to constrain the stretching and bending interactions in water molecules.
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[71] Vazdar, M.; Pluhǎrov́a, E.; Mason, P. E.; Vácha, R.; Jungwrith, P.J. Phys. Chem. Lett.2012,

3, 2087-2091.

[72] Valley, N. A.; Robertson, E. J.; Richmond, G. L.Langmuir2014, 30, 14226-14233.

[73] Aguiar, H. B. D.; Beer, A. G. F. D.; Strader, M. L.; Roke, S.J. Am. Chem. Soc.2010, 132,

2122-2123.

[74] Vácha, R.; Rick, S. W.; Jungwirth, P.; Beer, A. G. F. D.; Aguiar, H.B.; Samson, J.; Roke, S.

J. Am. Chem. Soc.2011, 133, 10204-10210.

[75] Aguiar, H. B. D.; Strader, M. L.; Beer, A. G. F. D.; Roke, S.J. Phys. Chem. B2011, 115,

2970-2978.

[76] Sang, Y.; Yang, F.; Chen, S.; Xu, H.; Zhang, S.; Yuan, Q.; Gan, W.J. Chem. Phys.2015,

142, 22704-1-6.

[77] Chen, Y.; Jena, K. C.; Roke, S.J. Phys. Chem. C2015, 119, 17725-17734.

[78] Lopes, J. N. C.; Cordeiro, T. C.; Esperança, J. M. S. S.; Guedes, H. J. R.; Huq, S.; Rebelo,

L. P. N.; Seddon, K. R.;J. Phys. Chem. B2005, 109, 3519-3525.

62



[79] Stoppa, A.; Buchner, R.; Hefter, G.J. Mol. Liq.2010, 153, 46-51.

[80] Abbott, A. P.; Dsouza, N.; Withey, P.; Ryder, K. S.Trans. Inst. Met. Finish.2012, 90, 9-14.

[81] Li, N.; Zhang, S.; Zheng, L.; Dong, B.; Li, X.; Yu, L.Phys. Chem. Chem. Phys.2008, 10,

4375-4377.

[82] Kang, W.; Dong, B.; Gao, Y.; Zheng, L.Colloid Polym. Sci.2010, 288, 1225-1232.

[83] Shi, L.; Li, N.; Zheng, L.J. Phys. Chem. C2011, 115, 18295-18301.

[84] Inoue, T.; Kawashima, K.; Miyagawa, Y.J. Colloid. Interface. Sci.2011, 363, 295-300.

[85] Maier, F.; Cremer, T.; Kolbeck, C.; Lovelock, K. R. J.; Paape, N.; Schulz, P. S.; Wasser-

schied, P.; Steinrück, H. P.Phys. Chem. Chem. Phys.2010, 12, 1905-1915.

[86] Souda, R.Surf. Sci.2010, 604, 1694-1697.

[87] Nakajima, K.; Oshima, S.; Suzuki, M.; Kimura, K.Surf. Sci.2012, 606, 1693-1699.

[88] Nakajima, K.; Miyashita, M.; Suzuki, M.; Kimura, K.J. Chem. Phys.2013, 139, 224701.

[89] Niedermeyer, H.; Hallett, J. P.; Villar-Garcia, I. J.; Hunt, P. A.; Welton,T. Chem. Soc. Rev.

2012, 41, 7780-7802.

[90] Li, S.; Feng, G.; Fulvio, P. F.; Hillesheim, P. C.; Liao, C. Dai, S.; Cummings,T. J. Phys.

Chem. Lett.2012, 3, 2465-2469.

[91] Bowers, J. P.; Butts, C. J.; Martin, P. C.; Vergara-Gutierrez, M.Langmuir2004, 20, 2191-

2198.

[92] Goodchild, I.; Collier, L.; Millar, S. L., Proǩes, I.; Lord, J. C. D.; Butts, C. P. B.; Bowers, J.
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Chapter 2

Seggregation of Ions at the Interface: Molecular Dynamics Studies of

Bulk and Liquid–vapor Interface Structure of Equimolar Binary
Mixtures of Ionic Liquids

Abstract:

The structure of three different equimolar binary ionic liquid mixtures and their liquid – vapor

interface has been studied using atomistic molecular dynamics simulations. Two ofthese binary

mixtures were composed of a common cation 1-n-butyl-3-methylimidazolium, and varying an-

ions (chloride and hexafluorophosphate in one of the mixtures and chloride and trifluoromethane-

sulfonate in the other) and the third binary mixture was composed of a common anion, trifluo-

romethanesulfonate and two imidazolium cations with ethyl and octyl side chains. Binary mix-

tures with common cation are found to be homogeneous. The anions are preferentially located

near the ring hydrogen atoms due to H-bonding interactions. Segregation of ions is observed at

the interface with enrichment of the liquid – vapor interface layer by longer alkyl chains and bigger

anions with distributed charge. Surface composition is drastically different compared to the bulk

composition, with the longer alkyl tail groups and bigger anions populating theoutermost layer

of the interface. The longer alkyl chains of the cations and trifluoromethanesulfonate anions with

smaller charge density show orientational ordering at the liquid – vapor interface.
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2.1. Introduction Binary mixtures of ionic liquids (ILs) are used as solvents in the field of catal-

ysis, such as catalytic dimerisation and oligomerization of alkenes [1, 2, 3].

Experimental results have shed light on the higher catalytic activity of a Ru catalyst in a mixed

ionic liquid solvent, [C4C1Im][Cl][NTf 2] in the hydroformylation reaction [4], and the ease of

recycling of the reaction media. It was found that mixed anion ILs impose selectivity on the

product morphology of metal organic frameworks by controlling the solvent polarity or hydropho-

bicity [5]. One of the most important findings is the single-pot∼100% dissolution and degradation

of cellulose using the IL mixture [C4C1Im][HO3S][Cl] [6]. IL mixtures are also found to be ef-

ficient in providing optimum enzyme activity and stability for enzyme-catalysed biomolecular

reactions[7, 8]. The applications of IL mixtures are not restricted to the peripheri of solvents in

catalytic reactions. Recently binary and ternary mixtures of ILs are widely used as extraction

layers [9] and in dispersive liquid – liquid micro-extraction [10]. Due to theirlower glass tran-

sition temperature, wider liquid range and higher conductivity at low temperature compared to

pure room-temperature ionic liquids (RTILs) [11, 12, 13], the binary mixtures of ILs are used

as supercapacitor electrolytes in lithium batteries [14] and dye-sensitized solar cells[15]. So a

vivid understanding of the bulk and liquid – vapor interface structure of binary mixtures of ILs is

necessary to elucidate their role as reaction and extraction media as well as electrolytes.

The first detailed experimental investigations regarding the ideality in mixtures of two ionic

liquids containing a common ion was carried out on six binary mixtures containinga common an-

ion [CmC1Im][CnC1Im][NTf 2] ( m and n ranging from 2 to 10 ) and three binary mixtures contain-

ing a common cation [C4C1Im][NTf 2][PF6], [C4C1Im][NTf 2][BF4] and [C4C1Im][NTf 2][PF6]. It

has been reported that the mixture showedquasi-ideal behavior of mixing, which becomes non-

ideal as the size difference between the cations increases [16, 17, 18]. From the structural point of

view, long chain imidazolium based ILs are found to form aggregates in a comparatively shorter

chain ILs [19, 20, 21]. IL mixture has also served the role as a medium forthe aggregation of a

nonionic surfactant [22] when individual pure components have failedto serve the purpose. The

earlier study on the surface composition of the IL mixture [C2C1Im][C12C1Im][NTf 2] by XPS

68



method [23] revealed no preferential accumulation of the longer chain cation at the outer sur-

face, hence diminishing the greater surfactant property of the [C12C1Im] in the IL-mixture. TOF-

SIMS study [24] on ionic liquid mixtures [C8C1Im][C2C1Im][BF4] and [C4C1Im][NTf 2][PF6]

have shown that larger and polarizable ions tend to occupy the surface layer. Surface enrich-

ment of longer chain [C10C1Im] cation in IL-mixture [C2C1Im][C10C1Im][TFSI] has also been

reported [25, 26] using high-resolution Rutherford backscattering spectroscopy.

Even though a number of experimental studies have been reported on the IL mixtures, only

few computational studies are available in the literature [27, 28, 29, 30, 31]. Classical molecular

dynamics (MD) simulations on an equimolar mixture of [C2C1Im][C6C1Im][NTf 2] have shown

the microscopic phase segregation of polar and non-polar domains, whichis not observed in pure

components [29]. The mixture shows very small positive excess of molar volume and thus ensures

ideal behavior of mixing.Ab initio MD simulations [30, 31] of [C2C1Im][SCN][Cl] correlates the

tendency of the anion to coordinate with the most acidic hydrogen of the cationto its basicity.

The [C2C1Im] cations show weaker ordering in their spatial arrangements due toπ – π stacking

of the imidazolium rings. The self-diffusion coefficients of various moieties of the IL mixtures

were found to depend on the compositions of the mixtures studied. It has alsobeen found that the

binary mixtures are well mixed at the molecular level [32]. Classical MD studies on the IL mixture

[b3mpy][BF4][N(CN)2] over a range of composition conclude that the diffusion coefficients of

cations and anions in the mixture depend upon the interaction between them [33]. Computational

studies of capacitive performance of binary mixture of ILs and their mutualmiscibility have also

been reported [34]. To the best of our knowledge, no computational studies of the surface structure

of IL mixtures are reported.

In the present work, we have carried out all-atom classical MD simulationson a series of

equimolar binary mixtures of ILs with common anion, [C2C1Im][C8C1Im][CF3SO3], and com-

mon cation, [C4C1Im][Cl][PF6] and [C4C1Im][Cl][CF3SO3], to get insights into the surface struc-

ture of the liquid – vapor interface as well as the bulk phase organization.
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2.2. Methodology and

simulation details

Classical MD simulations have been carried out on 1:1 mixtures of ILs.

Three different systems have been studied, with two of them containing

a common cation, 1-n-butyl-3-methyl-

imidazolium ([bmim])and one with a common anion, trifluoromethanesulfonate (triflate, [TfO]).

One of the systems, with a common cation had chloride ([Cl]) and hexafluorophosphate ([PF6])

and the other had chloride and triflate ([TfO]) anions. The system containing the common an-

ion had 1-n-ethyl-3-methylimidazolium ([emim]) and 1-n-octyl-3-methylimidazolium ([omim])

cations. In the following discussion, we use the notation [Cl] – [PF6] to represent the [bmim][Cl]

– [bmim][PF6] mixture, [Cl] – [TfO] to represent [bmim][Cl] – [bmim][CF3SO3] mixture and

[emim] – [omim] to represent [emim][CF3SO3] – [omim][CF3SO3] mixture.

The simulations were carried out using LAMMPS software [35] using the allatom force field

developed by Pádua and co-workers [36, 37]. The transferable force field with unit charge on

ions is extensively used in the MD studies of ionic liquids. Since we are studying mixtures of

ionic liquids, we have used the transferable force field model where the parameters are derived

independently for the anions and the cations. The model has been known topredict the density,

thermodynamic properties and the structure of the condensed phase and the crystalline phase fairly

accurately [38].

For one of the systems with common cation, 200 ion pairs of [bmim][Cl] and 200 ionpairs

of [bmim][PF6] were randomly placed within a cubic box and isothermal-isobaric ensemble sim-

ulations were carried out for 2 ns at 350 K and 1 atmospheric pressure.Subsequent canonical

ensemble simulations were carried out with the volume taken as the average over the last one

nanosecond simulation at constant NPT conditions. The second system consisted of 256 ion pairs

of [bmim][Cl] and 256 ion pairs of [bmim][CF3SO3]. The third system with a common triflate

anion consisted of 256 ion pairs of [emim][TfO] and 256 ion pairs of [omim][TfO]. From the

equilibrated configurations at 350 K, constant NPT simulations were carried out at higher tem-

peratures of 400 K and 500 K for all the systems. These simulations were followed by constant

NVT simulations with the volume fixed from the NPT simulations. The details of the systems are

70



Table 2.1: Details of simulations of ILs mixtures, where the systems are represented by differing
anions or cations.

system No. of No. of No. of Run length Box length (at 500 K)
IL1 IL2 atoms (ns) (Å)

[Cl] – [PF6] 200 200 11600 30.0 51.76
[Cl] – [TfO] 256 256 15104 30.0 56.59
[emim] – [omim] 256 256 18432 30.0 59.96

provided in the table 2.1. The NVT simulations at 350 K were performed in cubicboxes with

lengths 50.36, 54.96 and 58.21 Å for [Cl] – [PF6], [Cl] – [TfO] and [emim] – [omim] mixtures

respectively. At 400 K, the corresponding numbers were 50.74, 55.48and 58.96 Å. A timestep of

0.5 fs was used to integrate the equations of motion.

Liquid – vapor interface simulations were performed for 20 ns by placing theequilibrated

box in the center of the supercell which was extended along the z-axis to 100.0 Å for systems

with common cation and 120.0 Å for the [emim] – [omim] system. These simulations were also

performed at 350, 400 and 500 K. Positions of the atoms were stored every 5 ps. The mixtures

have very high viscosity at low temperatures and the mixtures may not have sampled the phase

space properly in the 30 ns simulations. Hence we are mainly using the results based on 500 K

data in the discussion.

2.3. Results and Discussion The schematic drawings of the ions in the IL mixtures are pro-

vided in figure 2.1 to aid the discussion.

2.3.1 Radial Distribution Functions (RDFs)

The liquid structure in the binary mixtures of ILs can be obtained from the corresponding RDFs.

Figure 2.2(a) presents the RDFs between the different anion sites for the mixture [Cl] – [TfO] at

500 K. We observe the first maxima for Cl – Cl, Cl – S and S – S pairs at around 6.7 Å, 7.2 Å

and 7.7 Å respectively. The amplitude of the first maxima is highest for the Cl – Cl pair and is

lowest for the S – S pair. This trend is consistent with the organisation of the chloride ions and

central sulfur atoms of the triflate ions around the imidazolium rings in the [Cl] – [TfO] mixture
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Figure 2.1: Schematic drawings of the ions in the IL mixtures.

(Figure A.1, Appendix A ). It has been reported [41] that for a givenalkylimidazolium cation, the

cation – anion interaction strength decreases on going from bromide to triflateanion. Chloride,

being smaller in size and having greater charge density than the bromide, musthave greater cation

– anion interaction strength than the bromide ion. So it is not surprising that theorganisation

of the the chloride ions is more pronounced than the organisation of the triflateanions around

the imidazolium rings. This in turn will lead to better organization of the chloride ions around

themselves compared to the sulfur atoms of the triflate ions around themselves, due to the presence

of more chloride ions in any of the coordination shell of the imidazolium rings than the number

of the sulfur atoms (data are not shown here). The amplitude of the first maximum of the Cl –
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Figure 2.2: RDFs between (a) different anion sites in [Cl] – [TfO] and (b) imidazolium ring centers
in [emim] – [omim] at 500 K.

S peak (arising from the cross interaction) is in between those of Cl – Cl and S – S amplitude

due to the electrostatic attraction between the negative charge of the chlorideion and positive

charge center ( S atom ) of the triflate anion. Similar trend is observed in [Cl] –[PF6] mixture

(Figure A.2, Appendix A), with the exception that Cl – P peak height is comparable with the Cl

– Cl peak height as the phosphorous atom of [PF6] anion has more positive charge than the sulfur

atom of the [CF3SO3] anion. Simulations at lower temperatures also show similar trends in radial

distribution functions (Figure A.3, Appendix A).

Figure 2.2(b) presents the RDFs between the geometric center of the imidazolium rings be-

longing to all possible distinct combinations of cations in the [emim] – [omim] mixture at 500 K.

All the three plots have their first peak at around 6.6 Å. We observe that the imidazolium rings be-

longing to the [emim] cations are organised more around themselves than the imidazolium rings

belonging to the [omim] cations. The amplitude of the first peak of the RDF between the im-

idazolium rings belonging to different type of cations (responsible for the cross interaction) is

comparable to the amplitude of the peak in [omim] – [omim] RDF. We have also computedthe
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RDFs between the terminal carbon atoms of the alkyl chains of all distinct types of cation pairs

and observed that the organisation of the terminal carbon atoms around themselves is highest

for [omim] cations and lowest for [emim] cations, while the organisation betweenthe terminal

carbon atoms belonging to different types of cations is comparable with the organisation for the

[emim] cations (Figure A.4, Appendix A). Based on these observations, wecan conclude that in

the [emim] – [omim] system, the organisation of the polar part of the cations increases with de-

crease in the hydrocarbon chain length whereas the trend is reversed for the organisation of the

non-polar part of the cations. Also the cross RDFs of the polar domain andnon-polar domain re-

semble that of [omim] cation and [emim] cation respectively. Similar results have been observed

at lower temperatures (Figure A.5, Appendix A).

Figure 2.3(a) shows the RDFs between the most acidic hydrogen atom of theimidazolium ring

and most negatively charged atom of the anion in IL mixtures. In both mixtureswith common
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Figure 2.3: RDFs of the most negatively charged atom of the anions around (a) the most acidic
hydrogen of the imidazolium ring and (b) the terminal carbon atom of the alkylchain of the cations
at 500 K in binary IL mixtures.

cation, i.e., [Cl] – [PF6] and [Cl] – [TfO], the amplitude of the first maxima is higher for chloride
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ion around the most acidic hydrogen and is lower for the most negative atomof the other anion

(fluorine atom of [PF6] and oxygen atom of [TfO]) in the mixture. This variation is consistent

with the cation – anion interaction strength [41], i.e., greater interaction strength will lead to better

organisation of the anion around the most acidic hydrogen of the alkylimidazolium cation. In

[emim] – [omim] mixture, the RDFs between the most acidic hydrogen of the imidazoliumring

belonging to either type of the cations and the oxygen atoms of the triflate anionsshow same

intensity profile.

Figure 2.3(b) shows the RDFs of the most negatively charged atom of the anion around the

terminal carbon atom of the cation in binary IL mixtures. In IL mixtures with commoncation,

anions ([PF6], [TfO]) having less cation – anion interaction strength with the [bmim] cation show

higher peak intensity than the [Cl] anion which has greater interaction strength with [bmim] cation.

However, comparing the intensity of the first maxima of the RDF of the terminal carbon around

fluorine atom (of [PF6]) to that of around oxygen atom (of [TfO]), it is observed that the former

shows higher intensity than the latter. This is also consistent with the variation in cation – anion

interaction strength. In [emim] – [omim] mixture, the anion is better organized around the terminal

carbon atom of the more polar [emim] cation than the [omim] cations. RDFs obtainedfrom the

simulations at lower temperatures are similar to those at 500 K (Figure A.4, Appendix A).

2.3.2 Spatial Distribution Functions (SDFs)

Spatial distribution function provides information of the three dimensional arrangement of atoms

or groups around others. Figure 2.4(a) shows the spatial density of oxygen atoms belonging to the

triflate anions around the imidazolium cation in [emim] – [omim] mixture at 500 K. Only those

anions that are within 6Å from the ring center are considered. The isosurface density value cor-

responds to∼4.5 times the average density of triflate oxygens in the system. We observe thatthe

oxygen atoms are preferably located near the ring hydrogen atoms due to H-bonding interaction.

Figure 2.4(b) represents the spatial density of the chloride anions, phosphorus atom and the fluo-

rine atoms of the [PF6] anions around the imidazolium rings. The isosurface shown corresponds

to 8.5, 6 and 3 times the average density of chloride ions, phosphorus atoms and fluorine atoms
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Figure 2.4: SDFs of (a) triflate oxygen atoms (in yellow) around the octylmethylimidazolium
cation in [emim] – [omim] mixture and (b) chloride ions (in red), phosphorus (in cyan) and fluorine
atoms (in yellow) of the [PF6] ions around the imidazolium cation in [Cl] – [PF6] at 500 K. Few
carbon atoms of the octyl chain and the hydrogen atoms of the alkyl chains are not shown.

respectively. It can be observed from the figure that the chloride ionsare predominantly located

near the ring hydrogen atoms. The density of the chloride ions above and below the ring is lower

compared to its density in the ring plane. If we look at the density of phosphorus and fluorine

atoms of the [PF6] anions, it is evident that they are more likely to be found above and below the

imidazolium ring compared to the ring plane. This observation is also supportedby the distribution

of the angles formed by the normal vector to the imidazolium ring and the vector connecting the

geometric center of the imidazolium ring and the chloride ion or the phosphorusatom of the [PF6]

ions shown in figure 2.5. From the figure, it is evident that the chloride ionsare more probable to

be present in the ring plane whereas the [PF6] ions are more likely to be found above and below

the ring. The distribution of anions around the cations in the [Cl] – [TfO] mixture is also found to

be similar (Figure A.5 and Figure A.6, Appendix A).
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Figure 2.5: Distribution of the angles between the ring normal vector and the vector connecting
the geometric center of the imidazolium ring and the chloride ion or the phosphorus atom of the
[PF6] anion in [Cl] – [PF6] mixture at 500 K. Only those anions that are within 6Å from the cation
are considered.

2.3.3 Hydrogen Bonding

Hydrogen bonding is a key factor in determining the liquid structure of ILs in both pure form and

aqueous solutions [42] . In our study, we recognize the imidazolium ring carbon atoms as the

H-bond donors and negatively polarized atoms of the anions as the H-bond acceptor. We have

adapted the geometric criteria [43] to identify H-bonds. If the distance of separation between

the H-atom and the acceptor is less than 2.2 Å and the angle made by the donor,H-atom and

the acceptor falls within the range of 130 – 180◦, the H-bond formed is classified as strong one.

The corresponding distance and angular range are 2.0 – 3.0 Å and 90 – 180◦ respectively, for a

weak hydrogen bond. Table 2.2 presents the average number of head –anion H-bonds observed

in different IL mixtures at 500 K. The number of H-bonds per head group in the[emim] – [omim]

mixture are averaged over all the imidazolium rings belonging to both type of cations. We see

that the number of H-bonds between the imidazolium ring and triflate oxygen atoms is almost

three times that of the corresponding number with the fluorine atoms of triflate anion. This is due

to the fact that the more negatively charged oxygen atoms are strongly interacting with the ring

hydrogen atoms than the less negatively charged fluorine atoms do, which isalso evidenced from
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Table 2.2: Average number of H-bonds formed per head group in IL mixtures at 500 K.

System acceptor head-anion
[Cl] – [PF6] Cl 1.11
[Cl] – [PF6] F 1.76
[Cl] – [TfO] Cl 1.08
[Cl] – [TfO] O 1.30
[Cl] – [TfO] F 0.46
[emim] – [omim] O 2.90
[emim] – [omim] F 1.15

the corresponding radial distribution plots (Figure A.7, Appendix A ). In [Cl] – [PF6] and [Cl] –

[TfO] mixtures, we see that the chloride ions are competing with the other type of anions, present

in the mixture, to form H-bonds with the imidazolium hydrogen atoms. The numbersshown in

the table are consistent with the number of acceptor atoms present in the firstcoordination shell of

the ring hydrogen atoms ( data are not shown here ).

2.3.4 Density Profiles

Density profiles of head and tail groups of cations and atoms of anions, along the interface normal

(z-axis) at 500 K are shown in figure 2.6. As the number of cations and anions are different,

the profiles are scaled accordingly for comparison. The density profilesof the systems with a

common cation ([bmim]) are shown in figure 2.6(a) (with [Cl] and [PF6] anions) and 2.6(b) (with

[Cl] and [TfO] anions). It is evident from the figure 2.6(a) and 2.6(b), that the tail group of the

cation is present closest to the interface, whereas the head group lies towards the bulk region. The

peaks in the density profiles of the head and the tail groups are separatedby 5Å in both systems

with a common cation. The peaks in the density profiles of chloride and hexafluorophosphate are

observed close to that of the head group. While the chloride ion is more probable to be located

towards the bulk region compared to the head group, the [PF6] anion is more likely to be located

towards the interface compared to the head group. In the system with chloride and triflate anions,

the triflate anion is closer to interface and the CF3 group of the anion shows similar enrichment in

the interface as that of the alkyl tail. The difference in the location of the peak for the tail group
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Figure 2.6: Density profiles of head and tail groups of cations and atoms ofanions in (a) [Cl] –
[PF6] (b) [Cl] – [TfO] and (c) [emim] – [omim] mixtures along the interface normal (z-axis) at
500 K.

of cation and the CF3 group of anion is just 1Å. Well defined first minima in the density profiles

are also observed in case of the tail group of cation and the CF3 group of the anion . This suggests

that the liquid – vapor interface of the mixture is enriched with larger anion consistent with the

experimental observations [24]. The chloride ion, in which the whole charge is concentrated on

a single atom, will be attracted to the head group and stays close to it, whereas [PF6], in which

the charge is diffused, feels relatively lesser attraction from the head group. In case oftriflate, the

dispersion interaction between the CF3 group of anion and the alkyl tail of the cation makes the

anion stay closer to the interface.
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Figure 2.6(c) shows the density profiles in the [emim] – [omim] mixture at 500 K. Inthis

binary mixture, the peaks in the density profiles of tail group and head group of [omim] cation

are separated by 8Å. The peaks in the profiles of tail groups of [omim] and[emim] cations are

separated by 16Å. In this case, the surface is clearly enriched with [omim] cations in agreement

with the experimental findings [24]. The triflate anions are closer to the headgroup of the cations

unlike in the case of the system with common cation ([bmim]).

The tail number density shows a well defined minima in all the studied systems. We define

the interface as the region beyond this point towards the vapor phase. Ifat least one of the atoms

of an ion (anion or cation) is within this region, then that ion is considered to bepresent in the

interface. The mass density was found to be increased near the interfacecompared to the bulk

(Figure A.8, Appendix A). The region along the z-axis between the points where the mass density

of the system starts decreasing from its maximum value and where it reacheszero also coincides

with the interface defined earlier. The density profiles at lower temperatures are qualitatively

similar (Figure A.9, Appendix A)

2.3.5 Surface composition

The surface fractions of different ions present in the interfacial region at 500 K calculated as an

average over the last 5 ns of the trajectory are shown in table 2.3. The surface fractions of the ions

in the top half of the layer (layer towards the vapor phase) are given in parenthesis.

Table 2.3: Surface fractions of ions in the interfacial region in IL mixtures at 500 K.

System Ion Surface fraction
[bmim] 0.56 ( 0.77 )

[Cl] - [PF6] [Cl] 0.18 ( 0.03 )
[PF6] 0.26 ( 0.20 )

[bmim] 0.56 ( 0.66 )
[Cl] - [TfO] [Cl] 0.15 ( 0.02 )

[TfO] 0.29 ( 0.32 )
[emim] 0.13 ( 0.04 )

[emim] - [omim] [omim] 0.40 ( 0.71 )
[TfO] 0.47 ( 0.25 )
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If we look at the surface fraction of the ions in the interfacial region as well as the outer half

of the interface in the [Cl] – [PF6] system, it is evident that the interface is slightly enriched with

cations and the [PF6] ions compared to the bulk fraction of the cations (0.5) and the anions (0.25).

If we look at the outermost layer of the interface, it is highly enriched with thecations (0.77),

whereas the presence of chloride ions is negligible. Similar trend is observed in [Cl] – [TfO]

system, where the interface is enriched with cations and [TfO] anions. However, in this case we

see that in the outermost layer of the interface, the surface fraction of [TfO] ions (0.32) is higher

than that of [PF6] ions in the [Cl] – [PF6] system. When we look at the [emim] – [omim] system,

we see that the interface is predominantly occupied by the [omim] cations. The surface fraction of

[emim], [omim] and [TfO] ions are 0.13, 0.40 and 0.47 respectively comparedto the bulk fraction

of 0.25, 0.25 and 0.50. In the outermost layer, the composition is even more drastic with the surface

fraction of [omim] being 0.71 and negligible presence of [emim] (0.04), i.e., surface fraction of

[omim] is about 3 times its value in bulk region and that of [emim] is just 16% of its bulk value..

To summarise, there is surface segregation in the IL mixtures, with the longer alkyl chains at the

outermost layer of the interface, followed by hydrophobic anions ([TfO] and [PF6]). In case of

systems with two anions, the interface is enriched with the larger (with distributedcharge) anion,

and in systems with two cations, the interface is enriched with cation with longer alkyl chain.

2.3.6 Intermolecular orientation

The orientation of the alkyl chains of the cations and the CS bond vectors (vector connecting

carbon and sulfur atoms of the triflate anion) of anions among themselves thatare present in the

interfacial region are shown in figure 2.7. It is evident from the figure 2.7(a) that the longer

alkyl chains of cations are predominantly oriented parallel to each other in the interfacial region

in all three IL mixtures studied. In the bulk region, the orientation is almost random. Such an

arrangement is favored by the dispersion interaction between the alkyl tailsat the planar interface.

In [emim] – [omim] interface, the octyl chains show a high degree of parallel orientation and

ethyl chains are slightly oriented parallel to octyl chains whereas the ethylchains show a very

small degree of parallel orientation with other ethyl chains (Figure A.10, Appendix A). Triflate
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Figure 2.7: Distribution of the angles between (a) alkyl chain vectors (butyl chains of mixtures
with common cation and octyl chains of [emim] – [omim] mixture) of the cations and (b)CS bond
vectors of triflate anions that are present in the interfacial region of IL mixtures at 500 K.

anions also show orientational ordering at the interface as is evidenced from the figure 2.7(b). The

carbon – sulfur bond vectors of the triflate anions are more likely to be oriented parallel to each

other and the parallel orientation probability is higher in the [Cl] – [TfO] system. In the [emim] –

[omim] system, the orientation is not pronounced as the interface is enriched with octyl chains of

the cations and the triflate anions are not completely exposed to the interface.Parallel orientation

of the anions allows the polar and nonpolar regions of the anions to interactwith the head and the

tail groups of the [bmim] cation respectively. As expected the interionic orientation in the bulk

region is almost random. The carbon – sulfur bond vector of the triflate anions are also likely to

be oriented parallel to the butyl chain and this preference is not seen with either the octyl or the

ethyl chain (Figure A.11, Appendix A).

A snapshot of the liquid – vapor interface of the [emim] – [omim] system at 500 Kafter 20 ns

simulation is shown in figure 2.8. From the figure, it can seen that the octyl chains of the [omim]

cation are protruding out towards the vapor phase. The segregation ofions near the interface is
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Figure 2.8: Snapshot of the liquid – vapor interface of the [emim] – [omim] system after 20 ns
simulation. [omim] cations are shown in red, [emim] cations in yellow and [TfO] anions in blue.

clearly visible. The interface is predominantly populated by the [omim] cations and we see the

[TfO] anions and [emim] cations towards the bulk liquid phase of the interface. Segregation of

anions at the liquid – vapor interface to a greater extent in [Cl] – [TfO] mixture and to a small

extent in [Cl] – [PF6] mixture is also observed.

2.3.7 Interface Organization

The orientation of the butyl and octyl chains of the cations that are present in the interfacial region

along the interface normal (z-axis) is shown in figure 2.9(a). From the figure, it can be observed

that alkyl chains are more likely to be oriented parallel to the interface normalwhich is also

reported in previous studies of pure ionic liquid – vapor interface [44]. The probability of the

octyl chain to be parallel to the interface normal is slightly higher in the [emim] – [omim] system

and is lower to be oriented in antiparallel direction to the interface normal compared to the systems

with [bmim] cations. Also the probability of ethyl chains to be oriented parallel to the z-axis is

lower compared to either the butyl or the octyl chains (Figure A.12, Appendix A). Note that, the

parallel orientation of the alkyl chains along the interface normal is the most probable orientation.

Other orientations are also observed in the interfacial region, although with smaller probabilities.

These observations are consistent with the results derived based on thedefinition of the intrinsic

interface [45] in the liquid – vapor interfaces of ionic liquids [46, 47], where multiple orientations
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Figure 2.9: Distribution of the angles between the interface normal (z-axis)and (a) butyl and octyl
chains and (b) the NN vector (vector connecting the two nitrogen atoms of theimidazolium ring)
of [bmim] and [omim] cations present in the interfacial region of IL mixtures.

of the cations along the interface normal have been reported.

Figure 2.9(b) shows the distribution of the angles between the interface normal and the NN

vector (vector connecting two nitrogen atoms of the imidazolium ring) of the [bmim]and [omim]

cations that are present in the interfacial layer. In this case also it is observed that they are more

likely to be oriented parallel to the interface normal. The NN vector of [omim] cation shows

similar behavior as the corresponding chain - showing higher and lower probability to be parallel

and antiparallel to the interface normal respectively, compared to the systems with [bmim] cation.

The orientation of the cations along the z-axis shows that the cations are organized in the interfacial

region.

The IL mixtures were divided into slabs of thickness 6 Å along the interface normal from the

center of the box and the orientation of the alkyl chain of the [omim] cations andthe CS bond

vector of the triflate anion along the interface normal were calculated. Figure 2.10(a) shows the

orientation of octyl chains along the z-axis in various slabs along the interface normal in [emim]
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– [omim] mixture. Slab 1, is the first slab from the center of box and represents the bulk region,
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Figure 2.10: Distribution of the angles between the interface normal (z-axis) and (a) the alkyl
chains of the cations and (b) the carbon – sulfur bond vectors of the triflate anions in various slabs
along the interface normal in the [emim] – [omim] mixture at 500 K.

slab 2 is the next and so on. It can be noticed that in the first three slabs, the chains are randomly

oriented along z-axis. However, from the fourth slab as we move towardsthe interface, octyl

chains are increasingly likely to be oriented parallel to the interface normal. The probability to

observe these chains in the antiparallel orientation with respect to the interface normal is absolutely

nil from the fifth slab.

The orientation of CS bond vector of the triflate anion along z-axis in variousslabs is shown in

figure 2.10(b). It is seen that in first three slabs from the center of the box the anions are randomly

oriented. In the fourth slab anions show an increased probability to be oriented along the interface

normal and this probability increases as we move towards the interface. Alsonotice that there are

no anions in the 7th slab. This also shows that there is segregation of ions atthe interface. The

outermost layer is composed of the octyl chain and then we find the triflate ions. The orientation of

the butyl chains and the [TfO] anions in different slabs along the interface normal in [Cl] – [TfO]
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mixture is found to be similar (Figure A.13, Appendix A).

The orientation of the ions in the IL mixtures can be described by Legendre polynomials which

are defined asP1(cosθ) = cosθ andP2(cosθ) = (1/2)(3 cos2 θ − 1). These functions provide an

idea of orientational preferences at the interface. The averages of〈P2(cosθ)〉 for the alkyl chains of

the cations and the CS bond vectors of the triflate anions along z-axis in the ILmixtures are shown

in figure 2.11. AverageP2 for the alkyl chain of the cation along z-axis is shown in figure 2.11(a).
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Figure 2.11: AverageP2(cosθ) of the angle between (a) alkyl chain of the cation and the surface
normal (b) CS bond vector of the triflate anion and the surface normal forIL mixtures at 500 K.

From the figure, one can notice that the orientation is random in the bulk region of the mixture and

it gradually increases from about 20Å from the center of the box. The maximum value of〈P2〉

observed is about 0.7, 0.85 and 0.9 in case of [Cl] – [TfO], [Cl] – [PF6] and [emim] – [omim]

mixtures, respectively. The perfect parallel orientation (where all the chains are oriented parallel

to the interface normal) will give the〈P2〉 of unity. So it is evident that there is very high degree

of ordering of the chains in the interfacial region. Figure 2.11(b) showsthe average〈P2(cosθ)〉

for the CS bond vector of the triflate anion along z-axis. In this case, it is evident that the anions
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are randomly oriented in the bulk region and some ordering is seen beyond 15Å from the center

of the box. The ordering increases gradually moving towards the interface and the value of〈P2〉

reaches about 0.3 – 0.35 in the interfacial region. In [[Cl] – [TfO] mixturethe 〈P2〉 reaches a

maximum of 0.55 which is not seen in [emim] – [omim]. Nevertheless, the ordering of anions is

not as pronounced as in the case of the alkyl chains. It is also important tonote that the triflate

anions are more ordered in the [Cl] – [TfO] mixture compared to [emim] – [omim] mixture.

2.4. Conclusions Atomistic MD simulations have been carried out on binary IL mixtures with

a common cation and a common anion. The analysis of RDFs suggests that

IL mixtures with a common cation are homogeneous. Strong interactions leading tothe hydrogen

bonding between the anions and the imidazolium ring hydrogen atoms are observed. The anions

tend to concentrate near the ring hydrogen atoms as evidenced from the corresponding SDFs. In

IL mixtures with two different anions, the anion with higher charge density ([Cl]) is more likely

to be present in the ring plane whereas the bigger anions (with lower charge density), [PF6] and

[TfO], are more probable to be found above and below the plane of the imidazolium ring.

The liquid – vapor interface of the IL mixtures with a common cation, unlike the bulkregion

is not homogeneous. Segregation of ions is observed at the interface. In the IL mixtures, the alkyl

chain protrudes towards the vapor phase with the head group present towards the liquid phase. The

[Cl] and [PF6] anions at the interface are closer to the imidazolium ring of the cation, whereas the

[TfO] anion is oriented in such a way that the CF3 group is present towards the interface whereas

the SO3 group interacts with the head group of the cation. Composition of the interfaceof [emim] –

[omim] mixture provides an interesting picture of the interfacial layer with nonpolar alkyl groups

at the edge of the interface towards the vapor phase with the [TfO] anionsand [emim] cations

interspersed as we move towards the bulk region, making the surface of themixture hydrophobic.

[Cl] anions and [emim] cations are completely excluded from the outermost layer of the interface.

The bigger anions with distributed charge are found towards the vapor phase of the interface

whereas the ions with concentrated charge ([Cl]) are found towards theliquid phase. Unlike the

bulk IL mixture, the liquid – vapor interface shows the segregation of ions and enrichment of the
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interface with specific ions.

The alkyl chains of the cations, and the triflate anions exhibit ordered orientation at the inter-

face and are more likely to be oriented parallel to themselves. In addition, theyare also found to

be preferentially oriented parallel to the surface normal. The surface ofthe mixture predominantly

consists of alkyl chains that are protruding out and perpendicular to thesurface. The polar imida-

zolium ring lies towards the liquid phase along with the anions having higher charge density. In the

presence of two types anions that are not similar, the anions with lower charge density are found

near the interface while those with higher charge density stays closer to the head group towards

the bulk region. In the presence of two types of cations, the cations with longer alkyl chain are

found near the interface while the cations with shorter alkyl chain are located towards the liquid

phase. The alkyl chains of the cation and the CS bond vectors of the triflateanions show a gradual

increase in their orientational ordering as we proceed from bulk region tothe interface.
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Chapter A

Appendix A
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Figure A.1: RDFs of the chloride anions and the sulfur atoms of the triflate anions around the
geometric center of the imidazolium ring in [Cl] – [TfO] mixture at 500 K.
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Figure A.2: RDFs of (a) different anion sites in [Cl] – [PF6] and (b) terminal carbon atoms of the
alkyl chains belonging to distinct types of cations in [emim] – [omim] mixture at 500 K.
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Figure A.3: RDFs of (a) sulfur atoms of triflate anions around chloride anions in [Cl] – [TfO]
system and (b) head group of [emim] cations around head groups of [omim]cations in [emim] –
[omim] system at different temperatures.
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Figure A.4: RDFs of (a) the chloride anions around the most acidic hydrogen atom of the imida-
zolium ring in [Cl] – [TfO] system and (b) oxygen atoms of the triflate anions around the terminal
carbon atoms of the ethyl chain [emim] – [omim] system at different temperatures.

Figure A.5: SDFs of chloride anions (in red), oxygen atoms (in yellow) andsulfur atom (in cyan)
of the [TfO] anions, that are within 6Å from the cation, around the geometriccenter of the imida-
zolium ring in [Cl] – [TfO] mixture at 500 K. The isosurface density shown corresponds to 8.5,
4 and 2 times the average density of chloride ions, oxygen atoms and sulfur atom of the triflate
anions respectively. Hydrogen atoms on the alkyl groups are not shown.
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Figure A.6: Distribution of the angles between the ring normal vector and the vector connecting
the geometric center of the imidazolium ring and the chloride ion or the sulfur atomof the [TfO]
anion in [Cl] – [TfO] mixture at 500 K. Only those anions that are within 6Å from the cation are
considered.
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Figure A.7: RDFs of oxygen and fluorine atoms of the triflate anions aroundthe imidazolium ring
hydrogen atoms in [emim] – [omim] system at 500 K.

92



0 10 20 30 40
Z (Å)

0.0

0.5

1.0

1.5

M
as

s 
D

en
si

ty
 (

g/
cc

)

[Cl] - [PF6]
[Cl] - [TfO]
[emim] - [omim]

Figure A.8: Mass density profiles along the interface normal (z-axis) in binary ionic liquid mix-
tures at 500 K.
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Figure A.9: Number density profiles of terminal carbon atoms of the octyl chains in [emim] –
[omim] mixture along the interface normal (z-axis) at different temperatures.
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Figure A.10: Orientation of ethyl and octyl chains of cations that are present in the interfacial
region of [emim] – [omim] mixture at 500 K.
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Figure A.11: Distribution of the angles between the alkyl chains of the cationsand the carbon –
sulfur bond vectors of the triflate anions present in the interfacial layer of IL mixtures at 500 K.
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Figure A.12: Distribution of the angles between the interface normal (z-axis) and the alkyl chains
of the [emim] – [omim] mixture at 500 K.
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Figure A.13: Distribution of the angles between the interface normal (z-axis) and (a) the butyl
chains of the cations and (b) carbon – sulfur bond vectors of the triflate anions in various slabs
along the interface normal in [Cl] – [TfO] mixture at 500 K.
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Chapter 3

Surface structure and dynamics of ions at the liquid – vapor interface of

binary ionic liquid mixtures : Molecular dynamics studies

Abstract:

The surface structure and dynamics of ions at the liquid – vapor interfaceof binary mixtures

of ionic liquids 1-n-octyl-3-methylimidazolium trifluoromethanesulfonate ([omim][TfO]) and 1-

ethyl-3-methylimidazolium trifluoromethanesulfonate ([emim][TfO]) of varyingcomposition have

been studied using atomistic molecular dynamics simulations. Global definition of theinterface

and the identification of the truly interfacial molecule method (ITIM) have beenused to analyze

the structure and dynamics of the ions at the interface. We have seen enhancement in density

of longer alkyl chain cation ([omim]) at the liquid – vapor interface comparedto the bulk. The

surface is mainly enriched with [omim] cation and it becomes smoother with decrease in the mole

fraction of [omim] cations in the mixtures. The [omim] cation shows greater survival probabil-

ity at the liquid – vapor interface than other ions and this probability increaseswith decrease in

the mole fraction of [omim] cations. The re-orientational correlation function suggests that the

[omim] cations prefer to retain their orientation with respect to the interface normal for a longer

time. The movement of ions in and out of the interface is facilitated by the out of plane rotation of

the ions with respect to the interface.
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3.1. Introduction Ionic liquid (IL) mixtures are receiving increasing attention from academia

and industry due to their interesting properties and potential applications [1,

2]. IL mixtures are used as solvents in organic and biomolecular catalytic reactions [3, 4, 5, 6, 7, 8],

supercapacitor electrolytes in lithium ion batteries [9] and dye-sensitized solar cells [10], reactive

media for biomass processing [11, 12], extraction media [13, 14], etc. Varying the composition of

IL mixtures can also improve CO2 absorption [15, 16, 17]. Since many of the processes take place

at the interface of the IL mixtures, understanding the surface structure as well as the dynamics of

the ions at the interface is of potential interest from the academic point of view.

Surface composition of binary mixtures of ionic liquids has been studied usingvarious experi-

mental methods [18, 19, 20, 21]. An XPS study [18] on the IL mixture [C2C1Im][C12C1Im][NTf 2]

revealed no preferential accumulation of the longer chain cations at the outer surface. How-

ever, TOF-SIMS study [19] on IL mixtures [C8C1Im][C2C1Im][BF4] and [C4C1Im][NTf 2][PF6]

showed the presence of larger and polarizable ions at the surface layer. High-resolution Ruther-

ford back-scattering spectroscopy [20, 21] also reported the surface enrichment of longer chain

[C10C1Im] cations in the IL-mixture [C2C1Im][C10C1Im]

[TFSI].

Although a few computational studies are available in the literature regarding structure [22,

23, 24, 25, 26, 27, 28] and dynamics [29] of ions in bulk region of the binary IL mixtures, com-

putational studies of the liquid – vapor interface are rare [27]. In our recent work [27], we have

shown the surface enrichment and orientational ordering of cations with the longer alkyl chain and

bigger anions with a distributed charge at the liquid – vapor interface.

To the best of our knowledge, no computational studies of the surface structure and dynamics

of ions at the liquid – vapor interface of binary mixtures of ionic liquids of varying composition

have been reported. In the present work, we have carried out all-atom classical MD simulations on

a series of IL mixtures [C2C1Im][C8C1Im][CF3SO3] to get insights into the effect of composition

on the surface structure and dynamics of ions in the liquid – vapor interfacial layer.
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3.2. Methodology and

simulation details.

We have carried out atomistic MD simulations on a series of IL mixtures

consisting of 1-n-octyl-3-methylimidazolium trifluoromethanesulfonate

([omim][TfO]) and 1-ethyl-3-methylimid-

azolium trifluoromethanesulfonate ([emim][TfO]) of varying composition. The mole fraction of

either of the ILs in the mixtures varies from 0 (implying the absence of that component in the

system) to 1 (corresponds to the pure component). Molecular dynamics software LAMMPS [30]

has been used to perform the simulations. The force field parameters are adapted from the works

of Pádua and co-workers [31, 32]. Ion pairs were randomly placed within a cubic box. Isothermal-

isobaric ensemble (constant NPT) simulations were carried out at 500 K and 1-atmosphere pres-

sure for 2 ns. Liquid – vapor interfaces were simulated by extending the supercell along z-axis to

120.0 Å for mixtures and placing the corresponding equilibrated box at the center of the extended

supercell. As the pure IL systems were smaller, the supercell was extended to 100 Å along z-axis.

Canonical ensemble simulations (constant NVT) on all the interfacial systemswere performed for

35 ns. The details of the simulated systems are tabulated in Table 3.1. The atomic positions were

Table 3.1: Details of simulations of systems studied (the IL mixtures are presented by the ratio of
mole numbers of[omim][TfO] and [emim][TfO]).

system No. of No. of No. of Run length Box length
[omim][TfO] [emim][TfO] atoms (ns) (at 500 K) (Å)

pure [omim][TfO] 256 – 11520 35.0 51.71
9:1 580 64 27828 35.0 68.97
3:1 375 125 20250 35.0 62.28
1:1 256 256 18432 35.0 59.96
1:3 125 375 15750 35.0 57.71
1:9 64 580 18540 35.0 61.36
pure [emim][TfO] – 256 6912 35.0 44.31

stored at a regular interval of 5 ps which were used for further analyses. The surface tension was

calculated from the pressure tensor that was stored at each step duringthe last 1 ns of the liquid

– vapor interface simulations. Structural properties of the interfaces have been averaged over the

last 5 ns of trajectory unless mentioned otherwise. The dynamical properties are calculated from

the last 15 ns of trajectory. In some tables pure [omim][TfO] and pure [emim][TfO] systems are
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represented by “1:0" and “0:1" respectively. The studies on the structural properties of the 1:1

binary mixture can be found elsewhere [27].

We use the term “global" interface to indicate the interface defined in the Cartesian frame

of reference using a cutoff distance for interface boundary. The “intrinsic" interface is used to

indicate an instantaneous interface frame of reference.

3.2.1 Identification of the truly interfacial molecule method (ITIM)

We employed the ITIM method [35, 36, 37] for the analysis of the intrinsic liquid– vapor interface.

The basic principle behind the ITIM method is based on moving probe spheres of a given radius

along the straight lines parallel to the interface normal, i.e., z-axis (perpendicular to the interface,

i.e., xy-plane) from the vacuum side. Once the distance between the centerof the probe sphere

and the first atom on the surface becomes less or equal to the sum of the radius of the probe sphere

and the Lennard-Jonesσ of the atom, the probe sphere is stopped and the atom is identified as

truly interfacial one. Through thorough scanning of the interface by moving the probe spheres

along all the test lines, we obtain the complete set of truly interfacial atoms and the corresponding

molecules. The positions where the probe spheres are stopped along the test lines are regarded

as surface points. We used a probe radius of 2.5 Å and each grid on the xy-plane has dimension

1.0×1.0 Å . The instantaneous interface determined is not sensitive to probe sphere radius when

we choose 2.5 Å.

3.3. Results and Discussion

3.3.1 Density profiles

In the discussion of density profiles of different moieties along the interface normal (z-axis), from

the global definition of the interface, the zero value at the horizontal axis represents the center of

the simulation cell. However, the zero value at the horizontal axis in the densityprofiles obtained

from ITIM analysis corresponds to the position of the probe sphere along the test line where it

was stopped for the first time by an atom at the liquid – vapor interface. The density profiles of

the terminal carbon atoms (CT) of the octyl chains of [omim] cations along the interface normal
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(z-axis) in different systems studied are presented in Figure 3.1. As the number of [omim] cations

vary with changing composition of the binary mixtures studied, the density profiles are scaled

accordingly.
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Figure 3.1: Number density profiles of terminal carbon atoms (CT) of [omim] cations in binary
IL mixtures obtained from (a) the global definition of the interface and (b) ITIM analysis. The
zero value at the horizontal axis in figure (a) represent the center of the simulation cell whereas
in figure (b), it corresponds to the position of the probe sphere along thetest line where it was
stopped for the first time by an atom at the liquid – vapor interface

The number density profiles of CT atoms from the global definition of the interface in Fig-

ure 3.1(a) show well-defined minima and maxima across the entire composition range. We ob-

serve that there is enrichment of the interface with [omim] cations. The presence of octyl chain at

the interface facilitates the dispersion interactions between the alkyl chains which is supported by

the preferred parallel orientation of the octyl chains (present in the interfacial region) with each

other [27] while simultaneously reducing the surface energy density. Comparing the bulk number

density of CT atoms to the number density at the first maxima, we found that thereis a greater

increase in the number density of CT atoms at the liquid – vapor interface with decrease in the

mole fraction of the [omim] cations. The ratio of the number density of CT atoms at the first
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maxima to the bulk number density increases from 1.0 in case of pure [omim][TfO] to 9.0 in case

of 1:9 [omim][TfO] – [emim][TfO] binary mixture. The number density profiles of CT atoms

obtained from the ITIM method (Figure 3.1(b)) also supports the enrichment of [omim] cations

at the liquid – vapor interface compared to the bulk region with decrease in themole fraction of

[omim] cations. Using intrinsic interface, the ratio of the number density of CT atoms at the first

maxima to the bulk number density was found to increase from∼ 9.0 for 9:1 binary mixture to

∼ 55.0 for 1:9 binary mixture. From these observations, it is evident that the probability of an octyl

chain of the [omim] cation to be present at the surface increases with decrease in the mole fraction

of the [omim] cation in the binary IL mixtures. This observation can be attributed tothe decrease

in competition among the [omim] cations to occupy the interfacial region with decrease in their

numbers in the mixtures. The number density profile of CT atoms in pure [omim][TfO] obtained

from the ITIM method shows∼25.0 times enhancement at the liquid – vapor interface compared

to the bulk region. The number density enhancement at the liquid – vapor interface is less when

the global definition is used as it is averaged over the fixed Cartesian frameof reference. ITIM

method in which instantaneous interface is considered provides a better picture of the interface.

The number density profiles of the terminal carbon atoms (CE) of the ethyl chains of [emim]

cations in binary IL mixtures of various composition, obtained from both the global definition of

the interface and the ITIM method are shown in Figure 3.2.

The number density profiles of CE atoms obtained from the global definition (Figure 3.2(a))

show very less fluctuation at the liquid – vapor interface compared to the bulkregion, leading to the

absence of any distinguishable minima and maxima. However, the density profiles of CE atoms

obtained from the ITIM method (Figure 3.2(b)) show gradual increase inthe number density at the

liquid – vapor interface compared to the bulk region with increase in the mole fraction of [emim]

cations in the binary mixtures. The ratio of the number density of CE atoms at the liquid – vapor

interface to the bulk number density increases from∼0.4 for 9:1 binary IL mixture to∼3.5 for pure

[emim][TfO], leading to the gradual pronouncement in the formation of well-defined minima and

maxima.
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Figure 3.2: Number density profiles of the terminal carbon atoms (CE) of [emim]cations in binary
IL mixtures, obtained from (a) the global definition and (b) ITIM analysis.The zero value at the
horizontal axis in figure (a) represents the center of the simulation cell whereas in figure (b), it
corresponds to the position of the probe sphere along the test line where itwas stopped for the first
time by an atom at the liquid – vapor interface

The number density profiles of sulfur atoms (S) of triflate anions based on the global defi-

nition of the interface (Figure 3.3(a)) show almost similar trend as those of CEatoms. In pure

[omim][TfO] system there is∼2.0 times increase in density at the liquid – vapor interface com-

pared to the bulk region. However, the ITIM analysis (Figure 3.3(b)) has shown a gradual increase

in the ratio of the number density of S atoms at the liquid – vapor interface to the bulk number

density from∼0.6 for pure [omim][TfO] to∼3.0 for pure [emim][TfO]. The increase in the ratio of

the number density at the interface to the bulk number density for [emim] and [TfO] moieties with

decrease in the mole fraction of [omim] cations can be attributed to the decreasein competition

with longer alkyl chain cations to occupy the liquid – vapor interface.

The CT number density profiles, in the Cartesian frame of reference with thecenter of mass

at the origin, show well defined minima in all the systems. We have defined the region beyond

this point towards the vapor phase as interfacial region. For pure [emim][TfO] system, although
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Figure 3.3: Number density profiles of sulfur atoms (S) of [TfO] anions in binary IL mixtures
obtained from (a) the global definition and (b) ITIM analysis. The zero value at the horizontal axis
in figure (a) represents the center of the simulation cell whereas in figure (b), it corresponds to the
position of the probe sphere along the test line where it was stopped for thefirst time by an atom
at the liquid – vapor interface

we do not observe such well defined minima in the CE number density profile from the global

definition of the interface, we see the presence of a very weak minima at 18.0Å. So we have

defined the interfacial region for pure [emim][TfO] system as the region beyond 18.0 Å towards

the vapor phase. If any of the atoms of an ion (anion or cation) is within this region, then the ion

is considered to be present in the interface.

3.3.2 Surface composition

The surface composition of different systems studied is expressed in terms of the mole fractions

of different ions present at the interface. Table 3.2 presents the surface fraction of different ions

present in the interfacial region calculated as an average over the last 5ns of the trajectory in

binary IL mixtures of varying composition. The surface fractions of the ions determined from the

ITIM analysis are given in parentheses.
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Table 3.2: Surface fractions of ions in the interfacial region of IL mixturesof varying composition.

System [omim] [emim] [TfO]
pure [omim][TfO] 0.54(0.77) – 0.46(0.23)
9:1 0.53(0.75) 0.02(0.01) 0.45(0.24)
3:1 0.48(0.56) 0.06(0.06) 0.46(0.38)
1:1 0.41(0.50) 0.12(0.11) 0.47(0.39)
1:3 0.27(0.33) 0.25(0.24) 0.48(0.43)
1:9 0.13(0.16) 0.39(0.40) 0.48(0.44)
pure [emim][TfO] – 0.52(0.53) 0.48(0.47)

The surface fractions of ions in the 1:1 binary mixture computed from last 5 ns of 30 ns

trajectory by using the dividing surface definition of the interface were similar to those reported

here [27]. We see that the surface fraction of [omim] cations decreasesfrom 0.54 in pure [omim][TfO]

system to 0.13 in 1:9 binary IL mixture, based on the global definition of the interface. This trend

is also observed from ITIM method but the values of surface fractions obtained from ITIM analy-

sis are higher. With decrease in number of [omim] cations in the system, the difference in surface

fraction of [omim] cations obtained from ITIM method and the global interfacedefinition de-

creases. The surface fraction of [emim] cations increases from 0.02 in 9:1 IL mixture to 0.52

in pure [emim][TfO]. In case of [emim] cations, the surface fraction valuesobtained using the

global definition and ITIM method are almost same. Although the surface fraction of [TfO] an-

ions obtained using the global definition remains almost constant across the composition range,

ITIM method shows a gradual increase in the surface fraction of [TfO]anions from 0.23 in pure

[omim][TfO] to 0.47 in pure [emim][TfO]. Also in case of [TfO] anions, the difference in surface

fraction of [TfO] anions obtained from ITIM method and using the global definition decreases with

decrease in the mole fraction of [omim] cations in the system. In a nutshell, we canconclude that

the surface fraction of [omim] cations increases while the surface fractionof [emim] cations and

[TfO] anions decreases with increase in the mole fraction of [omim] cations in the system. This

observation can be attributed to the greater availability of interfacial region for [emim] cations and

[TfO] anions with decrease in the number of [omim] cations in the system.
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3.3.3 Surface tension

The surface tensionγ of the liquid – vapor interface was calculated from the diagonal components

of pressure tensorPii using the formula [38]

γ = −bz(Pxx+ Pyy− 2Pzz)/4 (3.1)

wherebz is the length of the super-cell along the interface normal (z-axis). The factor 2 has been

introduced in the denominator to account for the presence of two equivalent interfaces. Figure 3.4

shows the surface tension of the binary mixtures at various mole fraction of[omim] cations. The
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Figure 3.4: Surface tension(γ) of binary mixtures at various mole fraction of [omim] cations.

surface tension of pure [emim][TfO] and pure [omim][TfO] were calculated to be 43.8 mN m−1

and 16.5 mN m−1 respectively. If we look at figure 3.4, we see the decrease in surfacetension of

the IL mixtures with increase in the mole fraction of [omim] cations. This decreaseis consistent

with the increase in surface fraction of [omim] cations with increase in their mole fraction as seen

from Table 3.2. In other words, surface enrichment by longer alkyl chain [omim] cations causes

decrease in surface tension of the liquid – vapor interface.

3.3.4 Surface roughness

In ITIM analysis, the surface points are defined as the positions of the probe spheres along the

test lines where they are stopped for the first time by atoms at the liquid – vaporinterface. The
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dependence of average normal distance of two surface points,〈d〉 in the z-axis, on their lateral

separation,l in the xy-plane characterizes the surface roughness of the liquid – vapor interface [35,

39, 40]. Figure 3.5 presents the variation of vertical separation of two surface points,〈d〉, with

their lateral separation,l in binary IL mixtures of varying composition. Observing the initial sharp
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Figure 3.5: Variation of normal distance of two surface points,〈d〉 with their lateral separationl in
different binary IL mixtures studied.

increase of〈d〉 at smalll followed by the appearance of plateau like region at largel, the following

equation has been employed to fit the〈d〉 versusl curve [39, 40].

〈d〉 =
aξlb

a+ ξlb
(3.2)

wherea represents the amplitude of the surface roughness andξ and b are frequency like pa-

rameters of the surface roughness. Table 3.3 summarizes the parameters associated with the

surface roughness of the different systems studied. From Table 3.3, we see that the surface of

pure [emim][TfO] is smoother than pure [omim][TfO] which implies that the presence of longer

alkyl chain of [omim] cation makes the surface rougher compared to the presence of shorter alkyl

chain of [emim] cation. Comparing the surface roughness parameters, it is evident that the surface

roughness of the interface of 9:1 IL mixture is close to that of pure [omim][TfO] system and that

of 1:9 IL mixture is close to that pure [emim][TfO] system. The values of the surface roughness

parameters for the rest of the systems fall in between pure [omim][TfO] andpure [emim][TfO].
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Table 3.3: Amplitude of the surface roughness,a and frequency-like parameters of the surface
roughness,ξ andb of the〈d〉 versusl curve of the liquid – vapor interface for binary IL mixtures.

System a(Å) ξ b
pure [omim][TfO] 4.052 0.938 1.014
9:1 4.306 0.969 0.934
3:1 3.555 0.898 1.133
1:1 3.789 0.921 1.072
1:3 3.430 0.860 1.230
1:9 3.162 0.761 1.234
pure [emim][TfO] 2.754 0.645 1.06

Investigation of the various ripples of surface gives a vivid picture of the surface roughness of

the liquid – vapor interface [39, 40]. For this purpose, we have evaluated the probabilityP(l,d)

of bivariate distribution between lateral distancel and normal distanced of two surface points.

Figure 3.6 presents theP(l,d) distribution of 9:1, 1:1 and 1:9 IL mixture. We observe that with

increase in lateral distancel between two surface points, the spread in their vertical separation

also increases. Nevertheless, we observe that at larger lateral separation, the most probable verti-

cal separation is lying in the range of 2.5 – 4.0 Å irrespective of the composition of the systems

studied (Figure B.1, Appendix B).

3.3.5 Survival probability.

The probability, L(t), of a cation ([omim] or [emim]) or an anion ([TfO]) to be found in the

interfacial layer at timet0 andt0+t gives an idea about the mean lifetime of that ion in the inter-

facial layer [39, 40]. L(t) corresponds to the intermittent survival probability [41]. L(t) for the

cations([omim] or [emim]) and anion([TfO]) are shown in Figure 3.7. We observe a sharp fall

in all the time correlation functions (TCFs) for a very short period of 5 – 10ps followed by a

steady fall at larger observation time. The computed TCFs are fitted by a sumof two stretched

exponential decay functions [42]

L(t) = a1 exp(−(t/τ1)β1) + a2 exp(−(t/τ2)β2) (3.3)
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Figure 3.6: Bivariate distribution of the probability of the lateral distancel and the normal distance
d of two surface points for (a) 9:1 (b) 1:1 and (c) 1:9 binary IL mixture.

whereτ1 andτ2 are the residence time associated with two exponential functions,a1 anda2 are

the contributions from the individual terms andβs stand for stretched exponents. The average

residence time〈τs〉 can be expressed as the weighted average ofτ1 andτ2 as follows:

〈τs〉 = a1τ1 + a2τ2 (3.4)

We have fitted the curves up to 10 ns of elapsed time. The fitted parameters arelisted in Table 3.4.

For binary IL mixtures of varying composition, we observe a gradual increase in the average

survival time of [omim] cation in the interfacial layer with decrease in the mole fraction of [omim]

112



0

0.5

1

L(
t)

pure [omim][TfO]

9:1

3:1

1:1

1:3

1:9

0

0.5

1
L(

t)

9:1
3:1
1:1
1:3
1:9
pure [emim][TfO]

0 2 4 6 8 10
t (ns)

0

0.5

1

L(
t)

pure [omim][TfO]
9:1
3:1
1:1
1:3
1:9
[emim][TfO]

(a)

(b)

(c)

Figure 3.7: Survival probability of (a) [omim] (b) [emim] and (c) [TfO] in theinterfacial layer of
the systems of varying composition.

cation. As the number of [omim] cations in the IL mixture decreases, the probability of an [omim]

cation to get displaced from the interfacial layer by another [omim] cation which is beneath the

interfacial layer decreases, leading to a greater probability to see an [omim]cation in the interfacial

layer for a longer time. The average residence time of [omim] cation in pure [omim][TfO] was

calculated to be 4.75 ns. The shorter lifetime term (τ1) along with its contribution(a1) to the total

survival time (〈τs〉) decreases whereas the longer lifetime term (τ2) along with its contribution(a2)

to the total survival time (〈τs〉) increases with decrease in [omim] mole fraction in the IL mixtures

studied.

The average lifetime of [emim] cation gradually increases from 0.28 ns for 9:1IL mixture to

1.94 ns in pure [emim][TfO] system. [emim] cation, being more polar than [omim] cation, shows

less tendency to occupy the liquid – vapor interface. However, with decrease in mole fraction of
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Table 3.4: Parameters of the stretched exponential fit to the average survival time correlation
function.

Ion System a1 τ1 β1 a2 τ2 β2 〈τs〉

(ns) (ns) (ns)
1:0 0.27 0.03 0.36 0.71 6.67 1.0 4.75
9:1 0.28 0.02 0.38 0.70 6.25 1.0 4.38
3:1 0.26 0.02 0.38 0.72 6.87 1.0 4.97

[omim] 1:1 0.19 0.01 0.47 0.81 7.15 1.0 5.77
1:3 0.18 0.009 0.33 0.87 7.83 1.0 6.81
1:9 0.09 0.003 0.60 0.91 8.88 1.0 8.10

9:1 0.79 0.21 0.28 0.19 0.61 1.0 0.28
3:1 0.14 3.0×10−5 0.79 0.87 0.51 0.43 0.45

[emim] 1:1 0.19 2.0×10−5 0.06 0.81 0.59 0.47 0.47
1:3 0.21 0.1 0.05 0.9 0.65 0.56 0.61
1:9 0.16 3.0×10−6 0.03 0.84 1.46 0.57 1.23
0:1 0.70 0.21 0.49 0.20 8.91 1.0 1.94

1:0 0.42 0.67 0.47 0.47 7.24 1.0 3.67
9:1 0.45 0.73 0.51 0.42 6.34 1.0 2.99
3:1 0.52 1.0 0.49 0.36 6.41 1.0 2.82

[TfO] 1:1 0.44 0.80 0.50 0.44 6.05 1.0 3.01
1:3 0.11 0.005 0.19 0.89 2.72 0.64 2.41
1:9 0.19 0.0002 0.17 0.81 3.26 0.70 2.64
0:1 0.15 0.87 0.89 0.78 1.76 0.46 1.50

[omim] cation in the system, the interfacial layer offers more unoccupied surface area to [emim]

cation. As a result, the average lifetime of [emim] cation increases with increasein mole fraction

of [emim] cation in the systems studied. The average residence time of [TfO] anion remains in the

range of 2.45 – 3.7 ns in all the mixtures studied. The average lifetime〈τs〉, for the different ions

present in any of the the IL mixtures follows the order as [omim]> [TfO] > [emim] as exemplified

by the 1:1 mixture in Figure 3.8.

3.3.6 Re-orientation Dynamics

Orientational relaxation is quantified by orientational TCFs,Cl(t). Usually,Cl(t) is defined as

Cl(t) =
1
N

N
∑

i=1

〈ei(t) · ei(0)〉 (3.5)
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Figure 3.8: Survival probability of (a)[omim] (b)[emim] and (c)[TfO] in theinterfacial layer for
the 1:1 IL mixture.

whereei stands for an unit vector corresponding to thei-th species. In our present study, we have

decomposed the three dimensional rotation of an unit vector belonging to a species present in the

interfacial layer into three orthogonal components, i.e., on the xy-, yz- and zx- planes in the Carte-

sian coordinate system. We have computed three distinct TCFs (Cxy, Cyz andCzx) corresponding

to the rotation on three orthogonal planes along with the TCF (Cxyz) taking care of the rotation

in the three dimensional space. In calculating the TCFs, we have considered the species that are

in the interfacial layer att = 0. The computed TCFs are best fitted by the combination of two

stretched exponential decay functions [43]

Cl(t) = a1 exp(−(t/τ1)β1) + a2 exp(−(t/τ2)β2) (3.6)

whereτ1 andτ2 are the re-orientation time or relaxation time associated with two exponential

functions,a1 anda2 are the contributions from the individual terms andβs stand for stretched

exponents. The curves have been fitted up to 10 ns of elapsed time. The average re-orientation

time, 〈τr〉 can be expressed as the weighted average ofτ1 andτ2 (from equation 3.6) as follows:

〈τr〉 = a1τ1 + a2τ2 (3.7)

The fitted parameters forCxyz(t), Cxy(t), Cyz(t) andCzx(t) are provided as supporting information

(Tables S1, S2, S3 and S4. Electronic supplementary information).
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Table 3.5: Average reorientation time〈τr〉 for the ions obtained from the reorientational TCFs.

Ion System 〈τr〉 (ns) 〈τr〉 (ns) 〈τr〉 (ns) 〈τr〉 (ns)
Cxyz(t) Cxy(t) Cyz(t) Czx(t)

1:0 0.18 0.06 3.34 3.02
9:1 0.12 0.07 3.19 3.15
3:1 0.09 0.07 4.18 3.82

[omim] 1:1 0.10 0.06 11.95 11.80
1:3 0.03 0.02 15.55 13.19
1:9 0.05 0.03 60.33 71.98

9:1 0.04 0.03 0.04 0.06
3:1 0.03 0.03 0.05 0.06

[emim] 1:1 0.03 0.03 0.04 0.06
1:3 0.02 0.02 0.03 0.03
1:9 0.03 0.02 0.04 0.05
0:1 0.01 0.01 0.02 0.02

1:0 0.01 0.02 0.12 0.12
9:1 0.04 0.02 0.12 0.10
3:1 0.01 0.01 0.07 0.10

[TfO] 1:1 0.01 0.02 0.04 0.04
1:3 0.01 0.01 0.03 0.02
1:9 0.005 0.003 0.17 0.10
0:1 0.003 0.01 0.87 0.90

Figure 3.9 shows time evolution ofCxyz(t), Cxy(t), Cyz(t) andCzx(t) of different vectors for 1:1

IL mixture. The major contribution to the decay of the TCFsCxyz(t) andCxy(t) for octyl chain

vector of [omim] cation (Figure 3.9(a)) is from the rapid initial decay with a very short relaxation

time. Relatively slower decay with a longer relaxation time accounts for the remaining decay of

these TCFs. The slower re-orientation on the yz- and zx-planes can be attributed to the tendency of

the octyl chains to retain the parallel orientation with respect to the interface normal for a longer

time. However, rotation on the interface (xy-plane) does not hinder the retention of orientation

of the octyl chains with respect to the interface normal. As a result,Cxy(t) relaxes rapidly and

the total rotation is mainly governed by the rotation on the interface. We see thatall the four re-

orientation TCFs for ethyl chain of [emim] cation (Figure 3.9(b)) relaxes very rapidly with slightly

longer〈τr〉 associated with rotation on yz- and zx-planes. It is evident that the ethyl chain vectors
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Figure 3.9: Different re-orientation TCFs of (a)[omim] (b)[emim] and (c)[TfO] in the interfacial
layer for the 1:1 IL mixture.

undergo very rapid rotation in all directions. The TCFs for carbon – sulfur bond vectors of [TfO]

anions (Figure 3.9(c)) show similar behavior as the [omim] cations, except that the rotation of the

vectors on the planes orthogonal to the interface is less restricted compared to [omim] cations.

The re-orientational TCFs in other binary mixtures with different composition also exhibit similar

behavior.

Figure 3.10(a) shows the rotational relaxation (Czx(t)) of octyl chain of [omim] cation in sys-

tems of varying composition on the zx plane. We observe thatCzx(t) for [omim] cation in all the

systems is mainly characterized by a very slow relaxation. The average re-orientation time〈τr〉

for rotation of octyl chain on zx-plane increases with decrease in mole fraction of [omim] cations

in the systems studied (Table 3.5). There is a direct correlation between〈τr〉 and〈τs〉. [omim]

cations with longer residence time at the interface have a tendency to retain their orientation with

117



0 2 4 6 8 10
0

0.2

0.4

0.6

0.8

1

C
zx

(t
)

pure [omim]

9 : 1
3 : 1
1 : 1
1 : 3
1 : 9

0 2 4 6 8 10
t (ns)

0

0.2

0.4

0.6

0.8

1

C
zx

(t
)

[omim]
[emim]
[TfO]

(a)

(b)

Figure 3.10: Variation ofCzx(t) (a) for octyl chain of [omim] cation across the entire composition
range and (b) octyl chain of [omim] cation, ethyl chain of [emim] cation and carbon – sulfur bond
vector of [TfO] anion for the 1:1 IL mixture in the interfacial layer.

respect to the interface normal for a longer time and hence will have slowerre-orientation on a

plane orthogonal to the interface. Similar trend is observed inCyz(t) (Figure B.2, Appendix B).

〈τr〉 for ethyl vectors for the rotation on orthogonal planes with respect to theinterface remain

almost constant across the entire composition range (Figure B.3, AppendixB). 〈τr〉 for carbon –

sulfur bond vector also does not vary systematically or significantly for rotation on planes orthog-

onal to the interface. It is observed to remain almost constant across the entire composition range

(Figure B.4, Appendix B).

3.3.7 Dynamics of rotation

To investigate the dynamics of rotation, we have decomposed the rotation of anunit vector rep-

resenting an ion present in the interfacial layer into two components. One of the components

corresponds to the angular displacement with respect to the interface normal(z-axis) and the other

one corresponds to the rotation about the z-axis, i.e., on the interface (xy-plane). For this purpose,
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we have evaluated two distinct TCFs defined as

Cz(t) =
1
N

N
∑

i=1

〈cosθ(t) cosθ(0)〉 (3.8)

Cxy(t) =
1
N

N
∑

i=1

〈cosφ(t) cosφ(0)〉 (3.9)

where cosθ corresponds to the angle formed by the unit vectors associated with the octyl chain of

[omim] cation, ethyl chain of [emim] cation and carbon – sulfur bond vector of[TfO] anion with

the z-axis and cosφ corresponds to the angle formed by the projection of the aforementioned unit

vectors on the xy-plane with the x-axis. In calculating TCFs we have considered the ions that were

in the interfacial layer att = 0. Figure 3.11 shows theCz(t) andCxy(t) of different vectors for 1:1 IL

mixture. We see that bothCz(t) andCxy(t) for different ions (figure 3.11) exhibit a fast exponential
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Figure 3.11: Dynamical correlation function of (a)[omim] (b)[emim] and (c)[TfO] in the interfa-
cial layer for the 1:1 IL mixture.

decay followed by a very slow relaxation region.Cz(t) for octyl chain has decayed only∼50 at the

end of 10 ns which suggest that [omim] cation present in the interfacial layer prefer to retain the

orientation of the octyl chain with respect to the interface normal for a long time. The dynamics

of rotation of the carbon – sulfur bond vector of [TfO] anion with respect to the z-axis (Cz(t)) is

faster than that observed for octyl chain andCz(t) decays to zero even faster for the ethyl chains.

The trend inCz(t) for different molecular vectors in 1:1 IL mixture correlates with the average

survival time of that molecular species in the interfacial layer as shown in table 3.4, i.e., larger the
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survival probability, the longer will be the time required for orientational relaxation with respect

to the interface normal. However, the TCFs for the rotation of the projection vectors of the octyl

chain, ethyl chain and carbon – sulfur bond on the xy-plane vanishes very rapidly which suggest

that these vectors can rotate freely on the interface.Cz(t) for [emim] cation is only marginally

higher thanCxy(t) suggesting that [emim] cations can undergo both in-plane (on the xy-plane)

and out-of-plane (perpendicular to the xy-plane) rotation quite easily. Observing the variation in

Cz(t) and inCxy(t) among the different vectors, we propose that out-of-plane rotation, i.e., rotation

perpendicular to the interface, facilitates the movement of ions in and out of the interfacial layer

and governs the survival probability of the ions at the interface.

Figure 3.12 shows the dynamical TCFs of octyl, ethyl and carbon – sulfurbond vectors with

respect to the interface normal for binary IL mixtures of varying composition. The initial fast de-
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Figure 3.12:Cz(t) for (a)[omim] (b)[emim] and (c)[TfO] in the interfacial layer for the systems of
varying composition.
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cay ofCz(t) for [omim] ions in Figure 3.12(a) can be attributed to very small but rapid oscillation of

octyl chain with respect to the z-axis, which is followed by a slower relaxation region responsible

for inversion of the octyl chain from the side of vapor phase to the side ofliquid phase with respect

to the interface or vice versa. The rate of decay ofCz(t) decreases with decrease in mole fraction

of [omim] cation in the mixture. As the number of [omim] cations in the system decreases, there

is less competition among them to occupy the interface and hence the cation staysfor a longer

time in the interface and thus retains its orientation with respect to the z-axis for alonger time. We

have also observed that the rate of fall ofCz(t) becomes slightly slower for [emim] and [TfO] with

decrease in number of [omim] ions in the systems studied.

Figure 3.13 presents the TCFs,Cxy(t) for the rotational motion on the xy plane of the octyl

chain, ethyl chain and carbon – sulfur bond vector about the interfacenormal. We observe a
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the systems of varying composition.
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very rapid decay in correlation for all the ions across the entire compositionrange. Nevertheless,

the rate of initial rapid fall ofCxy(t) for [omim] cation decreases with increase in the number of

[omim] ions in the system as shown in Figure 3.13(a). With increase in number of[omim] cations

in the system, the [omim] ions present in the interfacial layer will experience greater van der

Waals interaction with other [omim] ions. Besides, the void space available around an octyl chain

will also decrease due greater crowding of [omim] ions in the interfacial layer. These two effects

restrict the rotational motion of the octyl chain vectors about the z-axis. TheCxy(t) for ethyl chain

and carbon – sulfur bond vector shows similar relaxation irrespective ofthe composition of the

mixture.

3.3.8 Interface organization

The orientational profile of octyl chain of [omim] cation, ethyl chain of [emim] cation and carbon

– sulfur bond vector of [TfO] anion with respect to the interface normal in1:1 IL mixture along

the interface normal from the center of the simulation cell is shown by bivariate distribution of

probability of the Legendre polynomial of first kind (defined asP1(cosθ)=cosθ) and distance

from the center of the simulation cell along the interface normal in Figure 3.14.We see that the

probability of the octyl chain, ethyl chain and carbon – sulfur bond vector to be oriented parallel to

the interface normal increases as we move from the center of the box to the liquid – vapor interface.

We also observe that orientational selectivity of octyl chains with respectto the interface normal

is more pronounced than ethyl chains and carbon – sulfur bond vectors. Figure 3.15 shows the

bivariate distribution of probability ofP1(cosθ) for NN vectors belonging to [omim] cations and

[emim] cations and distance from the center of the simulation cell along the interface normal. We

find that the NN vectors belonging to [omim] cations show greater orientationalselectivity to be

aligned parallel to the interface normal from the box center towards the liquid– vapor interface

compared to the NN vectors belonging to [emim] cations. This orientational profile is common in

all the systems studied (not shown here). These observations suggeststhat the octyl chain, ethyl

chain, carbon – sulfur bond vector and the NN vectors belonging to [omim] cations present at the

liquid – vapor interface tend to point towards the vapor phase.
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Figure 3.14: Bivariate distribution of probability ofP1(cosθ) and distance along the interface
normal for (a) octyl chain of [omim] cation (b) ethyl chain of [emim] cation and(c) carbon –
sulfur bond vector of [TfO] anion in 1:1 IL mixture.

3.4. Conclusion Atomistic MD simulations have been carried out on binary IL mixtures con-

taining [omim][TfO] and [emim][TfO] of varying composition. We have found

an increase in the ratio of number density of the terminal carbon atom of the octyl chain belonging

to the [omim] cation at the liquid – vapor interface to its bulk number density with decrease in

the mole fraction of [omim] cations. This enhancement in the ratio of the number density at the

liquid – vapor interface as calculated from the ITIM method is more compared tothat determined

from the global definition of the interface. A very weak layering of [emim] and [TfO] ions at the

liquid – vapor interface is observed in all the systems, using the global definition of the interface.
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Figure 3.15: Bivariate distribution of probability betweenP1(cosθ) and distance along the inter-
face normal for (a) NN vector of [omim] cation and (b) NN vector of [emim] cation in 1:1 IL
mixture.

However, the ITIM method shows that there is a considerable enhancement in the number den-

sity of these ions at the interface compared to the bulk region in pure [emim][TfO] system. The

surface roughness of the IL mixtures is determined using the ITIM method. The variation of the

vertical separation of two surface points,〈d〉, with their lateral separation,l, shows that the surface

becomes smoother with increase in the mole fraction of [emim] cations. Surface tensionγ of the

systems is found to decrease with the increase in the surface fraction of thelonger chain [omim]

cation in the liquid – vapor interfacial layer. With the decrease in the mole fraction of [omim]

cations, the surface fraction of the [omim] cations at the interface is found todecrease whereas

that of the [emim] cations increases. The bivariate distribution of probability of the P1(cosθ) and

distance from the center of the simulation cell along the interface normal shows that the probabil-

ity of the octyl chains and NN vectors of the [omim] cations to be oriented parallel to the interface

normal increases towards the liquid – vapor interface. The probability forthe [omim] cations to be

found in the interfacial layer at timet0 andt0 + t shows a gradual increase in the average survival
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time 〈τs〉 with decrease in the mole fraction of [omim] cations in binary IL mixtures. The average

survival time of [emim] cations in the interfacial layer also increase with decrease in mole fraction

of [omim] cations. In all the IL mixtures studied, it was found that the survival probability is high-

est for the [omim] cations and least for the [emim] cations. The average re-orientation time,〈τr〉

for rotation of the projection vectors of the octyl chains of [omim] cations on the planes orthogonal

(yz- and xz-planes) to the interface (xy-plane) increases with decrease in mole fraction of [omim]

cations. The orientational correlation diminishes very rapidly for the rotationof the projection

vectors on the interface which suggests that the octyl chains prefer to retain their orientation with

respect to the interface normal for a longer time. A direct correlation is observed between〈τr〉

and〈τs〉. Analysis of the dynamics of rotation and the relation between the average survival time

and the rotational relaxation time suggests that the movement of ions in and out of the interface is

facilitated by the out of plane rotation of ions about the interface.
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Chapter B

Appendix B

Figure B.1: Bivariate distribution of probability of the lateral distancel and the normal distanced
of two surface points for (a) pure [omim][TfO] (b) 3:1 (c) 1:3 and (d) pure [emim][TfO] systems.
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Chapter 4

Effect of Cation Asymmetry on the Aggregation in Aqueous

1-Alkyl-3-Decylimidazolium Bromide Solutions: Molecular Dynamics
Studies

Abstract:

Self assembly of cations in aqueous solutions of 1-alkyl-3-decylimidazolium bromide (with four

different alkyl chains, methyl, butyl, heptyl and decyl chain) have been studied using atomistic

molecular dynamics simulations. Polydisperse aggregates of cations are formed in the solution

with alkyl tails in the core and the polar head groups present at the surface of the aggregates. The

shape of the aggregates is dictated by the length of the alkyl chain. Aggregation numbers increase

steadily with the increasing alkyl chain length. The greater asymmetry in the two substituent chain

length leads to a different surface structure compared to the cations with alkyl chains of similar

length.

133



4.1. Introduction Room temperature ionic liquids (RTILs) have received considerable attention

of researchers due to their interesting properties [1, 2] and potential applica-

tions [3, 4] in various fields including synthesis, catalysis and electrochemistry. Structure and

dynamics of RTILs have been probed extensively using experimental [5, 6, 7] and computational

methods [8, 9, 10, 11, 12]. Liquid-vacuum interface of RTILs has alsobeen studied using polar-

izable and non-polarizable force fields [13]. Binary mixture of ionic liquids(ILs) with CO2 and

water have also been studied [14, 15, 16, 17, 18].

Imidazolium based ILs form a very interesting class due to their specific physicochemical

properties [1, 19, 20]. When a hydrocarbon tail, hexyl or longer, is attached to the imidazolium

ring, the cations behave as amphiphiles. Due to this structural feature they act as surfactants [21,

22]. Water miscible imidazolium ILs have been studied extensively in their aqueous solutions [23,

24]. These studies are focused on the structure of the aggregates andthe properties of the solution

above critical aggregation concentration (CAC). It has been found that ILs form aggregates at

a lower concentration compared to alkyltrimethylammonium bromide containing similar alkyl

chains [25].

Surface active behavior of long chain imidazolium ILs have been studied [21] using surface

tension, conductivity and small angle neutron scattering (SANS). The association of ions at higher

concentration has been reported for [C10mim][Br] using potentiometric and conductometric meth-

ods [26]. Studies focused on the size and shape of the micelles have also been carried out on long

chain imidazolium bromide solutions [27, 25] It is known that ILs with very short alkyl tails (ethyl

to butyl) form isotropic solutions on mixing with water whereas those with hexyl or longer chains

form aggregates [28, 10]. With increase in the chain length, the aggregates are formed at lower

concentration and systems with decyl and longer chains exhibit aggregation at very low concen-

tration. The ability of these compounds to self assemble can be used in the extraction of products

from systems containing ILs. The aqueous solution of ILs with single alkyl chain is well studied

using experimental [21, 29, 30, 31, 32] and theoretical methods [28, 33, 34, 35].

The presence of second alkyl chain on the imidazolium ring may alter the structure of the

134



aggregates and aggregation numbers. Recently, double tailed imidazolium based ionic liquids have

been reported to show interesting aggregation properties in their aqueoussolution [36]. Based

on experimental data, it is predicted that the cations in aqueous solution of dioctylimidazolium

bromide form aggregates with hydrophobic core and hydrophilic surface consisting of cation rings

in a staggered parallel orientation. In the present study we are investigating atomic level details

of the bulk and vapor-liquid interface of aqueous solutions of dialkylimidazolium bromide. We

have carried out atomistic molecular dynamics (MD) simulations on 1-alkyl,3-decylimidazolium

bromide solutions with the alkyl chain ranging from methyl to decyl. We have also investigated

the effect of asymmetry of the cations on the structure of the aggregates formed in the solution.

4.2. Methodology and

simulation details

Aqueous solutions of a series of 1-alkyl,3-decylimidazolium bromide

ILs have been studied using classical MD simulations. The simulations

were performed using the LAMMPS [37] software with an all atom

force field model developed by Pádua and co-workers [38, 39]. Theforce field parameters for

water molecules were adapted from the simple point charge (SPC) model [40]. All the systems

studied contained the imidazolium head group with two alkyl chains attached to each of the ni-

trogen atoms. One of the chains was decyl in all the cases, whereas the other chain was varied

to have four different systems with methyl, butyl, heptyl and decyl chains. Table 4.1 presents the

details of the systems that have been investigated.

The positions of the atoms were stored every 5 ps which were used for analyses. Initial con-

figurations were prepared by replicating the coordinates of a single ion pair along the three dimen-

sions, which were then combined with a water box with random orientation of water molecules

at the experimental density. The water molecules that were within 2.5Å from any of the atoms

of the cation or anion were removed. Isothermal-isobaric ensemble simulations(constant NPT)

were performed at 1 atmosphere and 300 K for a period of 2 ns. Volume averaged over the last

1 ns was used to perform canonical ensemble simulations (constant NVT) at 300 K. Vapor-liquid

interfaces of the solutions were simulated by extending the box along the z-direction. Initial

configurations for these simulations were prepared by taking the final configuration from the re-
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Table 4.1: Details of simulations of aqueous [CnC10Im][Br] solutions, where n is the length of
alkyl chain substituent.

n No. of No. of No. of Run length Box length Conc. of
ion-pairs water atoms (ns) (Å) IL (M)

10 100 14390 50270 25.0 79.965 0.3247
7 100 12590 43970 25.0 76.491 0.3710
4 100 13373 45419 25.0 77.440 0.3575
1 100 10492 35876 25.0 71.516 0.4539
10 1 1889 5738 25.0 38.892 0.0282
1 100 0 4400 25.0 40.000 –

spective isothermal-isobaric ensemble simulations and extending the box alongthe z-direction to

120.0Å. Three dimensional periodic boundary conditions were used, simulating the thin liquid

film of aqueous IL solutions separated by vacuum. To study the vapor-liquid interface of dilute

solution, the box along z-direction was extended to 80.0Å.

Radial distribution functions have been calculated with a fine binwidth of 0.1Å.In the fig-

ures, a short hand notation is used to mention a system. For example, C1-C10 is used instead of

[C1C10Im][Br] solution.

4.3. Results and discussion

4.3.1 Intramolecular structure

Distribution of the angle between the two alkyl chains attached to the nitrogen atoms of the im-

idazolium ring is shown in figure 4.1. The angle reported in the figure is the angle between the

vectors connecting the nitrogen atom and the terminal carbon atom of the alkyl chain attached to

it. It is interesting to note that in case of [C1C10Im][Br] solution, the alkyl chains are preferred

to be oriented along opposite direction (making 180◦ with each other). While in [C4C10Im][Br]

solution the alkyl chains show a very small preference to be oriented eitherin same or opposite

direction, in [C7C10Im][Br] and [C10C10Im][Br] solutions a very high preference is seen for the

chains to be aligned parallel to each other in the same direction (making an angleof 0◦) and neg-

ligible preference to be aligned in opposite direction. The reasons for such preferences will be

discussed in the later section.
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Figure 4.1: Distribution of angle between the two alkyl chains attached to the head group.

4.3.2 Hydrogen bonding

In aqueous solutions of ILs, the dominant interaction between the cations and the anions will be

of coulombic nature. Nevertheless, the hydrogen bonding interactions play a significant role in

determining the structure of ILs and their solutions. Hydrogen bonds are usually defined by either

energetic criteria or geometric criteria. In this study we are using the geometriccriteria [44], i.e.,

the hydrogen atom and acceptor are within a certain distance of each otherand the angle made

by the donor, hydrogen atom and the acceptor are within a certain range.For strong hydrogen

bond, the distance cutoff is taken to be 2.2Å, whereas the range for the angle is taken to be 130◦

to 180◦. For weak H-bonds the range of distance is taken to be 2.2 to 3.0Å, and the range of

angle is between 90◦ and 180◦. 1. The results presented here are averaged over the last 5 ns of the

trajectory unless mentioned otherwise.

It was observed that around 4-5% of cations in the system are H-bonded to anionsvia the

ring hydrogen atoms and the hydrogen atoms attached to the first carbon atom of the alkyl chain.

In case of [C1C10Im][Br], [C 4C10Im][Br] and [C7C10Im][Br] solutions 5.2%, 3.9% and 3.9% of

cations respectively, are bound to anions. The preference for hydrogen bonding between anion

and cationsvia ring hydrogen atoms decreases gradually as the length of the chain increases from

1H-bonds are classified as weak if the distance is less than 2.2Å and the angle is between 90◦ and 130◦

137



methyl to heptyl. However, in [C10C10Im][Br] solution the percentage of cations bound to anion

through H-bonds increases to 4.6%, while those formedvia ring hydrogen atoms is 2.5%. The

reason for this increase is the formation of more ordered aggregates in [C10C10Im][Br] solution

with symmetric cation. It was also observed that the percentage of cations H-bonded to anions

increases slightly during the course of simulation. The fraction of cations H-bonded with anions

at the initial stages of simulations (with cations randomly dispersed in aqueous solution) is around

0.4 to 0.7% lower compared to the final numbers presented above. (The results for the initial stages

are averaged over first 1 ns of trajectory). The numbers can be compared with those in pure ionic

liquid, [C1C10Im][Br] where, at room temperature one in three cations are hydrogen bonded with

anions and 20% of these are strong H-bonds. Strong hydrogen bondsbetween anion and cation

were not observed in the aqueous solution.

Cations also form H-bonds with water molecules. On average each cation forms weak H-bond

with about 8 to 10 water molecules. While the ring hydrogen atoms are involved in3 to 4 H-

bonds, the hydrogen atoms on the first carbon of the chain are involved in5 to 6 H-bonds in each

cation. The [C1C10Im] cation forms 10 H-bonds with water, where as the other systems studied

form about 8 weak H-bonds per cation. In imidazolium cations, the positivecharge is distributed

in the ring and methyl/methylene groups attached to the ring [38]. The exposure of this methyl

group (attached to ring) to water, in [C1C10Im][Br] solution is the reason for the marginal increase

in the average number of H-bonds per cation compared to other solutions studied.

Bromide anions in all the systems are found to form on an average 7 H-bonds with water out

of which 30% may be classified as strong H-bonds. The H-bonding propensity for the anions with

water is similar across all the systems studied.

In summary, the aqueous solutions of ILs with two alkyl chains show the presence of extended

hydrogen bonding network between cations, anions and water. In cations, the most preferred

donor are the ring carbon atoms. The anions are more strongly bound to cations in the aggregates

compared to a cation randomly dispersed in the solution (which did not show any H-bonds in our

studies).
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4.3.3 Radial distribution function

The organization of molecules can be determined using radial distribution function (RDF). The

RDFs provide insights into the molecular structure, despite the fact that the angular information

is lost. The RDF for the terminal carbon atoms of the shorter chain around themselves is shown

in figure 4.2a. It can be noticed from the figure that the peak corresponding to the tail group in

[C10C10Im][Br] solution is very prominent, and the intensity of the peak decreases as the length of

the differing alkyl chain decreases. In [C1C10Im][Br] solution there is no peak in the region where

the others show a maximum. The RDFs for the alkyl tails in [C4C10Im][Br], [C 7C10Im][Br] and

[C10C10Im][Br] solutions show the first maxima at 4.2Å and the first minima around 7Å. While the

tail-tail RDFs in [C7C10Im][Br] and [C10C10Im][Br] solutions show a noticeable second maxima

around 8.6Å, it is not so in case of [C4C10Im][Br] solution. The terminal carbon atom of the

methyl chain does not show any organization around similar carbon atoms ofother molecules.

Radial distribution of the geometric center of the head groups around themselves for various

systems studied is shown in figure 4.2b. The RDFs show first maxima at 9.3, 9.3, 10.0 and 10.0Å

respectively for the [C1C10Im][Br], [C 4C10Im][Br], [C 7C10Im][Br] and [C10C10Im][Br] solutions.

It is evident from observing the amplitude of the peaks in the figure, that thehead groups are more

organized around themselves in [C10C10Im][Br] solution and the organization decreases as the

length of the second chain decreases. The first minima are present around 15Å in systems with

chains longer than butyl but is not noticeable for the system with methyl chain. The first minima

in the former three systems is followed by a very broad second maxima. The organization of the

head groups can be attributed to the well defined structure in the case of symmetric [C10C10Im][Br]

solution.

4.3.4 Spatial distribution

RDFs do not describe the three dimensional distribution of an atom or grouparound another. In

order to gain insights into the distribution of anions and water around the cationin three dimen-

sional space, spatial distribution functions (SDF) can be used. The spatial distribution of water

and anions around cations in aqueous solution and anions around cationsin pure IL are shown in
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Figure 4.2: Radial distribution functions of (a) terminal carbon atoms of shorter alkyl chain around
themselves (b) geometric centers of imidazolium rings around themselves.

figure 4.3. The isodensity surface shown corresponds to 5 times the average density for anions in

solution and 10 times the average density for the anions in pure IL. In case of water the isosurface

corresponds to 2.5 times the average density. It is evident from the figurethat the anions in the pure

liquid are predominantly located near the ring hydrogen atoms and the highestdensity is present

in the vicinity of the unique hydrogen atom of the ring (attached to the carbon atom between the

two nitrogen atoms). The anions are also likely to be present near the methyl group. However,

in aqueous solution it was observed that there were no regions where thedensity is 10 times the

average density. A very small region near ring hydrogens exhibited 5 timesthe average density.

In solution, we can notice that the water partially replaces the anion to interactwith ring hydrogen

atoms which is evident from the spatial density at 2.5 times the average density of water. This will

also corroborate the breakage of anion-cation hydrogen bonds in the solution to form cation-water

H-bonds.
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Figure 4.3: (a) Spatial density of anions and water molecules around cations in [C1C10Im][Br]
solution and anions around cations in pure IL [C1C10Im][Br]. Density of anions in pure IL is
shown in Yellow, red represents the density of anions in solution and cyan represents density of
water. Hydrogen atoms present on the decyl chain are not shown. (b)Another view of the same
figure. Water density is shown in transparent cyan.

4.3.5 Diffusion of ions

The self diffusion coefficients of the cations in solution are computed from the slope of mean

squared displacements. Even though the model used in this study is known to underestimate the

diffusion of ions, the computed self diffusion coefficients can be used to compare the diffusion in

different systems with varying alkyl chains. It is known that the diffusion in pure ionic liquids is

very low [45]. It is also known from experiments that the self-diffusion coefficients of the ions

in ionic liquids increase upon addition of water [46]. Increase in the mole fraction of water is

known to increase the diffusion coefficients of ions [28]. This increase in diffusion due to the

electrostatic screening of the charges of IL molecules by water is also observed in our current
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Figure 4.4: Self-diffusion coefficients of cations in alkyldecylimidazolium bromide solutions.

study which shows order of magnitude higher diffusion in case of aqueous solutions of ILs. We

can also see that the diffusion co-efficients decrease (figure 4.4) by 70% going from [C1C10Im]

to [C10C10Im] even though the increase in the mass contribute to about 25% decrease inthe self

diffusion coefficients only. The rapid decrease in the diffusion can be attributed to the aggregation

of the cations which in turn increases the apparent mass of the cations, since they are now part of

the aggregate. Anions are more mobile in the solution compared to cations but theassociation of

anions with the aggregates is also evident from the fact that despite being the same, the bromide

anion shows decreasing diffusion when present in systems with longer alkyl chains.

4.3.6 Formation of aggregates

The MD simulations were started from uniform distribution of cations in the aqueous solution

with the bromide anion placed near the head group. During the course of simulation, we observed

that cations grouped together to form oligomers. With time, monomers were absorbed into the

oligomers increasing their size. In the beginning small oligomers fused to formbigger ones. But

as the size of the oligomer increased, they took a more organized structure,with the hydrophobic

alkyl chains at the core and the polar head groups at the surface of these oligomeric aggregates.

Once the quasispherical aggregates with charged head groups at the surface are formed, the fusion
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of aggregates becomes difficult as there will be repulsion between the charged layers of the two

aggregates. Anions though likely to be present near the head group were found to be present

through out the solution.

Snapshots of different systems after 25 ns are shown in figure 4.5. The atoms belonging

to the head groups are shown in yellow color whereas the atoms belonging to the alkyl tail are

shown as magenta beads. We can notice that in [C1C10Im][Br] solution, the cations form quasi-

spherical aggregates but are not having well defined structure. As the length of the second alkyl

chain increases the aggregates become more spherical in structure. Theincrease in the size of the

aggregates with increase in the alkyl chain length can also be noticed.

Figure 4.5: Snapshot of the aqueous solution after 25 ns simulation. (a)[C1C10Im][Br] (b)
[C4C10Im][Br] (c) [C7C10Im][Br] (d) [C10C10Im][Br]. Hydrophilic region of head group is shown
in yellow whereas atoms belonging to hydrophobic alkyl chains are shown inmagenta. Anions,
water molecules and hydrogen atoms on the cations are not shown for the ease of visualization.

4.3.7 Aggregation number

The polydispersity of the aggregates is evident from figure 4.5. If the terminal carbon atoms of

either of the alkyl chains (except for methyl chain) are present within a distance of 12.0Å then the

two cations are considered to belong to the same aggregate. With this definition,the distribution
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of fraction of cations involved in forming an aggregate of a given size is shown in figure 4.6.

The data presented are the average over the last 5 ns of the trajectory. In case of [C1C10Im][Br]

solution, most of the cations are involved in the formation of aggregates of size between 10 to

18. This number can be compared with experimentally determined aggregation number of 27

based on monodisperse aggregate model using NMR [47] and the computational reports of most

probable aggregation number of 16 [48]. As the length of the alkyl chain increases we can notice

that the most probable aggregation number also increases. In [C4C10Im][Br] and [C7C10Im][Br]

solutions, the most probable aggregation number is 19 and 25 respectively. The spread in the

aggregation number is between 14 to 23 in [C4C10Im][Br] solution whereas in [C7C10Im][Br]

solution we can see that there are aggregates of 15, 18 and 25 cations. In [C10C10Im][Br] solution

aggregates of size 22, 30 and 48 are formed. The number of monomers present in the solution

also decreases with the increase in the length of the second alkyl chain. Itwas noticed that the

aggregates were dynamic, i.e., monomers were getting absorbed into the aggregates as well as

leaving the aggregates to become free monomers during the course of the simulation.
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Figure 4.6: Fraction of cations involved in the formation of aggregates of size N
in (a) [C1C10Im][Br] solution (b) [C4C10Im][Br] solution (c) [C7C10Im][Br] solution (d)
[C10C10Im][Br] solution.

The aggregation number of 27 for [C1C10Im][Br] solution arrived from NMR data has been
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obtained using a model which assumes equilibrium between the monomers and monodisperse

aggregates just above the critical micelle concentration (CMC). It is also reported [27] that the

aggregation number increases with the concentration of the surfactant and was found to saturate at

47 at a concentration of 0.6M. Our [C1C10Im][Br] solution is of concentration 0.45 M and should

exhibit aggregation number of 45. Even though the initial formation of aggregates is quick, due to

the charged surfaces of aggregates, growth of the aggregates by fusion has substantial activation

barrier and hence requires longer times. Nevertheless, the initial formationof aggregates shows a

definite trend of increasing number of aggregates with the increase in the length of the second alkyl

chain. This is also observed experimentally in ILs with single alkyl chain substituent [27, 25].

4.3.8 Structure of aggregates

The structure of the aggregates in [C1C10Im][Br] and [C10C10Im][Br] solutions are shown in fig-

ure 4.7. In the figure, only the heavy atoms belonging to the cations are shown. Hydrogen atoms

on cations, anions and water are not shown for the ease of visualization.The polar head group is

shown in yellow whereas the carbon atoms belonging to the alkyl chains are shown in magenta.

Figure 4.7a depicts the structure of a single aggregate in [C1C10Im][Br] solution. We can notice

that the aggregate is quasi-spherical in shape, with the hydrophobic alkyl chains buried inside, so

as to minimize their unfavorable interactions with water and to maximize the dispersioninterac-

tions with each other. The polar head groups are at the surface of the aggregate so as to maximize

the favorable interaction with water. We can also notice that most of the head groups are oriented

in such a way that the ring normal is tangential to the spherical surface.

The aggregate formed in [C10C10Im][Br] solution (figure 4.7b) is also of similar structure,

with the hydrophobic core and hydrophilic surface, but the difference lies in the orientation of

the imidazolium rings at the surface of the aggregate. Unlike in [C1C10Im][Br] solution, the

imidazolium ring plane is more likely to be oriented tangential to the spherical surface, i.e., the

ring normal is directed radially outwards. In addition, the aggregate is bigger in size and also

more spherical compared to that in [C1C10Im][Br] solution. The aggregates in [C7C10Im][Br]

solution also exhibit similar behavior as those in [C10C10Im][Br] solution. The distribution of
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Figure 4.7: Structure of an aggregate in (a) [C1C10Im][Br] solution (b) [C10C10Im][Br] solution.
Atoms belonging to head groups are shown in yellow, those belonging to alkylchains are repre-
sented as magenta beads. Anions, water molecules and hydrogen atoms belonging to cations are
not shown for the ease of visualization.

angle between the two imidazolium rings belonging to an aggregate that are within8.0Å of each

other (Figure C.1, Appendix C) shows that the rings are more probable to be parallel to each other

consistent with the experimental report on 1,3-dioctylimidazolium bromide solution [36].

The extent of penetration of water into the aggregates is studied using hydration index, which

is defined as the ratio of average number of water molecules in the first solvation shell of the

carbon atom of the chain, in the aggregate to that which is completely exposedto water. Figure 4.8

shows the hydration index for the decyl chain in [C10C10Im][Br] solution. We can note that water

penetration gradually decreases as we move towards the core of the aggregate. It drops from 0.76

for the first carbon atom of the decyl chain to around 0.1 at the terminal carbon atom. Visualization

of the trajectory also confirms the penetration of water until the second carbon atom of the chain.

Ideally, the hydration index should be zero for the atoms at the free end ofthe alkyl chain. But
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since we are also accounting for the monomers and small oligomers, the deviation is seen. The
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Figure 4.8: Hydration index for various carbon atoms on the decyl chain in[C10C10Im][Br] solu-
tion.

mean radii of the aggregates and the hydrophobic core have been calculated for all the systems.

In order to calculate the radius of the hydrophobic core, the center of theaggregate was defined

as the geometric center of all the terminal carbon atoms of the alkyl chains forming the aggregate.

Then, for each of the cations in the aggregate, the distance between the center of that aggregate

and the second carbon atom from the fixed end of the alkyl chain was computed. This distance was

averaged over all the cations of the aggregate to get the hydrophobic core radius of that aggregate.

The mean hydrophobic core radius was obtained by averaging over all the aggregates and also

over time.

Similarly the radius of the aggregate was calculated by using the distance between the center

of the aggregate and the geometric center of the imidazolium ring, and averaging over all the

aggregates. Properties characterizing the size and shape of the aggregates are tabulated in table 4.2.

From the table, it is evident that the aggregation number increases with the length of the alkyl

chain. The mean radii of the aggregate and the hydrophobic core also show similar trend.
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Table 4.2: Details of the properties of aggregates in [CnC10Im][Br] solution

cation mode aggregation mean radius of mean radius of
number the aggregate hydrophobic core

[C1C10Im] 14 12.89 8.88
[C4C10Im] 19 12.96 9.38
[C7C10Im] 25 13.39 10.42
[C10C10Im] 30 16.70 13.96

4.3.9 Number density

The number density profiles of the head group, tail group, anion and water in the [C10C10Im][Br]

solution are shown in figure 4.9. In the figure, the head group represents the geometric center of

the imidazolium ring and the tail group represents the terminal carbon atom of the decyl chain.

Since the number of water molecules in the solution is different than that of cations and anions,

the water number density is scaled accordingly to match the bulk number density of the cations.

From the figure, we can notice that the number density profile of the tail group show a tall peak
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Figure 4.9: Number density profiles of head and tail group of cations, anion and water along
interface normal (z-axis) in [C10C10Im][Br] solution.

at the interface. At 30Å from the center of the box the number density of tailgroup is almost

zero. The density profile for head group also shows similar behavior except that the head groups

are present well within the bulk region. Alkyl tails are protruding out of theinterface whereas the
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imidazolium rings are dispersed in the solution. The peaks of the head and tailnumber densities

are separated by 7Å. At the interface, the number density of tail group is 6times higher than the

average number density of the cations. The anion number density profile also exhibits peak closer

to that of head group suggesting a partial association of anions with the head groups. The number

densities of anions and cations varies in the bulk region, due to the formation of aggregates. In

dilute [C10C10Im][Br] solution, the cation number density profile shows the tail protruding out

of the interface with imidazolium ring below the interface, and the anion mobile through out the

solution. Alkyl tails protruding out of the interface has also been observed in pure IL liquid-

vaccum interface using atomistic and coarse grained MD studies [13, 49].

The mass density profile (Figure C.2, Appendix C) shows 4% increase in themass density at

the interface compared to the average value in the bulk region. The maximum value in the mass

density profile occurs at around 30Å from the center of mass of the system along the z-axis. The

mass density drops to 50% of its maximum value around 39Å in [C10C10Im][Br] solution and

35 to 38Å in other systems. The region where the mass density is 50% of its maximumvalue

is also near the region where the tail number density is highest. For the analysis of structure and

orientation at the surface, we define the interface as the region that encloses the first peak in the tail

number density profile. For example, in case of [C10C10Im][Br] solution, the interface is defined

as the region between 30Å and 50Å from the center of mass of the system along z-axis on either

side.

4.3.10 Organization at the interface

In the following section, those cations for which the z-coordinate of the terminal carbon atom of

either of the alkyl chains (except the methyl group) is present beyond acertain cutoff on either

side of the z-axis are considered to be present in the interface. In otherwords the cations at

the interface are those that are contributing to the peak in the tail number density profile near the

interface. The distributions of angle between the alkyl chains (vector connecting the nitrogen atom

and the terminal carbon atom of the chain linked to it) of same cation were foundto be similar to

those in bulk for all the systems studied. In addition, the distribution of angle between the alkyl
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tails of different molecules present at the interface also showed preference to beoriented either

parallel or antiparallel to each other.

The distribution of angle between, the alkyl chain (vector connecting the nitrogen atom and

the terminal carbon atom connected to it) and the surface normal (positive and negative z-axis)

is shown in figure 4.10a. Notice that the alkyl chains are more likely to be oriented parallel to
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Figure 4.10: Distribution of (a) angle between the alkyl chains and the interface normal (z-axis)
(b) angle between the vector connecting the two nitrogen atoms and the interface normal.

the surface normal, i.e., they prefer to be oriented perpendicular to the surface. In [C1C10Im][Br]

solution, the decyl tail is more probable to be tilted making an angle of 30 to 45◦ with the interface.

In other systems, parallel orientation of chains along surface normal is most probable. Also note

that in [C4C10Im][Br] solution, cations show relatively more probability to be oriented antiparallel

to the surface normal. This is due to the fact that the length of the butyl chain issmaller compared

to heptyl and decyl chains and hence it does not behave like long linear alkyl chains.

The distribution of the angle between, the vector connecting the two nitrogen atoms (NN

vector) and the interface normal for various systems studied is shown in figure 4.10b. While
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cations in [C1C10Im][Br] solution show preference for their NN vectors to be aligned parallel to

the interface normal, the NN vector of the cations in all the other systems are more probable to

be present perpendicular to the interface normal. It was observed (Figure C.3, Appendix C) that

the imidazolium rings are more likely to be oriented parallel to the surface in [C4C10Im][Br],

[C7C10Im][Br] and [C10C10Im][Br] solutions.

From these observations, it is evident that in [C1C10Im][Br] solution, the most probable align-

ment of the cation is such that the decyl chain is protruding away from the interface where as the

methyl chain is pointing towards the bulk region. In case of [C4C10Im][Br], [C 7C10Im][Br] and

[C10C10Im][Br] solutions, both the alkyl chains are likely to be aligned parallel to the interface

normal with the imidazolium ring parallel to the interface.

Snapshots of [C1C10Im][Br] and [C10C10Im][Br] solutions are shown in figure 4.11. We can

observe that the tails are protruding out of the interface in both the solutions. While the ring

plane in [C1C10Im][Br] solution is perpendicular to the interface, in [C10C10Im][Br] solution, the

imidazolium ring is more likely to be oriented parallel to the interface. In the bulk region of the

solution, we can notice the aggregates, which are similar to those observed inbulk solution.

Figure 4.11: Snapshot of vapor-liquid interface of (a)[C1C10Im][Br] solution and (b)
[C10C10Im][Br] solution at the end of 25 ns simulation. The head groups of cations are shown
as density in yellow, tail groups as density in magenta and water density is shown in transparent
cyan.
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4.4. Conclusions Atomistic MD simulations have been carried out on a series of aqueous solu-

tions of 1-alkyl-3-decylimidazolium bromide ILs at room temperature, with

the alkyl chain ranging from methyl to decyl. Starting from uniform configuration of ILs in the

solution, spontaneous aggregation of cations to form quasi-spherical or spherical polydisperse ag-

gregates, depending on the length of the alkyl chain, is observed. The aggregates are formed

with alkyl tails at the core, interacting favorably through van der Waals interactions while shield-

ing themselves from the unfavorable interactions with water, and the polar head groups at the

surface exposed to water. Aggregation number and the size of the aggregates increases with the

increase in the length of the alkyl chain. The shape of the aggregate is morespherical in case of

[C10C10Im][Br] solution due to the presence of two similar chains.

Spatial distribution functions reveal that the anions are no longer stronglyassociated with

cations unlike in pure ILs. In aqueous solution, water molecules compete to form hydrogen bonds

with the cation replacing the anions from their preferred position. Weak association of anions with

cationic head groups is evident from the fact that the diffusion of anions decreases with increase

in the length of the alkyl chain despite the fact that the anions are same in all thesystems. Water

is found to penetrate up to a certain distance inside the aggregate. The aggregation number, radius

of the hydrophobic core of the aggregates and the radius of the aggregate steadily increase with

the increase in the length of one of the substituent chain on the cation. The organization of the

cationic head groups in the aggregates in [C7C10Im][Br] and [C10C10Im][Br] solutions is similar

to that predicted from the nuclear magnetic resonance experiment [36] in [C8C8Im][Br] solution.

The surface structure of [C1C10Im][Br] solution is different from that of others with the ring plane

perpendicular to the aggregate surface compared to the tangential orientation in [C7C10Im][Br]

and [C10C10Im][Br] solutions.

In the vapor-liquid interface of the solution, the alkyl groups are protruding out of the inter-

face, with head groups within the solution, and anions near the head groups. At the interface,

the intermolecular alkyl chains are more probable to be aligned parallel to each other. The most

probable orientation of the alkyl chains is found to be perpendicular to the interface. The vector
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connecting the two nitrogen atoms is found to be preferentially oriented perpendicular to the sur-

face in [C1C10Im][Br] solution and parallel to the surface in [C7C10Im][Br] and [C10C10Im][Br]

solution.

Aggregation processes require time scales of microsecond or more [50] and our simulations

are limited to 25 ns. Computation of statistically significant values for the aggregation number and

other properties require simulations of larger systems spanning longer time scales, which can be

achieved using coarse grained studies. Nevertheless, we found that the aggregation number or the

structure does not change in the last 10 ns and the system is locked in a metastable state. Though

the equilibrium distribution of aggregation number and the structures requiresimulations for a

longer time, the results obtained from this study provide insights into the structure of aggregates

with cations having asymmetric and symmetric substituent chains. The presenceof methyl and

decyl chain on the same cation leads to a completely different surface structure of the aggregates

compared to the solution with two decyl substituents.
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Chapter C

Appendix C
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Figure C.1: Distribution of angle between the imidazolium rings of the cations thatbelong to the
same aggregate and are within 8.0Å from each other.
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Chapter 5

Self-Assembly of Cations in Aqueous Solutions of

Hydroxyl-Functionalized Ionic Liquids: Molecular Dynamics Studies

Abstract

The effect of presence of a hydroxyl functionalized alkyl chain of varying carbon number on

the self-assembly of cations in aqueous solutions of 1-(n-hydroxyalkyl)-3-decylimidazolium bro-

mide (where the alkyl groups are ethyl, butyl, heptyl and decyl) has beenstudied using atomistic

molecular dynamics simulations. Spontaneous self-assembly of cations to formaggregates with

hydrophobic core and hydrophilic surface is observed. The shape of the aggregates changes from

quasi-spherical in case of cations with hydroxyheptyl or smaller substituent chain, to a thin film

like intercalated aggregate in case of cations with hydroxydecyl chain. Cations with hydroxy-

decyl substituent chain exhibit long range spatial correlations and the anions are associated with

cations to a greater extent due to the higher surface charge density of theaggregate. The ordered

film like aggregate is stabilized by the dispersion interactions between the intercalated substituent

chains and the intermolecular hydrogen bonds formed between the alkoxy oxygen atoms and the

hydrogen atoms of the imidazolium ring. The cations form less compact aggregates with lower

aggregation number than their non-hydroxyl analogues in the corresponding aqueous solutions.

The intracationic and aggregate structures are governed by the length ofthe hydroxyalkyl chain.
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5.1. Introduction Hydroxyl functionalized ionic liquids (HFILs) are molten salts [1] which

are stable up to∼300◦C [2, 3] and show a systematic variation of physic-

ochemical properties with temperature and substituent alkyl chain length of the cations [4, 5].

Solvatochromic dyes and fluorescence probe molecules have shown anion-dependent increase in

polarity of HFILs due to ionic hydrogen bonds between the hydroxyl group and the anions [6].

Due to this increase in the polarity of HFILs with respect to their nonhydroxyl analogues, they

are widely used in fixation of greenhouse gases [7, 8, 9, 10, 11]. HFILs are also found to have

remarkable liquid phase microextraction ability with [NTf2] and [PF6] anions [12, 13]. They also

have wide range of applications, as stabilizer [14, 15, 16, 17] and template[18] in the synthesis of

nanostructure material.

Hydroxyl functionalized ionic liquids with longer alkyl chains are reportedto show surfac-

tant properties [19, 20, 21, 22]. It has been reported that the catalyticbehavior of HFILs for the

decomposition of p-nitrophenyl esters of carbonic acids in aqueous solution is more than their

corresponding nonhydroxyl analogue [21]. Experimental studies onthe aggregation behavior of

HFILs in aqueous solutions indicate the formation of loosely bound aggregates with lower aggre-

gation number [20, 22]. There have been several computational studieson aqueous solutions of

alkylimidazolium ionic liquids without any functionalization [23, 24, 25, 26, 27]. Even though

few computational studies are reported on the thermodynamic and structuralproperties of HFILs

in pure liquid form [28, 29, 30], to the best of our knowledge, there have been no reports of

computational studies on the solution structure of HFILs in water. In the present study, we have

investigated the atomic-level details of the effect of the presence of a hydroxyl group attached to

one of the two alkyl chains in dialkylimidazolium based ILs, on the bulk solution structure. The

solution structure has been studied using atomistic molecular dynamics (MD) simulations per-

formed on a series of 1-(n-hydroxyalkyl)-3-decylimidazolium bromide ILs (where the alkyl chain

is ranging from ethyl to decyl) in their aqueous solutions.
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5.2. Methodology and

simulation details

A series of aqueous solutions of 1-(n-hydroxyalkyl)-3-decylimidazolium

bromide

([HOCnC10Im][Br], with n=2, 4, 7 and 10) have been studied using

atomistic MD simulations. The simulations were performed using the LAMMPS [31] software.

The force field parameters were adapted from the works of Lopes et. al[32, 33, 34] and Jorgensen

et. al [35]. Lopes et. al model is a transferable general force field for ionic liquids based on

the OPLS-AA/AMBER framework and derives several terms in the force field that werenot yet

defined in the literature. Lopes et. al force field has parameters derivedfor imidazolium ILs with

hydroxyethyl substituent chain [34] and since we are studying ILs with hydroxyl functionalized

alkyl groups of longer chainlength we have adapted some of the parameters from OPLS-AA force

field developed by Jorgensen et. al [35]. The extended simple point charge model (SPC/E) has

been used to model water molecules [36, 37]. Atomic partial charges in the force field model [32]

were calculated from the electron density obtained byab initio calculations using an electrostatic

surface potential methodology. The simulated systems differed from each other in the length of

the hydroxyl functionalized alkyl chain. Details of the systems studied havebeen presented in

table 5.1. The initial configurations were generated by replicating the coordinates of a single ion

Table 5.1: Details of the simulated systems; n represents the number of carbonatoms in the
hydroxyl functionalized hydrocarbon chain.

n no. of no. of no. of run box concentration
ion pairs waters atoms length(ns) length(Å) (M)

10 100 15373 53319 50 81.64 0.305
7 100 13414 46542 35 77.89 0.351
4 100 11614 40242 35 74.23 0.406
2 100 10274 35622 35 71.42 0.456

10 50 7500 26100 20 64.33 0.312
10 1 1875 5697 10 38.79 0.028
7 1 1886 5721 10 38.84 0.028
4 1 1894 5736 10 38.87 0.028
2 1 1901 5751 10 38.91 0.028

pair along the three dimensions to form a box of uniformly placed ions, then inserting this box

in a water box with randomly oriented water molecules at experimental density and removing the
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water molecules that were within 3.0 Å from any atoms of the cations or the anions. All simu-

lations were performed at 300 K using the Nóse-Hoover thermostat with a temperature damping

parameter of 1000 fs. The equations of motion were integrated using the verlet algorithm with a

time step of 0.5 fs.

Isothermal-isobaric ensemble simulations (constant NPT) at 1 atmosphere pressure, using the

Nóse-Hoover barostat with a pressure damping parameter of 500 fs, were carried out on each

solution for 2 ns to get the equilibrated density. The canonical ensemble simulations (constant

NVT) were then performed from the last configuration of NPT simulations witha volume aver-

aged over last 1 ns of NPT simulations. Three dimensional periodic boundary conditions were

used. The coordinates of the atoms were stored at an interval of 5 ps. Insome of the figures, a

short-hand notation is adapted to represent a system. For example, HOC10 is used to represent

[HOC10C10Im][Br] solution. The oxygen atom of the hydoxyalkyl chain is referredto as hydroxyl

oxygen in the following discussion. The schematic of the molecular structuresof the cations is

shown in figure 5.1.
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Figure 5.1: Schematic diagram of the cations, mentioning the distinct atom types.

5.3. Results and Discussion

5.3.1 Radial Distribution Functions (RDFs)

The short-range ordering in liquids at atomic level can be understood by analysing the radial

distribution functions of atoms or ions around each other. Figure 5.2(a) presents the RDFs of
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terminal carbon atoms (CT) of the non-hydroxylated decyl chains around themselves. The first
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Figure 5.2: RDFs of (a) terminal carbon atoms (CT) of the non-hydroxylated decyl chains around
themselves and (b) alkyl chain carbon atoms (CS) around themselves in different aqueous solu-
tions.

maxima of the RDFs appear at 4.3 Å in all the four systems whereas the first minimaappear

at 7.4 Å in [HOC7C10Im][Br], [HOC4C10Im][Br] and [HOC2C10Im][Br] systems and at 6.6 Å

in [HOC10C10Im][Br] system. We see that at short distances the spatial correlation among the

the CT atoms is very high in [HOC7C10Im][Br], [HOC4C10Im][Br] and [HOC2C10Im][Br] sys-

tems and it is comparatively lower in [HOC10C10Im][Br] system. At larger distances (> 15 Å)

spatial correlation is still significant in [HOC10C10Im][Br] system. Figure 5.2(b) provides the in-

termolecular RDFs of CS carbon atoms of the hydrocarbon tails (belonging to both hydroxylated

and non-hydroxylated alkyl chains ) around themselves in various solutions studied. We see that

the first maxima of the RDFs appear at 5.2 Å in all the four systems studied and the first min-

ima appear at 7.4 Å in [HOC10C10Im][Br] solution and at 8 Å in other three solutions. The peak

height of CS – CS RDF is maximum in [HOC10C10Im][Br] solution. Also the CS – CS RDF in

[HOC10C10Im][Br] solution shows subsequent peaks with gradually diminishing peak intensities
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at 9.1, 13.4, 17.7, 21.9, 26.2 Å and almost vanishing peak intensity beyond this distance. Note

that these peaks are spaced equally with about 4.3 Å between them suggesting a liquid crystal like

ordering of the cations in the aqueous [HOC10C10Im][Br] solution. Although, a second maxima

with a smaller intensity is observed at 9.0 Å in the remaining three solutions , the correlation is not

observed at larger distances. Based on the nature of the RDFs of CT – CT and CS – CS pairs, we

can conclude that there is long distance spatial correlation among the intermolecular decyl chains

( both hydroxylated and non-hydroxylated ) in [HOC10C10Im] cations ( due to the intercalation

of the chains which will be discussed later), whereas in other three systems, the decyl chains are

organized around their CT atoms ( due to formation of spherical or quasi-spherical aggregates ).

Figure 5.3(a) shows the RDFs of bromide ions around the geometric center of the imidazolium

ring of [HOCnC10Im] cations in their aqueous solutions. The RDFs show the first maxima at 4.9 Å
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Figure 5.3: RDFs of (a) bromide ions (Br−) and (b) water oxygen atoms around the geometric
center of the imidazolium ring in different [HOCnC10][Br] solutions.

in all the four systems. The intensity of the first maximum is very high in [HOC10C10Im][Br] sys-

tem. In the other three systems the intensity is significantly lower compared to the system with
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hydroxydecyl substituent. In a closer view, the ring – bromide RDF in [HOC7C10Im][Br] system

has slightly greater intensity than the corresponding RDFs in [HOC4C10][Br] and [HOC2C10][Br]

systems which have similar intensities. The organisation of anions around the ring center of

alkylimidazolium cations should decrease with increase in the hydrocarbon chain length due to

the decrease in cation – anion interaction strength [41, 42]. But in the current study, we see that

the trend is exactly opposite. This anomaly can be explained on the basis of thesize and shape

of the aggregates formed in the corresponding aqueous solutions that willbe discussed in a later

section.

The organisation of water molecules around cations in various aqueous solutions studied can

be deciphered from the RDFs between the geometric center of the imidazolium ring and water

oxygen atoms that are shown in figure 5.3(b). We observe that the organisation of the water

molecules around the imidazolium rings decreases gradually as the number ofcarbon atoms in

the asymmetrically substituted hydroxyalkyl chain length increases. This phenomenon may be

attributed to the decrease in aqueous solubility of [HOCnC10][Br] salts with increase in alkyl

chain length. Similar trend in the organisation of water around cations with varying alkyl chain

length has been reported earlier [41].

5.3.2 Spatial Distribution

Spatial distribution functions (SDFs) provide insight into the three-dimensional probability density

of atoms or groups around an atom or a group of interest. Figure 5.4 shows the spatial distribution

of anions (in yellow), water (in red) and oxygen atoms of the hydroxyalkyl chains (in green)

around imidazolium rings of [HOC10C10Im] cations in their aqueous solution. The isosurface of

bromide, water and hydroxyalkyl oxygen atoms correspond to 5, 2 and 20 times their average

density respectively. We see that the anions, water oxygen and hydroxyalkyl oxygen atoms tend

to concentrate near the ring hydrogen atoms due to formation of H-bonds. From the figure 5.4,

we see that water molecules prefer to interact with the non-unique ring hydrogen atoms (attached

to CW), whereas, the anions and hydroxyalkyl oxygen atoms accumulate nearthe unique ring

hydrogen atoms (attached to CR). This is also evident from the site-site RDFs of bromide ions,
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Figure 5.4: (a) Spatial density of anions (in yellow), water (in red) and alkoxy oxygen atoms (in
green) around the imidazolium rings in [HOC10C10Im][Br] solution (b) Another view of the same
figure.

oxygen atoms of water and the oxygen atoms of hydroxyalkyl groups around the imidazolium ring

hydrogen atoms (Figure D.1, Figure D.2, Figure D.3, Appendix D).

5.3.3 Hydrogen Bonding

Hydrogen bonding plays an important role in determining the nature of molecular association

in structural chemistry and biology. Formation of hydrogen bonds in imidazoliumbased ionic

liquids in pure state [30] and in aqueous solutions [43, 41] has been reported. In this study, we

have adapted the geometric criteria [44] to classify H-bonds. In a strong H-bond, the H-atom and

the acceptor are separated by a distance less than 2.2 Å and the angle made by the donor, H-atom

and the acceptor is within the range of 130 – 180◦. The corresponding distance range and angular

range are 2.0 – 3.0 Å and 90 – 180◦ respectively, in a weak hydrogen bond.
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In aqueous solutions of hydroxyalkylimidazolium bromide ILs, many types ofH-bonded in-

teractions are observed. The cation may form H-bond with bromide ionsvia the ring hydrogen

atoms or the hydroxyl hydrogen atom, with the ring carbon atoms and hydroxyl oxygen atoms

acting as donors respectively. The cation may also form H-bond with watermoleculesvia the ring

hydrogen atoms, the hydroxyl group or theπ electron cloud of the imidazolium ring. The aver-

age number of different types of cation – anion and cation – water H-bonds observed in different

[HOCnC10Im][Br] solutions are tabulated in 5.2. We see that the average number of head – anion

Table 5.2: Average number of H-bonds formed per cations

System head- head- π- hydroxyl- hydroxyl (H)- hydroxyl (O)-
anion water water anion water (O) water (H)

[HOC10C10Im] 0.058 3.512 0.290 0.071 1.073 0.864
[HOC7C10Im] 0.023 3.744 0.339 0.024 1.216 1.825
[HOC4C10Im] 0.025 3.837 0.348 0.043 1.288 1.913
[HOC2C10Im] 0.027 3.665 0.473 0.060 1.299 1.459

hydrogen bonds per cation is highest for [HOC10C10Im] cation while it decreases by a factor of∼2

for rest of the cations. This observation is consistent with the number of bromide anions present

in the first solvation shell of the imidazolium ring hydrogen atoms which is also evident from the

intensity of the first maxima of the anion – head group RDFs.

The average numbers of H-bonds formed between water oxygen atoms and imidazolium ring

hydrogen atoms per cation show a gradual increase with decrease in the hydroxyalkyl chain length

from [HOC10C10Im] to [HOC4C10Im] cation. The number of water molecules in the first solvation

shell of the cation correlates directly with the number of cation – water H-bonds observed (data are

not shown here). However, the slight decrease in the average numberof H-bonds formed between

the water oxygen atoms and ring hydrogen atoms per [HOC2C10Im] cation may be attributed to the

formation of the intramolecular H-bonds between the ring hydrogen atoms andhydroxyl oxygen

atoms (discussed in a later section) that hinders the water molecules from taking the required

geometrical orientation to form H-bonds. All the cations showπ-hydrogen bonding interactions

with hydrogen atoms of water molecules and we see that the average number of π-hydrogen bonds

168



per head group increases gradually with decrease in the hydroxyalkylchain length.

The average number of H-bonds formed between the hydroxyl hydrogen atom and bromide

anions per cation follows the same trend as the average number of head – anion H-bonds per head

group. We have seen that this variation in the number of hydroxyl hydrogen – bromide H-bonds

correlates with the variation in the intensity of the first maxima in the RDFs of bromideanions

around the hydroxyl hydrogen atoms in different [HOCnC10Im][Br] solutions studied (Figure D.4,

Appendix D). We have noticed that∼50% of these hydrogen bonds are strong in nature. The av-

erage number of H-bonds formed between the hydroxyl hydrogen atomsand water oxygen atoms

per cation increases gradually as the hydroxyalkyl chain length decreases. As the hydrophilicity

of the hydroxyalkyl chain increases with decrease in the chain length, thehydoxyl group tends to

be more exposed into water leading to the formation of greater number of hydroxyl hydrogen –

water H-bonds. We have found that∼62% of these hydrogen bonds are strong in nature. A gradual

increase in the average number of H-bonds formed between the hydroxyl oxygen atoms and water

hydrogen atoms is observed, with decrease in hydroxyalkyl chain length(from [HOC10C10Im] to

[HOC4C10Im]). The decrease in the average number of hydroxyl oxygen – waterH-bonds per

[HOC2C10Im] cation compared to the higher two homologues in the present study is due to the

formation of intramolecular H-bonds between the hydroxyl oxygen atoms and the ring hydrogen

atoms. About 60% of these H-bonds are strong in nature.

The average number of intermolecular H-bonds formed between the ring hydrogen atoms and

hydroxyl oxygen atom in [HOC10C10Im][Br] solution is 0.378 per cation. The H-bonds are formed

between the intercalated [HOC10C10Im] cations within the aggregate. The average number of

intramolecular H-bonds between the hydroxyl oxygen atom and ring hydrogen atoms is 0.524 per

[HOC2C10Im] cation. In a detailed analysis, we have found that these intramolecular H-bonds are

formed only in the gauche conformation of the N-C-C-O dihedral (discussed later). In most of

these intramolecular H-bonds, the angle made by the donor (ring carbon),the hydrogen (attached

to the ring carbon) and the acceptor (hydroxyl oxygen) is found to be inthe range of∼107-113◦

(Figure D.5, Appendix D). Formation of intramolecular hydrogen bonds is also observed in pure
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hydroxyl functionalized alkylimidazolium based ILs using MD simulations [30]. The RDFs of the

hydroxyl oxygen atoms (OA) around the ring hydrogen atoms (HA) is shown in figure 5.5. From the
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Figure 5.5: RDFs of hydroxyl oxygen atoms around the ring hydrogen atoms in aqueous solutions
of [HOCnC10Im][Br]

figure, it is evident that the hydroxyl oxygen atoms interact with the ring hydrogen atoms to a great

extent in solutions with hydroxydecyl and hydroxyethyl substituent chains, while in other two

solutions such an interaction is not present. In [HOC10C10Im][Br] solution, H-bonds formed are

due to intermolecular interactions whereas in [HOC2C10Im][Br], they arise due to intramolecular

interactions which is evident from the greatly diminished first peak in the corresponding OA – HA

intermolecular RDF (Figure D.6, Appendix D).

5.3.4 Intramolecular Structure

The distribution of angles between the principal vectors (Figure D.7, Appendix D) represent-

ing the two intracationic substituent chains (decyl and hydroxyalkyl) in various solutions studied

are shown in figure 5.6(a). From the figure, it is evident that the two substituent chains in the

[HOC10C10Im] cations show very large probability to be oriented parallel to each other.Both the

hydroxydecyl and the decyl chains in the [HOC10C10Im] cations are sufficiently hydrophobic and

interact mainly through dispersion interactions, and hence are likely to be oriented parallel to each

other giving rise to a very ordered structure (discussed later). Due to presence of hydroxyl group
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Figure 5.6: Distribution of (a) angles between the two substituent chains (decyl and hydroxyalkyl)
attached to the head group and (b) dihedrals formed by the nitrogen atom and successive three
non-hydrogen atoms (heavier) of the hydroxyalkyl chain in different [HOCnC10Im][Br] solutions.

in the asymmetrically substituted chain, the hydroxyalkyl chains become more hydrophilic with

decrease in their length. So, the interaction of the hydroxyalkyl chains withthe water molecules

become more favorable as the alkyl chain length decreases. As a result, the two alkyl chains in

[HOC7C10Im] cations show only a slight preference to be oriented parallel to each other while

they prefer to be oriented antiparallel to each other in [HOC4C10Im] and [HOC2C10Im] cations in

their respective aqueous solutions. In the absence of the hydroxyl group on the alkyl chain, it has

been observed [27] previously that alkyl chains of [C7C10Im] cations show very high probability

to be oriented parallel to each other while the preference is very small to be oriented either in

the same or opposite direction in [C4C10Im] cations in their aqueous solutions. It has also been

observed that the probability of finding the two intracationic alkyl chains oriented antiparallel to

each other is slightly higher in [HOC4C10Im] cations than in [HOC2C10Im] cations. This is due to

the formation of intramolecular H-bond between the hydroxyl oxygen atom and the ring hydrogen

atom in [HOC2C10Im] cation which causes the hydroxyethyl chain to be flipped back towardsthe
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decyl chain. Clearly, the presence of the hydroxyl group influencesthe relative orientation of the

two intracationic substituent chains in [HOCnC10Im][Br] solutions.

Figure 5.6(b) presents the distribution of the dihedral angles formed by thering nitrogen atom

and the three successive heavier atoms (N-C-C-X, where X is oxygen atom in [HOC2C10Im] cation

and carbon atom in other three cations) of the hydroxyalkyl chains of [HOCnC10Im] cations in their

aqueous solutions. We see that the corresponding dihedrals in [HOC10C10Im] and [HOC2C10Im]

cations show very large probability to adapt gauche conformation (∼98% and∼95% respectively).

However, the probabilities of the N-C-C-X dihedrals in [HOC7C10Im] and [HOC4C10Im] cations

to adapt gauche conformation are relatively lower (∼78% and∼72% respectively). We have also

computed the probability distribution of the N-C-C-C dihedral of the decyl chains in all the four

solutions studied (Figure D.8, Appendix D) and found that the preference of adapting gauche

conformation decreases with decrease in the length of the hydroxyalkyl chain (∼98%, ∼79%,

∼70% and∼67% for [HOC10C10Im], [HOC7C10Im], [HOC4C10Im] and [HOC2C10Im] cations

respectively). Based on these statistics, we can say that the N-C-C-C dihedrals in both the de-

cyl chain and hydroxyalkyl chain show considerable probability to adapt gauche conformation

in [HOC10C10Im], [HOC7C10Im] and [HOC4C10Im] cations and this probability decreases with

decrease in the hydroxyalkyl chain length.

The preference of the N-C-C-C dihedrals in these three types of cationsto adapt gauche con-

formation arises due to preferred perpendicular orientation (Figure D.9,Appendix D) of the sub-

stituent chains (both decyl and hydroxyalkyl) relative to the imidazolium NN vector (vector con-

necting two nitrogen atoms of the ring). With decrease in the hydrophobicity ofthe hydroxyalkyl

chain, the probability of both the substituent chains to be oriented perpendicular to the NN vector

decreases leading to the decrease in gauche probability of the corresponding N-C-C-C dihedrals.

In [HOC2C10Im] cation, although the N-C-C-C dihedral of the decyl chain show lessergauche

probability, the N-C-C-O dihedral of the hydroxyethyl chain shows very high gauche probability.

This is due to the formation of the intramolecular H-bond between the hydroxyloxygen atoms

and the ring hydrogen atoms. We have also computed gauche defect probability of each C-C-C-C

172



dihedral in the decyl chains of [HOCnC10Im] cations and found that this probability is remarkably

lower in [HOC10C10Im] cations. (Figure D.10, Appendix D).

5.3.5 Diffusion of ions and molecules

The self-diffusion coefficient of ions (D) is computed from the slope of the mean-squared dis-

placement, using the Einstein relation

D =
1
6

lim
t→∞

d
dt
〈|~r i(t) − ~r i(0)|2〉

where ri(t) and ri(0) denote the position of the i-th particle at time t and at the beginning of the mea-

surement. The self-diffusion coefficients of cations correspond to that of the center of mass of the

cations. Figure 5.7 shows the self-diffusion coefficients of cations in different aqueous solutions

studied. It is observed that the value of self-diffusion coefficient increases from [HOC2C10Im] to
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Figure 5.7: Self-diffusion coefficients of cations in different [HOCnC10Im][Br] solutions.

[HOC4C10Im] cations. However, the increase from [HOC4C10Im] to [HOC7C10Im] is very small,

and further it decreases significantly in case of [HOC10C10Im] cations which have the least value

among the four cations in the present study. This variation in self-diffusion coefficient with varia-

tion of the hydroxyalkyl chain can be attributed to the formation of aggregates of different sizes in

their aqueous solutions. The formation of aggregates increases the apparent mass of the cations,

as they are now constituent of an aggregate, and hence hinders their diffusion. The diffusion co-
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efficients suggests that the aggregation number is higher in the solution composedof cations with

hydroxyethyl chain than that composed of cations with hydroxybutyl chain, and highest in aqueous

solution of ILs with hydroxydecyl chain.

5.3.6 Formation of Aggregates

The simulations were started from a uniform configuration of ions. Within fewnanoseconds,

cations come together to form small aggregates (dimers and trimers). These small aggregates

coalesce to form bigger aggregates. The monomers in the solution are also adsorbed into the bigger

aggregates. At about 25 ns, in all the solutions except the one with hydroxydecyl substituent chain,

the solution had reached metastable state with no further change in the size distribution of the

aggregates. In these three systems the aggregates were quasi-spherical in shape with hydrophobic

decyl tail buried in the aggregate and the hydrophilic region, i.e., the imidazolium headgroup and

the hydroxyl group exposed to water. In the solution with hydroxydecylsubstituent chain, the

aggregation was still progressing after 25 ns and almost all the cations in thesolution formed a

single aggregate with a very ordered orientation with intercalation of the decyl and hydroxydecyl

chains. Snapshots of the systems with hydroxyethyl and hydroxydecylchains after 35 ns and

50 ns respectively are shown in figure 5.8. The solution structure in systems with hydroxybutyl

and hydroxyheptyl substituent chain were similar to that of the solution with hydroxyethyl side

chain

5.3.7 Aggregation Number

The fraction of [HOCnC10Im] cations involved in the formation of an aggregate of size N in

corresponding aqueous solutions is shown in figure 5.9. Cations in the solution were grouped into

different aggregates. Two [HOC10C10Im] cations were considered to belong to the same aggregate,

if the sixth carbon atoms from the imidazolium end on the hydroxydecyl chainsof these cations

were present within a distance of 13.0 Å. In the remaining three systems, if theterminal carbon

atoms of the decyl chains of the two cations were present within a distance of10.0 Å, then they

were considered to be the constituents of the same aggregate. In all the four systems, the cutoff
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Figure 5.8: Snapshot of (a) the aqueous [HOC2C10Im][Br] solution after 35 ns (b) the aqueous
[HOC10C10Im][Br] solution after 50 ns.

distances were chosen by careful inspection of the trajectory.

In [HOC10C10Im][Br] solution, a cation is most likely to be part of an aggregate of aggrega-

tion number 98. The aggregation number fluctuated between 97 and 99 during the last 5 ns of the

simulations while the number of monomers fluctuated between 1 and 3 during the same time. In

[HOC7C10Im][Br] solution, the maximum number of cations were involved in the formation of

aggregates of size 10, but many of the cations were also found to form aggregates of size 11 to

19. The highest aggregation number of 31 was observed with a low probability. Many monomers

were also present in the [HOC7C10Im][Br] solution, which is evident from the probability distri-
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Figure 5.9: Fraction of cations involved in the formation of aggregates of size N in (a)
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bution. The probability of a [HOC4C10Im] cation to be found in an aggregate of size 14-15 is

maximum and the highest aggregation number observed is 31 although with a very small prob-

ability. Aggregates of sizes 10, 16, 17 and 19 are also likely to be observed in the solution. In

the [HOC2C10Im][Br] solution, most cations belong to the aggregates of size 14 which is in good

agreement with the aggregation number of 17 determined by steady-state fluorescence quenching

in [HOC2C12Im][Cl] solution [20]. We see the presence of an aggregate having aggregation num-

ber of 40 with very low probability in [HOC2C10Im][Br] solution. Considerable number of cations

are also involved in the formation of aggregates of size ranging from 15 to 22 in [HOC2C10Im][Br]

solution. The trend observed in the self-diffusion coefficients of different types of cations in their

aqueous solutions (figure 5.7) is consistent with the most probable aggregation number of aggre-

gates formed in the solution

Since almost all the cations in the [HOC10C10Im] are involved in the formation of a single

aggregate, the aggregation number reported is not statistically significant. The presence of the

hydroxyl group on the alkyl chain increases the most probable aggregation number significantly

in [HOC10C10Im] solutions. The shape of the aggregate formed is also completely different com-

pared to the spherical aggregates observed in didecylimidazolium bromide solutions [27]. In case
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of [HOC7C10Im][Br] and [HOC4C10Im][Br] solutions, the most probable aggregation number is

lower compared to their non-hydroxylated analogues [27]. It has also been observed experimen-

tally that the aggregation number decreases with the introduction of hydroxyl group into the cation

substituent chain in similar ionic liquid solutions [19, 22].

5.3.8 Structure of the Aggregates

The structures of the aggregates in [HOCnC10Im][Br] solutions are shown in figure 5.10. In the

figure, H-atoms bonded to the carbon atoms, anions and water molecules are not shown for the

ease of visualization. The polar head groups of the cations are shown in yellow, the carbon atoms

belonging to the alkyl chains are shown in magenta, the oxygen and hydrogen atoms of the hy-

droxyl group are shown in red and green respectively. Figure 5.10(a) depicts the structure of the

Figure 5.10: Structure of an aggregate in (a) [HOC10C10Im][Br] (b) [HOC7C10Im][Br] (c)
[HOC4C10Im][Br] and (d) [HOC2C10Im][Br] solutions . The polar head groups are shown in
yellow, the carbon atoms of the alkyl chains are shown in magenta, the oxygen atom is shown in
green and the hydroxyl hydrogen atom is shown in red.
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aggregate formed in [HOC10C10Im][Br] solution. We see that the aggregate has a two dimensional

film like structure with no definite geometry. The [HOC10C10Im] cations are intercalated through

their hydrocarbon chains with the formation of intermolecular H-bonds between the imidazolium

ring hydrogen atoms and oxygen atoms of the hydroxyl groups. The presence of two substituent

chains, decyl and hydroxydecyl, both of which are of similar length impartsa very ordered struc-

ture to the aggregates in the solution. The decyl group and the alkyl chain of the hydroxydecyl

group are hydrophobic, whereas the imidazolium head group and the hydroxyl group are hy-

drophilic. Therefore, in their aqueous solutions, the cations form aggregates where the interaction

between the hydrophilic groups and water is maximized while at the same time, the interaction be-

tween water and the hydrophobic groups is minimized. In addition, there are favorable dispersion

interactions between the alkyl groups. These three factors lead to the formation of thin film like

structures which are one cation thick along the normal direction of the sheetand extended along

the other two dimensions. Such a structure is also stabilized by the formation of hydrogen bonds

between hydroxyl oxygen atom and the ring hydrogen atoms. Both the surfaces of the thin film

are hydrophilic, and the region in between these two surfaces is hydrophobic and is shielded from

water by the hydrophilic surface. However, the decyl chains of the cations that are at the edge

of the aggregate are exposed to water. We carried out simulations on a smaller system of similar

concentration. The structure of the aggregate in the smaller system was found to be similar to that

observed in the larger system.

The ordered orientation of [HOC10C10Im] cations in their aqueous solution also results in the

greater cation – anion association. The RDF of the anions around the center of the imidazolium

ring (figure 5.3) shows a dramatic increase in the intensity of the first maximum compared to the

other solutions studied. This is due to the formation of hydrophilic planar surface of head groups

leading to a region (surface) of high positive charge density (due to the compact arrangement of

cations), which in turn attracts the anions near to the surface. The number of anion – head group

hydrogen bonds is also found to be increased by a factor of 2.3 compared to other solutions where

the cations form quasi-spherical aggregates (table 5.2).
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The aggregates in rest of the three systems are quasi-spherical in shape. The hydroxyalkyl

chains of the cations are more likely to be exposed to water whereas the decyl chains are buried in-

side the hydrophobic core of the aggregates. The aggregates become more spherical with decrease

in the length of the hydroxyalkyl chain. The mismatch in the length of the alkyl and hydroxyalkyl

chain in case of [HOC7C10Im] cations prohibit them from forming a more ordered structure. Even

though hydroxyheptyl has considerable hydrophobic region, they cannot form a structure like hy-

droxydecyl cation. In some cations, the heptyl groups are exposed to water, though not completely,

and hence prevents the aggregates from attaining spherical shape. The hydroxyethylimidazolium

group may be considered as a single hydrophilic group and hence form more spherical aggregates

with hydrophobic core and hydrophilic surface. No water molecules and anions were found to be

present in the hydrophobic region of any of the aggregates.

The distributions of intracationic angles between the normal vector of the imidazolium ring

and the principal vector representing the decyl chain of [HOCnC10Im] cations in the corresponding

aqueous solutions are shown in figure 5.11. We observe that the probability of the ring normal to be
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Figure 5.11: Distribution of intramolecular angles formed between the ring normal and the prin-
cipal vector representing the decyl chain in aqueous [HOCnC10Im][Br] solutions.

oriented parallel to the decyl chain vector is very high in [HOC10C10Im] cation and decreases∼2

times in [HOC7C10Im] cation. It decreases further as the length of the asymmetrically substituted

hydroxyalkyl chain decreases. In other words, the imidazolium ring plane in [HOC10C10Im] cation
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is more likely to be oriented along the planar surface of the aggregate and asthe length of the

hydroxyalkyl chain decreases the ring planes are more likely to be directed radially outward from

the quasi-spherical surface.

The hydration index provides the information about the extent of water penetration into the

aggregate, along the alkyl chain of the cation. It is defined as the ratio of the average number

of water molecules in the first solvation shell of the alkyl carbon atom in the aggregate, to that

which is completely exposed to water. Figure 5.12 shows the hydration index of the carbon atoms

on the hydroxydecyl and decyl chains of [HOC10C10Im] cations in the aqueous solution. It can
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Figure 5.12: Hydration index of various carbon atoms along the hydroxydecyl and decyl chains in
aqueous solution of [HOC10C10Im][Br]

.

be noticed that the water penetration gradually decreases up to the seventhcarbon atom from

the imidazolium end on both the hydroxydecyl and decyl chains and then it increases slightly.

We see that the hydration index values are almost same for both decyl and hydroxydecyl chain

up to the third carbon atom from the imidazolium end. Significant departure in the value of

hydration index of carbon atoms of decyl chain and hydroxydecyl chain is observed starting from

the fourth carbon atom, from the imidazolium ring. The hydration index of the terminal carbon

atom of the hydroxydecyl chain is∼47% higher compared to that of the terminal carbon atom of

the decyl chain. This is due to the presence of the hydroxyl group on thehydrophilic surface of the
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aggregate which draws more number of water molecules near the carbon atom connected to the

hydroxyl group. It has also been observed that the hydration index of the carbon atoms along the

decyl chain are lower in case of [HOC10C10Im] cations compared to the other cations in various

solutions studied (Figure D.11, Appendix D).

5.4. Conclusions Extensive all-atom MD simulations have been carried out on a series of aque-

ous solutions of 1-(n-hydroxyalkyl)-3-decylimidazolium bromide ILs, ([HOCnC10Im][Br]

with n=2, 4, 7 and 10). Starting from a uniform configuration of ions in the solution, the cations

come together spontaneously to form aggregates of different sizes. The size and shape of the ag-

gregates depend on the length of the hydroxyl functionalized alkyl chain. The aggregate formed

in the aqueous solution of [HOC10C10Im][Br] has thin film like structure with no regular geome-

try. The aggregates become more spherical in shape with decrease in the hydroxyl functionalized

alkyl chain length. The site – site RDFs of the carbon atoms on the alkyl and hydroxyalkyl chain

confirm the difference in the structure of aggregates in [HOC10C10Im][Br] solution compared to

others. The spatial correlation observed over a long length scale in [HOC10C10Im][Br] solution

points to the ordered arrangement of cations over extended range whichis not seen in other so-

lutions. Such an aggregate is stabilized by the dispersion interactions between the intercalated

alkyl chains and the intermolecular H-bonds formed between the hydroxyloxygen atoms and the

ring hydrogen atoms. Formation of an ordered aggregate is also observed from an independent

simulation of aqueous [HOC10C10Im][Br] solution with a similar concentration and fewer cations.

The SDFs reveal that the anions, water oxygen atoms and the hydroxyl groups prefer to in-

teract with the imidazolium ring hydrogen atoms of [HOC10C10Im] cations through H-bonding

interactions. The ring planes are more likely to be oriented along the hydrophilic surface of the

aggregate in [HOC10C10Im][Br] solution. The probability of the imidazolium ring planes to be ori-

ented tangential to the the hydrophilic micellar surface (of quasi-sphericalaggregates) increases

with increase in the length of the substituted hydroxyalkyl chain. The extentof water penetration

along the hydrocarbon chains of [HOC10C10Im] cations is greater for the hydroxyl-functionalized

decyl chain compared to the non-hydroxylated decyl chain beyond the third carbon atom from
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the imidazolium ring. The probability of two intracationic alkyl chains to be oriented parallel to

each other increases with increase in the length of the hydroxyl-functionalized alkyl chain. The

N-C-C-O dihedral in [HOC2C10Im] cation prefers to adapt gauche conformation which facilitates

the formation of intramolecular H-bond between the ring hydrogen atoms and hydroxyl oxygen

atom.
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Chapter D

Appendix D
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Figure D.1: RDFs of the bromide anions around the imidazolium ring hydrogenatoms in
[HOC10C10Im][Br] solution.

0 10 20 30
r(Å)

0

0.5

1

g(
r)

HA(CR)  - O(water)
HA(CW) - O(water)

Figure D.2: RDFs of the water oxygen atoms around the imidazolium ring hydrogen atoms in
[HOC10C10Im][Br] solution.
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Figure D.3: RDFs of the hydroxyl oxygen atoms around the imidazolium ring hydrogen atoms in
[HOC10C10Im][Br] solution.
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Figure D.4: RDFs of the bromide anions around the hydroxyl hydrogen atom in different
[HOCnC10Im][Br] solutions.
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Figure D.7: Pictorial representation of the normal vector to the imidazolium ringand the vectors
representing the decyl chain and the hydroxyalkyl chain. Blue, cyan and red beads represent
nitrogen, carbon and oxygen atoms respectively. Hydrogen atoms are not shown.
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Figure D.8: Distribution of the dihedrals formed by the nitrogen atom of the imidazolium ring
and successive three non-hydrogen atoms (heavier) of the decyl chains of the cations in different
[HOCnC10Im][Br] solutions.
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Chapter 6

Effect of spacer chain length on the liquid structure of aqueous

dicationic ionic liquid solutions:
Molecular dynamics studies

Abstract:

The liquid structure of aqueous solutions of five different imidazolium based gemini dicationic

ionic liquids 1,n-bis(3-methylimidazolium-1-yl) alkane bromide (n being the length of the spacer

alkyl chain), with propyl, pentyl, octyl, decyl and hexadecyl spacer chain has been studied using

atomistic molecular dynamics simulations. While solutions with propyl and pentyl spacer are ho-

mogeneous, those with octyl and decyl spacers show spatial heterogeneity. Microscopic inhomo-

geneity in the bulk solution phase increases with increase in the length of the spacer chain leading

to polydisperse aggregates in solution with hexadecyl spacer. Organization of the cations at the

solution–vapor interface also depends upon the length of the spacer chain with most organized

interfacial layer observed in the solution with hexadecyl spacer chain.
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6.1. Introduction Gemini surfactants have drawn the attention of researchers for their versa-

tile use in industrial, medical and scientific applications. Gemini surfactants

contain two polar head groups linked by a rigid or flexible spacer [1, 2]. They have lower critical

micelle concentrations (CMCs) compared to their single head group counterpart [3, 4, 5, 6] . So,

one can use small amount of gemini surfactants instead of the large amount required for conven-

tional surfactants to achieve the same results. This makes them environment friendly and cost

effective. Due to their low CMCs, slow millisecond monomer-micelle kinetics [7] and smaller

aggregation number, they are extensively used in the field of biochemical research [8, 9, 10], gene

delivery [11, 12, 13], drug delivery [14, 15] and antimicrobial activity [16, 17, 18]. They also have

wide applications in the field of material science and nanotechnology [19, 20].

Imidazolium-based ionic liquids are a class of materials that have been extensively stud-

ied by the researchers in the past two decades due to their specific physicochemical proper-

ties [21, 22, 23, 24, 25]. This has led the surfactant chemists to design, characterize and explore

surface activity of gemini surfactants containing imidazolium cations as headgroups. Imidazolium

based dicationic ionic liquids ( DILs ) are thermally more stable than their monocationic counter

part [26] and show affinity for self-aggregation in aqueous or polar media [4, 27]. They also have

potential applications in nano technology [28], as carriers for therapeutic DNA [29], gene-delivery

agents [30] and modulator for the growth of nanorods or 2D Langmuir films [31].

Even though considerable number of experimental investigations have been carried out on

imidazolium based DILs [4, 32, 33, 34, 35], only few theoretical studies have been reported

[36, 37, 38, 39, 40, 41, 42]. Computational studies on the structure of gemini imidazolium based

ILs in the gas phase [36], and in the liquid phase [36, 37, 38] have beenreported. Molecular dy-

namics (MD) studies have probed the effects of spacer length and anions on the liquid structure and

dynamical properties of imidazolium based DILs [39, 40]. The length and polarity of the spacer

length plays an important role in determining the liquid structure of imidazolium based DILs in

aqueous solution [4, 32, 33]. Only few computational studies are availableon the aggregation

properties of imidazolium based DILs in aqueous solutions [41, 42]. We have carried out atom-
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istic MD simulations on aqueous [Cn(MIm)2][2Br] solutions to gain insights into the structure of

the solution at atomic level. Simulations have been performed on a series of aqueous DIL solu-

tions varying the spacer chain length from propyl to hexadecyl, mimicking bulk and liquid–vapor

interface of the solution.

6.2. Methodology and

Simulation Details

We have carried out all-atom classical MD simulations on a series of

aqueous 1,n-bis(3-methylimidazolium-1-yl) alkane bromide ([Cn(MIm)2][2Br]

( where n= 3, 5, 8, 10, 16 )) solutions, using the LAMMPS pack-

age [43]. The simulated systems differed from each other in the length of the hydrocarbon spacer

in the cation. The all-atom force field parameters for DILs are adapted from the work of Pádua

and coworkers [44]. A minor modification of atomic partial charge for the [C3(MIm)2] cation was

made, that is mentioned elsewhere [41]. The simple point charge model (SPC) has been used to

model [45] water molecules.

[C8(MIm)2][2Br] and [C10(MIm)2][2Br] solutions have been simulated at two different con-

centrations. Details of the systems studied have been presented in the table 6.1. The initial con-

Table 6.1: Details of the simulated bulk systems; n represents the number of carbon atoms in the
spacer chain.

n no. of no. of no. of run box concentration
ion pairs waters atoms length(ns) length(Å) (M)

3 125 1971 10288 50 47.12 1.98
5 125 2223 11794 50 49.12 1.75
8 120 6000 24000 50 62.36 0.82
8 120 3000 15000 50 53.20 1.32
10 120 6000 24720 50 62.94 0.80
10 120 3000 15720 50 53.96 1.27
16 100 8577 33131 50 69.40 0.50
16 1 3813 11513 20 49.05 —

figurations were generated by replicating the ion unit (cation and two bromideanions) along three

dimensions and placing it in a water box with randomly oriented water molecules atexperimen-

tal density. Water molecules that were within 3.0 Å of any atoms of the cation or anions were

removed.
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All simulations were performed at 300 K. The equations of motion were integrated using the

verlet algorithm with a time step of 0.5 fs. The initial configurations were equilibrated under

isothermal-isobaric (constant NPT) condition at 1 atmosphere pressure using the Nóse-Hoover

barostat with a pressure damping parameter of 500 fs for 2 ns to get the equilibrated density. The

canonical ensemble simulations (constant NVT) were performed starting from the last configura-

tion of NPT simulation with a volume that was obtained (averaged over last 1 ns)from constant

NPT simulations. Three dimensional periodic boundary conditions were used.

The box length and the run length in table 6.1 correspond to the bulk phase simulations. The

solution–vapor interface simulations have been carried out by placing the equilibrated bulk system

at the center of the box that was extended along the z-direction to 130.0 Å for [C16(MIm)2][2Br]

solution and 100.0 Å for others. 25 ns trajectory was generated for eachof these simulations.

All other conditions were same as mentioned for bulk simulations. The atomic positions were

stored at an interval of 5 ps. For the calculation of surface tension, pressure tensor was stored at

each step during the last 1 ns of solution–vapor interface simulations. All equilibrium properties

presented here have been averaged over the last 5 ns of trajectory unless mentioned otherwise. The

schematic of the general structure of the cations studied is shown in figure 6.1.

N N+ N N+
H3C C CH3

H

H n

Figure 6.1: Schematic representation of the [Cn(MIm)2] cation.

6.3. Results and Discussion

6.3.1 Radial Distribution Functions (RDFs)

RDFs provide the information about the short-range ordering in liquids. Figure 6.2(a) presents

the RDFs of anions ( Br− ) around the geometric center of the imidazolium rings of the cations

in various aqueous solutions. The RDFs for [C10(MIm)2][2Br] and [C8(MIm)2][2Br] presented

in this section corresponds to the lower concentration systems, i.e., 0.8 M and 0.82 M solutions
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Figure 6.2: RDFs of (a) anions and (b) water molecules around the geometric center of the imida-
zolium rings in different aqueous solutions.

respectively. All the five curves show a sharp peak near 5 Å. This suggests that the anions are

well organised around the imidazolium rings in all the aqueous systems. However, the peak height

decreases with the increase in the spacer chain length, suggesting the decrease in the organisation

of anions around the imidazolium rings with increase in spacer length. It hasbeen reported that

the cation-anion interaction strength decreases with increase in the substituent chain length in

imidazolium based monocationic ILs [49] Even though there is no estimation of cation-anion

interaction strength in imidazolium based gemini ILs, it is expected that the interaction strength

decreases with increase in the length of the spacer chain. Based on this, itcan be inferred that the

organisation of anions around the ring center decreases with increase inthe spacer chain length.

We have also observed an increase in the peak height at higher concentrations for the decyl and

octyl spacer systems (Figure E.1, Appendix E).

The RDFs of oxygen atoms of water molecules around the imidazolium rings in different aque-

ous solutions studied are shown in figure 6.2(b). The first maxima are observed at 4.5 Å in all the

RDFs. The organisation of water molecules around the imidazolium rings decreases with increase
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in the spacer chain length. This observation can be attributed to the enhanced hydrophobicity of

the cation with increase in the spacer chain length, which hinders the favorable interaction of water

molecules with the imidazolium rings. The amplitude of the first maxima is found to increase in

systems with octyl and decyl spacer at higher concentration. (Figure E.2, Appendix E).

Figure 6.3(a) illustrates the RDFs of the carbon atoms of the hexadecyl spacer around them-

selves in the aqueous solution. The subscript represents the position of the carbon atom from the

imidazolium ring. An intense peak was observed at 5.2 Å in the RDF of eighth carbon atoms (two
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Figure 6.3: RDFs of (a) different carbon atoms of the hexadecyl spacer around themselves in aque-
ous solution of [C16(MIm)2][2Br] (b) central carbon atom of the spacer chain around themselves
in the aqueous solutions of [Cn(MIm)2][2Br] systems.

central carbon atoms of spacers) around themselves. The amplitude of thefirst maxima for RDFs

of carbon atoms around themselves decreases as we move towards either of the imidazolium rings.

For the second spacer carbon atoms from the imidazolium rings, a broad peak was observed, while

the spacer carbon atoms linked to the imidazolium nitrogen atoms do not show anypeak in that

region. This observation demonstrates the fact that the [C16(MIm)2] cations are organised mostly

about their eighth carbon of the hexadecyl spacer in aqueous solution.This kind of organization
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maximizes the van der Waals attractive interaction between the spacer chains while simultane-

ously reducing the repulsive hydrophobic interactions between the alkylchain and water. Similar

trends are observed in the RDFs of spacer carbon atoms around themselves in solutions of DILs

with decyl, octyl and pentyl spacer. Nevertheless, the amplitudes are significantly higher only in

case of decyl spacer. For the aqueous solution with DIL containing propyl spacer, both RDFs are

similar (Figure E.3, Figure E.4, Figure E.5 and Figure E.6, Appendix E).

Figure 6.3(b) shows the pair correlation functions of the central spacercarbon atoms around

themselves for the cations in their aqueous solutions. The central spacer carbons have been chosen

as the eighth, fifth, fourth, third and second carbon atoms from either of the imidazolium ends

for the hexadecyl, decyl, octyl, pentyl and propyl spacers respectively. It is observed that the

amplitude of the first maxima is highest for the hexadecyl spacer and decreases with reduction in

the length of the spacer chain. The octyl spacer shows a broad first maximum at that region while

the pentyl and propyl spacers do not show any peaks. These observations suggest that the spatial

correlation of spacers decreases with decrease in the van der Waals interaction between them in

short spacers. and the solutions become microscopically homogeneous for the solutions of DILs

with pentyl and propyl spacers. The amplitude of the peaks was observed to increase with increase

in the concentration of the solution (Figure E.7, Appendix E).

6.3.2 Hydrogen Bonding

Hydrogen bonding plays an important role in molecular association and hence in structural chem-

istry and biology. Hydrogen bonding interactions in aqueous solution of monocationic ILs have

been reported [50, 51]. In this study the geometric criteria [52] have been adapted to classify H-

bonds. In a strong H-bond, the H-atom and the acceptor are separatedby a distance less than 2.2 Å

and the angle made by the donor, H-atom and the acceptor should fall within the range of 130-

180◦. The corresponding distance range and angular range are 2.0-3.0 Å and 90-180◦ respectively,

in a weak hydrogen bond.

We have identified the cation-anion H-bonds assuming the imidazolium ring carbon atoms as

the donors. H-bonds formed between ring hydrogen atoms and water oxygen atoms along with

198



π-hydrogen bonding interaction between theπ electron cloud of the imidazolium ring and water

hydrogen atoms [53, 54] are identified as cation-water H-bonds. Average number of head - anion

and head - water H-bonds observed in different aqueous dicationic IL solutions are tabulated in

table 6.2. From the table 6.2, we see that the average number of head - anionH-bonds per head

Table 6.2: Average number of H-bonds formed per head group

System head-anion ring hydrogen-waterπ-water
[C16(MIm)2] 0.057 4.069 0.045
[C10(MIm)2](0.80 M) 0.102 4.083 0.046
[C10(MIm)2](1.27 M) 0.219 3.888 0.042
[C8(MIm)2] (0.82 M) 0.101 4.115 0.046
[C8(MIm)2] (1.32 M) 0.220 3.926 0.042
[C5(MIm)2] 0.320 3.852 0.064
[C3(MIm)2] 0.349 3.973 0.041

group increases with decrease in the spacer chain length. This observation is consistent with the

number of bromide anions present in the first coordination shell of the imidazolium ring (ring

hydrogen atoms). Cations with higher number of anions in their first coordination shell exhibit

more number of hydrogen bonds between the head group and bromide ions(data are not shown

here). We have also observed an increase in average number of cation-anion H-bonds per head

group for [C10(MIm)2] and [C8(MIm)2] cations in their aqueous solutions at higher concentration.

The average number of H-bonds formed between water oxygen atoms andimidazolium ring

hydrogen atoms per head group show gradual increase with decreasein spacer length from hex-

adecyl to octyl spacer at comparable concentrations. There is a decrease in this number for the

[C10(MIm)2] and [C8(MIm)2] solutions at higher concentrations. However for the [C5(MIm)2]

and [C3(MIm)2] cations in their solutions, the average number of H-bonds formed per head group

with water molecules decrease slightly. All these observations are consistent with the number of

water molecules present in the first solvation shell of the imidazolium ring or ring hydrogen atoms

of the corresponding cation, i.e., more the hydration number, more the numberof hydrogen bonds

between the head group and water oxygen atoms ( data are not shown here ).

All the cations showπ-hydrogen bonding interactions with water hydrogen atoms but no spe-

199



cific trend is observed. Bromide anions are also found to form H-bonds with water molecules in all

the systems studied. Average number of bromide-water H-bonds varied between 6-7 in different

systems. Roughly 35% of these are strong H-bonds.

6.3.3 Spatial Distribution

Spatial distribution functions (SDFs) provide insight into the three dimensional arrangement of

atoms or groups around other atoms or groups. Figure 6.4 shows the spatial distributions of anions

(in yellow) and water (in red) around imidazolium rings of cations in [C16(MIm)2] solution. The

isosurface of both anions and water correspond to 2 times their average density. It is evident from

the figure that anions tend to concentrate near the ring hydrogen atoms dueto formation of H-

bonds. The anion density is maximum near the most acidic ring hydrogen atom which is attached

to the unique carbon bonded to two nitrogen atoms. The water molecules also tendto aggregate

near the ring hydrogen atoms. However, we see accumulation of water molecules above and below

the imidazolium ring plane.

Figure 6.4: (a) Spatial density of anions and water molecules around the imidazolium rings in
[C16(MIm)2][2Br] solution (b) Another view of the same figure.

6.3.4 Intramolecular Structure

Figure 6.5(a) shows the angle distribution between the normal vectors of thetwo imidazolium

rings that are connected by the alkyl spacer. We have found that the probability for the two intra-

cationic imidazolium planes to be oriented either parallel or antiparallel to each other increases

with decrease in the spacer chain length from hexadecyl to pentyl spacer in aqueous DIL solutions.
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Figure 6.5: Distribution of angles between (a) the normal vectors of the two imidazolium rings
separated by the alkyl spacer and (b) the two vectors joining the central carbon atom of the spacer
with the imidazolium nitrogen atoms connected to the spacer, in aqueous solutionsof DILs.

For the [C5(MIm)2] cation, this probability is maximum while it decreases for the propyl spacer

and the rings remain in a twisted orientation from each other (125◦-160◦). The parallel orientation

of the two imidazolium planes is a direct consequence ofπ − π stacking interaction between the

rings. For a very long hydrocarbon spacer like hexadecyl, this interaction is very weak and hence

the orientation of the two rings with respect to each other is almost random. With decrease in the

spacer length, theπ−π stacking interaction increases, leading to a greater probability of observing

the parallel or antiparallel orientation of the rings within a cation. The variationin the extent of

spacer folding due toπ − π stacking is depicted in figure 6.5(b). The angle of folding is defined as

the angle between the two vectors joining the central spacer carbon with the nitrogen atoms of the

two imidazolium rings linked with the alkyl spacer. We see that the spacers remain unfolded for

spacer length greater than five. For the [C5(MIm)2] cation, the most probable angle between the

two vectors is 162◦ while for the [C3(MIm)2] cation, although the propyl chain prefers to remain

unfolded, we observe a sharp peak near 123◦. It is also observed that there is a high probability of
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the two imidazolium rings orienting either parallel or antiparallel to each other withconsiderable

spacer folding for [C16(MIm)2] cation in gas phase ( Figure E.8, Appendix E). This suggests that

hydration of the imidazolium rings in aqueous solution decreaseπ − π stacking interaction.

6.3.5 Formation of Aggregates

MD simulations were started from a uniform distribution of cations in aqueous solution. Both of

the bromide anions were placed near the head groups. The [C3(MIm)2][2Br] and [C5(MIm)2][2Br]

solutions remained almost isotropic throughout the course of the simulation. The [C8(MIm)2][2Br]

and [C10(MIm)2][2Br] solutions, both in concentrated and dilute systems, showed microscopic in-

homogeneity on a small length scale with the presence of few dimers and trimers.In [C16(MIm)2][2Br]

solution, the cations came together very rapidly to form oligomers within first 5 ns of the simula-

tion. The oligomeric aggregates fused to form bigger aggregates (FigureE.9, Appendix E). It was

observed that the cations were dynamic with few of them adsorbing into the aggregate from the

free monomeric state and few cations from the aggregate entering into the solution to become free

monomers. The hydrophobic hexadecyl spacers club together to form the hydrophobic core of the

aggregates whereas the polar head groups form the surface of the aggregates. In aqueous solu-

tions of monocationic ILs, cations with octyl or longer chains form well defined aggregates [50]

whereas in dicationic IL solutions aggregates are not formed even with the decyl spacer chain.

So, in addition to the length of the alkyl chain, its location in the cation is also important in the

formation of aggregates.

6.3.6 Aggregation Number

The fraction of [C16(MIm)2] cations involved in forming an aggregate of size N in aqueous solu-

tion is shown in figure 6.6. Two cations are considered to be belonging to the same aggregate if

the central carbon atoms of two hydrocarbon spacers are within a specified distance cutoff. For

[C16(MIm)2] cations, the cutoff distance has been chosen as 12.0 Å by careful inspection of the

trajectory. For the [C16(MIm)2], most probable aggregation number ranges from 6 to 7. We have

also found formation of aggregates of size 8, 11, and 12 with considerable probability. The highest
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Figure 6.6: Fraction of cations involved in forming aggregates of size N in anaqueous solution of
[C16(MIm)2][2Br].

aggregation number was found to be 19 with very small probability for [C16(MIm)2] cations. The

fraction of cations that remained as monomers is quite low in aqueous solution withhexadecyl

spacer. The aggregation numbers observed in aqueous DIL solution withhexadecyl spacer are

lower compared to those in aqueous solution of the monocationic IL, [C16Mim][Br]. The aggre-

gation number in aqueous solution of [C16Mim][Br] is reported to be 66 [55]. The presence of

the alkyl chain between two hydrophilic groups hinders the formation of aggregates in DIL so-

lutions with smaller spacer chains and reduces the size of the aggregates in solutions of cations

with longer spacer chains, compared to their monocationic counterparts. Incase of [Cn(MIm)2]

(n=3,5), most of the cations remain as monomers while only a small fraction of cationsare in-

volved in the formation of dimers (not shown here). [C8(MIm)2] and [C10(MIm)2] cations also

exist primarily as monomers although they show appearance of dimers and trimers in their aque-

ous solutions. However, the probability of observing dimers is higher for octyl and decyl spacer

and increases with increase in concentration. At higher concentration of[C10(MIm)2], formation

of tetrameric aggregates is observed.

6.3.7 Structure of [C16(MIm) 2] aggregates

The structure of an aggregate in aqueous [C16(MIm)2][2Br] solution is shown in figure 6.7. Only
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Figure 6.7: Structure of an aggregate in aqueous solution of [C16(MIm)2][2Br]. Atoms belonging
to head groups are shown in yellow, and those belonging to the spacer chain are represented as
magenta beads. Anions, water molecules and hydrogen atoms belonging to cations are not shown
for the ease of visualization.

the heavy atoms of the aggregate are shown for the ease of visualization. We see that the aggre-

gates are quasispherical in shape. The polar head groups are represented in yellow, whereas the

carbon atoms are shown in magenta. Both the imidazolium rings of the cation are exposed to wa-

ter, thus maximizing the favorable interaction with water. The hexadecyl spacers of cations form

the hydrophobic core of the aggregate thus minimizing the unfavorable interaction of the hydro-

carbon spacers with the water molecules. The spacers are extending from one end of aggregate

to the other, resulting in the center of the spacer to be buried in the hydrophobic core. Both the

head groups of the cation are part of the positively charged micellar surface. No anions or water

molecules are found in the hydrophobic core of the aggregate. We have also characterized the

aggregates by calculating the most probable radius of the aggregate and the most probable radius

of the hydrophobic core from the center of mass of the aggregate. The radius of the aggregate is

defined as the distance between the center of mass of the aggregate and thegeometric center of

the imidazolium ring. We have found that the water molecules rarely penetrate beyond the second

carbon atom of the hexadecyl spacer from the imidazolium ring. Hence, we have defined the ra-

dius of the hydrophobic core as the distance between the center of mass ofthe aggregate and the
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second carbon atom of the hexadecyl spacer mentioned above. The probability distribution of both

the radii are shown in figure 6.8. The most probable radii of the aggregates and the hydrophobic
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Figure 6.8: Probability distribution of radii of (a) aggregates and (b) hydrophobic core for the
aggregates in aqueous solution of [C16(MIm)2][2Br].

core are calculated to be 11.4 Åand 9.2 Årespectively.

Hydration index provides the information about the extent of water penetration into the aggre-

gates. It is defined as the ratio of the average number of water molecules in first solvation shell of

the spacer carbon atom in the aggregate, to that which is completely exposedto water. Figure 6.9

shows the hydration index of carbon atoms on the hexadecyl chain in aqueous [C16(MIm)2][2Br]

solution. We notice that water penetration gradually decreases as we move toward the central car-

bon atom of the spacer, i. e., toward the hydrophobic core from the imidazolium end. It decreases

up to 60% from the first carbon atom of the hexadecyl spacer to the central carbon atom. The

hydration index of the central spacer carbon atom does not reach the ideal value of zero because

the monomers and oligomers have also been taken into account.
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Figure 6.9: Hydration index of various carbon atoms of the hexadecyl spacer in aqueous solution
of [C16(MIm)2][2Br].

6.3.8 Diffusion of Ions and Molecules

The self-diffusion coefficients of cations and anions in solution are computed from the slope of

mean-squared displacements using the Einstein relation. Although the model used in this study is

known to underestimate [56, 57] the diffusion of ions, we can use the computed self-diffusion (D)

coefficients of various moieties for qualitative comparison of different solutions of cations with

varying spacer length. Figure 6.10 shows the self-diffusion coefficients of cations and anions in

different aqueous solutions of cations with different spacer length. The self-diffusion coefficients
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Figure 6.10: Self-diffusion coefficients of cations and anions in [Cn(MIm)2][2Br] (n=3, 5, 8, 10
and 16 ) solution.

206



of cations correspond to the self-diffusion coefficients of the center of mass of the cations. We have

taken the 0.8 M and 0.82 M aqueous solutions of [C10(MIm)2][2Br] and [C8(MIm)2][2Br] systems

for this comparison. The self- diffusion coefficients of cations and anions for [C3(MIm)2][2Br] in

pure liquid state have already been reported [40]. We have found a remarkable increase in the

diffusion of cations and anions upon addition of water. This increase in diffusion is due to the

screening of the electrostatic charge between the head groups by water molecules. The diffusion of

cations in their aqueous solutions increases with increase in the spacer carbon number from three

to eight. This increase is consistent with the increase in the flexibility of the spacer with greater

carbon number. Upon further increase in the spacer chain length, thereis a decrease in diffusion

of cations. This decrease can be attributed to the formation of dimers and micellar aggregates

in [C10(MIm)2] and [C16(MIm)2] cations respectively, which increases the effective mass of the

cations due to being part of an aggregate. The self-diffusion coefficient of anion is always higher

by an order of magnitude compared to cation. We have found that the diffusion of anions increases

in the aqueous solution containing cations of longer spacer. The variation of diffusion of anions is

observed to correlate with the concentration of the ions in the solution.

6.3.9 Number Density

The atom number density profiles of different moieties along the interface normal (z-axis) obtained

from MD simulations provide insights into the surface accumulation and ordering of molecules

at the liquid–vapor interface [51, 58, 59]. Figure 6.11(a) shows the density profiles of first, third,

fifth and eighth carbon atoms of the hexadecyl spacer starting from eitherof the imidazolium ends

for the [C16(MIm)2] cations in aqueous solution. The minima in the density profiles along the

interface normal appear at 24 Å, 24 Å, 25 Å, and 25 Å for the first, third,fifth and eighth carbon

atoms of the hexadecyl spacer, respectively, while the correspondingmaxima appear at 31 Å, 32 Å,

33 Å, and 34 Å from the center of the simulation box. The minimum value in the atom number

density profile for eighth carbon atom of the hexadecyl spacer is the lowest among these four. The

maximum of this density profile is located closest to the interface as evidenced from the figure.

The peak height in the atom number density profiles at the liquid–vapor interface decreases for the
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Figure 6.11: Atom number density profiles of different carbon atoms of the (a) hexadecyl spacer
of [C16(MIm)2] cations and (b) propyl spacers of [C3(MIm)2] cations, along the interface normal
(z-axis) in their respective solution–vapor interfaces.

carbon atoms towards the imidazolium ring. This observation suggests the preferential adsorption

of the spacer carbon atoms at the liquid–vapor interface with the central atoms of the spacer at the

interface. It can also be said from these observations, that both the ends of the hexadecyl spacer

are immersed in the aqueous phase while the central spacer carbon atom is located towards the

vapor phase. The most probable location of the center and the ends of thespacer chain differ by

3 Å along the interface normal. The atom number density profiles for the second, fourth, sixth and

seventh carbon atoms of the hexadecyl spacer are present within the range of density profiles of

the first and eighth carbon atoms and follow the same trends as discussed (Figure E.10, Appendix

E). The atom number density profiles of different carbon atoms in the spacer in [C10(MIm)2][2Br]

and [C8(MIm)2][2Br] solutions are qualitatively similar( Figure E.11 and Figure E.12, Appendix

E). The carbon atoms on the pentyl spacer exhibit similar density profiles along interface normal

(Figure E.13, Appendix E).

We have found that the separation between the two peaks, corresponding to the carbon atom
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linked to the imidazolium nitrogen and the central spacer carbon atom, decreases as the spacer

chain lengths decrease from hexadecyl to pentyl. This suggests that withdecrease in the spacer

chain length, the tendency of the central spacer carbon atom to protrudeinto the vapor phase

decreases. From figure 6.11(b), we can observe that all three carbon atoms of the propyl spacer

have similar density profiles in the aqueous solution of [C3(MIm)2][2Br] cations. This suggests

that they are located at the plane near the interface.

Figure 6.12(a) shows the atom number density profiles of central spacercarbon atom along

the interface normal (z-axis) for the [C16(MIm)2], [C10(MIm)2], [C8(MIm)2], [C5(MIm)2] and

[C3(MIm)2] cations in their aqueous solutions. The central spacer carbon atoms have been chosen

to be eighth, fifth, fourth, third and second carbon atom from either of theimidazolium ends for

the hexadecyl, decyl, octyl, pentyl and propyl spacers respectively. All of the five density profiles
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Figure 6.12: Atom number density profiles of (a) central carbon atom of hexadecyl, decyl, octyl,
pentyl and propyl spacers in their corresponding aqueous solutions and (b) head groups, central
spacer carbon of [C16(MIm)2] cations, anions and water along the interface normal (z-axis) in
aqueous solution.

show peaks at the interface. The number density of the central carbon atom at the first minimum
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is almost zero for the hexadecyl spacer, and the density at the first minima increases with the

decrease in the spacer chain length. We observe a well defined peak in case of hexadecyl spacer

indicating the presence of an interfacial layer where preferential adsorption of the central spacer

carbon atom occurs. The formation of interfacial layer in case of hexadecyl spacer is evident

from the snapshot (Figure E.14, Appendix E). The cations in the bulk region of this interfacial

system form aggregates. The peak heights decrease with decrease in the spacer chain length up

to the octyl chain. This reflects the lack of preferential adsorption of the hydrocarbon spacer at

the liquid–vapor interface due to the decrease in the hydrophobic interaction between the spacer

chain and water molecules. In case of decyl spacer, the cations at the interface are oriented such

that their spacer chains are exposed to vapor phase. However, the interfacial layer is not clearly

defined in this case (Figure E.15, Appendix E). We see that there is no welldefined interfacial layer

for the pentyl spacer compared to the propyl spacer. This suggests preferential adsorption of the

propyl spacer compared to the pentyl spacer at the liquid–vapor interface. This is due to efficient

packing of the propyl group than the pentyl at the liquid–vapor interface. This observation is also

supported by the greater surface concentration of the central carbonatom of the propyl spacer (

0.0117 Å−2 ) than that of the pentyl spacer ( 0.0089 Å−2 ).

Figure 6.12(b) shows the atom number density profiles of different moieties in the aqueous

solution containing the [C16(MIm)2] cations along the surface normal. The head group represents

the geometric center of the imidazolium ring, and the spacer represents the central carbon atom of

the hexadecyl chain as defined earlier. The number density of water molecules is scaled to make

it comparable with the bulk number density of the cations. From the figure, it is evident that the

hexadecyl spacer is protruding into the vapor phase while the imidazolium rings are present in

the aqueous phase. The peak in the number density profile of the anions is closer to the peak in

the density profile of the head groups suggesting a strong association of the anions with the head

groups through coulombic interactions. The water number density profile shows less enhancement

at the liquid–vapor interface than the cations and anions.

The interfacial region in each of the system is defined as the region along z-axis enclosing the
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first peak (towards the interface) of the central spacer carbon atom density profile. For the follow-

ing discussions, a cation, anion or a water molecule is said to be at interface ifthe z-coordinate of

any of its constituent atoms fall in the interfacial region.

6.3.10 Organisation of Cations at the Interface

Cations present at the liquid–vapor interface are less solvated and will experience a different

molecular environment due to the presence of lesser number of water molecules at the interface

than those in the bulk. So one can expect some sort of orientational ordering of the cations present

in the interfacial layer, due to the van der Waals attraction between the hydrocarbon spacers.

Figure 6.13(a) shows the probability distribution of the angle between two spacers (defined

as the angle between the vectors connecting the two nitrogen atoms separatedby the spacer) for

cations present in the liquid–vapor interfacial layer. In [C16(MIm)2] cations present at the inter-
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Figure 6.13: Distribution of angle between (a) the spacer vectors (connecting the two nitrogen
atoms of the imidazolium rings separated by the spacer) of cations present inthe interface (b) the
spacer vector and the interface normal (z-axis).

face, the spacers are more likely to be oriented either parallel or antiparallel to each other. This

probability decreases with the decrease in the spacer chain length and become almost random for
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the pentyl and propyl spacers. This suggests that the organised assembly of the spacers of the

cations present at the interface reduces and disappears as the spacer chain length is decreased.

This is due to the decrease in the van der Waals interaction among the hydrocarbon spacers with

reduction in their chain length. Figure 6.13(b) shows the angle distribution between the spacer

vector and the interface normal (z-axis) for the cations present at the liquid–vapor interface in

their aqueous solutions. The hexadecyl spacers show a high probabilityto be oriented perpendic-

ular to the interface normal, i.e., remain parallel to the surface. The preference for the spacers to

be oriented perpendicular to the interface normal decreases with the decrease in the spacer length

and the orientation becomes almost random for the pentyl and propyl spacers. This observation

confirms the decrease in the ordering of the cations at the liquid–vapor interface with decrease in

the spacer length.

The distribution of angles between the NN vector (vector connecting the two nitrogen atoms

of the imidazolium ring) and the interface normal for the cations present at the interface in various

systems is shown in figure 6.14(a). We see that the NN vectors of [C16(MIm)2] cations are more

likely to be oriented along the interface normal in their aqueous solution. This orientation can be

attributed to the upward pull exerted by the hexadecyl spacer on the imidazolium rings toward the

vapor phase. With decrease in the spacer length, there will be a reductionin this upward pull by

the spacer and the probability of the NN vectors to be oriented along the interface normal will

decrease as evidenced from the figure.

Figure 6.14(b) represents the angle distribution between the vectors connecting the central

spacer atom to the nitrogen atoms on either imidazolium rings at the interface, that characterizes

the folding of the spacer chain. The distribution characterizing the folding isdifferent for the

cations present at the interface compared to those present at the bulk, incase of cations with octyl

or longer spacers. In case of propyl and pentyl spacers, the cations at the interface and in the

bulk region exhibit similar folding. The deviation is significant in case of hexadecyl spacer and

negligible in case of pentyl and propyl spacers (Figure E.16 and FigureE.17, Appendix E). The

angle distribution for the hexadecyl spacer folding shows a broad peakwith most probable angle of
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Figure 6.14: Distribution of angle between (a) the vectors connecting the twonitrogen atoms of
the imidazolium rings and the interface normal (z-axis) (b) the two vectors joining the central
spacer carbon atom with the nitrogen atoms of the imidazolium rings separated by the spacer.

folding being 115◦. The folding arises due to the affinity of the spacer towards the vapor phase and

the head groups toward the aqueous phase. For the [C10(MIm)2] and [C8(MIm)2] cations present

at the interface, the probability of the spacers to remain unfolded is less compared to cations in the

bulk region.

6.3.11 Surface Tension.

The surface tensionγ of the solution–vapor interface was calculated from the diagonal components

of pressure tensorPii using the formula [60]

γ = −bz(Pxx+ Pyy− 2Pzz)/4 (6.1)

wherebz is the length of the super-cell along the interface normal (z-axis). The factor 2 has been

introduced in the denominator to account for the presence of two equivalent interfaces. The sur-

face tension for the simulated systems are found to be 72, 68, 52, 54 and 39mNm−1 respectively

for the systems containing propyl, pentyl, octyl, decyl and hexadecyl spacer. Gradual decrease in
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the surface tension is observed with the increase in spacer length from propyl to octyl. The sur-

face tension values of [C8(MIm)2] and [C10(MIm)2] solutions are almost same while it decreases

sharply for [C16(MIm)2] solution.

6.4. Conclusions Atomistic MD simulations have been carried out on a series of aqueous solu-

tions of imidazolium based dicationic ionic liquids [Cn(MIm)2][2Br] (where

n varies from 3 to 16) from a uniform configuration of the ion units. The structure of the solution

is found to depend on the number of carbon atoms in the alkyl spacer. The solution with propyl

spacer ( [C3(MIm)2][2Br]) is homogeneous whereas spatial heterogeneity is observed withthe

increase in the length of the spacer chain. The [C16(MIm)2] cations in their solution are found to

form aggregates with the central carbon of the hexadecyl spacers buried in the hydrophobic core

and the imidazolium rings forming the hydrophilic surface. RDFs reveal thatthe organisation of

the anions and water around the cationic head groups varies with the spacer length as well as con-

centration. The intramolecular imidazolium ring orientation and folding of the alkyl spacers are

found to be influenced by theπ − π stacking interaction between the two imidazolium rings of the

cation.

In the solution–vapor interface, the organization of the alkyl spacers increases with increase

in the spacer length from pentyl to hexadecyl. In case of the solution with hexadecyl spacer, the

central spacer carbon is more likely to be protruding into the vapor phase and the carbon atoms of

the spacer that are near the imidazolium rings stay in the aqueous phase. Incase of propyl spacer,

all the three spacer carbon atoms are present in the aqueous phase. The tendency of the spacers

to be oriented parallel to each other and perpendicular to the interface normal (z-axis) decreases

with decrease in the spacer length implying the decrease in the organization ofcations present at

the interface with decrease in the spacer chain length.
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Chapter E

Appendix E
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Figure E.1: RDFs of anions around the geometric center of the imidazolium rings in aqueous
solutions
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Figure E.2: RDFs of water molecules around the geometric center of the imidazolium rings in
aqueous solutions
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Figure E.3: RDFs of different carbon atoms of the decyl spacer around themselves in aqueous
solution of [C10(MIm)2][2Br].
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Figure E.4: RDFs of different carbon atoms of the octyl spacer around themselves in aqueous
solution of [C8(MIm)2][2Br].
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Figure E.5: RDFs of different carbon atoms of the pentyl spacer around themselves in aqueous
solution of [C5(MIm)2][2Br].
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Figure E.6: RDFs of different carbon atoms of the propyl spacer around themselves in aqueous
solution of [C3(MIm)2][2Br].

0 5 10 15 20 25 30
r (Å)

0

0.5

1

1.5

2

g(
r)

[C10(MIm)2][2Br] (1.27M)
[C8(MIm)2][2Br] (1.32M)
[C10(MIm)2][2Br] (0.80M)
[C8(MIm)2][2Br] (0.82M)

Figure E.7: RDFs of central carbon atom of the spacer chain around themselves in aqueous solu-
tions of [C10(MIm)2][2Br] and [C8(MIm)2][2Br].
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Figure E.8: Distribution of angles between the normal vectors of two imidazoliumrings, and
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Figure E.9: Snapshot of the aqueous solution of [C16(MIm)2][2Br] after 50 ns simulations. Head
groups are shown in yellow and the tail groups are shown in magenta. Anions, water and hydrogen
atoms on the cation are not shown for the ease of visualization.
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Figure E.10: Atom number density profiles of different carbon atoms of the hexadecyl spacer
along the interface normal (z-axis) in the liquid–vapor interface of [C16(MIm)2][2Br] solution.
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Figure E.11: Atom number density profiles of different carbon atoms of the decyl spacer along the
interface normal (z-axis) in the liquid–vapor interface of [C10(MIm)2][2Br] solution.
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Figure E.12: Atom number density profiles of different carbon atoms of the octyl spacer along the
interface normal (z-axis) in the liquid–vapor interface of [C8(MIm)2][2Br] solution.
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Figure E.13: Atom number density profiles of different carbon atoms of the pentyl spacer along
the interface normal (z-axis) for the [C5(MIm)2] cations in aqueous solution.
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Figure E.14: Snapshot of the liquid–vapor interface of the aqueous solution of [C16(MIm)2][2Br]
after 25 ns simulations. Head groups are shown in yellow and the tail groupsare shown in magenta.
Anions, water and hydrogen atoms on the cation are not shown for the ease of visualization.

Figure E.15: Snapshot of the liquid–vapor interface of aqueous solutionof [C10(MIm)2][2Br] after
25 ns simulations. Head groups are shown in yellow and the tail groups are shown in magenta.
Anions, water and hydrogen atoms on the cation are not shown for the ease of visualization.
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Figure E.16: Distribution of angles between the two vectors joining the centralcarbon atom of
the spacer with the imidazolium nitrogen atoms connected to the spacer in the aqueous solution of
[C16(MIm)2][2Br].
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Figure E.17: Distribution of angles between the two vectors joining the centralcarbon atom of
the spacer with the imidazolium nitrogen atoms connected to the spacer in the aqueous solution of
DILs.
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Chapter 7

Glycine Molecules in Ionic Liquid based Reverse Micelles:

Investigation of Structure and Dynamics using Molecular Dynamics
Simulations

Abstract:

Amino acids, the building blocks of proteins, are probed in reverse micellar encapsulation pro-

cesses of biological molecules. To achieve a theoretical picture of the effect of confinement of

amino acids on the structure and dynamics of reverse micellar aqueous core, a water/[C1C10Im][Br]

reverse micelles containing variable number of glycine molecules (0 to 8), dispersed in pure

nonane has been studied using atomistic molecular dynamics simulations. The sizeof the cen-

tral water pool was found to become stable with increase in the number of glycine molecules.

Glycine molecules associate together through H-bonding interaction within the aqueous core of

the reverse micelles. The radial density profile of glycine molecules from thecenter of mass of the

reverse micellar aqueous core shows the preferential presence of glycine molecules near the cen-

ter. Confinement in nano-space region stabilizes the H-bonds formed between glycine molecules

compared to bulk aqueous solution. Increase in the number of glycine molecules within the re-

verse micellar aqueous core increases the survival time of H-bonds among glycine molecules as

well as among water molecules. Translational and reorientational motion of glycine and water

molecules are found to be directly related to the survival probability of intermolecular glycine–

glycine and water–water H-bonds suggesting the correlation between the mobility of molecules

with the rearrangement of the H-bonding network.
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7.1. Introduction. Reverse micelles have potential applications in the field of downstream pro-

cesses and enzyme recovery due to their ability to encapsulate and probe

biological molecules [1, 2, 3]. Investigations to understand the mechanism of reverse micellar ex-

traction of proteins have been done previously. For this purpose, amino acids, the building blocks

of proteins, are probed in the reverse micellar extraction processes [4,5, 6, 7]. Phase-transfer

method has been employed to determine the partition coefficients of amino acids between wa-

ter and the reverse micellar interface [8]. From investigations of the effect of pH, ionic strength

and concentrations of amino acids and surfactants used, exchange of counter ions with the amino

acids in the water pool was proposed to be the mechanism of reverse micellarextraction of amino

acids [9]. COSMO-RS modelling [10] and fluorescence spectroscopy [11] have been used to elu-

cidate the nature of amino acids responsible for their localization within the reverse micellar water

pool. Mass spectrometry study had revealed the driving forces for aminoacid encapsulation in

gas-phase reverse micelles [12] as well as the effect of charge state on the micellar structure and

encapsulation [13]. Ionic liquids, being useful replacements for the organic solvents have been

used as the dispersion phase for the formation of reverse micelles [14, 15]. The role of entrapped

ionic liquids in reverse micelles as nanoreactors for bimolecular nucleophilic substitution [16] had

been investigated. Few reports are there on the recovery of amino acids by imidazolium based

ionic liquids of varying chain length and counter anions as alternative solvents from aqueous me-

dia [17]. The role and utility of ionic liquids as potential surfactants for the formation of reverse

micellar aggregates is yet to be explored.

Even though many experimental [22, 23, 24, 25] and computational studies[26, 27, 28, 29, 30]

have been reported on the structure and water dynamics in reverse micellarconfinement, to the best

of our knowledge, no computational studies are focused on the effect of confinement on the dy-

namics of amino acids encapsulated in a reverse micelle consisting of imidazolium based ionic

liquids. Glycine, being the simplest one in the amino acid family, is chosen as the representative

probe for our study. In the present study, we have carried out atomisticmolecular dynamics sim-

ulations of reverse micelles consist of imidazolium based ionic liquids and encapsulating variable
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number of glycine molecules in zwitterionic forms with the aim of exploring the effect of increase

in the number of amino acids on the structure of the aqueous core of the reverse micelles as well

as dynamics of species confined in the aqueous core.

7.2. Methodology and

Simulation Details.

All-atom molecular dynamics (MD) simulations have been performed

on reverse micellar systems containing varying number of glycine molecules.

The simulations were started from an uniform configuration of surfac-

tant (1-(n-decyl)-3-methylimidazolium bromide, [C1C10Im][Br]) and nonane molecules as disper-

sion phase. All the systems contain 200 water molecules, 36 [C1C10Im][Br] ion pair units and

1200 nonane molecules but differ in the number of glycine molecules (ranging from 0 to 8) taken.

The size of a reverse micelle is characterized by its water loading (W0), which is the ratio of water

molecules to surfactant molecules

W0 =
[H2O]

[sur f actant]
(7.1)

W0 is≈ 5.0, for the systems that we have studied making them small sized reverse micelles. Binary

glycine–water bulk solution is also studied for making comparison with the reverse micellar sys-

tems. Details of the parameters characterizing the systems have been presented in Table 7.1. The

Table 7.1: Details of the simulated systems.

no. of no. of no. of no. of no. of run box
glycine waters [C1C10Im][Br] nonanes atoms length(ns) length(Å)
0 200 36 1200 36984 35 74.219
1 200 36 1200 36994 35 74.116
2 200 36 1200 37004 35 74.692
4 200 36 1200 37024 35 74.493
8 200 36 1200 37064 35 74.414
125 2246 – – 7988 27 42.632

simulations have been performed using the LAMMPS [31] MD package. Thesimple point charge

model (SPC/E) has been used to model water molecules [32] as it gives the best bulk structure and

dynamics [33] for water molecules. The all-atom force field parameters for[C1C10Im][Br] and

glycine molecules are adapted from the work of Lopes et. al [34, 35] andJorgensen et. al [36],

respectively. For nonane, the OPLS-AA force field parameters developed by Siu et. al [37] have
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been used. Even though the model used in this study is known to underestimatethe dynamics of

ions, it is suitable for a comparative investigation among the systems studied.

Isothermal-isobaric ensemble simulations (constant NPT) at 1 atmosphere pressure using the

Nóse-Hoover barostat with a pressure damping parameter of 500 fs were carried out on each

solution for 2 ns to get the equilibrated density. The canonical ensemble simulations (constant

NVT) were then performed from the last configuration of NPT simulation. Allsimulations at

constant NVT conditions were performed at 330 K using the temperature controller Nóse-Hoover

thermostat with a temperature damping parameter of 1000 fs. The temperaturesof the simulations

have been kept higher than the room temperature to accelerate the dynamicsof ions and molecules

through the high viscous oil (nonane) phase. The equations of motion wereintegrated using the

verlet algorithm with a time step of 0.5 fs. Three dimensional periodic boundary conditions were

used to simulate the bulk behavior. The atom coordinates were stored at an interval of 5 ps.

Visualization software The structural properties are calculated from the last 5 ns of trajectory

whereas last 10 ns of trajectory is used to calculate the dynamical properties. In the figures, reverse

micelle without any glycine molecules are termed as “Model RM” and reverse micelles containing

amino acids are denoted by the number of glycine molecules in them. The binary glycine–water

bulk solution is termed as “Binary”. A schematic of the molecular structures of [C1C10Im] cation,

glycine, nonane and water are presented in Figure 7.1.

7.3. Results and Discussion

7.3.1 Formation of Reverse Micelles

The simulations were started from an uniform configuration of ions and molecules. The snap-

shots of the different stages in the formation of reverse micelle in the system containing 8 glycine

molecules are shown in figure 7.2. In the figure, the oil phase (nonane) and hydrogen atoms of

[C1C10Im] cations are not shown for the ease of visualization. The water molecules, the glycine

molecules and the bromide ions are shown in pink, blue, and black respectively and the imida-

zolium rings and alkyl carbon atoms of [C1C10Im] cations are shown in red and green respectively.

We observe that the water molecules and [C1C10Im] cations that are spread out in the nonane phase
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Figure 7.1: Schematic representation of the [C1C10Im] cation, glycine, nonane and water
molecule.

come together to form small irregular shaped clusters within the first 0.25 ns of simulation (Fig-

ure 7.2(b)). The glycine molecules and bromide anions are distributed within these clusters. Then

these small clusters coalesce to form bigger liquid droplets (Figure 7.2(c) and (d)) within 2.25 ns

of simulation. Then the two intermediate-sized liquid droplets fuse together by theformation of a

bridge of water molecules between them as depicted in Figure 7.2(e). Aggregate elongated along

the direction of water bridge then reorganizes to form spherical reverse micelle encapsulating the

amino acids (Figure 7.2(f)). This is a representative of all other systems with different number of

glycine molecules, where encapsulation of glycine occur at constant water loading (i. e., at con-

stant W0) without replacing any water molecule from within the reverse micellar aqueous pool. It

will be interesting to know the effect of increasing the size of the system. Further work needs to

be done to establish the phase behavior of the system and the stability of the reverse micelle.

7.3.2 Structure of the Reverse Micelles.

The structures of the reverse micelles containing varying number of glycinemolecules are shown

in Figure 7.3. The color scheme to identify different moieties are same as discussed in the pre-

ceding section. Additionally, bromide ions are not shown for clarity. The reverse micelles are

spherical in shape. The imidazolium head groups of [C1C10Im] cations are immersed in the water

pool and are distributed throughout the aqueous phase. The aqueousphase does not solvate any
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Figure 7.2: The snapshots of different stages of aggregation of various species to form the reverse
micelle in the system containing 8 glycine molecules. The water molecules, the glycinemolecules
and the bromide ions are shown in pink, blue and black respectively and theimidazolium rings and
alkyl carbon atoms of [C1C10Im] cations are shown in red and green respectively. The oil phase
(nonane) and hydrogen atoms of [C1C10Im] cations are not shown for the ease of visualization.

decyl chain carbon atoms beyond the second carbon atom from the imidazolium end. The alkyl

chains of [C1C10Im] cations protrude into the nonane phase (not shown). The bromide ionsare

also distributed across the aqueous core (not shown). In systems containing more than one amino

acids, the glycine molecules associate together through the formation of H-bonds as depicted in

Figure 7.4. The three-dimensional spatial distribution functions (SDFs) ofamino hydrogen atoms

(in yellow) and carboxylate oxygen atoms (in green) around theα–C atom of glycine molecule

also confirm the H-bonding interaction between the amino hydrogen atoms andcarboxylate oxy-

gen atoms belonging to two distinct glycine molecules as shown in Figure 7.5. We see that the
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Figure 7.3: Structures of the reverse micelles containing (a) 1 (b) 2 (c) 4 and (d) 8 glycine
molecules. The water molecules are shown in pink, the glycine molecules are shown in blue,
the imidazolium rings and alkyl chain carbon atoms of [C1C10Im] cations are shown in red and
green respectively. The oil phase (nonane), hydrogen atoms of [C1C10Im] cations and bromide
anions are not shown for the ease of visualization.

Figure 7.4: Snapshot of glycine molecules within the reverse micellar aqueous core containing (a)
2 (b) 4 and (c) 8 glycine molecules. The oxygen, carbon and nitrogen atoms are shown in red, cyan
and blue respectively and the hydrogen atoms attached to theα–C atom, and the amino hydrogen
atoms are shown in pink and green respectively.

Figure 7.5: Spatial density of amino hydrogens (in yellow) and carboxylateoxygens (in green)
around theα–C atom of glycine molecule.

235



amino hydrogen atoms are preferentially located near the carboxylate oxygen atoms whereas the

carboxylate oxygens tend to accumulate near the amino hydrogen atoms. Theisosurface density

values in Figure 7.5 correspond to 0.052 and 0.135 for carboxylate oxygens and amino hydrogens

respectively for the reverse micelle containing 8 amino acids.

Radius of gyration,Rg, provides an estimate of the size of a micelle. We have calculatedRg

for the aqueous core of the reverse micelles by using the following formula,

Rg =

√

∑

i mir i
2

∑

i mi
(7.2)

wheremi is the mass of thei-th atom in the aqueous core situated at radial distancer i from the cen-

ter of mass of the reverse micelle. Herei includes atoms of water molecules, glycine molecules,

bromide anions, imidazolium rings and tail atoms up to the second carbon atom from the imida-

zolium ring of [C1C10Im] cations. Figure 7.6 presents the probability distribution ofRg of aqueous

pool of the reverse micelles containing varying number of glycine molecules.The most probable

10 11 12 13 14
0

1

2

3

P
(R

g)

1

10 11 12 13 14
0

1

2

3 2

10 11 12 13 14
Rg(Å)

0

1

2

3 4

10 11 12 13 14
0

1

2

3 8

(a) (b)

(c) (d)

Figure 7.6: Probability distribution ofRg of aqueous core of the reverse micellar systems contain-
ing (a)1 (b)2 (c)4 and (d)8 glycine molecules.

value ofRg is 11.9Å in all the systems studied. It can be observed that the probability distribution

of Rg for the reverse micellar aqueous core becomes narrower and the peak height increases at the

most probable value ofRg, as the number of glycine molecules increases. This suggests that the

aqueous core becomes stable with less fluctuation in shape as the number of glycine molecules in
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the core increases. The reduced fluctuation can be attributed to the formation of H-bonding net-

work between water and glycine molecules, which holds the aqueous pool tightly. The probability

distribution ofRg value of the model reverse micellar water pool resembles that of the reverse mi-

celle containing single glycine molecule (Figure F.1(a), Appendix F). We have also computed the

probability distribution ofRg for the entire reverse micellar aggregates containing varying number

of glycine molecules (Figure F.2, Appendix F). Although the most probable value ofRg for the

reverse micellar aggregate is∼ 14.0Å irrespective of the systems studied, the trend in fluctuation

in the corresponding distributions follows the same pattern as of the distributionof Rg for the

aqueous pool. We can say that the overall shape of the entire aggregateis influenced by the shape

of the reverse micellar aqueous pool. The most probable values of eccentricities, ǫ for the aque-

ous core of the reverse micelles studied are< 0.15, implying a slight deviation from the spherical

shape. Figure 7.7 presents the snapshot of the reverse micellar aqueous core containing 8 glycine

molecules. Based on the assumption of uniform mass distribution of a spherical aggregate, the

Figure 7.7: Snapshot of the reverse micellar aqueous core containing 8 glycine molecules. The
water phase is shown as a continuous medium (in cyan), the glycine moleculesare shown in blue,
the imidazolium rings along with the first two carbon atoms attached to the ring of [C1C10Im]
cations are shown in red and the bromide anions are shown in black.

radius (Rc) of the reverse micellar aqueous core is computed by a simple relation:R2
g = (3/5)R2

c.

The most probable value ofRc in all the systems is found to be 15.3 Å.

The orientational order parameterq has been computed to study the local structural order in
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water in the reverse micellar systems containing amino acids. The orientational order parameter

is given by [41, 42]

q =
〈

1−
3
8

3
∑

j=1

4
∑

k= j+1

(

cosψ jk +
1
3

)2〉

(7.3)

whereψ jk is the angle formed by the vectors joining the oxygen atom of a given water molecule

and those of its four nearest neighborsj andk. The〈...〉means thatq is averaged over all the water

molecules. The values ofq is in the range−3 ≤ q ≤ 1. In a perfect tetrahedral,q=1 whereas

for a random molecular arrangement, as in an ideal gas, the mean value ofq vanishes. Thus,q

is a measure of the degree of tetrahedrality in the arrangement of four nearest neighbors around a

central one.

Figure 7.8 shows the histograms of the order parameterq around those water molecules that

are present in the first solvation shell of theα-C atom of the glycine molecule. In constructing
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Figure 7.8: Probability distribution of the tetrahedral order parameter around those water
molecules which are present in the first solvation shell of theα carbon atom of the glycine
molecule.

the neighbor list of four nearest water molecules around the water molecules present in the first

solvation shell of the glycine molecule, those within a spherical shell of 3.0 Å from the edge of

the corresponding first solvation shell have also been considered. The most probable value of

q in binary glycine–water bulk solution is∼0.55 whereas the value decreases to∼0.35 within

the reverse micellar aqueous core. The decrease in the value ofq from the bulk to the reverse

micellar aqueous pool can be attributed to two phenomena. One is that the watermolecules in the

reverse micellar aqueous pool participate in the formation of H-bonds with other ions, e.g. bromide
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anions and imidazolium cations which may displace other water molecules from thetetrahedral

arrangement. Second, the availability of tetrahedrally arranged nearestneighbor water molecules

are limited for the peripheral water molecules in the aqueous core of the reverse micelles.

7.3.3 Density Profiles

The distribution of different moieties in a reverse micelle can be described by the radial density

profile, ρα from the center of mass of the reverse micelle. We have calculated radial density

profiles by using the equation

ρα =
1

4πr2

∑

i

〈δ(|rαi − rCM| − r)〉 (7.4)

whererαi represents the distance of thei-th species from the center of mass,rCM of the reverse

micelle. To overcome the problem of less statistics within short distance (e. g. 1.0 Å ) from the

center of mass of the reverse micelle, we have particularly taken the first spherical shell with 5.0 Å

of radius and then onward, the thickness of the spherical shells are kept to be 1.0 Å. Figure 7.9(a)

presents the radial density distribution ofα–C atoms of glycine molecules for the reverse micelles

having varying number of amino acids. We observe that the glycine moleculesare likely to be

present at the center of the aqueous core. Glycine molecules, being hydrophilic, will try to hide

themselves from the oil (nonane) phase and interact with the water core. It was seen that the

glycine molecules prefer to stay together by the formation of inter glycine H-bonds (Figure 7.4).

The enhancement inα–C density near the center of mass of the reverse micelle with increase in the

number of glycine molecules is also evident in Figure 7.3. This increment inα–C density at the

center of the aqueous core is balanced by the shifting of the local density of other species towards

the surfactant–nonane interface, as is evident from the radial density profiles of water oxygen

atoms in Figure 7.9(b) for the corresponding systems. Density profiles of geometric center of

imidazolium rings and bromide ions are shown elsewhere (Figure F.3, Appendix F).
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Figure 7.9: Radial density profiles of (a)α-C atoms of glycine molecules and (b) water oxygen
atoms for the reverse micelles containing varying number of glycine molecules.

7.3.4 Hydrogen Bond Dynamics.

The fluctuations in hydrogen-bond populations with time are characterized by the time correlation

function (TCF) [43]

CHB(t) =
1
N

N
∑

i j=1

〈hi j (t) · hi j (0)〉 (7.5)

wherehi j (t), an instantaneous hydrogen-bond operator takes the value 1 if molecules i and j are H-

bonded at timet and 0 otherwise, assuming the intermittent approximation [44, 45]. The function

CHB(t) gives the probability that the moleculesi and j are H-bonded at timet, given that they were

H-bonded at time 0. Our definition of hydrogen bond adapts the geometric criteria [46] according

to which hydrogen atom and the acceptor are separated by a distance lessthan 3.0Å and the angle

made by the donor, H atom and the acceptor falls within the range 90-180◦ to form a H-bond.

Even though there are different kinds of H-bonds present in aqueous pool of the studied reverse

micelles, we are focusing on H-bonds formed among the glycine molecules andamong the water

molecules. In a glycine molecule, the more electronegative carboxylate oxygen acts as the H-
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bond acceptor and the amino nitrogen acts as the H-bond donor [48]. ForH-bonds formed among

the water molecules, the water oxygen acts both as the donor as well as the acceptor. The mean

lifetimes (τHB) have been evaluated from the time integral ofCHB(t) [45]

τHB =

∫ ∞

0
CHB(t)dt (7.6)

The mean lifetimes for H-bonds among glycine and among water molecules are summarized in

Table 7.2.

Table 7.2: Mean lifetimes (τHB) for H-bonds between species of the same kinds in different sys-
tems studied.

τHB(ps)
System GLY–GLY W–W
Binary 517.54 6.47
Model RM – 21.66
1 – 22.62
2 1178.44 22.37
4 1557.10 23.06
8 1737.40 24.63

Figure 7.10(a) shows the time evolution ofCHB(t) for H-bonds formed among the glycine

molecules (GLY–GLY) in different systems studied. The survival TCF for H-bonds among the

glycine molecules decays more quickly in binary glycine-water bulk solution compared to reverse

micellar water pool. The mean lifetimes (τHB) for GLY–GLY H-bonds in different reverse micellar

water pools are∼2–3 times longer than in glycine–water bulk solution (Table 7.2). This suggests

that confinement in small region of space stabilizes the H-bonds compared tobulk solution. We

also observe a decrease in rate of decay ofCHB(t) with increase in number of glycine molecules

in reverse micellar water pool, which is also reflected in the increase in correspondingτHBs (Ta-

ble 7.2). More number of glycine molecules in the confined water pool introduces greater steric

crowding which will force the glycine molecules to stay together leading to the increase in the

mean lifetime of GLY–GLY H-bonds.

Figure 7.10(b) shows the survival TCFs (CHB(t)) for H-bonds among the water molecules (W–

W) in different reverse micellar systems studied. From the inset in Figure 7.10(b), we see that
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Figure 7.10: Survival autocorrelation function,CHB(t) for H-bonds between (a) glycine molecules
and (b) water molecules in different systems studied.

CHB(t) decays more quickly in the reverse micellar water pool with no glycine molecules than

with glycine molecules. The mean lifetimes of H-bonds (τHB) formed between water molecules

is slightly higher for the reverse micellar systems containing glycine molecules than the model

reverse micellar system (Table 7.2). Although theCHB(t)s decay almost at the same rate for reverse

micellar systems having 1, 2 and 4 glycine molecules, system with 8 glycine molecules shows

noticeable slow down in the decay ofCHB(t). From Table 7.2, we observe thatτHB for the reverse

micellar systems differ negligibly in systems with 1 and 2 glycine molecules and it increases with

increase in number of glycine molecules in the remaining systems.τHB for W–W H-bonds in

the binary glycine–water bulk solution was calculated to be only 6.47 ps which suggests that the

glycine molecules in the reverse micellar water pool stabilizes the W–W H-bonds.

7.3.5 Translational Mobility

In order to obtain the actual picture of translational mobility of a species within the reverse micellar

aqueous pool, we have studied the mean squared displacement (MSD) calculated in the center of
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mass frame of the reverse micelle [27]. Figure 7.11(a) shows the MSD of glycine molecules in

different systems studied. In 2000 ps window, we observe that the rate of increase in MSD for

0 400 800 1200 1600 2000
0

50

100

150

200

250

300

M
S

D
(Å

2 ) 8
4
2
1
Binary

0 400 800 1200 1600 2000
Time(ps)

0

100

200

M
S

D
(Å

2 )

Model RM
1
2
4
8

0 100 200 300 400
Time(ps)

0

10

20

30

40

M
S

D
(Å

2 )

1
2
4
8

(a)

(b)

Figure 7.11: Mean squared displacement (MSD) of (a) glycine and (b) water in the center of mass
frame of the reverse micelle in different systems studied.

glycine molecules in the center of mass frame of the reverse micelle decreaseswith increase in

the number of glycine molecules. Reverse micelle having single glycine molecule has the highest

rate of increase in glycine MSD whereas the rate is minimum for the reverse micelle having 8

glycine molecules. Glycine molecules in the reverse micellar water pool tend to cluster together

through the formation of H-bonding network. In the reverse micelle with 8 glycine molecules,

all the amino acids club together leading to increase in apparent mass of glycine molecules. As a

result, glycine molecules in this system show slowest rate of increase in MSD.Reverse micelles

with 2 and 4 amino acids show intermediate rate of increase in glycine MSD. In a smaller time

window of 400 ps (inset in Figure 7.11(a)), one can see that the rate of increase in glycine MSD

follows the same trend as that of mean lifetimes (τHB) of GLY–GLY H-bonds across the different

reverse micelles studied (Table 7.2), i.e., more the value ofτHB, slower will be the diffusion. In

a longer time window of 10 ns, it is observed that the MSD of glycine molecules increases with
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time in binary glycine–water bulk solution (Figure F.4, Appendix F). Figure 7.11(b) shows the

MSD of water molecules in different systems studied. We see that water molecules in the model

reverse micelle show highest rate of increase in MSD whereas the rates are slightly lower in reverse

micellar water pool with 1, 2 and 4 glycine molecules. Reverse micelle having 8 amino acids show

slowest rate of diffusion of water molecules which is in accordance with the highestτHB for W–W

H-bonds (Table 7.2).

7.3.6 Re-orientation Dynamics

Orientational time correlation functions (TCFs),Cl(t) determine orientational relaxation of a species.

Usually,Cl(t) is formulated in terms of reorientation of a unit vector ˆei belonging to thei-th species

as

Cl(t) =
1
N

N
∑

i=1

〈êi(t) · êi(0)〉 (7.7)

We have calculated theCl(t) in the laboratory frame instead of the center of mass frame of the

reverse micelle, as the rotational motion of the reverse micelle as a whole has a small contribution

to the orientational relaxation [27]. The computed TCFs were fitted by single stretched exponential

decay function [47]

Cl(t) = exp(−(t/τrot)
β) (7.8)

whereτrot is the reorientation time or relaxation time associated with the exponential function and

β is the stretched exponent.

In the present study, the rotation of a glycine molecule is investigated using thereorientation

of three vectors, two located on the plane of the molecule (the vector joining theamino nitrogen

atom and the carboxylate carbon atom (NG–CX) and the vector joining theα–carbon atom and

the middle point (M) of the NG–CX vector (CL–M)) and one normal to the planeof the molecule

(the normal vector to the plane constituted by NG, CL and CX atoms (M–P)). A schematic of the

aforementioned vectors are presented in figure 7.12. Figure 7.13(a) presents the time evolution

of Cl(t) of different vectors in a glycine molecule for the reverse micelle containing 8 glycine

molecules up to 500 ps. We see that the rate of decay of TCF for the reorientation of NG–CX
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Figure 7.12: Different vectors of interest for orientational relaxation in a glycine molecule.
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Figure 7.13: Variation ofCl(t) for (a) vectors characterizing the glycine molecule in reverse mi-
celle with 8 glycine molecules and (b) M–P vector of glycine molecules across the systems studied.

vector is the slowest implying that both in-plane and out of plane rotation of NG–CX is not fa-

vored due to largest moment of inertia along this direction. The rate of decayof Cl(t) for the

reorientation of CL–M and M–P vectors are very close to each other with slightly faster decay

observed for the rotation of M–P vector. This suggests that the orientational relaxation of CL–M

vector is largely coupled with the reorientation of M–P vector with small contribution from the

orientational relaxation of NG–CX vector.τrots are calculated to be 3448 ps, 2902 ps and 1960 ps

for reorientation of NG–CX, CL–M and M–P vectors respectively. The timeevolution ofCl(t)s of

different molecular vectors in glycine molecule shows similar trend in rest of the systems studied.
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(Figure F.5, Figure F.6, Figure F.7, Figure F.8, Appendix F).

As the rotation of the M–P vector is the fastest among the specified molecular vectors in a

glycine molecule irrespective of the systems studied, the reorientation of the M–P vector has major

contribution towards rotational relaxation of glycine. Figure 7.13(b) shows rotational relaxation

(Cl(t)) of M–P vector in glycine molecule across the systems studied, up to 500 ps of elapsed

time. Table 7.3 lists the corresponding fitted parameters. It was observed that the rate of decay of

Table 7.3: Parameters of the stretched exponential fit to the reorientation time correlation function.

System τrot(ps) β

Binary 51.34 0.54
1 105.60 0.75
2 117.54 0.75
4 536.16 0.56
8 1960.0 0.50

Cl(t)s for glycine molecules decreases in the reverse micellar water pool compared to the binary

glycine–water bulk solution, which is a direct consequence of confinement. For reverse micelles

with varying number of amino acids, a gradual increase in reorientational time,τrot, is observed

with increase in the number of glycine molecules. Orientational motion requires a rearrangement

in H-bond network. So, the increase in the reorientational time is a consequence of the stability of

inter glycine H-bonds, i.e., more the mean lifetime of H-bonds formed among glycine molecules

(Figure 7.10 and Table 7.2), more strongly the glycine molecules are held together and slower

will be the decay in rotational TCFs of the M–P vectors. Single glycine moleculein the reverse

micellar water pool which can not form a inter glycine H-bond, shows fastest decay ofCl(t).

Figure 7.14 presents the rotational relaxation (Cl(t)) of a unit vector along the direction of

the dipole moment of a water molecule in the reverse micelles studied. Table 7.4 lists the cor-

responding fitted parameters up to 4000 ps of elapsed time. Theτrot for water molecules in the

aqueous pool of model reverse micellar aggregate is calculated to be∼32.0 ps which is in excellent

agreement with the experimentally determined rotational relaxation time of water molecules en-

capsulated in AOT/isooctane reverse micelles with W0 = 5.0 [49]. We see that the rate of decay of

246



0 1000 2000 3000 4000
Time(ps)

0

0.2

0.4

0.6

0.8

C
l(t

)

Model RM
1
2
4
8

Figure 7.14: Variation ofCl(t) for the unit vector along the dipole moment of a water molecule
across the reverse micellar systems studied.

Table 7.4: Parameters of the stretched exponential fit to the reorientation time correlation function.

System τrot(ps) β

Model RM 31.94 0.46
1 33.71 0.45
2 34.64 0.46
4 35.48 0.43
8 38.98 0.41

Cl(t) for the dipole orientational relaxation of water molecules in the reverse micellar water pool

decreases with increase in the number of amino acids. The trend is similar to thatof the decay of

CHB(t) (Figure 7.10(b) and Table 7.2), which suggests that the dynamics of hydrogen bonds play

an important role in the orientational relaxation of molecules in the reverse micellar water pool.

7.4. Conclusions Atomistic molecular dynamics simulations have been carried out on water/[C1C10Im][Br]

reverse micelles encapsulating varying number of zwitterionic glycine molecules

(0 to 8) in pure nonane at W0 ≈ 5.0. Spherical reverse micelles were formed from uniform initial

distribution of surfactant and nonane molecules. Within the reverse micelles,glycine molecules

associate to form inter–glycine H-bonds. Spatial distribution function shows preferential accumu-

lation of amino hydrogen atoms near the carboxylate oxygens of glycine molecules and vice versa

due to the formation of H-bonds between them. The probability distribution of radius of gyration
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(Rg) of the reverse micellar aqueous core becomes narrower and the intensityof the peak increases

as the number of glycine molecules increases. We have found that the distribution of radius of

gyration (Rg) of the aqueous core of the reverse micelle has a direct consequence on the overall

size of the reverse micelle. The shape of the aqueous core was spherical in all the systems studied.

The most probable value of tetrahedral order parameter decreases from∼0.55 for binary glycine–

water bulk solution to∼0.35 within the reverse micellar aqueous core. Glycines molecules within

the reverse micelle are preferentially located near the center of the water pool.

The survival time correlation functions (CHB(t)) of H-bonds between glycine molecules in-

dicates that nano-confinement stabilizes the H-bonds compared to the bulk solution. The mean

lifetime of H-bonds between glycine molecules in reverse micellar aqueous pool increases with

increase in the number of glycine molecules. The increase in the number of glycine molecules also

stabilizes water–water H-bonds within the reverse micelles. In a smaller time window of 400 ps,

rate of increase in MSD of glycine molecules in the center of mass frame of the reverse micelle

shows similar trend as that of mean lifetimes of glycine–glycine H-bonds. The rotation of the

vector normal to the plane constructed by the nitrogen atom,α-C atom and carboxyl carbon atom

of a glycine molecule provides major contribution to the reorientation of the glycine molecule.

The reorientational TCF (Cl(t)) of this vector shows slower decay in reverse micellar water pool

than in the bulk solution. The reorientational relaxation time for a glycine moleculeincreases with

increase in the number of glycine molecules in the reverse micellar aqueous core as a result of

formation of stable glycine–glycine H-bonds. Farther experimental and computational studies are

required to explore the structure and dynamics of biomolecules encapsulated in the aqueous core

of reverse micelles consisting of ionic liquid based surfactants.
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Chapter F

Appendix F
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Figure F.1: Probability distribution of (a) Rg and (b) radius of aqueous core of the model reverse
micelle.
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Figure F.2: Probability distribution of radius of aqueous core of the reverse micellar systems
containing (a)1 (b)2 (c)4 and (d)8 glycine molecules respectively.
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Figure F.3: Radial density profiles of (a) geometric center of imidazolium ringand (b) bromide
anions for the reverse micelles containing varying number of glycine molecules.
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Figure F.5: Variation of reorientational time correlation function (Cl(t)) for different molecular
vectors of glycine molecule in reverse micelle with single glycine molecule.
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Figure F.6: Variation of reorientational time correlation function (Cl(t)) for different molecular
vectors of glycine molecule in reverse micelle with two glycine molecules.
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Figure F.7: Variation of reorientational time correlation function (Cl(t)) for different molecular
vectors of glycine molecule in reverse micelle with four glycine molecules.
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Figure F.8: Variation of reorientational time correlation function (Cl(t)) for different molecular
vectors of glycine molecule in binary glycine–water bulk solution.
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Chapter 8

Ionic Liquids at Nonane – Water Interfaces: Molecular Dynamics

Studies

Abstract:

Structure of ternary systems with water, nonane and an ionic liquid, with the ionic liquid placed be-

tween water and nonane have been studied using atomistic molecular dynamics simulations. Three

different ionic liquids with 1-n-butyl-3-methylimidazolium cation and bromide, tetrafluoroborate

and trifluoromethanesulfonate anions have been studied. The ionic liquids disperse into aqueous

phase quickly and are solubilized in water within 15 ns to form two equivalentnonane - aqueous

ionic liquid interfaces. Interfacial region is enriched with ionic liquids due to the amphiphilicity of

the cations. The presence of ionic liquids at the interface reduces the interfacial tension between

the nonane and water, thus facilitating the mixing of aqueous and nonane phases. The reduction in

the interfacial tension is found to be inversely related to the solubility of the corresponding ionic

liquid in water. The butyl chains of the cations and the trifluoromethanesulfonate anions present

in the interfacial region are found to be preferentially oriented parallel to the interface normal.
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8.1. Introduction Room-temperature ionic liquids (RTILs), with wide liquid range, low vapor

pressure, and many potential applications in synthesis, catalysis and electro-

chemistry have received significant attention of researchers [1, 2, 3,4, 5]. Imidazolium-based

ionic liquids (ILs) are extensively studied using experimental [5, 6, 7] and computational meth-

ods [8, 9, 10, 11, 12, 13, 14]. Structure of the vapor-liquid interfaceof ILs has also been inves-

tigated [15, 16, 17, 18]. Imidazolium cations with long alkyl chain substituentform well defined

aggregates in their aqueous solution [19], whereas cations with intermediatelength alkyl chain

(butyl to hexyl) behave as amphiphilic molecules and form oligomers at high concentration [20].

Amphiphilic ILs, with polar head groups and non-polar hydrocarbon tails,have affinity for

both water and oil phases. In a ternary system composed of oil, water andamphiphilic ILs, the

amphiphiles are preferentially adsorbed at the oil-water interface, thus reducing the interfacial

tension between aqueous and the oil phase [21, 22, 23]. This leads to enhanced solubilization of

the oil into the aqueous phase, and such formulations are widely used in chemical flooding induced

enhanced oil recovery (EOR) of the remaining oil from reservoirs [24, 25, 26] and solubilization

of sparingly soluble drugs [27]. In two phase homogeneous catalysis, where the phase containing

reactants and products is immiscible with the phase containing catalyst, amphiphilic ILs increase

the solubility of the reactants in catalyst phase to give practical reaction rates [28].

In an attempt to gain insights into the atomic level details, we have investigated the structure

of ternary systems composed of water, 1-n-butyl-3-methylimidazolium ([C4C1Im]) cation based

IL and nonane. We have used nonane to model the oil phase. To study theeffect of anion on

the structure of the interface we have carried out MD simulations on three different systems by

varying the counter anion ( Br−, BF−4 and CF3SO−3 ) associated with the cation.

8.2. Methodology and

Simulation Details

Three different ternary systems consisting of water, [C4C1Im] cation

based IL and nonane, have been studied employing atomistic MD sim-

ulations, using the LAMMPS [40] package. Each of the three systems

composed of a different anion (bromide (Br−), tetrafluoroborate (BF−4 ) and trifluoromethanesul-

fonate (CF3SO−3 )). Force field parameters for the nonane were taken from the model developed
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by Jorgensen [41]et. al. and Siu [42]et. al. The force field parameters for the ionic liquids have

been adapted from the the works of Padua [43, 44] and co-workers.For water molecules, simple

point charge (SPC) model [45] has been used.

The ternary systems were constructed as follows: Nonane, water and ILwere equilibrated

separately in canonical ensemble at a temperature of 333 K and a density that is 5% higher than

the experimental density at that temperature. The orthogonal boxes with dimensions, 40 Å along

each axes were used to equilibrate water and nonane, while equilibration ofIL was carried out

in a box of dimension 40 Å along x- and y-axis and 20 Å along z-axis. Thesethree equilibrated

simulation boxes were fused along z-axis to build the ternary systems. Duringthis process, the

molecules that were very close to each other were removed. Few molecules of each of the species

were removed randomly to ensure that the final density of each of the phases in the simulation box

was equal to the experimental density at the simulated temperature. Simulations ofwater-nonane

biphasic system was also carried out at 333 K. All the simulated systems contained 206 nonane

molecules.

Details of the systems that were studied are presented in table 8.1. In the table,ternary systems

are represented by the anions they are composed of.

Table 8.1: Details of the Simulated Systems

system no. of no. of no. of run box
ion pairs water atoms length(ns) length(Å)

nonane-water 0 2106 12292 20 40.0, 40.0, 80.0
Br− 111 2106 15178 30 40.0, 40.0, 100.0
BF−4 103 2105 15379 30 40.0, 40.0, 100.0
CF3SO−3 93 2105 15358 30 40.0, 40.0, 100.0

All simulations were performed in canonical ensemble (constantNVT) at 333 K. The simula-

tions were carried out at higher temperature as the ILs used in our studiesare very viscous at room

temperature. Stretching and bending interactions in the water molecule were constrained using the

SHAKE algorithm [47]. The equations of motion were integrated using the verlet algorithm with a

time step of 0.5 fs. Three-dimensional periodic boundary conditions were used, giving an infinite
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stack of thin films of nonane, IL and water along z-direction. The positions of the atoms were

stored at an interval of 5 ps and were used for analyses. The pressure tensor was stored every time

step during the last 1 ns simulation and was used to calculate the interfacial tension. The results

reported have been averaged over the last 10 ns of the trajectory unless mentioned otherwise.

8.3. Results and Discussions Schematic of [C4C1Im] cation and nonane, describing the atom

types and their connectivity is shown in figure 8.1 to aid the dis-

cussion. In the following discussion, head group refers to the geometric center of the imidazolium

Figure 8.1: Schematic representation of the [C4C1Im] cation and nonane showing the atom types
used in the discussion.

ring and the tail group refers to the terminal methyl group of the butyl chain attached to the imi-

dazolium ring.

Ionic liquids quickly diffused into aqueous phase within few nanoseconds and formed an equi-

librated biphasic system of nonane and aqueous IL solution within 15 ns. Snapshots of the initial

configuration, after 1 ns, and after 30 ns of simulation for the ternary system with [C4C1Im][Br]

are shown in figure 8.2. The resultant configuration resembled Winsor Type I solution [29].
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Figure 8.2: Snapshots of the ternary system with bromide anion. (a) initial configuration (b) after
1 ns simulation (c) after 30 ns simulation. Carbon atoms of nonane are shown inorange and the
oxygen atoms of water are shown in red. Anions are represented as magenta beads.

8.3.1 Number Density

Number density profile of atoms or groups along the interface normal provides information about

the structure of the interface [49, 50]. The number density profiles of thenonane (CAT), wa-

ter, cation (head and tail groups), and anion (bromide), along z-axis, for the ternary system with

nonane, [C4C1Im][Br] and water are shown in figure 8.3a. The total atom number density profile

is also shown in the same figure. As the number of water and nonane moleculesin the system is

more compared to cations and anions, the corresponding number density profiles and total atom

number density profile are scaled accordingly, for the ease of comparison.

In the figure 8.3a, the presence of peaks in the cation (head and tail) number density profiles in-

dicate the preferential adsorption of cations at the interface. The peak inthe anion number density

profile close to that of the head group, at the interface indicates their strong association with the

head groups. The hydrophobic tails of cations penetrates deeper into theoil phase compared to the

hydrophilic head group, which is expected. The number density profiles of nonane and water show

less enhancement in the density at the interface. The number density profiles of different moieties
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Figure 8.3: (a) Number density profiles of different moieties along interface normal (z-axis) in
nonane-[C4C1Im][Br]-water system. (b) Atom number density profiles of nonane-waterbinary
system and ternary systems along z-axis.

along interface normal in ternary systems with BF−
4 and CF3SO−3 anions are qualitatively similar

(Figure G.1 and Figure G.2, Appendix G). Enhancement of the density of water at the interface is

highest for the ternary system with Br− anion and least for the system with CF3SO−3 anion. The

density profiles calculated from our studies are similar to those reported from a computational

study of water-IL-heptane systems [39]. The density enhancement of water at the interface in case

of most water soluble IL is also observed in their studies. Bromide ions interact with the cations

at the interface and these anions being highly soluble in water, draw water molecules to the inter-

facial region. While CF3SO−3 anions present at the interface, being less soluble in water, does not

draw water molecules to the interface, thus reducing the number of cation-water hydrogen bonds

in the interfacial region, that will be discussed later in this section.

The total atom number density in the figure 8.3a shows a depletion at the interface. Such a

depletion is also observed in earlier studies of a ternary system [51]. Therepulsive interaction

between the oil and the water phases is responsible for the depletion of the total atom number
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density at the oil-water interface.

The atom number density profiles of the binary nonane-water system and the ternary systems

are shown in figure 8.3b. It is evident from the figure that the depletion in the total number density

at the interface is more in the absence of ionic liquid. Decrease in the depletionof atom number

density in the presence of IL indicates the decrease in repulsive interactions between the oil and

the water phase. Due to their amphiphilic nature (i.e., the preference of the head groups to interact

with the water and the tails to interact with the oil), [C4C1Im] cations decreases repulsion between

water and oil phases and enhances the miscibility of these two phases.

The number density profiles of anions in the ternary systems are shown in figure 8.4a. It can
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Figure 8.4: (a) Anion number density profiles along z-axis, in ternary systems. (b) Tail number
density profiles in ternary systems along the interface normal.

be observed that all the three anions show peak in the interface region. The amplitude of the peak

is higher in case of CF3SO−3 anion, compared to bromide and tetrafluoroborate anions, indicating

their preference to be present at the solution-oil interface. The higheramplitude peak arises due to

the nature of the CF3SO−3 anion, which shows orientational ordering along the interface normal,
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that will be discussed later in this section.

Preferential accumulation of the butyl tails of cations at the interface is evident from their

density profiles shown in figure 8.4b. The adsorption is higher in the case of ternary system with

CF3SO−3 anions. Similar trend is observed in the head group density profile also (datanot shown).

From the density profiles, it is evident that anions play an important role in determining the in-

terfacial structure of the aqueous IL solution-nonane system. The factthat the number density of

head and tail groups of cations also varies with variation of anion suggeststhat the cation-anion

interactions also contribute to interface structure variations. Hence, anions of the ILs can also be

varied to design ternary systems with desired interfacial properties.

To characterize the structure of the interfacial region, we define interface as the region where

the solution phase and the nonane phase coexist. So, the interface is the region along z-axis,

between the points, where the number density of the tail group of cations (CT) and the nonane

(CAT) falls to zero. The ternary systems studied have two equivalent interfaces, as evidenced by

the peaks with similar amplitudes in the density profiles. A nonane molecule is considered to be

at the interface if the z-coordinate of either of its terminal carbon atoms falls within this region. A

[C4C1Im] cation is considered to be at the interface if the z-coordinate of any of itsatoms is within

this region. Water and anions, with the z-coordinate of the oxygen atom andthe z-coordinate of

the central atom of the anion( Br, B or S), respectively, falling within the above mentioned region

are considered to be at the interface.

8.3.2 Hydrogen Bonding

Hydrogen bonding plays an important role in determining the structure of aqueous IL solutions [20]

and hence is also important in ternary systems consisting of nonane, IL andwater. We have adapted

the geometric criteria [52] to define a H-bond, that is, for a strong H-bond, the distance between

the H-atom and the acceptor should be less than 2.2 Å and the angle made by thedonor, H-atom

and the acceptor should fall within the range of 130-180◦. For a weak H-bond, the corresponding

distance range and angular range should be 2.0-3.0 Å and 90-180◦ respectively.

Imidazolium cation based ILs are known to exhibit cation - anion, cation - water and anion -
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water H-bonds in their aqueous solutions [53]. Formation of H-bonds wasalso observed in the

ternary systems.

The radial distribution functions (RDFs) of the H-bond acceptor atom on the anion around ring

hydrogen atoms show the first peak at 3.1 Å, 2.7 Å, and 2.7 Å, respectively for ternary systems

with Br−, BF−4 and CF3SO−3 anions (Figure G.3(a), Appendix G). The position of the first peak

of the RDFs suggests the formation of H-bond between the cation and the anion. The amplitude

of the first peak is higher for the system with CF3SO−3 anion compared to that with BF−4 anion.

These observations are consistent with the number of head-anion H-bonds per cation observed in

the ternary systems. The RDFs of oxygen atom of water around the ring hydrogen atoms show

the first peak at 2.8 Å in all the ternary systems (Figure G.3(b), Appendix G), suggesting the

formation of H-bonds. The amplitudes of the first peaks are consistent withthe average number

of cation-water H-bonds observed per cation in these systems.

Average number of head-group - anion and head-group - water H-bonds observed in the bulk

region and in the interfacial region of different ternary systems studied are tabulated in table 8.2.

Table 8.2: Average number of H-bonds formed per cation

system head-anion head-anion head-water head-water
(bulk) (interface) (bulk) (interface)

[C4C1Im][Br] 0.127 0.148 3.843 3.562
[C4C1Im][BF4] 2.014 1.143 3.435 1.369
[C4C1Im][CF3SO3] 3.006 1.257 3.545 0.495

From the table 8.2, we see that number of H-bonds formed per cation between the ring hy-

drogen atoms and the anions, in bulk phase and in the interfacial region, increases for the ternary

systems in the following order: Br− < BF−4 < CF3SO−3 . The trend is opposite of the solubility of

the corresponding IL in water [54, 55]. Greater aqueous solubility of ILleads to less number of

H-bonding interactions between cation and anion in the solution, which is expected. Less than 1%

of the observed H-bonds were strong.

It is also observed that there is a decrease in the average number of H-bonds per cation, be-

tween the head group and the water molecules in the interfacial region compared to bulk. This
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decrease is significant for the ternary system with the CF3SO−3 anion (86%) and marginal for

the Br− system (7%). The large decrease in case of CF3SO−3 ternary system can be attributed to

the presence of more anions at the interface (Figure 8.4(a)) thus decreasing the number of water

molecules at the interface compared to other systems (Figure G.4, Appendix G). These anions also

form H-bonds with the cations, thus reducing the cation-water H-bonds. The difference, between

the average number of cation-water H-bonds per cation in bulk and in interfacial region, is highest

for the least soluble IL in water (among the ILs studied) and is least for the most soluble IL in

water (among the ILs studied). This difference follows the opposite trend of solubility [54, 55]

of the corresponding ILs in water. The ILs (present at the interface)that are less soluble in water

have more interaction with the nonane phase, thus reducing the number of cation-water H-bonds.

Greater aqueous solubility of the IL results in more number of water molecules inthe inter-

facial region, which ensures more H-bonding interaction between the imidazolium ring and water

molecules. Hence the difference between the cation-water H-bonds in the bulk and interface re-

gion will not be significant as observed for the ternary system with [C4C1Im][Br] amphiphile. The

number of cation-anion hydrogen bonds in the bulk and at interface suggests that the Br− anion

has similar environment in bulk and interface regions, whereas the environment differs for less

water soluble anions. The anions in the ternary system also influences the cation-water interaction

at the interface to a great extent which is evident from the number of cation-water H-bonds at the

interface compared to bulk region.

8.3.3 Radial Distribution Functions (RDFs)

RDF provides information about the organization of atoms or groups around other atoms or

groups. As we are dealing with inhomogeneous systems, we have computed the RDFs using

only those molecules that are present in the interfacial region. The RDF ofnonane (CAT) around

different types of carbon atoms in the butyl chain of [C4C1Im] cation in the ternary system with

bromide anion is shown in figure 8.5a. From the figure, it is seen that the first maximum for CT -

CAT pair is at 4.2 Å. The amplitude of the first maximum is highest for the RDF corresponding to

CT - CAT pair, and is least for C1-CAT pair. This indicates that the spatial correlation between the
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Figure 8.5: RDFs of (a) nonane (CAT) around different carbon atoms of [C4C1Im] cation in the
ternary system with bromide anion. (b) nonane (CAT) around tail group (CT) in ternary systems.

nonane and the butyl chain of cation decreases as we move towards the imidazolium ring (head

group) of the cation.

Figure 8.5b shows the RDFs of nonane (CAT) around the CT atoms for the ternary systems. It

can be seen from the figure, that the first maxima are observed at 4.2 Å in all the ternary systems.

The RDFs of nonane (CAT) - anion pair are shown in figure 8.6a. The amplitude of first maximum

is highest for the ternary system with CF3SO−3 anion and least for the system with Br− anion. It

is evident from the figure 8.6a, that the spatial correlation of nonane andILs follows the opposite

trend of the solubility of ILs in water [54, 55]. In other words, the spatial correlation of nonane

and anions is highest for the IL that is least soluble in water and lowest forthe IL that is most

soluble (among the ILs studied).

The RDFs for the water - nonane (CAT) pair in the binary nonane-water system and ternary

systems are shown in figure 8.6b. All four RDFs exhibit first maxima at 3.9 Å and first minima at

5.3 Å. One can see that the amplitude of first maximum is highest in case of the nonane-water bi-
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Figure 8.6: RDFs of (a) nonane (CAT) around the central atoms of anions in ternary systems. (b)
nonane (CAT) around water in the binary and ternary systems.

nary system and decreases in the following order : bromide> tetrafluoroborate> trifluoromethane-

sulfonate. Nonane being hydrophobic, water-nonane interactions will be repulsive in nature. In

the absence of ILs, water molecules at the interface will be in contact with thenonane molecules.

With addition of IL, the cations and anions are adsorbed onto the interface,thus reducing the

number of unfavorable interactions between water and nonane. Adsorption of IL molecules at

the water-heptane interface has also been reported earlier [39]. The IL molecules at the interface

facilitates the presence of both water and nonane in the interfacial region without directly interact-

ing with each other. This can be observed in the reduction of the amplitude of first maximum of

water-nonane (CAT) RDF in ternary systems with ILs. The reduction in the amplitude of RDF can

be related to the reduction of unfavorable interactions between nonane and water. This reduction

follows the opposite trend as the solubility the ILs in water, that is, ILs that areless water soluble

will cause greater reduction in the unfavorable interactions between waterand nonane.
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8.3.4 Spatial Distribution

Spatial distribution provides three dimensional probability density of atoms or agroup around an

atom or a group of interest. Figure 8.7 shows the spatial distribution of anions, water and nonane

(CAT) around the cations that are present at the interface, in the ternary system containing the IL,

[C4C1Im][Br]. From the figure, one can see that the anion density is highest near the ring hydrogen

Figure 8.7: (a) Spatial density of anions (in yellow), water (in cyan) and nonane (CAT) (in red)
around the cations that are in the interfacial region, in the ternary system with bromide anion.
Hydrogen atoms on the butyl chain are not shown for the ease of visualization. (b) Another view
of the same figure.

atoms, especially near the unique hydrogen atom (H-atom attached to the carbon atom between the

two nitrogen atoms). While in the bulk region, the anion density is higher near allring H-atoms, in

the interfacial region, anion density is lower near the H-atom that is closer tothe butyl chain. The

reason for this reduction in the density is due to the orientational preference shown by the cations

in the interfacial region which will be discussed later. Water molecules show higher density above

and below the plane of the ring as well as near two of the ring hydrogen atoms. However, the
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density of water molecules is very less in the region directly above the unique hydrogen atom, as

the density of bromide ions is high in that region. The density isosurface shown for water and

anions are ten times greater than that for nonane molecules. It can be seenthat the nonane (CAT)

density is highest around the butyl chain of the cation and is negligible in otherregions which

clearly shows that the nonane molecules interact with the butyl chain of the cations.

8.3.5 Orientation of Ions and Molecules

Distribution of the angle between the vector connecting the nitrogen atoms of theimidazolium

ring (NN vector) and the interface normal, for the cations that are present in the interfacial region

of the ternary systems are shown in figure 8.8a. It is evident from the figure that for the cations that
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Figure 8.8: Distribution of angle between (a) the vector connecting the nitrogen atoms of the
imidazolium ring (NN vector) and the interface normal (z-axis), for the cations that are present
in the interfacial region. (b) the butyl chain of cations present at the interface and the interface
normal.

are in the interface region, the NN vector of the ring is more likely to be parallelto the interface

normal. Figure 8.8b shows the distribution of angle between the butyl chains of cations at the

interface and the interface normal. From the figure, one can see that the butyl chains are more
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likely to be oriented parallel to the interface normal. Angle distributions of NN vector and the

butyl chain of the cations at the interface suggests that the cations at the interface are oriented in

such a way that the butyl tail is perpendicular to the interface, pointing towards the nonane phase,

whereas the imidazolium ring is pointing towards the aqueous phase of the ternary system. Such

an orientation of the butyl chains at the interface, facilitates the interaction ofcations with both the

nonane phase (van der Waals interaction between alkyl chains) and the aqueous phase (head-water

interaction). The orientational preference is slightly higher in case of ternary system with CF3SO−3

anion. Orientation of cation derived from our studies agrees with the previous MD studies [39].

Figure 8.9a shows the distribution of angle between the butyl chains (vectorconnecting NA

and CT) of the cation, in the interfacial region and bulk that are within 8 Å of each other. From

-1 -0.5 0 0.5 1
0.4

0.5

0.6

P
(c

os
 θ

)

Interface
Bulk

-1 -0.5 0 0.5 1
cos θ

0

2

4

P
(c

os
 θ

)

[C4C1Im][CF3SO3]

(a)

(b)

Figure 8.9: Distribution of angle between (a) the butyl chains in the interfacial region and in the
bulk that are within 8 Å of each other. (b) carbon-sulfur bond vector and the interface normal, for
the anions that are present in the interfacial region.

the figure, we observe that the distribution is uniform for the cations present in the bulk region,

whereas for cations that are present at the interface, the butyl chainsare more likely to be oriented

either parallel or antiparallel to each other. This suggests that the alkyl chains are organised in the
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interfacial region. The organization is also evident from their orientational preference along the

interface normal.

The orientation of the carbon-sulfur bond vector of the CF3SO−3 anion along the interface

normal, for the anions present at the interface in the ternary system, is shown in figure 8.9b. The

bond vector is more likely to be aligned parallel to the z-axis. This suggests strong affinity of the

CF3SO−3 anions for the interface due to favorable interaction between the trifluoromethyl region

of the anion with the oil phase. This is also the reason for the appearance of the high amplitude

peak in the interfacial region, in the number density profile of that group.

Snapshot of the interfacial region in the ternary system containing [C4C1Im][CF3SO3] IL is

shown in figure 8.10. From the figure, we can see that the butyl chains ofthe cations that are

Figure 8.10: Snapshot of the interfacial region in the ternary system with CF3SO−3 anion. Only the
atoms that are present in the interfacial region are shown. Carbon atoms of nonane are shown in
pink color and oxygen atoms of water are shown in red color. Fluorine, sulfur and oxygen atoms
of anions are shown in magenta, orange and cyan, respectively.

present at the interface are more likely to be aligned parallel to the interfacenormal. The adsorp-

tion of cations and anions on to the interface and the orientational preference of anions are also

evident from the figure.
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8.3.6 Interfacial Tension and Interface Composition

The interfacial tensionγ between the aqueous phase and nonane was calculated from the diagonal

components of pressure tensorPii using the formula [56]

γ = −bz(Pxx+ Pyy− 2Pzz)/4

wherebz is the length of the simulation box along the interface normal (z-axis). The factor 2 has

been introduced in the denominator to account for the presence of two equivalent interfaces.

The interfacial tension is related to the composition of the interface. The accumulation of

amphiphiles in the interfacial region reduces the interfacial tension. Therefore the adsorption of

the ILs at the interface leading to better mixing of aqueous and the oil phase will lead to lower

interfacial tension. The interfacial tension for the nonane - water binarysystem was calculated

to be 56.2 mNm−1. This value is slightly higher than the experimentally reported value [57] of

48.8 mNm−1 at 60◦C. In ternary systems, we observe a decrease in the interfacial tension between

the aqueous and the nonane phase. The interfacial tension of ternary systems decrease in the

following order: Br− > BF−4 > CF3SO−3 (33.44 mNm−1 , 32.04 mNm−1 and 23.5 mNm−1 respec-

tively). The adsorption of ions at the interface was highest for the ternary system with CF3SO−3

anion, which is also evident from the reduction in the interfacial tension. Experimental studies [58]

have shown that the interfacial tension between ILs and alkanes decreases with the increase in the

length of the alkyl chain substituent on the imidazolium cation, when the anion is common among

the ILs. It is also observed that the interfacial tension between IL and octane/decane is smaller

for [C4C1Im][NTf 2] compared to [C4C1Im][CF3SO3]. These observations suggests that the in-

terfacial tension between ILs and alkanes decreases with the decreasein the water solubility of

ILs. As the aqueous IL solution and oil interface is populated with IL molecules one can speculate

that, in general the amphiphilic ILs with low water solubility (higher amphiphilicity) reduces the

interfacial tension to a greater extent. The number of nonane molecules in theinterfacial region of

ternary systems is higher compared to that of water - nonane binary system.The addition of am-

phiphilic ILs facilitates the mixing of aqueous and nonane phases. Increasing the substituent chain

length of ILs will increase the amphiphilicity and causes the reduction in the interfacial tension
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between the aqueous and oil phases.

8.4. Conclusions All-atom MD simulations of three ternary systems composed of nonane, ionic

liquid and water have been carried out in canonical ensemble at 333 K. The

systems differed from each other in terms of anions ( Br−, BF−4 and CF3SO−3 ) associated with

the [C4C1Im] cation. The simulated systems are found to be biphasic. The ionic liquid quickly

disperses into aqueous phase to form a homogeneous solution which remainin equilibrium with

the nonane phase. The amount of nonane solubilized in the aqueous phase increases with the

decrease in the interfacial tension between the oil and the aqueous phase. The density profiles

along the interface normal of different moieties in the ternary systems show that the amphiphilic

cations are adsorbed at the interface. The alkyl tails of the cations at the interface are protruding

into the oil phase due to the favorable hydrocarbon tail-tail interaction between the cation and the

nonane.

Imidazolium rings were found to form H-bonds with both anions and water. The extent of H-

bonds formed depends on the the solubility of the ionic liquids in water. The spatial distributions

show an enhanced density of anions and water near the ring hydrogen atoms which also support

the formation of H-bonds. Nonanes are found to be located near the butylchain of the cations at

the interface.

The most probable orientation of cations at the interface is such that the butyl chains are

oriented parallel to interface normal, protruding into the nonane phase. The NN vector of the

imidazolium ring is also oriented parallel to the interface normal but with the headgroup directed

towards the aqueous phase. This orientation minimizes the unfavorable interaction of butyl chain

with water while maximizing the favorable interactions between the butyl chain of cation and

nonane as well as head group and water. Butyl tails in the interfacial region are more likely to be

parallel or antiparallel to each other, thus showing an ordered orientation.

The structure of the interface depends upon the extent of H-bonds formed by the imidazolium

rings with the anions and water molecules, the extent of solvation of ions in water and interactions

of ions with the oil hydrocarbon chains. Solubility of ILs in water governs the structure and
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composition of the interface. Ternary system containing the IL, [C4C1Im][CF3SO3] (with least

water solubility among the ILs studied) facilitates the mixing of oil and water phases to a greater

extent by reducing the interfacial tension.
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Chapter G

Appendix G
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Figure G.1: Number density profiles of different moieties along interface normal (z-axis) in
nonane-[C4C1Im][BF4]-water system. Water and nonane densities have been scaled according
to their ratio with respect to the cation numbers for ease of comparison.
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Figure G.2: Number density profiles of different moieties along interface normal (z-axis) in
nonane-[C4C1Im][CF3SO3]-water system. Water and nonane densities have been scaled according
to their ratio with respect to the cation numbers for ease of comparison.
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Figure G.3: Radial distribution functions of (a) hydrogen bond acceptoron anions around the ring
hydrogen atoms (b) hydrogen bond acceptor on water (oxygen atom) around the ring hydrogen
atoms.
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Chapter 9

Insights into the Structure and Dynamics at the Hexadecane

Droplet–water Interface in the Presence of 1-alkanols as Emulsifiers:
Molecular Dynamics Studies

Abstract:

The structure and dynamics at the surface of nanoscopic hexadecanedroplets immersed in aque-

ous phase with and without emulsifiers (1-alkanols of varying chain length;pentanol, heptanol,

decanol and dodecanol) have been studied using atomistic molecular dynamics simulations. The

nature of layering of alcohol molecules on the oil droplet is governed by the hydrophobicity of

alkanols. Longer chain alkanols are more likely to penetrate into the oil droplet. The proba-

bility of tangential orientation of hexadecane molecules at the interface decreases with decreas-

ing hydrophobic environment around the droplet. The interfacial hexadecane molecules show

greater probability to obtain a puckered conformation in binary oil–water system than in ternary

oil–water–alkanol systems. Decrease in hydrophobic interaction betweenhexadecane and water

molecules due to the efficient screening of oil surface by longer chain alkanols in ternary oil–

water–alkanol systems leads to greater survival probability of water molecules in the oil–water

interfacial layer and enhancement in life time of H-bonds formed between alcohol and water

molecules.
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9.1. Introduction Oil–in–water droplet systems or emulsions are supramolecular assemblies

which act as artificial life models representing the hydrophobic domains in

contact with aqueous regions (with oil corresponding to the lipid membranes of the cell) [1].

Active emulsions exhibiting self-propelled motion mimic collective phenomenon in biological

populations [2]. So, understanding the effect of emulsifier on an oil compartment floated in

aqueous media has long been an interest among the researchers [3]. Although several experi-

mental [4, 5, 6, 7, 8] and computational studies [9, 10, 11, 12, 13] havebeen reported on planar

oil–water interfaces, the reports on the influence of surfactants on nanoscopic curved oil–water

interfaces are rare [14, 15, 16, 17, 18].

Aliphatic alkanols, particularly 1-alkanols have wide applications as anesthetics [19] and pen-

etration enhancer in transdermal drug delivery [20]. Recently, they have been used as a component

in self evolvable droplet system in a chemrobotic platform [21]. SFS and SHG studies have been

performed to gain molecular level insights into the structural aspects of the transition from a hy-

drophobic to an aqueous phase on hexadecane droplet by employing different chain length alka-

nols as emulsifiers [18]. The aforementioned study primarily focuses on interfacial alkyl chain

conformation of the oil and various alcohol molecules and the orientational alignment of water

molecules in a qualitative manner. Although computer simulation studies on planar interface of

n-alkane–methanol–water system have been performed [22], to the best of our knowledge, there

are no reports of computational studies exploring the structural transition from a hydrophobic to an

aqueous environment around an oil droplet. So, we have carried out atomistic molecular dynamics

simulations on a binary system consisting of hexadecane droplet immersed in water as well as

on a series of ternary systems consisting of a hexadecane droplet immersed in aqueous solutions

of alkanols of varying chain length to get insights into structural transition from hydrophobic to

aqueous region around the droplet and the organization of the hexadecane, water and alkanols near

the oil–water spherical interface.
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9.2. Methodology and

Simulation Details

We have carried out all-atom molecular dynamics simulations on a bi-

nary system consisting of a hexadecane droplet immersed in water as

well as on a series of ternary systems consisting of hexadecane droplets

immersed in pre-equilibrated aqueous solutions of alkanols of varying chainlength. The four

different hexadecane–water–alkanol ternary systems were constructedwith pentanol, heptanol,

decanol and dodecanol. The hexadecane droplet was constructed intwo steps. In the first step,

an isothermal-isobaric simulation (constant NPT) was carried out on a system containing 1000

uniformly distributed hexadecane molecules at 1 atmosphere pressure for2 ns to achieve the equi-

librated density at 300 K. In the second step, hexadecane molecules whose center of mass falls be-

yond a distance cutoff of 20.0 Å from the center of mass of the equilibrated central simulation cell

were removed to get a spherical hexadecane droplet of radius 20.0 Å.The hexadecane droplet was

immersed in a water box with randomly oriented water molecules to form the binary hexadecane–

water system. To construct the hexadecane–water–alkanol ternary system, the hexadecane droplet

was immersed into a pre equilibrated water–alkanol binary mixture, equilibratedfor 1 ns un-

der isothermal-isobaric condition (constant NPT) at 1 atmosphere pressure and 300 K tempera-

ture. While constructing a binary system (e. g. hexadecane–water or water–alkanol), the water

molecules that were within 3.0 Å of any of the atoms of hexadecane or alcoholwere discarded to

remove bad overlap of atom coordinates. The same protocol was applied for water and alcohol

molecules while constructing a ternary hexadecane–water–alkanol system. Details of the simu-

lated systems have been presented in Table 9.1. The binary hexadecane–water system is mentioned

as “Binary" and the ternary systems are named after the alcohol in the system, e. g., “Pentanol" for

the ternary system containing pentanol. The binary hexadecane–water and ternary hexadecane–

water–alkanol systems were subjected to a equilibration run under isothermal–isobaric condition

(constant NPT) at 1 atmosphere pressure and 300 K temperature for 2 ns followed by a production

run of 30 ns under canonical ensemble condition (constant NVT), started from the last configu-

ration of NPT simulation at the same temperature. The pressure and temperature were controlled

by Nosé-Hoover barostat and thermostat with a pressure damping parameter of 500 fs and a tem-
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Table 9.1: Details of the simulated systems.

system no. of no. of no. of no. of run box
hexadecane water alkanols atoms length(ns) length(Å)

Binary 65 12000 100 39250 30.0 73.191
Pentanol 65 12000 100 41050 30.0 74.331
Heptanol 65 12000 100 41650 30.0 74.656
Decanol 65 12000 100 42550 30.0 75.311
Dodecanol 65 12000 100 43150 30.0 75.636

perature damping parameter of 1000 fs respectively. The simulations wereperformed using the

LAMMPS [23] MD package. The simple point charge model (SPC/E) was used to model water

molecules [24]. The OPLS-AA force field parameters for hexadecane and alcohol molecules are

adapted from the work of Siu et. al [25] and Jorgensen et. al [26].Thestretching of C–H bonds

of hexadecane and alkanols, O–H bonds of water molecules and the bending of H–C–H angles of

alkane and alkanols as well as of H–O–H angle for water molecules were constrained using the

SHAKE [28] algorithm. The equations of motion were integrated using the verlet algorithm with

a time step of 1.0 fs. Three dimensional periodic boundary conditions were used to simulate the

bulk behavior. The atomic coordinates were stored at an interval of 10 ps. The reported properties

are calculated from the last 10 ns of trajectory. A schematic of the molecular structures of hexade-

cane, water and different 1-alkanols mentioning different atom types are presented in Figure 9.1.

9.3. Results and Discussion

9.3.1 Density Profiles

It has been known for long time that alcohol molecules act as emulsifiers by forming a layer on

an oil droplet. The pattern of layering as well as the ability to penetrate the oil droplet by the

alkanol depends on its hydrophobicity and can be determined from the distribution of its segments

across the oil droplet. Radial density profile,ρα of different moieties from the center of mass of

the hexadecane droplet gives an idea about the spatial arrangement ofdifferent chemical species
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Figure 9.1: Schematic representation of the hexadecane, alkanols and water molecule showing the
atom types used in the discussion.

across the oil droplet.ρα is calculated by using the equation

ρα =
1

4πr2

∑

i

〈δ(|rαi − rCM| − r)〉 (9.1)

whererαi represents the distance of thei-th species from the center of mass,rCM of the hexadecane

droplet. It is obvious that within short distance (e.g. 1.0 Å) from the centerof mass of the oil

droplet, presence of fewer number of chemical species leads to poor statistics. To overcome this

problem, the first spherical shell is constructed with 5.0 Å of radius and then onward, the thickness

of the spherical shells are kept to be 1.0 Å. Figure 9.2(a) compares the radial density distribution of

different moieties from the center of mass of the oil droplet in binary hexadecane–water and ternary

hexadecane–dodecanol–water systems. As there are more number of water molecules compared

to that of hexadecane and alcohol molecules, the water number density is scaled accordingly. Even

though the region of intersection of the density profiles of the terminal carbon atom (CAT) of the

hexadecane and oxygen atom (OW) of water is∼7.0 Å thick in both the binary and ternary systems

presented, the number of water and hexadecane molecules present in theinterfacial region is more

in the binary system than in the ternary systems. This observation suggests that the penetration

of water molecules into the oil phase is diminished in the presence of dodecanol in the ternary

system due to the screening of the oil droplet by the dodecanol molecules, with water molecules

preferring interaction with the hydroxyl group of the dodecanol molecules through H-bonding.
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Figure 9.2: Radial number density profiles of (a) different chemical species in binary hexadecane–
water and ternary hexadecane–dodecanol–water systems and (b) terminal carbon atoms (CT) of
different alkanols in their respective ternary systems with hexadecane and water.

The area of the interfacial region (described above) is found to decrease with the chain length of

alcohols (Figure H.1, Appendix H). We see that the density profile of wateroxygen (OW) atom

lies within the density profile of hydroxyl oxygen atom (OA) of dodecanolmolecule towards the

oil phase. The density profile of terminal carbon atom (CT) of dodecanol molecule merges with

the density profile of terminal carbon atom (CAT) of hexadecane molecule near the interfacial

region. This comparative pattern in density profile of different chemical species is also observed

in rest of the systems with different chain length alcohols. Enhancement in the number density

of terminal carbon atom (CAT) of hexadecane molecule is observed at the interface in binary

hexadecane–water system only but not in ternary systems with alkanols. It was also observed that

the density of the hexadecane molecules decreases rapidly in binary system whereas with increase

in the length of the chain of alcohols, the slope of this density profile near the interface decreases.

Figure 9.2(b) represents the radial density distribution of terminal carbonatom (CT) of differ-

ent alcohols from the center of mass of the hexadecane droplet in their respective ternary systems
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studied. The maxima in the density profile for the terminal carbon atom (CT) appear at around

∼19.0 Å from the center of mass of the droplet for pentanol and heptanol whereas it appears

at around∼17.0 Å for decanol and dodecanol. The peak intensity in the corresponding density

profiles decreases with increase in chain length of the alcohol molecules. Also, we see that the

profiles show significant deviation from a gaussian type distribution as we move towards dode-

canol. Longer chain alcohols, being more lipophilic, interacts strongly with theoil phase leading

to greater penetration into the oil droplet. As a result, longer chain alcohols are likely to be found

in a wider range across the oil droplet leading to broadening of the densitydistribution compared

to the shorter chain alcohols. We have also seen that the water molecules areshifted away from the

center of mass of the hexadecane droplet with increase in the chain length of the alcohol molecules.

This is due to the fact that the longer chain alkanols form bigger aggregateleading to the shift of

water molecules away from the center of mass of the oil droplet.

The interfacial region is defined as the region where the oil phase and thewater phase coexist.

We have taken the interfacial region along the radial vector from the center of mass of the oil

droplet between the spherical surfaces, where the radial number density of the terminal carbon

atom of hexadecane molecule (CAT) and the water oxygen atom (OW) falls to zero. A hexadecane

molecule is considered to be at the interface if the distance of either of its terminal carbon atoms

(CAT) from the center of mass of the oil droplet falls within this region. If the distance of a water

oxygen atom (OW) from the center of mass of the oil droplet falls within this region, the water

molecule is said to be present in the interfacial layer. For an alcohol molecule, it is the terminal

carbon atom (CT) of the alkoxy chain whose distance from the center of mass of the oil droplet

determines whether it is in interfacial layer.

9.3.2 Interface Organization

The orientational profiles of hexadecane, alkanol and water molecules with respect to the radial

vector joining the center of mass of the hexadecane droplet and the specified atom of the corre-

sponding molecule (e.g. the eighth carbon atom of a hexadecane chain, theterminal carbon atom

(CT) of an alcohol molecule and oxygen (OW) atom of a water molecule) areobtained by calculat-
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ing the bivariate distribution of probability between the Legendre polynomial of first kind (defined

asP1(cosθ) = cosθ) and the distance from the center of mass of the hexadecane droplet. Theangle

θ is computed between the aforementioned radial vector and the molecular vector(represented by

the principal axis of hexadecane chain, the principal axis of alkoxy chain and the dipole moment

vector of water molecule). We have also computed the probability distribution ofthe Legendre

polynomial of second kind (defined asP2(cosθ) = (1
2)(3 cosθ2 − 1)) between the aforementioned

angles and the distance from the center of mass of the oil droplet.

Figure 9.3 presents the bivariate distribution of the orientational probabilityP1(cosθ) for the

hexadecane chains and the distance from the center of mass of the oil droplet in all the systems

studied. We observe that the hexadecane molecules are randomly orientednear the center of mass

Figure 9.3: Bivariate distribution of the probabilityP1(cosθ) and the distance from the center of
mass of the oil droplet in ternary systems containing (a) pentanol (b) heptanol (c) decanol (d)
dodecanol and in (e) binary hexadecane–water system.θ is the angle between the radial vector
and the principal axis of the hexadecane chain.

of the corresponding oil droplet irrespective of the systems studied. As we move away from the

291



center of mass of the oil droplet, the hexadecane molecules begin to show orientational preference

to be aligned perpendicular to the radial vector. In the oil–water interfaciallayer, the hexadecane

molecules are most likely to be oriented tangential with respect to the droplet surface which is in

good agreement with the experimental finding on SDS-stabilized nanoscopicoil droplets in water,

where the oil molecules are preferentially orienting parallel to the plane [16]. The probability

of being oriented perpendicular to the radial vector in the oil–water interfacial layer is maximum

in case of the binary hexadecane–water system and decreases with increase in the chain length

of the alcohol molecules in ternary hexadecane–alkanol–water systems. The 〈P2(cosθ)〉 profile

for the hexadecane chains along the radial vector from the center of mass of the oil droplet also

confirms this observation (Figure H.2, Appendix H). Snapshots of hexadecane molecules near the

water rich phase (in magenta) and within the oil core (in yellow) shown in Figure 9.4 also proves

their tangential alignment at the droplet surface in all the systems. We can say that the layering of

Figure 9.4: Hexadecane molecules in oil droplets of ternary systems containing (a) pentanol (b)
heptanol (c) decanol and (d) dodecanol and in (e) binary hexadecane–water system. The hex-
adecane molecules near the water rich side and oil rich core are shown in magenta and yellow
respectively. Hydrogen atoms are not shown for clarity.
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longer chain alcohols at the surface of the hexadecane droplet relaxes the orientational preference

of alkane molecules in the oil–water interfacial layer.

The bivariate distribution of orientational probabilityP1(cosθ) and distance from the center

of mass of the oil droplet for alkanol molecules in different hexadecane–alkanol–water ternary

systems are shown in figure 9.5. Unlike hexadecane molecules, alkanol alkoxy chains with their

Figure 9.5: Bivariate distribution of the probabilityP1(cosθ) and the distance from the center of
mass of the oil droplet in ternary systems containing (a) pentanol (b) heptanol (c) decanol (d)
dodecanol.θ is the angle between the radial vector and the principal axis of the alkoxy chain.

terminal carbon atoms penetrating into the hexadecane droplet tend to orientthemselves radially

outward. We observe that alkanols with hydrocarbon chain length greater than seven show very

high probability of their alkoxy chains orienting perpendicular to the radial vector as we move

away from the center of mass of the oil droplet towards the aqueous phase. We see that the

probability of the alkoxy chains of the alkanol molecules to be oriented tangential at the droplet

surface increases with increase in carbon number in the alkyl chain of thealcohol molecule. The

〈P2(cosθ)〉 for the alkoxy chains along the distance from the center of mass of the hexadecane

droplet also confirms this observation (Figure H.3, Appendix H). Figure 9.6 depicts the alcohol

molecules with their terminal carbon atoms (CT) present near water rich region (in magenta) and
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near oil rich region (in yellow) for the ternary systems studied. We see thatalkanol molecules with

Figure 9.6: Alcohol molecules present near water rich region (magenta) and near oil rich region
(yellow) of the ternary systems containing (a) pentanol (b) heptanol (c)decanol and (d) dodecanol.
The oil and water phases are not shown for the ease of visualization

longer hydrocarbon chain show greater probability to lie tangential to the surface of the oil droplet

near the water rich phase.

Figure 9.7 depicts the bivariate distribution of the orientational probabilityP1(cosθ) of dipole

moment vectors of water molecules along the radial vector originating from thecenter of mass

of the oil droplet in different systems studied. The water molecules near the hexadecane droplet

surface in binary hexadecane–water system show the highest probability to orient their dipole

moment vectors perpendicular to the radial vector joining the center of mass of the droplet and

the oxygen atom of water molecule. Layering of alcohol molecules on the oil droplet in ternary

hexadecane–alkanol–water system reduces the probability of the dipole moment vectors of water

molecules to be oriented tangential to the the droplet surface which is in good agreement with the

experimental result [18]. We have found that in ternary systems with shorter chain alcohols (e.g.

pentanol and heptanol), decrease in this probability is more compared to longer chain hydrophobic

alcohols (e. g. decanol and dodecanol). The〈P2(cosθ)〉 for the dipole moment vectors along the

radial vector from the center of mass of the hexadecane droplet also confirms our observation (Fig-

ure H.4, Appendix H). Snapshot of water molecules near the droplet surface shown in Figure 9.8
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Figure 9.7: Bivariate distribution of the probabilityP1(cosθ) and the distance from the center of
mass of the oil droplet in ternary systems containing (a) pentanol (b) heptanol (c) decanol (d)
dodecanol and in (e) binary hexadecane–water system.θ is the angle between the radial vector
and the dipole moment vector of the water molecule

depicts the tendency of the planes of water molecules to lie tangential to the droplet surface. In

this figure, the hexadecane molecules are shown in blue, the alcohol molecules are shown in green,

the oxygen atoms of water molecules are shown in red and hydrogen atoms ofwater molecules are

shown in white. We observe that water molecules at the droplet surface orient in such a way that

their dipole moment vectors are tangential to the droplet surface. Though itcan be asserted that the

hydrophobicity of the droplet surface imposes selectivity on the orientationof the adjacent water

molecules, further experimental and computational studies are required to explore the underlying

reasons for this orientational selectivity.
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Figure 9.8: Water molecules near the droplet surface in ternary systems containing (a) pentanol
(b) heptanol (c) decanol and (d) dodecanol and in (e) binary hexadecane–water system. The hex-
adecane molecules are shown in blue, the alcohol molecules are shown in green, the oxygen and
hydrogen atoms of the water molecules are shown in red and white respectively.

9.3.3 Conformational Analysis of Hydrocarbon Chains.

Gauche population for each dihedral along the hydrocarbon chain gives an idea about its departure

from fully stretched all-trans conformation in a heterogeneous aqueous environment. Figure 9.9(a)

presents the percentage of gauche population for each C-C-C-C dihedral along the hexadecane

chain from either of the termini (CAT) for the molecules present in the oil–water interfacial layer

in different systems studied. The percentage of gauche population is averaged over the equivalent

dihedrals from both termini of the hexadecane molecule. We see that the probability of finding

gauche conformation in any of the C-C-C-C dihedral in hexadecane molecule is∼1.5 times more

in binary hexadecane–water system than in ternary hexadecane–alkanol–water systems. In the

ternary systems containing shorter chain alcohols (e.g. pentanol and heptanol), C-C-C-C dihe-

drals along the hexadecane chains show slightly higher probability to be in gauche conformation

than the ternary systems containing longer chain alcohols (e.g. decanol and dodecanol). We have
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Figure 9.9: (a) Gauche population of C-C-C-C dihedrals of the hexadecane molecules (averaged
over both termini (CAT)) present in the interfacial layer. Dihedral around the bond connecting
2nd and 3rd carbon atoms of the hexadecane chain from the terminal are plotted between 2 and
3 in the graph. (b) the average end to end distance of the hexadecane molecules present at a
given distance from the center of mass of the oil droplet in binary hexadecane–water and ternary
hexadecane–alkanol–water systems.

also calculated the average end to end distance of hexadecane molecules (measured as the dis-

tance between two terminal carbon atoms of hexadecane (CAT)) as a function of the distance of

the molecule (8th carbon atom from the either of the termini) from the center of mass of oil droplet

which is shown in Figure 9.9(b) in all the systems studied. We observe that theend to end dis-

tance in hexadecane molecules decreases gradually as we move farther from the center of mass

of the oil droplet towards the aqueous phase in all the systems. Also, the end to end distance in

the alkane molecules increases from the binary hexadecane–water system to ternary hexadecane–

alkanol–water systems with longer chain alcohols near the oil–water interfacial layer. Combining

the trends observed in the gauche population among the C-C-C-C dihedralsalong the hexade-

cane chain and〈l〉, we can say that layering of more hydrophobic longer chain alcohol molecules

on the hexadecane droplet results in less gauche defects in the alkane molecules. This observa-

tion is also consistent with the area under the intersection region of the numberdensity profiles
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of the terminal carbon atoms (CAT) of hexadecane molecules and oxygen atoms (OW) of water

molecules (Figure H.1, Appendix H). Greater the volume of the oil–water interfacial layer, greater

will be the unfavorable hydrophobic interaction between oil and water leading to folded structure

of hexadecane molecules.

In alcohol molecules of ternary hexadecane–alkanol–water systems, wehave found that the

percentage of gauche conformations for any of the C-C-C-C dihedralsof alkanols along the hy-

drocarbon chain from the alkyl terminal end is slightly higher in the water richphase compared to

the oil rich phase (Figure H.5, Appendix H). It was also observed that the decrease in the length

of the alkoxy chain (〈l〉) as we move away from the center of mass of the oil droplet towards the

aqueous phase is more in longer chain hydrophobic alcohols (e. g. decanol and dodecanol) than

shorter chain alcohols (e. g. pentanol and heptanol) (Figure H.6, Appendix H). Based on these

observations, we can say that longer chain alkanols are more probable tohave a folded structure

in aqueous environment.

9.3.4 Survival Probability and Hydrogen Bond Dynamics

We have computed the probability, L(t), of a water molecule to be found in the oil–water interfacial

layer at timet0 and t0 + t to get an idea about the mean residence time of that molecule in the

specified region [30, 31, 32]. L(t) corresponds to the intermittent survival probability [33] and is

calculated by the equation,

L(t) =
1
N

∑

i

〈l i(t) · l i(0)〉

wherel i(t), the instantaneous survival probability operator takes the value 1 if thei − th molecule

is present in the interfacial layer at timet and 0 otherwise.

L(t) for water molecules to be found in the oil–water interfacial layer of the binary hexadecane–

water and different ternary hexadecane–water–alkanol systems are shown in Figure 9.10. We ob-

serve a rapid decay in the time correlation functions (TCFs) to∼65% within a short period of

(∼10 ps) elapsed time in all systems. After that, the rate of decay of TCF is highest for the binary

hexadecane–water system and decreases as we move to the ternary hexadecane–water–alkanol
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Figure 9.10: Survival probability of water molecules in the oil–water interfacial layer of binary
hexadecane–water and different ternary hexadecane–water–alkanol systems.

systems with longer chain alcohols. The decay of the TCFs is correlated to theaverage num-

ber of hexadecane molecules present in the oil–water interfacial layer which are calculated to be

51, 42, 37, 36 and 33 for the binary hexadecane–water and ternary hexadecane–water–alkanol

systems consisting of pentanol, heptanol, decanol and dodecanol molecules respectively. A hex-

adecane molecule is said to be present in the oil–water interfacial layer if anyof its heavier atom

is found in the specified region. The extent of hexadecane molecules exposed to the aqueous

phase increases with decrease in hydrocarbon chain length of alcoholmolecules in hexadecane–

water–alkanol ternary systems, which is also evident from the figure 9.8. Greater the number of

hexadecane molecules in the interfacial layer, greater will be the unfavorable hydrophobic interac-

tions experienced by the water molecules that will prevent the water moleculesfrom remaining in

the interfacial layer for a longer time. Longer chain alkanols screen the oilphase more efficiently

from the water phase. As a result, the probability of the water molecules to stayin the oil–water

interfacial layer increases in the ternary systems with longer chain alcoholmolecules.

The survival probability of water molecules in the oil–water interfacial layerhas direct impact

on the fluctuations in hydrogen-bond populations between alcohol and water molecules with time.

The fluctuations in hydrogen-bond populations with time are characterized by the time correlation
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function (TCF) [34]

CHB(t) =
1
N

N
∑

i, j=1

〈hi j (t) · hi j (0)〉

wherehi j (t), an instantaneous hydrogen-bond operator takes the value 1 if molecules i and j are H-

bonded at timet and 0 otherwise, assuming the intermittent approximation [33, 35]. The function

CHB(t) gives the probability that the moleculesi and j are H-bonded at timet, given that they

were H-bonded at time 0. We have adapted the geometric criteria [36] to define a hydrogen bond.

In a strong H bond, the H atom and the acceptor are separated by a distance less than 2.2 Å,

and the angle made by the donor, H atom, and the acceptor is within the range 130-180◦. The

corresponding distance and angular ranges are 2.0–3.0 Å and 90-180◦, respectively to form a weak

H-bond. The more electronegative alkoxy and water oxygen atoms can act both as H-bond donors

and H-bond acceptors in the H-bond interaction between alcohol and water molecules. Figure 9.11

presents the time evolution ofCHB(t) for H-bond formed between alcohol and water molecules

in different hexadecane–water–alkanol ternary systems studied. We have found that the rate of
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Figure 9.11: Survival autocorrelation function,CHB(t) for H-bonds between alcohol and water
molecules in different ternary hexadecane–water–alkanol systems.

decay ofCHB(t) is almost identical in the systems containing pentanol and heptanol and also inthe

systems containing decanol and dodecanol. The TCFs for more hydrophobic alcohols (decanol and

dodecanol) decay slowly compared to less hydrophobic alcohols (pentanol and heptanol) which
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contradicts the generally expected trend of increase in H-bond lifetime between water and alcohol

molecules with decrease in alkoxy chain length. This observation can be be explained based on

the survival probability of water molecules in the oil–water interfacial layer.We have seen in

Figure 9.10 that the average lifetime of water molecules in the oil–water interfacial layer increase

as we move from shorter chain alkanols to longer chain alkanols. More the average life time of

water molecules in the oil–water interfacial layer, greater is the probability of formation of H-

bonds between water and alcohol molecules that are long lived leading to longer H-bond lifetime.

9.4. Conclusions All-atom molecular dynamics simulations have been performed on a series

of systems consisting of nanoscopic hexadecane droplets immersed in aque-

ous phase with and without 1-alkanols of varying chain length (pentanol, heptanol, decanol and

dodecanol) as emulsifiers. Dependence of the pattern of layering of alcohol molecules on the

hexadecane droplet on the hydrophobicity of the alcohols employed has been observed, with the

longer chain alkanols more likely to penetrate into the oil droplet compared to their shorter chain

homologues. With increase in the alkyl chain length, alkanols exhibit a greater probability to ori-

ent their alkoxy chains tangential to the droplet surface. On the other hand, with the decrease in

hydrophobic environment around the oil droplet, the hexadecane chains show greater probability

to be oriented perpendicular to the radial vector. Water molecules are found to lose their orienta-

tional alignment on the droplet surface in presence of alkanols comparedto neat oil–water binary

system.

The interfacial hexadecane molecules in binary oil–water system show greater gauche defect

probability about any of their dihedrals than those in ternary oil–water–alkanol systems. The

interfacial hexadecane molecules are more distorted from all-trans conformation in the binary

system compared to the ternary systems. The survival probability of watermolecules in the oil–

water interfacial layer is correlated with the number of hexadecane molecules exposed to the layer.

In the systems with longer chain alkanols, the hexadecane molecules are screened from the water

phase more effectively leading to decrease in unfavorable hydrophobic interaction between oil and

water phase resulting in the greater probability of observing a water moleculein the oil–water
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interfacial layer. The survival probability of water molecules in the oil–water interfacial layer

determines the lifetime of H-bonds formed between alcohol and water molecules.
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Appendix H
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Figure H.1: Radial number density profiles of terminal carbon atoms of the hexadecane molecules
(CAT) and the oxygen atoms of the water molecules (OW) in the ternary systems containing dif-
ferent alkanols.
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Figure H.2: Distribution of〈P2(cosθ)〉 with distance from the center of the mass of the oil droplet
in binary and ternary systems studied.θ is the angle between the radial vector and the principal
axis of the hexadecane molecule.
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Figure H.3: Distribution of〈P2(cosθ)〉 with distance from the center of the mass of the oil droplet
in binary and ternary systems studied.θ is the angle between the radial vector and the principal
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Figure H.4: Distribution of〈P2(cosθ)〉 with distance from the center of the mass of the oil droplet
in binary and ternary systems studied.θ is the angle between the radial vector and the dipole
moment vector of the water molecule.
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Summary

• For equimolar binary mixture of imidazolium based ionic liquids, the spatial correlation

between ions, the liquid-vapor interface population and the pattern of interface organisation

is governed by the hydrophobicity of the ions.

• Composition variation in binary mixture of imidazolium based ionic liquids sets trendsin

surface population, surface roughness and dynamics in the liquid-vaporinterfacial layer.

• Increase in shorter alkyl chain length of double tailed imidazolium based ionicliquids con-

trols the intermolecular organisation, size and structures of the aggregatesformed in aqueous

solutions.

• Introduction of hydroxyl group at the terminal carbon atom of varying alkyl chain in [HOCnC10Im]

cations leads to formation of aggregates having size and shape different than their non-

hydroxyl analogues in aqueous solutions.

• Spacer chain length of [Cn(MIm)2] cations in their aqueous solutions regulates the intra-

cationic structure, bulk solution structure and dynamics as well as solution-vapor interface

organisation.

• Enhanced intake of amino acids into the ionic liquid based reverse micelles stabilizes the

shape of the reverse micelles, intermolecular H-bonds and slows down mobilityof molecules.

• Hydrophobic ionic liquids facilitates removal of water from the vicinity of the oilphase at

the planar interface of water-IL-nonane ternary systems.
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• The orientational ordering and conformation of alkane and alkanol molecules at the curved

oil-water interface is governed by the hydrophobicity of alkanols.
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