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Molecular Dynamics Studies of Molecular and

lonic Liquids in Aqueous and Non-aqueous
Multi-component Systems.
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Chapter 1: Introduction

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

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

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

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

potential applications in the field of solvents, biomolecule stabilization, heataad)y storage,

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

in bulk and liquid—vapor interfacial layer for aqueous and non-agsienulti-component systems

containing ionic liquids is essential. We have applied atomistic molecular dynamickagonu

technique and adapted the force field parameters developed underliBg Optimized Potential

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

Urotal = Z (rb—rOb)2+Z—(aa 90a)2+22 %[ + (-1)™* cosrpa)]

S )

where the total potential enerdyroia cOnsists of the sum over the energy terms involving all the
bonds, angles, dihedrals and non-bonded interactionstolendég » represents the equilibrium
bond length and bond angle respectively, whereaKilpeand Ky 5 are the corresponding force
constants. Th&mg terms are the fourier cdigcients involved in the dihedral interactiong; is

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

Chapter 2: Segregation of lons at the Interface: Molecular Dyamics Studies of the
Bulk and Liquid—vapor Interface Structure of Equimolar Binary Mi xtures of lonic
Liquids. [8]

The structures of three filerent equimolar binary ionic liquid mixtures and their liquig/-
por interface have been studied using atomistic molecular dynamics simulatiamesof These
binary mixtures were composed of a common catiamiutyl-3-methylimidazolium and vary-
ing anions (chloride and hexafluorophosphate in one of the mixturestdodde and trifluo-
romethanesulfonate in the other) and the third binary mixture was composetbaimon anion,
trifluoromethanesulfonate and two imidazolium cations with ethyl and octyl $idms. Binary
mixtures with common cations are found to be homogeneous. The anionséeeptially lo-
cated near the ring hydrogen atoms due to H-bonding interactions. S#dgregf ions is observed
at the interface with an enrichment of the liquigiapor interface layer by longer alkyl chains and
bigger anions with a distributed charge. The surface composition is dtbstid@erent from that
of the bulk composition, with the longer alkyl tail groups and bigger aniompsijaing the outer-
most layer of the interface. The longer alkyl chains of the cations andomifilnethanesulfonate

anions with a smaller charge density show orientational ordering at the liquagh®dr interface.

14



Chapter 3: Surface Structure and Dynamics of lons at the Liqud—Vapor Interface
of Binary lonic Liquid Mixtures. [9]

The surface structure and dynamics of ions at the liquid—vapor intesfdmeary mixtures of ionic
liquids 1n-octyl-3-methylimidazolium trifluoromethanesulfonate (Jomim][TfO]) and lykt:
methylimidazolium trifluoromethanesulfonate ([emim][TfO]) of varying compositi@ve been
studied using atomistic molecular dynamics simulations. Global definition of thednéend
the identification of the truly interfacial molecule method (ITIM) have beerduseanalyze the
structure and dynamics of the ions at the interface. We have seen enf@mdn the density of
the longer alkyl chain cation (Jomim]) at the liquid-vapor interface compaoetthe bulk. The
surface is mainly enriched with the [omim] cation, and it becomes smoother withraade in
mole fraction of [omim] cations in the mixtures. The [omim] cation shows greatgisliproba-
bility at the liquid-vapor interface than other ions, and this probability in@easth a decrease in
mole fraction of [omim] cations. The reorientational correlation function satgthat the [omim]
cations prefer to retain their orientation with respect to the interface noanallbnger time. The
movement of ions in and out of the interface is facilitated by the out-of-plataion of the ions

with respect to the interface.

Chapter 4. Effect of Cation Asymmetry on the Aggregation in Aqueous 1-Alky-3-
decylimidazolium Bromide Solutions. [10]

Self-assembly of cations in agueous solutions of 1-alkyl-3-decylimida+ndbitomide (with four
different alkyl chains, methyl, butyl, heptyl, and decyl chain) have beatiestwsing atomistic
molecular dynamics simulations. Polydisperse aggregates of cations enedfan the solution
with alkyl tails in the core and the polar head groups present at the swfdle aggregates. The
shape of the aggregates is dictated by the length of the alkyl chain. Adgnegumbers increase
steadily with the increasing alkyl chain length. The greater asymmetry in thewbstituent chain
length leads to a €lierent surface structure compared to that of the cations with alkyl chéins o

similar length.

15



Chapter 5: Self-Assembly of Cations in Aqueous Solutions dfydroxyl-Functionalized
lonic Liquids. [11]

The dfect of presence of a hydroxyl-functionalized alkyl chain of varyimgbon number on
the self-assembly of cations in aqueous solutions of-fiydroxyalkyl)- 3-decylimidazolium bro-
mide (where the alkyl groups are ethyl, butyl, heptyl, and decyl) has $teered using atomistic
molecular dynamics simulations. Spontaneous self- assembly of cations tadgmnegates with
hydrophobic core and hydrophilic surface is observed. The shiahe aggregates changes from
quasispherical in the case of cations with hydroxyheptyl or smaller sudstithain, to a thin film
like intercalated aggregate in the case of cations with hydroxydecyl c@aiions with hydroxy-
decyl substituent chain exhibit long-range spatial correlations, ananilbas are associated with
cations to a greater extent due to the higher surface charge densityarfghtegate. The ordered
film like aggregate is stabilized by the dispersion interactions between thedilatied substituent
chains and the intermolecular hydrogen bonds formed between the alkgpggroatoms and the
hydrogen atoms of the imidazolium ring. The cations form less compactgajgsewith lower ag-
gregation number than their nonhydroxyl analogues in the correspoaduepus solutions. The

intracationic and aggregate structures are governed by the length ofdiexialkyl chain.

Chapter 6: Effect of Spacer Chain Length on the Liquid Structure of Aqueous Di
cationic lonic Liquid Solutions. [12]

The liquid structure of aqueous solutions of fivéfelient imidazolium based gemini dicationic
ionic liquids 1n-bis(3-methylimidazolium-1-yl) alkane bromide (n being the length of the spacer
alkyl chain), with propyl, pentyl, octyl, decyl and hexadecyl spateiirts has been studied using
atomistic molecular dynamics simulations. While solutions with propyl and pentgespare
homogeneous, those with octyl and decyl spacers show spatial herteityg Microscopic inho-
mogeneity in the bulk solution phase increases with an increase in the lengthsygaber chain

leading to polydisperse aggregates in the solution with a hexadecyl sgag&nization of the

16



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

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

Chapter 7: Glycine Molecules in lonic Liquid Based Reverse Micdés: Investigation
of Structure and Dynamics Using Molecular Dynamics studieg[13]

Amino acids, the building blocks of proteins, are probed in reverse micallzapsulation pro-
cesses of biological molecules. To understand fiece of confinement of amino acids on the
structure and dynamics of reverse micellar agueous core, a/[faterolm][Br] reverse micelles
containing variable number of glycine molecules (0 to 8), dispersed in murane has been stud-
ied using atomistic molecular dynamics simulations. The size of the central watevas found
to become stable with increase in the number of glycine molecules. Confinenmamarspace re-
gion stabilizes the H-bonds formed between glycine molecules compared taduékus solution.
Increase in the number of glycine molecules within the reverse micellar agjuweoe increases
the survival time of H-bonds among glycine molecules as well as among walecutes. Trans-
lational and reorientational motion of glycine and water molecules are foubel directly related
to the survival probability of intermolecular glycine-glycine and water-whitdonds suggesting

the correlation between the mobility of molecules with rearrangement of thenHiiogp network.

Chapter 8: lonic Liquids at Nonane—Water Interfaces. [10]

The structures of ternary systems with water, nonane, and an ionic liqifdtve ionic liquid
placed between water and nonane, have been studied using atomistic maligoalaics sim-
ulations. Three dierent ionic liquids with 1a-butyl-3-methylimidazolium cation and bromide,
tetrafluoroborate, and trifluoromethanesulfonate anions have beéedstlidhe ionic liquids dis-
perse into the aqueous phase quickly and are solubilized in water withintdSarsn two equiv-
alent nonane-aqueous ionic liquid interfaces. The interfacial regiamrished with ionic liquids
due to the amphiphilicity of the cations. The presence of ionic liquids at the acterieduces

the interfacial tension between the nonane and water, thus facilitating the mixatgieous and

17



nonane phases. The reduction in the interfacial tension is found to besahyveelated to the
solubility of the corresponding ionic liquid in water. The butyl chains of théaoa and the triflu-
oromethanesulfonate anions present in the interfacial region are foledoreferentially 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 Emulsifierd15]

The structure and dynamics at the surface of nanoscopic hexaddwgobets immersed in aque-
ous phase with and without emulsifiers (1-alkanols of varying chain lempgthtanol, heptanol,
decanol and dodecanol) have been studied using atomistic molecular dgrsimidations. The
nature of layering of alcohol molecules on the oil droplet is governed &yhttdrophobicity of
alkanols. Longer chain alkanols are more likely to penetrate into the oil drofilee proba-
bility of tangential orientation of hexadecane molecules at the interfaceakss with decreas-
ing hydrophobic environment around the droplet. The interfacial hepate molecules show
greater probability to obtain a puckered conformation in binary oil-watd¢esyghan in ternary
oil-water—alkanol systems. Decrease in hydrophobic interaction betwe@decane and water
molecules due to theflécient screening of oil surface by longer chain alkanols in ternary oil—
water—alkanol systems leads to greater survival probability of water mlekem the oil-water
interfacial layer and enhancement in life time of H-bonds formed betweaha@land water

molecules.

18



Bibliography

[1] Rogers, R. D.; Seddon, K. BBcience2003 302 792-793.
[2] Hayes, R.; Warr, G. G., Atkin, RChem. Rev2015 115 6357-6426.
[3] Tong, J.; Liu, Q.; Xu, W.; Fang, D.; Yang, J. Phys. Chem. B00§ 112, 4381-4386.

[4] Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H. D.; BealG. A.; Rogers, R.

D. Green Chem2001, 3, 156-164.
[5] van Rantwijk, F.; Sheldon, R. AChem. Re\2007, 107, 2757-2785.
[6] Greaves, T. L.; Drummond, C. Chem. Re\2008 108, 206-237.
[7] W.L.Jorgensen, D. S. Maxwell, J. Tirado-RivdsAm. Chem. S04996,118 11225-11236.
[8] Palchowdhury, S.; Bhargava, B. Bhys. Chem. Chem. PhyX)15 17, 19919-19928.
[9] Palchowdhury, S.; Bhargava, B. . Phys. Chem. @016 120 5430-5441.
[10] Palchowdhury, S.; Bhargava, B. IL.. Phys. Chem. B014 118 6241-6249.
[11] Palchowdhury, S.; Bhargava, B. .. Phys. Chem. B015 119 11815-11824.
[12] Palchowdhury, S.; Bhargava, B. Bhys. Chem. Chem. Phy&015 17, 11627-11637.
[13] Palchowdhury, S.; Bhargava, B. IL..Mol. Lig.2017, 230, 384-394.
[14] Palchowdhury, S.; Bhargava, B. IL..Phys. Chem. B014 118 13930-13939.

[15] Palchowdhury, S.; Bhargava, B. IL..Mol. Lig.2017, 234, 249-259.

19



List of Figures

11

1.2

2.1

2.2

2.3

2.4

2.5

Schematic representation of structures of some common constituent eat®ns

ANIONS. . . . . . o e 44
Properties and applications of ionic liquids. . . . . .. ... ... ... .... 45
Schematic drawings of the ions inthe IL mixtures. . . . . . ... ... ... .. 72

RDFs between (a) filerent anion sites in [CI] — [TfO] and (b) imidazolium ring
centersin [emim]—[omim]at500 K. . . .. ... ... ... .. .. .. ..., 73
RDFs of the most negatively charged atom of the anions around (apsteacidic
hydrogen of the imidazolium ring and (b) the terminal carbon atom of the alkyl
chain of the cations at 500 K in binary IL mixtures. . . . . ... ... ... ... 74
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 [f]JRons around the imidazolium

cation in [Cl] — [PF] at 500 K. Few carbon atoms of the octyl chain and the
hydrogen atoms of the alkyl chains are notshown. . . . . . ... ... .... 76
Distribution of the angles between the ring normal vector and the vecter co
necting the geometric center of the imidazolium ring and the chloride ion or the
phosphorus atom of the [BFanion in [Cl] — [PF] mixture at 500 K. Only those

anions that are within 6A from the cation are considered. . . . . ... ... .. 77

20



2.6 Density profiles of head and tail groups of cations and atoms of aniday iG]

— [PFKs] (b) [CI] — [TfO] and (c) [emim] — [omim] mixtures along the interface

normal (z-axis) at 500 K. . . . . . . . . . .. e 79
2.7 Distribution of the angles between (a) alkyl chain vectors (butyl cludimsxtures

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 intnfagion

of ILmixturesat 500 K. . . . . . . . . . 82
2.8 Snapshot of the liquid — vapor interface of the [emim] — [omim] system aftes2

simulation. [omim] cations are shown in red, [emim] cations in yellow and [TfO]

anionsinblue. . . . . . . 83
2.9 Distribution of the angles between the interface normal (z-axis) armli@)and

octyl chains and (b) the NN vector (vector connecting the two nitrogen atoms

of the imidazolium ring) of [bmim] and [omim] cations present in the interfacial

region of IL mixtures. . . . . . . . . .. 84
2.10 Distribution of the angles between the interface normal (z-axis) aridgalkyl

chains of the cations and (b) the carbon — sulfur bond vectors of thegritaons

in various slabs along the interface normal in the [emim] — [omim] mixture at 500K. 8
2.11 Averagd’,(cosb) 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 normdlLfor

mixtures at 500 K. . . . . . . . 86

A.1 RDFs of the chloride anions and the sulfur atoms of the triflate anionsdrbe
geometric center of the imidazolium ring in [CI] — [TfO] mixture at 500 K. . . . . 89
A.2 RDFs of (a) diferent anion sites in [CI] — [Rff and (b) terminal carbon atoms of
the alkyl chains belonging to distinct types of cations in [emim] — [omim] mixture

atS00 K. . . . 90

21



A.3 RDFs of (a) sulfur atoms of triflate anions around chloride anions in4CI}fO]

system and (b) head group of [emim] cations around head groups of [omim]

cations in [emim] — [omim] system atfiierent temperatures. . . . . . .. .. .. 90
A.4 RDFs of (a) the chloride anions around the most acidic hydrogen atdimeo

imidazolium ring in [CI] — [TfO] system and (b) oxygen atoms of the triflate agion

around the terminal carbon atoms of the ethyl chain [emim] — [omim] system at

differenttemperatures. . . . . . . ... 91
A.5 SDFs of chloride anions (in red), oxygen atoms (in yellow) and sulfoima(in

cyan) of the [TfO] anions, that are within 6A from the cation, around #w@ngetric

center of the imidazolium ring in [CI] — [TfO] mixture at 500 K. The isosurface

density shown corresponds to 8.5, 4 and 2 times the average density wilehlo

ions, oxygen atoms and sulfur atom of the triflate anions respectivelyroggd

atoms on the alkyl groups arenotshown. . . . . . .. .. ... ... ...... 91
A.6 Distribution of the angles between the ring normal vector and the vecborect-

ing the geometric center of the imidazolium ring and the chloride ion or the sulfur

atom of the [TfO] anion in [CI] — [TfO] mixture at 500 K. Only those anionsttha

are within 6A from the cation are considered. . . . . ... ... ... ...... 2 9
A.7 RDFs of oxygen and fluorine atoms of the triflate anions around the imidazo

ring hydrogen atoms in [emim] — [omim] system at500K. . .. ... ... ... 92
A.8 Mass density profiles along the interface normal (z-axis) in binary ibgicd

mixturesat 500 K. . . . . . . . L 93
A.9 Number density profiles of terminal carbon atoms of the octyl chains in [emim]

[omim] mixture along the interface normal (z-axis) affeient temperatures.. . . 93
A.10 Orientation of ethyl and octyl chains of cations that are present imtbdacial

region of [emim] — [omim] mixture at 500 K. . . . . .. ... ... ... .. .. 94

22



A.11 Distribution of the angles between the alkyl chains of the cations ancatberc

— sulfur bond vectors of the triflate anions present in the interfacial laf/ér

mixtures at 500 K. . . . . . . . 94

A.12 Distribution of the angles between the interface normal (z-axis) anclky

chains of the [emim] — [omim] mixture at500 K. . . . .. ... ... ... ... 95

A.13 Distribution of the angles between the interface normal (z-axis) griti€ebuty!

3.1

3.2

3.3

3.4

chains of the cations and (b) carbon — sulfur bond vectors of the trifléd@sin

various slabs along the interface normal in [CI] — [TfO] mixture at 500 K. .... 95

Number density profiles of terminal carbon atoms (CT) of [omim] cations in bi-
nary IL mixtures obtained from (a) the global definition of the interface @nd

ITIM analysis. The zero value at the horizontal axis in figure (a) regmethe

center of the simulation cell whereas in figure (b), it corresponds to thitiqno

of the probe sphere along the test line where it was stopped for the firdbyiane

atom at the liquid — vapor interface . . . . . . .. ... oL 104
Number density profiles of the terminal carbon atoms (CE) of [emim] cations in
binary IL mixtures, obtained from (a) the global definition and (b) ITINabsiS.

The zero value at the horizontal axis in figure (a) represents the cehtbe
simulation cell whereas in figure (b), it corresponds to the position of tbleepr
sphere along the test line where it was stopped for the first time by an atbi at

liquid —vaporinterface . . . . . . . . . . . . ... e 106
Number density profiles of sulfur atoms (S) of [TfO] anions in binaryiktures
obtained from (a) the global definition and (b) ITIM analysis. The zeloe at

the horizontal axis in figure (a) represents the center of the simulation loetbas

in figure (b), it corresponds to the position of the probe sphere alonghdéine

where it was stopped for the first time by an atom at the liquid — vapor interfac107

Surface tensiom] of binary mixtures at various mole fraction of [omim] cations. 109

23



3.5 \Variation of normal distance of two surface poirith,with their lateral separation

| in different binary IL mixtures studied. . . . . . . . ... ... ... ... ... 110
3.6 Bivariate distribution of the probability of the lateral distathcand the normal

distanced of two surface points for (a) 9:1 (b) 1:1 and (c) 1:9 binary IL mixture. . 211
3.7 Survival probability of (a) [omim] (b) [emim] and (c) [TfO] in the interfatlayer

of the systems of varying composition. . . . . . . ... ... ... ........ 113
3.8 Survival probability of (a)Jomim] (b)[emim] and (c)[TfO] in the interfatlayer

forthe i1 IL mixture. . . . . . . . . .. 115
3.9 Different re-orientation TCFs of (a)[omim] (b)[emim] and (c)[TfO] in the inderf

cial layer forthe 1:1 IL mixture. . . . . . . . . . .. .. ... ... 117
3.10 Variation ofC,«(t) (a) for octyl chain of [omim] cation across the entire composi-

tion 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 ifdeial

3.11 Dynamical correlation function of (a)[omim] (b)[emim] and (c)[TfO] iretimter-

facial layer forthe 1:1 IL mixture. . . . . . . . . . ... .. .. .. .. ..... 119
3.12 C,(t) for (a)[omim] (b)[emim] and (c)[TfO] in the interfacial layer for the syste

of varying composition. . . . . . . . ... 120
3.13 Variation inCyy(t) for (a)[lomim] (b)[emim] and (c)[TfO] in the interfacial layer

for the systems of varying composition. . . . . ... ... ... ... ...... 121
3.14 Bivariate distribution of probability d?1(cost) 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. . . . . . . . 123
3.15 Bivariate distribution of probability betwedh (cosd) and distance along the in-

terface normal for (a) NN vector of [omim] cation and (b) NN vector of [emim]

cationin L:1 IL miXture. . . . . . . . . . e e 124

24



B.1

B.2

B.3

B.4

4.1

4.2

4.3

4.4

4.5

Bivariate distribution of probability of the lateral distari@nd the normal distance

d of two surface points for (a) pure [omim][TfO] (b) 3:1 (c) 1:3 and (d)eu
[emim][TfO] systems. . . . . . . . . . . . e 126
Variation ofCy,(t) (a) for octyl chain of [omim] cation across the entire composi-

tion 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 ifderal

Variation of (a)Cy(t) and (b)Cx(t) for ethyl chain of [emim] cation across the
entire composition range in the interfacial layer. . . . . . ... ... ... ... 27 1
Variation of (a)Cy(t) and (b)Cy(t) for carbon—sulfur bond vector of [TfO] anion

across the entire composition range in the interfacial layer. . . . . . .. ... 128

Distribution of angle between the two alkyl chains attached to the head.grou 137
Radial distribution functions of (a) terminal carbon atoms of shortel ahgin

around themselves (b) geometric centers of imidazolium rings around themse0
(a) Spatial density of anions and water molecules around cations@idié][Br]

solution and anions around cations in pure I3 @zolm][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 oadylectain

are not shown. (b) Another view of the same figure. Water density is rshrow
transparentcyan. . . . . . . ... e e e e e e e 114
Self-difusion codficients of cations in alkyldecylimidazolium bromide solutions. 142
Snapshot of the aqueous solution after 25 ns simulation. 1@)§Gn][Br] (b)
[C4C10lm][Br] () [C7C10lM][Br] (d) [C 10C10lm][Br]. Hydrophilic region of head

group is shown in yellow whereas atoms belonging to hydrophobic alkjnslaae

shown in magenta. Anions, water molecules and hydrogen atoms on the cations

are not shown for the ease of visualization. . . ... ... ... ....... 143

25



4.6 Fraction of cations involved in the formation of aggregates of size N [€{&;0lm][Br]

solution (b) [GC10lM][Br] solution (c) [C;C10lm][Br] solution (d) [C1oC10lM][Br]

solution. . . . L 144
4.7 Structure of an aggregate in (a)1[Golm][Br] solution (b) [C1oC10lM][BI] so-

lution. Atoms belonging to head groups are shown in yellow, those belonging

to alkyl chains are represented as magenta beads. Anions, water mokeudles

hydrogen atoms belonging to cations are not shown for the ease of vitializ 146
4.8 Hydration index for various carbon atoms on the decyl chain igQgIm][Br]

SOlUtioN. . . . L 147
4.9 Number density profiles of head and tail group of cations, anion atef atng

interface normal (z-axis) in [{gCiolm][Br] solution. . . . . .. ... ... ... 148
4.10 Distribution of (a) angle between the alkyl chains and the interfaceaigz-axis)

(b) angle between the vector connecting the two nitrogen atoms and thedeterfa

normal. . . . .. 150
4.11 Snapshot of vapor-liquid interface of (a){Golm][Br] solution and (b) [GoC1olm][Br]

solution at the end of 25 ns simulation. The head groups of cations arenst®ow

density in yellow, tail groups as density in magenta and water density is shown in

transparentcyan. . . . . . . ... 115

C.1 Distribution of angle between the imidazolium rings of the cations that belong to
the same aggregate and are within 8.0A from each other. . . . . .. .. .. 154
C.2 Mass density profile along interfacial normal for aqueous solutioj,af olm][Br]
withn=1,4,7and 10. . . . . . . . . . . . e 154
C.3 Distribution of angle between the imidazolium ring normal and the interface no

mal for aqueous solutions of [Ciolm][Br]withn =1,4,7and 10. . . ... .. 155

5.1 Schematic diagram of the cations, mentioning the distinct atom types. . . . 163.

26



5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

RDFs of (a) terminal carbon atoms{(Cof the non-hydroxylated decyl chains
around themselves and (b) alkyl chain carbon atomg @Cound themselves in
differentaqueous solutions. . . . . . . . . .. ... L L e 164
RDFs of (a) bromide ions (By and (b) water oxygen atoms around the geometric
center of the imidazolium ring in ffierent [HOG,Cy][Br] solutions. . . . . . . . 165
(a) Spatial density of anions (in yellow), water (in red) and alkoxygexyatoms

(in green) around the imidazolium rings in [H@C10lm][Br] solution (b) An-

other view of the samefigure.. . . . . . . .. .. ... .. . ... ... .. ... 167
RDFs of hydroxyl oxygen atoms around the ring hydrogen atoms iecaguso-

lutions of [HOG,Ciolm][Br] . . . . . . . . o 170
Distribution of (a) angles between the two substituent chains (decyhyardx-

yalkyl) attached to the head group and (b) dihedrals formed by the nitratgem

and successive three non-hydrogen atoms (heavier) of the hyadkgkghain in

different [ HOGCiolm][Br] solutions. . . . . . ... ... ... ... ...... 171
Self-diffusion codicients of cations in dierent [HOGCyolm][Br] solutions. . . 173
Snapshot of (a) the agueous [HEDZoImM][Br] solution after 35 ns (b) the aqueous
[HOC1oCyolm][Br] solution after50ns. . . . ... ... .. ... ... ..... 175
Fraction of cations involved in the formation of aggregates of size N [H@Y10C10/m][Br]

(b) [HOC;C1olm][Br] (c) [HOC 4C10lm][Br] and (d) [HOGC1lm][Br] solutions. 176

5.10 Structure of an aggregate in (a) [HEC1olm][Br] (b) [HOC7C1olm][Br] (c) [HOC 4C10lm][Br]

and (d) [HOGColm][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 showninred. . . . . .. 177

5.11 Distribution of intramolecular angles formed between the ring normal amtiti

cipal vector representing the decyl chain in aqueous [RHQgm][Br] solutions. 179

5.12 Hydration index of various carbon atoms along the hydroxydecitianyl chains

in aqueous solution of [HOGColmM][BI] . . . . . . . . . . .. ... ... ... 180

27



D.1 RDFs of the bromide anions around the imidazolium ring hydrogen atoms in

[HOC1oCiolm][Br] solution. . . . . . . .. .. .. ... 183
D.2 RDFs of the water oxygen atoms around the imidazolium ring hydrogen @atoms

[HOC1oCrolm][Br] solution. . . . . . . . . . .. ... 183
D.3 RDFs of the hydroxyl oxygen atoms around the imidazolium ring hydradgems

in [HOC1oCrolm][Br] solution. . . . . . . . . . . . . . e 184
D.4 RDFs of the bromide anions around the hydroxyl hydrogen atom ffereit

[HOC, Ciolm][Br] solutions. . . . . . . .. .. .. . ... .. 184
D.5 Distribution of angles made by the donor (ring carbon), hydrogercathto the

ring carbon) and the acceptor (hydroxyl oxygen) atoms of [HO@Im] cations

inaqueous solution. . . . . . . ... e e 184
D.6 Intermolecular RDFs of hydroxyl oxygen atoms around the ring fy@itatoms

in agueous solutions of [HQC,olM][Br]. . . . . . . . . . . . .. .. ... ... 185
D.7 Pictorial representation of the normal vector to the imidazolium ring anddtie v

tors representing the decyl chain and the hydroxyalkyl chain. Bl eynd red

beads represent nitrogen, carbon and oxygen atoms respectiydipddn atoms

arenotshown. . . . . . . . . 185
D.8 Distribution of the dihedrals formed by the nitrogen atom of the imidazolium

ring and successive three non-hydrogen atoms (heavier) of thé cleayns of

the cations in dferent [HOGCiolm][Br] solutions. . . . . . ... ... ... .. 185
D.9 Distribution of angles formed between (a) the NN vectors and the priraxs

representing the decyl chains (b) the NN vectors and the principal gpissent-

ing the hydroxyalkyl chains of the cations in their corresponding agueolutions. 186
D.10 Gauche defect probability of each C-C-C-C dihedral in the déaihaf [HOG,C1glm]

cations in their corresponding aqueous solutions. . . . . .. ... ... ... 186
D.11 Hydration index of the carbon atoms along the decyl chairfiaréint [HOG,C10lm][Br]

SOIULIONS. . . . . e e e 187

28



6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

Schematic representation of the(&Im),] cation. . . . . . . ... ... .. .. 195
RDFs of (a) anions and (b) water molecules around the geometric oériter
imidazolium rings in diferent aqueous solutions. . . . . .. ... ... ... .. 196
RDFs of (a) dferent carbon atoms of the hexadecyl spacer around themselves in
aqueous solution of [{g(MIm)2][2Br] (b) central carbon atom of the spacer chain
around themselves in the aqueous solutions gfjdm),][2Br] systems. . . .. 197
(a) Spatial density of anions and water molecules around the imidazoliggimin
[C16(MIm);][2Br] solution (b) Another view of the same figure. . . . .. .. .. 200
Distribution of angles between (a) the normal vectors of the two imidazoihgs r
separated by the alkyl spacer and (b) the two vectors joining the ceattadrc

atom of the spacer with the imidazolium nitrogen atoms connected to the spacer,
inaqueous solutions of DILS. . . . . . . . . . . . . ... . 120
Fraction of cations involved in forming aggregates of size N in an agussution

of [C1e(MIM)2][2Br]. . . . . o o 203
Structure of an aggregate in aqueous solution e§(MIm),][2Br]. Atoms be-

longing to head groups are shown in yellow, and those belonging to therspac
chain are represented as magenta beads. Anions, water moleculeslangehy

atoms belonging to cations are not shown for the ease of visualization. ..... 204
Probability distribution of radii of (a) aggregates and (b) hydroghodre for the
aggregates in aqueous solution oig®1Im),][2Br]. . . . . .. ... ... 205
Hydration index of various carbon atoms of the hexadecyl spacquignas solu-

tion of [C16(MIM)2][2Br]. . . . . . . . . e 206

6.10 Self-dffusion codficients of cations and anions in [®4Im),][2Br] (n=3, 5, 8,

10and 16) solution. . . . . . . . . . e 206

6.11 Atom number density profiles offtBrent carbon atoms of the (a) hexadecyl spacer

of [C16(MIm)2] cations and (b) propyl spacers of{{MIm),] cations, along the

interface normal (z-axis) in their respective solution—vapor interfaces . . . . 208

29



6.12 Atom number density profiles of (a) central carbon atom of heyaddecyl,
octyl, pentyl and propyl spacers in their corresponding aqueous@wand (b)
head groups, central spacer carbon gg[®1lm),] cations, anions and water along
the interface normal (z-axis) in aqueous solution. . . . . . . ... ... ... 209
6.13 Distribution of angle between (a) the spacer vectors (connecting theitrogen
atoms of the imidazolium rings separated by the spacer) of cations preshat in
interface (b) the spacer vector and the interface normal (z-axis). . ... .. 211
6.14 Distribution of angle between (a) the vectors connecting the two nitietgers of
the imidazolium rings and the interface normal (z-axis) (b) the two vectorsgpin
the central spacer carbon atom with the nitrogen atoms of the imidazolium rings

separated bythespacer. . . . . .. .. .. . ... ... 13 2

E.1 RDFs of anions around the geometric center of the imidazolium rings irague

SOIULIONS . . . . . 215

E.2 RDFs of water molecules around the geometric center of the imidazoliummings
agueous solutions . . . . . ..
E.3 RDFs of diferent carbon atoms of the decyl spacer around themselves in aqueous
solution of [Co(MIM)2][2Br]. . . . . . . . . . . 216
E.4 RDFs of diferent carbon atoms of the octyl spacer around themselves in aqueous
solution of [G(MIM)2][2Br]. . . . . . . . . . . 217
E.5 RDFs of diferent carbon atoms of the pentyl spacer around themselves in aqueous
solution of [G(MIM)2][2Br]. . . . . . . . . . 217
E.6 RDFs of diferent carbon atoms of the propyl spacer around themselves in aqueous
solution of [G(MIM)2][2Br]. . . . . . . . . . . e 218
E.7 RDFs of central carbon atom of the spacer chain around themselagsgéous

solutions of [Go(MIm),][2Br] and [Cg(MIm),][2Br]. . . . . . . . . .. .. ... 218

30



E.8 Distribution of angles between the normal vectors of two imidazolium rings, a

two vectors joining the central carbon atom of the spacer with the imidazolium

nitrogen atoms connected to the spacer igg(MIm),][2Br] in gas phase. . . . . 219
E.9 Snapshot of the aqueous solution ofd@Im),][2Br] after 50 ns simulations.

Head groups are shown in yellow and the tail groups are shown in maglema.

ions, water and hydrogen atoms on the cation are not shown for the feasa-o

alization. . . . . . . 219
E.10 Atom number density profiles offtirent carbon atoms of the hexadecyl spacer

along the interface normal (z-axis) in the liquid—vapor interface @§(@Im),][2Br]

SOlUtiON. . . . . . 220
E.11 Atom number density profiles offtBrent carbon atoms of the decyl spacer along

the interface normal (z-axis) in the liquid—vapor interface ofo[®1Im);][2Br]

SOlUtion. . . . . . 220
E.12 Atom number density profiles offtBrent carbon atoms of the octyl spacer along

the interface normal (z-axis) in the liquid—vapor interface of((@im)][2Br] so-

ution. . . . . . 221
E.13 Atom number density profiles offtBrent carbon atoms of the pentyl spacer along

the interface normal (z-axis) for the §(Im),] cations in aqueous solution. . . . 221
E.14 Snapshot of the liquid—vapor interface of the aqueous solution gNn) »][2Br]

after 25 ns simulations. Head groups are shown in yellow and the tail gesaps

shown in magenta. Anions, water and hydrogen atoms on the cation ateonat s

for the ease of visualization. . . . .. ... ... ... .. ... . ..., 222
E.15 Snapshot of the liquid—vapor interface of aqueous solution @{NOm),][2Br]

after 25 ns simulations. Head groups are shown in yellow and the tail gevaps

shown in magenta. Anions, water and hydrogen atoms on the cation afenat s

for the ease of visualization. . . . . . . . . . . . . . . . ... ... 222

31



E.16 Distribution of angles between the two vectors joining the central caatmn
of the spacer with the imidazolium nitrogen atoms connected to the spacer in the
aqueous solution of [{g(MIm)2][2Br]. . . . . . . . .. .. ..o 223
E.17 Distribution of angles between the two vectors joining the central caatmn
of the spacer with the imidazolium nitrogen atoms connected to the spacer in the

aqueous solutionof DILs. . . . . . . . . . . . . . e 322

7.1 Schematic representation of the;Zglm] cation, glycine, nonane and water
molecule. . . . . . 233
7.2 The snapshots offtierent stages of aggregation of various species to form the re-
verse micelle in the system containing 8 glycine molecules. The water molecules,
the glycine molecules and the bromide ions are shown in pink, blue and black re
spectively and the imidazolium rings and alkyl carbon atoms @€h@im] cations
are shown in red and green respectively. The oil phase (nonadd)yainogen
atoms of [GCyolm] cations are not shown for the ease of visualization. . . . . . 234
7.3 Structures of the reverse micelles containing (a) 1 (b) 2 (c) 4 and gt)cte
molecules. The water molecules are shown in pink, the glycine molecules are
shown in blue, the imidazolium rings and alkyl chain carbon atoms gE{gim]
cations are shown in red and green respectively. The oil phasen@pregdrogen
atoms of [GCiglm] cations and bromide anions are not shown for the ease of
visualization. . . . . .. L 235
7.4 Snapshot of glycine molecules within the reverse micellar aqueousategring
(a) 2 (b) 4 and (c) 8 glycine molecules. The oxygen, carbon and nitragpens are
shown in red, cyan and blue respectively and the hydrogen atoms attiactiee
a—C atom, and the amino hydrogen atoms are shown in pink and green resiye235
7.5 Spatial density of amino hydrogens (in yellow) and carboxylate oxs/@eigreen)

around thex—C atom of glycine molecule. . . . . . . .. .. ... ... ..... 235

32



7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

F.1

F.2

Probability distribution oRy of aqueous core of the reverse micellar systems con-
taining (&)1 (b)2 (c)4 and (d)8 glycine molecules. . . . . . .. ... ... .. 236
Snapshot of the reverse micellar aqueous core containing 8 glycineutesleThe
water phase is shown as a continuous medium (in cyan), the glycine molecules
are shown in blue, the imidazolium rings along with the first two carbon atoms
attached to the ring of [{IC10lm] cations are shown in red and the bromide anions
are shown in black.
Probability distribution of the tetrahedral order parameter around tetee molecules
which are present in the first solvation shell of thearbon atom of the glycine
molecule.
Radial density profiles of (a)}C atoms of glycine molecules and (b) water oxygen
atoms for the reverse micelles containing varying number of glycine molecule240
Survival autocorrelation functio@yg(t) for H-bonds between (a) glycine molecules

and (b) water molecules inftierent systems studied. . . . . ... ... ... .. 242
Mean squared displacement (MSD) of (a) glycine and (b) water inahter of

mass frame of the reverse micelle iffdrent systems studied. . . . .. .. ... 243
Different vectors of interest for orientational relaxation in a glycine molecule. 245
Variation ofCy(t) for (a) vectors characterizing the glycine molecule in reverse
micelle with 8 glycine molecules and (b) M—P vector of glycine molecules across
the systemsstudied. . . . . . . . . .. 245
Variation ofC (t) for the unit vector along the dipole moment of a water molecule

across the reverse micellar systems studied. . . . . . .. ... ... ... .. 47 2

Probability distribution of (a) Rand (b) radius of aqueous core of the model
reversemicelle. . . . . . . . 249
Probability distribution of radius of aqueous core of the reverse misidems

containing (a)1 (b)2 (c)4 and (d)8 glycine molecules respectively. . . . . . . 250

33



F.3

F.4

F.5

F.6

F.7

F.8

8.1

8.2

8.3

8.4

8.5

Radial density profiles of (a) geometric center of imidazolium ring anbir(bhide

anions for the reverse micelles containing varying number of glycine mokcule250
Mean squared displacement (MSD) of glycine molecules in binary ghywiater

bulk solution. . . . . . . ... 251
Variation of reorientational time correlation functi@ (¢)) for different molecular

vectors of glycine molecule in reverse micelle with single glycine molecule. . . 1 25
Variation of reorientational time correlation functi@(t)) for different molecular

vectors of glycine molecule in reverse micelle with two glycine molecules. . . . 2 25
Variation of reorientational time correlation functi@(t)) for different molecular

vectors of glycine molecule in reverse micelle with four glycine molecules. . .52 2
Variation of reorientational time correlation functi@ ({)) for different molecular

vectors of glycine molecule in binary glycine—water bulk solution. . . . . . . 253

Schematic representation of the,zlm] cation and nonane showing the atom
typesusedinthediscussion. . . . . . . ... ... oo 261
Snapshots of the ternary system with bromide anion. (a) initial confignréb)

after 1 ns simulation (c) after 30 ns simulation. Carbon atoms of nonaneawa sh

in orange and the oxygen atoms of water are shown in red. Anions aesegped
asmagentabeads. . . . . ... e e e 262
(a) Number density profiles offéérent moieties along interface normal (z-axis) in
nonane-[GCiIm][Br]-water system. (b) Atom number density profiles of nonane-

water binary system and ternary systems along z-axis. . . . . . ... . ..... .263

(a) Anion number density profiles along z-axis, in ternary system3a{lm)umber

density profiles in ternary systems along the interface normal. . . . . . . .. .264
RDFs of (a) nonane (z) around dfferent carbon atoms of }C4Im] cation in

the ternary system with bromide anion. (b) nonangr{Ground tail group (€)

internary Systems. . . . . . . . e e e 268

34



8.6

8.7

8.8

8.9

RDFs of (a) nonane ({z) around the central atoms of anions in ternary systems.
(b) nonane (G) around water in the binary and ternary systems. . . . . .. .. 269
(a) Spatial density of anions (in yellow), water (in cyan) and non@ag)((in

red) around the cations that are in the interfacial region, in the ternatgraywith

bromide anion. Hydrogen atoms on the butyl chain are not shown for deeda
visualization. (b) Another view of the same figure. . . .. .. ... ... ... 70 2
Distribution of angle between (a) the vector connecting the nitrogen atitins o
imidazolium ring (NN vector) and the interface normal (z-axis), for the oatio

that are present in the interfacial region. (b) the butyl chain of catioesept at

the interface and the interfacenormal. . . . . . . ... .. ... ... ... .. 1 27
Distribution of angle between (a) the butyl chains in the interfacial regnahin

the bulk that are within 8 A of each other. (b) carbon-sulfur bond veamor the

interface normal, for the anions that are present in the interfacial regian. . . 272

8.10 Snapshot of the interfacial region in the ternary system wig8CE anion. Only

G.1

G.2

the atoms that are present in the interfacial region are shown. Carbos afo
nonane are shown in pink color and oxygen atoms of water are showth qolar.
Fluorine, sulfur and oxygen atoms of anions are shown in magenta, ey

cyan,respectively. . . . . . .. L o132

Number density profiles of filerent moieties along interface normal (z-axis) in
nonane-[GC1Im][BF 4]-water system. Water and nonane densities have been scaled
according to their ratio with respect to the cation numbers for ease of cwopar 277
Number density profiles of filerent moieties along interface normal (z-axis) in
nonane-[GC1Im][CF3SO;s]-water system. Water and nonane densities have been
scaled according to their ratio with respect to the cation numbers for easenef

PAriSON. . . . . . e e e 278

35



G.3

G4

9.1

9.2

9.3

9.4

9.5

Radial distribution functions of (a) hydrogen bond acceptor on araocound the
ring hydrogen atoms (b) hydrogen bond acceptor on water (oxygem at@und
thering hydrogenatoms. . . . . . . . . .. .. . . . . ... .. e 278
Water number density profiles along interface normal (z-axis)fardnt ternary

SYStEMS. . . . . e e e e e 279

Schematic representation of the hexadecane, alkanols and waterlmsheming
the atom types used in the discussion. . . . . . . . ... .. .. ... ...... 288
Radial number density profiles of (ajférent chemical species in binary hexadecane—
water and ternary hexadecane—dodecanol-water systems and (bpataranbon

atoms (CT) of diferent alkanols in their respective ternary systems with hexade-
caneandwater. . . . . . . . ... e 289
Bivariate distribution of the probability;(cosd) and the distance from the center

of mass of the oil droplet in ternary systems containing (a) pentanol (iinhel

(c) decanol (d) dodecanol and in (e) binary hexadecane—wadezrsyd is the

angle between the radial vector and the principal axis of the hexadebame . . 291
Hexadecane molecules in oil droplets of ternary systems containingr{egnol

(b) heptanol (c) decanol and (d) dodecanol and in (e) binarydemene—water
system. The hexadecane molecules near the water rich side and oil rchareor

shown in magenta and yellow respectively. Hydrogen atoms are not sfoown

clarity. . . . . . e e 292
Bivariate distribution of the probability; (cost) and the distance from the center

of mass of the oil droplet in ternary systems containing (a) pentanol (iinhel

(c) decanol (d) dodecandal.is the angle between the radial vector and the principal

axisofthealkoxychain. . . ... ... ... ... . . .. ... . 293

36



9.6

9.7

9.8

9.9

9.10

9.11

H.1

Alcohol molecules present near water rich region (magenta) andiheizh re-

gion (yellow) of the ternary systems containing (a) pentanol (b) hep{ahale-

canol and (d) dodecanol. The oil and water phases are not showhmefease of
visualization . . . . . .. 294
Bivariate distribution of the probability;(cosd) and the distance from the center

of mass of the oil droplet in ternary systems containing (a) pentanol (iiahel

(c) decanol (d) dodecanol and in (e) binary hexadecane—wadezrsyd is the

angle between the radial vector and the dipole moment vector of the wateruted6s
Water molecules near the droplet surface in ternary systems contaa)ipgr(-

tanol (b) heptanol (c) decanol and (d) dodecanol and in (e) binexadecane—
water system. The hexadecane molecules are shown in blue, the alcohaliesle

are shown in green, the oxygen and hydrogen atoms of the water moleceles
shown in red and white respectively. . . . . .. .. .. .. ... ... ..., 96 2
(a) Gauche population of C-C-C-C dihedrals of the hexadecane nedg@aver-

aged over both termini (£3)) present in the interfacial layer. Dihedral around the
bond connecting 2nd and 3rd carbon atoms of the hexadecane chaithider-

minal are plotted between 2 and 3 in the graph. (b) the average end to tamtdis

of the hexadecane molecules present at a given distance from theafentess of

the oil droplet in binary hexadecane—water and ternary hexadealiaael-water

SYSIEMS. . . . e 297
Survival probability of water molecules in the oil-water interfacial lafdrinary
hexadecane—water andiéirent ternary hexadecane—water—alkanol systems. . . . 299
Survival autocorrelation functioByg(t) for H-bonds between alcohol and water

molecules in dierent ternary hexadecane—water—alkanol systems. . . .. .. .. 300

Radial number density profiles of terminal carbon atoms of the hexaeewalecules
(CaT) and the oxygen atoms of the water molecules (OW) in the ternary systems

containing diferentalkanols. . . . . . ... ... o oL 303

37



H.2

H.3

H.4

H.5

H.6

Distribution of(P(cosf)) with distance from the center of the mass of the oil
droplet in binary and ternary systems studiéds the angle between the radial
vector and the principal axis of the hexadecane molecule. . . . . .. . .. . .303
Distribution of(P(cosf)) with distance from the center of the mass of the oil
droplet in binary and ternary systems studiéds the angle between the radial
vector and the principal axis of the alkoxy chain. . . .. ... ... ..... 304
Distribution of(P»(cosf)) with distance from the center of the mass of the oil
droplet in binary and ternary systems studi@ds the angle between the radial
vector and the dipole moment vector of the water molecule. . . . . . . ... .. 4
Percentage of gauche population of each C-C-C-C dihedral aleradibixy chain

from the terminal (CT) of various alkanol molecules present in the intiaiflyer

for the ternary hexadecane—water—alkanol systems. . . ... ... ........ 305
Probability distribution of the length of the alkoxy chains as a function ¢hdce

from the center of mass of the oil droplet in ternary hexadecane—atkaatzr

systems containing pentanol, heptanol, decanol and dodecanol molecules. 305

38



List of Tables

2.1

2.2

2.3

3.1

3.2

3.3

3.4

3.5

4.1

4.2

51

Details of simulations of ILs mixtures, where the systems are representiéfi b

feringanionsorcations. . . . . . . . ... ... 71
Average number of H-bonds formed per head group in IL mixture8@k5. . . 78
Surface fractions of ions in the interfacial region in IL mixtures at 500 K. . . 80

Details of simulations of systems studied (the IL mixtures are presented by the
ratio of mole numbers offomim][TfO] and [emim][TfO]). . . . . . .. .. .. .. a0
Surface fractions of ions in the interfacial region of IL mixtures of/iay com-

POSItION. . . . . . e e e 108
Amplitude of the surface roughnessand frequency-like parameters of the sur-

face roughnesg, andb of the(d) versud curve of the liquid — vapor interface for

binary IL mixtures. . . . . . . . . . 111
Parameters of the stretched exponential fit to the average survivaldimegation
function. . . . .. 114

Average reorientation time, ) for the ions obtained from the reorientational TCFs. 116

Details of simulations of agueous[Ciolm][Br] solutions, where n is the length
of alkyl chain substituent. . . . . . . .. .. ... ... ... .. . . . . . ... 136

Details of the properties of aggregates ipQgplm][Br] solution . . . . . . . .. 148

Details of the simulated systems; n represents the number of carbon atoms in th

hydroxyl functionalized hydrocarbonchain. . . .. ... ... ........ 162

39



5.2

6.1

6.2

7.1

7.2

7.3

7.4

8.1

8.2

9.1

Average number of H-bonds formed percations . . . . .. ... ... ... 168

Details of the simulated bulk systems; n represents the number of carbmiato

thespacerchain.. . . . . . . . . . . 194
Average number of H-bonds formed perheadgroup . . . . . .. ... ... 199
Details of the simulated systems. . . . . . .. .. .. .. ... .. ........ 231

Mean lifetimes4{yg) for H-bonds between species of the same kinds fifeidint
systemsstudied. . . . ... 241
Parameters of the stretched exponential fit to the reorientation time tiorrela
function. . . . . . . e 246

Parameters of the stretched exponential fit to the reorientation time tiomrela

function. . . . . . . L 247
Details of the Simulated Systems . . . . . ... ... ... .. ......... 260
Average number of H-bonds formed percation . . . . ... ... ... ... 266
Details of the simulated systems. . . . . . . . .. .. .. ... .. ........ 287

40



Acronyms

AIMD ab initio molecular dynamics.

AIQC ab initio Quantum Chemical.

CMC Critical Micelle Concentration.

DIL Dicationic lonic Liquid.

DLS Dynamic Light Scattering.

EAN Ethyl ammonium nitrate.

EOR Enhanced Oil Recovery.

HFIL Hydroxyl Functionalized lonic Liquid.

IL lonic Liquids.

ILBS lonic Liquid Based Surfactant.

LAMMPS Large-scale AtomjtMolecular Massively Paralle Simulator.

MBEC Minimum Biofilm Eradication Concentration.
MC Monte Carlo.

MD Molecular Dynamics.

41



NATO North Atlantic Treaty Organization.

NMR Nuclear Magnetic Resonance.

OPLS Optimized Potential for Liquid Simulation.

PPPM Particle particle particle-mesh solver.

SANS Small Angle Neutron Scattering.

SFS Sum Frequency Scattering.

SHG Second Harmonic Generation.

TEM Transmission Electron Microscopy.

TOF-SIMS Time of Flight—Secondary lonization Mass Spectrometry.

VMD Visual Molecular Dynamics.

XPS Xray Phototoelectron Spectroscopy.

42



Chapter 1

Introduction

1.1. lonic Liquids “Considered from the standpoint of chemistry, living bodies appear tesus a
laboratories of chemical processes, for they undergo perpetualgdsin
their material substrate. They draw materials from the outside world andomthem with the
mass of their liquid and solid parts”.
Friedrich Tiedemann
Life probably evolved in the liquid phase, and our bodies are kept alivehiemical reactions
occuring in liquids. Molecular liquids are most ubiquitous in nature. Waterzdéee, ethanol
etc. are some very common examples of molecular liquids. Now, what is an ionid (id.)?
lonic liquids are liquid salts composed of ions with melting poink (k& 100°C. This definition
was redfirmed and codified in a NATO workshop in Crete in 2000 [1]. A hundredyéack
starling discovery by the German chemist Walden of a pure liquid salt (ethylammamitrate,
EAN) at ambient temperatures gave birth the saga of ionic liquids [2]. Indgénal paper on
EAN, Walden described a class of materials as “water-free salts...which tneliatively low
temperatures, about upto T@J. Since the days of Walden, a drastic progress has been observed
in the science of liquid salts or “ionic liquids”. In particular, there has beeexgonential growth
in number of publications and patents in the field of ionic liquids in the last thresdés [3, 4, 5].
lonic liquids consist of bulky organic cations and usually inorganic aniogksymmetry in
the molecular structures of constituent cations and anions destabilizedithptsse crystals of

ILs and hence, they exist as liquids in a large window of temperature. Ajthole first IL,
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ethyl ammonium nitrate, was identified in 1914, the invention did not recemat gittention at
that time. Significant attentions towards these systems were imposed in eafly 488r the
development of chloroaluminate anions (AjGr Al>Cl7) based ionic liquids [6, 7]. Now a days,

a number of well known cations such as ammonium, pyridinium, imidazolium, pyimalid,
phosphonium, pipyridinium, morpholium, etc. are combined with anions sucalide$ (F, CI-,

Br~, I7), tetrafluoroborate (Bfj, hexafluorophosphate (FF nitrate (NQ,), triflate (CRSO;),
bis(trifluoromet-

hanesulfonyl)imide ([NTf]) etc. to design ionic liquids having desired properties. Because of
this, they are also known as “designer solvents” [3]. Also, at least a miiioary ionic liquids,

and 16 ternary ionic liquids are potentially possible [8]. Figure 1.1 representstates of some

common constituent cations and anions of ILs.

Cations:
Rl Rl Rl
I, ||:+\ |S .
N 7
Rs | R4 Rz | R4 R2/ \Rg
R3 R3
Tetraalkylammonium Tetraalkylphosphonium Sulfonium

N

/ \ @ O [Oj
N
N N N ,{,\ N
Rl/ R2 RZ

NS ~
Rl/ ~N R, | Rl/ N
R
1,3-dialkylimidazolium N-alkylpyridinium N,N-dialkylpyrrolidinium N,N-dialkylmorphonium
Anions:
BF, PR NO; X (X=F,Cl,Brl)
Tetrafluoroborate Hexafluorophosphate Nitrate Halide
CRSO;, RSO (CRS0O),N "
Trifluoromethanesulfonate Alkylsulfonate bis(trifluoromethane)sulfonimide

Figure 1.1: Schematic representation of structures of some common coristétiens ans anions.
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1.1.1 Properties of lonic Liquids

Several inherent and unique physicochemical properties of ILs mae #itractive for being
used in dfferent areas of research and industry. Figure 1.2 represents sohneenodst important

characteristics of ILs.

Biomolecule stabilization

|

Energy Storage Separation

IONIC LIQUIDS

* wide liquid range
* high thermal stability
+ non flammability
Heat Storage + high conductivity m=— Solvents
» electrochemical stability
» solubility and miscibility
» low vapor pressure

l

Lubricants and Additives !

Liquid Crystal Electrolytes

Figure 1.2: Properties and applications of ionic liquids.

e 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 af tih the
nature of the constituent cations and anions [9], it has been foundytmaetric cations
impose high melting point to ILs [10] and it decreases gradually with increaselius of

anions [11].

e Density: ILs are denser than water. The density of ILs depends onflivgeacy of packing
among the constituent ions and hence, on the size and shape of the iocinseaon in-
teraction. Alkylammonium and alkylimidazolium based ILs show gradual ésera their
density values with the increase in alkyl chain length. For ammonium catiord basge
it is expected that number of alkgkyl substituents around the nitrogen atom will lead to

decrease in density and indeed, tributylammonium nitrate is known to havet lderesity
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because of its bulky size [12, 13]. The density of heterocyclic amine caliaged 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 uptodeeomposition
temperatures. Therefore, they contribute negligible amount of volatile@rgampounds
(VOCs) unlike traditional industrial solvents to the atmosphere. This also teagisse of

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

Viscosity: ILs are highly viscous (ranging between 10 and 1000 cP) than conwmahtio
molecular solvents (e. g., 0.890 cP for water, at NTP). Strong electrasit&tiaction among
the constituent ions, van der Waals interaction and hydrogen bondingatitaer within the
ionic species lead to high viscous nature of ionic liquids. It has beenlesl#at viscosity
of ILs increases with increase in the alkyl chain length of the cationic moiedj dhd
decreases with charge delocalization in anionic species. The temperapeedeénce of
viscosities of ILs is governed by Vogel-Tammann-Fulcher (VFT) equdfidh

DTc
T-Tc

In(7) = In(0) +

where o , D andT¢ 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 decomptesitiperature

(Tg) can reach the value up to 28D for many of the ILs [18]. Although cations have no
significant contribution in the thermal stability of ILs, decomposition temperateicecases
with increase in hydrophilicity of anions employed in the orderd]PH[NTf,] > [CF3SO;]

> [BF4] [19]. In addition, the typical glass transition temperatureg) @f ILs are close

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

applications without significant solvent degradation.

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

composed of ions, show intrinsic ionic conductivity. The ionic conductivitiLe is gov-
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erned by the number of mobile charge carriers and viscosity of the mediumougth
the number of charge carriers found in ILs is greater than conventeeelrolyte solu-
tions and other ionic fluids, the usual higher viscosity of the medium hinderstibil-

ity of ions leading to lower conductivity (of the order of 20S/m) than that of conven-
tional electrolytes [20, 21]. The ionic conductivity of ILs containing alkgtfaonium and
alkylimidazolium cations decreases as the alkyl chain length of cations ssseldowever,
the ILs are redox stable across a wide electrochemical window of voltagesén 2.0 to

6.0V [22, 23, 24].

e 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 abilitg of
solvent to dissolve a solute is governed by its polarity. Although the static dieleotn-
stant €) which dictates the bulk polarity of ILs, falls in a narrow range between 91310
(25°C), the high microscopic polarity parameter such asaid F_"T\I justifies their ability to
dissolve polar compounds. On the otherhand, being an amphiphile, Ildissoive 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 inlikhenduat the
interface of molecular and ionic liquids in multicomponent aqueous and noeeag systems by
using computer simulation techniques. Binary mixtures of ionic liquids (ILs)uaexl as sol-
vents in the field of catalysis [25, 26, 27, 28, 29], extraction layers [@6persive liquid — liquid
micro-extraction [31], supercapacitor electrolytes in lithium batteries [B@]dye-sensitized solar
cells[33]. So a detailed understanding of the bulk and liquid — vapor imedtaucture of binary
mixtures of ILs is necessary to elucidate their role as reaction and extractidia as well as elec-
trolytes. With this aim, the Chapter 2 of my thesis deals with all-atom classical MD diongan
a series of equimolar binary mixtures of ILs with common aniond@m][CgC1Im][CF3SQ;3],

and common cation, [§1Im][CI][PFg] and [C,C1Im][CI][CF 3S0Os], to get insights into the sur-
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face structure of the liquid — vapor interface as well as the bulk phasaiaagion. On the oth-
erhand, the Chapter 3 discusses the computational studies on a seridsraryg IL mixtures
[C2C1Im][CsC1Im][CF3SQOs] to get insights into theféect 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 impofttammt the perspec-
tive of academic and applied aspects. Knowledge of the antibacteriaéntiespof ionic liquid
based surfactants (ILBSs) is essential to demonstrate tfiedt® on aquatic organisms and envi-
ronments [40, 41, 42]. It has been reported that there is a lineadatiwrebetween the critical
micelle concentration (CMC) and minimum biofilm eradication concentration (MBEQ_BSs,
i.e., CMC appears to be an appropriate index to estimateffivzeesacy of ILBSs as antimicrobial
agents. Also, the transport and distribution of ILs through soil is mainlgdéent on the size and
structure of the aggregates formed [43]. Studies have been repodkdvicthat MBEC of ILBSs
showed an inverse dependence on the length of hydrocarbon chiaim nvlkes them potentially
effective to be used for improved infection control within the hospital envirarim8o, investi-
gation of structurgactivity relationships (SAR), in particular to the length of the alkyl group, the
heterocycle employed, and the counterion governing the properties dfansmlutions of ILBSs
emerges to be essential for the better use of ILs as surfactants. Téeuagolution of ILs with
single alkyl chain is well studied using experimental and theoretical methbls.presence of
second alkyl chain on the imidazolium ring may alter the structure of the agigi®egnd aggre-
gation numbers. Recently, double tailed imidazolium based ionic liquids haverbperted to
show interesting aggregation properties in their aqueous solution [44edBan experimental
data, it is predicted that the cations in aqueous solution of dioctylimidazoliumideoform ag-
gregates with hydrophobic core and hydrophilic surface consistingtadrcrings in a staggered
parallel orientation. In the present thesis, Chapter 4 is investigating atorael@letails of the bulk
and vapor-liquid interface of aqueous solutions of dialkylimidazolium bromide have carried
out atomistic molecular dynamics (MD) simulations on 1-alkyl-3-decylimidazolivomixie so-

lutions with the alkyl chain ranging from methyl to decyl. The antibacterialamdungal active
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properties of these ILs depend upon the structure of the functionabguned the alkyl chain length.
ILs with a hydroxyethyl group showed broad spectrum of antimicrolitiVigy [45]. Chapter 5
discusses the atomic-level details of tHEeet of the presence of a hydroxyl group attached to
one of the two alkyl chains in dialkylimidazolium based ILs, on the bulk solutiaucture. The
solution structure has been studied using atomistic molecular dynamics (MD) sanslaer-
formed on a series of Ini{hydroxyalkyl)-3-decylimidazolium bromide ILs (where the alkyl chain
is ranging from ethyl to decyl) in their aqueous solutions. Compared toetional monochain
surfactants, gemini surfactants show lower CMC, higher adsorpfimiescy, better foaming and
limber-soap dispersing properties. The length and polarity of the spaggthlplays an important
role in determining the liquid structure of imidazolium based DILs in aqueousisnluChapter

6 presents atomistic MD simulations on aqueoug(l[M@m),][2Br] solutions to gain insights into
the structure of the solution at atomic level.

Dispersions made of water, oil, and amphiphiles that are thermodynamicallg ataboften
coined as microemulsions. The domains of the dispersed phase are eithgaigto bicontinuous
in a microemulsion. Reverse micelles are nanometer-sized (1-10 nm) wapdetdrdispersed
in organic media obtained by the action of surfactants. Reverse micellepbtardial applica-
tions in the field of downstream processes and enzyme recovery dudrtaliliéy to encapsu-
late and probe biological molecules [46, 47, 48]. In Chapter 7, we hzeeissed the atomistic
molecular dynamics simulations of reverse micelles consist of imidazolium baskediguids
and encapsulating variable number of glycine molecules in zwitterionic formghgtaim of ex-
ploring the dfect of increase in the number of amino acids on the structure of the aqoe@us
of the reverse micelles as well as dynamics of species confined in theusgc@®. Microemul-
sions are also widely used to mobilize petroleum trapped in porous sandstogrghanced oil
recovery (EOR) [58, 59, 60] and solubilization of sparingly soluble dri§l]. In an attempt
to gain insights about the adsorption and orientation of amphiphilic ILs at thaplaterface
of a ternary system composed of waten-butyl-3-methylimidazolium ([GC1Im]) cation based

IL and nonane, Chapter 8 discusses thea of anions using MD simulations on thredfeient
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systems by varying the counter anion (BBF, and CRSQO; ) associated with the cation.
Oil-in—water droplet systems or emulsions are supramolecular assembli¢saghis artifi-
cial life models representing the hydrophobic domains in contact with aguegions (with oil
corresponding to the lipid membranes of the cell) [62]. SFS and SHG stuadiedleen performed
to gain molecular level insights into the structural aspects of the transitiongrayarophobic to
an aqueous phase on hexadecane droplet by employfiregedit chain length alkanols as emul-
sifiers [77]. The aforementioned study primarily focuses on interfathgl ahain conformation
of the oil and various alcohol molecules and the orientational alignment of wetlecules in a
qualitative manner. Chapter 9 deals with the atomistic molecular dynamics simulatibesstol
get insights into structural transition from hydrophobic to aqueous regiomnd the hexadecane
droplet and the organization of the hexadecane, water and alkanolgheeail-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 ofGgm]

[CsC1IM][NTT 2] have shown the microscopic phase segregation of polar and noneuoteins,

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

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

of [C2C1Im][SCNI][CI] correlates the tendency of the anion to coordinate with the raoistic

hydrogen of the cation to its basicity. ThejC;iIm] cations show weaker ordering in their spatial

arrangements due to-nr stacking of the imidazolium rings. The selffidision codicients of var-

ious moieties of the IL mixtures were found to depend on the compositions of theres>giudied.

It has also been found that the binary mixtures are well mixed at the moléewtaf38]. Classical

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

the difusion codicients of cations and anions in the mixture depend upon the interaction between

them [39].

Small angle neutron scattering (SANS), transmission electron microscdgiy)(Thuclear
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magnetic resonance (NMR), and molecular dynamics (MD) simulation tectmignee exten-
sively used to study the microstructure of IL aggregates in solutions. SANStigation [91]

of microstructure of the aggregates og[G Im][CI], [CsC1Im][l] and [C4C1IM][BF4] in aqueous
solutions revealed that above CMC 4G Im][BF4] formed polydisperse spherical aggregates,
[CsCa1Im][l] behaved as regularly sized near-spherical charged micelleseals [GC,Im][CI]
formed disklike particles showing weak long-range ordering. Goodchill. ¢92] had carried
out SANS experiment to study the solution structure of§@m][X] (n=2, 4, 6, 8, 10; X= Cl,

Br) in water and reported that JC1Im] and [C,C1Im] cations did not show any sign of aggre-
gate formation whereas fC1lm] cation, above its CMC, formed oblate aggregates with radius
~9 A and the radius increases with increase in concentration of the ionic lif@QiC;Im] and
[C10C1Im] based ILs formed near-spherical aggregates with core radii &f40.5 A and 13.2

+ 0.5 A respectively just above the CMC. With increase in concentratiopCiJ[Br] system
formed elongated (prolate) micelles. TEM and DLS (dynamic light scatteringgrérents [93]
on [CgC1Im][X] (X = ClI, Br, NO3, CH3COO and CECOO), [Gmpyrr][Br] and 4 m-[Gpyr][Br]
aggregates in water concluded that the types of anions and cations hawg weak &ect on
the morphology but the size of the spherical aggregates increases wihsedn hydrophobic-
ity of the anions. NMR study based on the chemical shift of various pradpS,C;Im][Cl],
[C4C1IM][BF4], [CgC1Im][CI] and [C4mpy][Cl] in water as a function of IL concentrations pro-
posed that the imidazolium and pyridinium rings of{&GIm][BF4] [C4mpy][Cl] are oriented at
the surface in a configuration which favors tirer ring stacking interaction, whereas the imi-
dazolium rings of [GC1Im][BF4] and [GsC1Im][CI] ILs do not show such conformation [94].
Experimental studies on the aggregation behavior of HFILs in aquetutsoss indicate the for-
mation of loosely bound aggregates with lower aggregation number [95,T®€] first atomistic
MD simulation on IL-water mixture was carried out by Hanke and LyndelhiBe2003 [97],
where they observedfiiérences in the signs of both excess volumes and the enthalpies of mixing
for [C1C1Im][CI] and hydrophobic [GC;Im][PFs] with water. A percolating network of water

molecules was found as well as some isolated molecules and small cluster@nithmobility
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was found to increase linearly with the mole fraction of water in the mixtures. Miblations
of [CeC1Im][PFe]—water binary mixture [98] showed close association between waterraoasa
and the authors deduced that the experimentally observed decreassosityiss a consequence
of the faster and rotational dynamics of ions in the presence of water. @engimulation study
in mixture of [GC1IM][NO3] and water revealed nanostructural organization in the solution [99].
The calculated static structure factors witltelient water contents indicated the disruption of the
polar network as the amount of water increased by intruding water, whilstthetural organi-
zation of the water network and the micelle exhibited a turnover. MD studie€a;]m][Br]
(n = 10, 12, 14, 16) in water [100, 101] found that in all the systems, quum+gcal polydis-
perse aggregates were formed with the alkyl tails buried deep inside thegatgs and the polar
imidazolium group exposed to water. The aggregation numbers steadilyasecvéth increase
in the hydrocarbon chain length. Molecular dynamics (MD) studies havieegrthe &ects of
spacer length and anions on the liquid structure and dynamical propdrtiagazolium based
DILs [102, 103]. The length and polarity of the spacer length plays aniitaporole in deter-
mining the liquid structure of imidazolium based DILs in aqueous solution [108, 106]. Only
few computational studies are available on the aggregation properties okotiida based DILs
in aqueous solutions [107, 108]. The dicationic IL 1,3-bis(3-decylimitiazn1-yl)propane bro-
mide in its aqueous solution formed interconnected cationic micellar aggregatiéstedeby by
head groups, a phenomenon which is not observed in monocationic ionasliqu

Molecular dynamics simulations on modehelical peptide encapsulated in a reverse micelle
has shown the preferential residence of the peptide at the interface oéwbrse micelle [109].
Computer simulation studies on ubiquitin encapsulated in a reverse micelle ceti¢hat the
backbone dynamics of the protein in reverse micelle is similar to that in bulk [1@6mputer
simulation studies have also shown that the octaalanine is stable in small size reveclle [46].
The peptide’s partial helical structure has been found to be stable irseeu@cellar confine-
ment [111]. Recent computational studies have explored the role ajelaad solvation in the

structure of alanine-rich AKAiIn AOT reverse micelles [112]. There are numerous experimen-
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tal [49, 50, 51, 52] and computational studies [53, 54, 55, 56, 5@rte@ on the structure and
water dynamics in reverse micellar confinement.

The first study of the phase behavior of ternary systems composedtef, warfactant and
oil was reported in 1948 by Winsor [113]. Experiments [114, 115, Tk been carried out to
determine the optimum formulation of ternary systems that leads to minimum intetisabn.
Spectroscopic studies [117] of such ternary systems with anionic anchicagimphiphiles have
provided insights into the ionfiect on the interface structure of the system. The phase equilibria
of a water —ionic liquid — oil ternary system have been investigated [118,12D]. Comparative
studies of thermodynamic properties between ionic liquid (IL) — oil and watgrsystems have
been reported [121]. fEect of ILs on interfacial tension between heavy crude oil and wate?,[12
123] has been investigated. Molecular dynamics (MD) studies of adsoratid orientation of
ionic surfactants at heptane — water interface have also been rept2#gd |

Vibrational sum frequency scattering (SFS) study on sodium dodatfgts (SDS)-stabilized
nanoscopim-hexadecane droplets dispersed pbhas shown that theffect on interfacial ten-
sion due to SDS surfactant is negligible compared to a planar interface$FH and molecular
dynamics studies on oil emulsions have shown that water orientation on aiheadpletwater
interface resembles the water orientation on a negatively charged it¢rédc SFS spectra on a
kinetically stabilized emulsion with SDS, consisting of nanoscopic oil dropletaternghows that
the oil molecules are preferentially orienting parallel to the plane of the drapdter interface
with less number of chain defects than that in SDS molecules [75]. Secomabihia generation
(SHG) study has proved that the adsorption free energy of malachie grethe surface of oil
droplet in surfactant stabilized hexadecane—water emulsion is mediatemrpettion between
the adsorption and charge—charge interaction [76]. SFS and SHGsshalie been performed
to gain molecular level insights into the structural aspects of the transitiongrayarophobic to
an aqueous phase on hexadecane droplet by employfiggedfit chain length alkanols as emul-
sifiers [77]. The aforementioned study primarily focuses on interfatligl ahain conformation

of the oil and various alcohol molecules and the orientational alignment of wetlecules 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 codsideréundamen-
tal tool for understanding the properties and behavior of liquids at thes. I&he physical charac-
terization of molecular and ionic liquids by means of simulations has been sigriickeveloped
over the last decades and enormous progress has been achievedésitreof new potentials
and more powerful computational tools. There are several computatiataigeies employed
for studying the characteristics of materials, suchlasitio quantum chemical (AIQChb initio
molecular dynamics (AIMD), Monte Carlo (MC) and molecular dynamics (MEgch of them
handles specific problems when dealing with molecules. For example, Wh&l@& methods
include polarization and charge transfer and are very suitable to aelgudascribe the electronic
structure, they are computationally expensive and therefore notl wgledun it comes to analyze
a great number of molecules. On the other hand, MC and MD methods aiepéppe for de-
scribing the liquid state, since they are capable of simulating a great numhmrsahteracting
with each other. However, they can not be expected to adequately medabtion of the elec-
trons within this kind of systems. AIMD methods fall somewhere in betweene ey provide
information about the electronic structure but can not be used to investigatge number of
molecules. Thus, in order to obtain a reasonably good analysis of liquisgfifundamental im-
portance to deeply understand both the advantages and disadvaritegels and every technique
and choose the most appropriate one depending on the size and time stfaégsroblem.

All the studies concerning in this thesis were performed using classicaliMmOlaions. So,
a deeper discussion of the theory behind MD is essential. The microsdajpgcaf a system
is specified in terms of the positions and momenta of a constituent set of partibessically,
the HamiltonianH of a system ofN particles can be written as a sum of kinetic and potential

energy functions of the set of coordinatgand momentgs; of each particlé. Using a condensed
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notation,

i

r= (IT)]_, ?2, ey IT)N)

B = (P1. P2, .-, Pn)
H(F, p) = K(p) + V()

The kinectic energK takes the form

wherem is the mass of the particle and the inderuns over the dierent &, y, Z) components of
the momentum of particle The potential energy can be splitted into terms which are functions
of coordinates of individual atoms, pairs, triplets etc.:
V= i)+ ) D Ve m) + >0 V(R +
i S i > k>
The first term in the above equation(r;) stands for &ect of an external field on the system and
depends on the coordinates of the individual atoms. The secondugny) represents the pair
potential and depends on the inter-particle pair separatjoa,|r; — rj|. For liquid properties, the
pairwise approximation works really well and the above equation is redoced
VY i)+ ) ) vl )
i S
Once the form of the potential energy function is known, the fdr@eting on thd-th particle is

calculated from the gradient of the potential energy as

S \/
o9
6riaf

The indexa runs over the dferent §, y, z) coordinates of particle Now, by solving the Newton’s

equation of motion for the system bfinteracting particles from the equation

on o

m 52 fi, i = 1,..,N.
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we get the trajectory describing the positions, velocities and acceleratidhe particles as a
function of time. We have used the Verlet method to integrate the equations ohm®tie posi-
tion of a particle in the next step(t + ¢t) is calculated from its current postioi(f), acceleration,

a(t) and the position from the previous stéft,— 6t) by using the following equation:
Pt + 6t) = 2F(t) — F(t — 6t) + 6t2&(t)

The potential energy function is constructed under the framework of Omihi#otential for Lig-
uid Simulation (OPLS) model defined by Jorgensen et. al [125]. Bondedan-bonded interac-

tions contributed to the total potential energy whose functional form isdiyethe equation,

Urota = ZK—(rb—rOb) Z@(ea 90a)2+22 U1+ (1™ cosnpo)

fon Oij 1 qq

+ZZ {451 l( r,JJ) - (Tjj) l 4reo r.JJ}
where the total potential enerdyrota) cOnsists of the sum over the energy terms involving all the
bonds, angles, dihedrals and non-bonded interactionstohendép 5 represents the equilibrium
bond length and bond angle respectively, whereaKipeand Ky 5 are the corresponding force
constants. Th¥ny, g terms are the fourier céigcients involved in the dihedral interactiorgg.is the
partial charge on the i-th atorr,ande are the Lennard-Jones interaction parameters. All the sim-
ulations have been performed using the LAMMPS [126] and visualizatiiwae VMD [127]
has been used to render the images. The problem arising due toféslge eaused by the finite
size of the central simulation cell was solved by using the periodic bourtdengitions (PBC),
i.e. an infinite system can be mimicked by rolling the central simulation cell in threendioreal
space, which means that if any atom leaves the box by the right-handtéqueriodic image enters
the box by the left-hand face. This artifact was combined with the minimum imagesoton,
with which short-range non-bonded interactions only takes into accoeimiethrest image of each
particle. Additionally, in order to get accurate long-range electrostaticactiens we employed
lattice sum methods. 13A cufovas used to calculate the non-bonded interactions. Long range

electrostatic interactions [128] were handled using particle-particle pantieh solver (PPPM)
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with an accuracy of 1%.The temperature and pressure were controlled using Nése-Hoover ther
mostat and barostat with time constants of 1000.0 and 500.0 fs respeciinel\sHAKE [129]

algorithm was used to constrain the stretching and bending interactions inm@exules.
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Chapter 2

Seggregation of lons at the Interface: Molecular Dynamics Studies of

Bulk and Liquid—vapor Interface Structure of Equimolar Binary
Mixtures of lonic Liquids

Abstract:

The structure of three fierent equimolar binary ionic liquid mixtures and their liquid — vapor
interface has been studied using atomistic molecular dynamics simulations. Twaesefbinary
mixtures were composed of a common cation-futyl-3-methylimidazolium, and varying an-
ions (chloride and hexafluorophosphate in one of the mixtures and ahknidi trifluoromethane-
sulfonate in the other) and the third binary mixture was composed of a comniam, &tifluo-
romethanesulfonate and two imidazolium cations with ethyl and octyl side chBinary mix-
tures with common cation are found to be homogeneous. The anions aeeepteflly located
near the ring hydrogen atoms due to H-bonding interactions. Segregéiimmsds observed at
the interface with enrichment of the liquid — vapor interface layer by loniggl ehains and bigger
anions with distributed charge. Surface composition is drasticafigréint compared to the bulk
composition, with the longer alkyl tail groups and bigger anions populatingulermost layer
of the interface. The longer alkyl chains of the cations and trifluoromeshgfomate anions with

smaller charge density show orientational ordering at the liquid — vapofaneer
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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 Rillysain a mixed
ionic liquid solvent, [GC,1Im][CI][NTf 5] in the hydroformylation reaction [4], and the ease of
recycling of the reaction media. It was found that mixed anion ILs impose&tsgtg on the
product morphology of metal organic frameworks by controlling the sadlpelarity or hydropho-
bicity [5]. One of the most important findings is the single-p&00% dissolution and degradation
of cellulose using the IL mixture [§£Z1Im][HO3S][CI] [6]. IL mixtures are also found to be ef-
ficient in providing optimum enzyme activity and stability for enzyme-catalysedchblecular
reactions[7, 8]. The applications of IL mixtures are not restricted to thiplperi of solvents in
catalytic reactions. Recently binary and ternary mixtures of ILs are widedg s extraction
layers [9] and in dispersive liquid — liquid micro-extraction [10]. Due to theiver glass tran-
sition temperature, wider liquid range and higher conductivity at low temperatmpared to
pure room-temperature ionic liquids (RTILs) [11, 12, 13], the binary meduwof ILs are used
as supercapacitor electrolytes in lithium batteries [14] and dye-sensititadcells[15]. So a
vivid understanding of the bulk and liquid — vapor interface structurdradry mixtures of ILs is
necessary to elucidate their role as reaction and extraction media as weltasigtes.

The first detailed experimental investigations regarding the ideality in mixtdr&gooionic
liquids containing a common ion was carried out on six binary mixtures contaandognmon an-
ion [CC1Im][CLC1Im][NTf 2] (m and n ranging from 2 to 10 ) and three binary mixtures contain-
ing a common cation [EC1IM][NTf 2][PFg], [C4C1IM][NTT 2][BF 4] and [CC1Im][NTT 5][PFg]. It
has been reported that the mixture showedstideal behavior of mixing, which becomes non-
ideal as the size fference between the cations increases [16, 17, 18]. From the stiyaciunizof
view, long chain imidazolium based ILs are found to form aggregates imgaratively shorter
chain ILs [19, 20, 21]. IL mixture has also served the role as a mediurthéoaggregation of a
nonionic surfactant [22] when individual pure components have fadestrve the purpose. The

earlier study on the surface composition of the IL mixture@dm][C12C1Im][NTf,] by XPS
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method [23] revealed no preferential accumulation of the longer chainncatithe outer sur-
face, hence diminishing the greater surfactant property of thg@m] in the IL-mixture. TOF-
SIMS study [24] on ionic liquid mixtures [§C:IM][C2C1Im][BF4] and [CC1Im][NTT 2][PFs]
have shown that larger and polarizable ions tend to occupy the surfgee I8urface enrich-
ment of longer chain [CiIm] cation in IL-mixture [GC,1ImM][C10C1IM][TFSI] has also been
reported [25, 26] using high-resolution Rutherford backscatteriegtspscopy.

Even though a number of experimental studies have been reported dnfigtlires, only
few computational studies are available in the literature [27, 28, 29, 3034a}sical molecular
dynamics (MD) simulations on an equimolar mixture ob{&ZIm][CsC1IM][NTf2] have shown
the microscopic phase segregation of polar and non-polar domains, ismohobserved in pure
components [29]. The mixture shows very small positive excess of mdiameoand thus ensures
ideal behavior of mixingAb initio MD simulations [30, 31] of [GC1Im][SCN][CI] correlates the
tendency of the anion to coordinate with the most acidic hydrogen of the datiibs basicity.
The [GCy1Im] cations show weaker ordering in their spatial arrangements dae-to stacking
of the imidazolium rings. The self-flusion codicients of various moieties of the IL mixtures
were found to depend on the compositions of the mixtures studied. It hasesdadound that the
binary mixtures are well mixed at the molecular level [32]. Classical MD stualiethe IL mixture
[bsmpy][BF4][N(CN)»] over a range of composition conclude that th&wdion codicients of
cations and anions in the mixture depend upon the interaction between ther@§d3putational
studies of capacitive performance of binary mixture of ILs and their mutisgibility have also
been reported [34]. To the best of our knowledge, no computatiordiestof the surface structure
of IL mixtures are reported.

In the present work, we have carried out all-atom classical MD simulatona series of
equimolar binary mixtures of ILs with common anion,>[G Im][CgC;Im][CF3SCs], and com-
mon cation, [GC1Im][CI][PFs] and [G,C1Im][CI][CF 3SQs], 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 Classical MD simulations have been carried out on 1:1 mixtures of ILs.

simulation details Three diterent systems have been studied, with two of them containing
a common cation, +butyl-3-methyl-

imidazolium ([omim])and one with a common anion, trifluoromethanesulfonate {giff&fO]).

One of the systems, with a common cation had chloride ([CI]) and hexaflnosphate ([P§)

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

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

cations. In the following discussion, we use the notation [CI] ]R& represent the [bmim][ClI]

— [bmim][PFs] mixture, [CI] — [TfO] to represent [bmim][CI] — [bmim][CESOs] mixture and

[emim] — [omim] to represent [emim][GISOs] — [omim][CF3SOs] mixture.

The simulations were carried out using LAMMPS software [35] using thatafh force field
developed by Padua and co-workers [36, 37]. The transferalde feeld with unit charge on
ions is extensively used in the MD studies of ionic liquids. Since we are stgdyirtures of
ionic liquids, we have used the transferable force field model where ttaengéers are derived
independently for the anions and the cations. The model has been kngsediot the density,
thermodynamic properties and the structure of the condensed phase angstalline phase fairly
accurately [38].

For one of the systems with common cation, 200 ion pairs of [omim][CI] and 20@a&ins
of [omim][PFs] 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 presSudesequent canonical
ensemble simulations were carried out with the volume taken as the averagth@vast one
nanosecond simulation at constant NPT conditions. The second systeisted of 256 ion pairs
of [omim][CI] and 256 ion pairs of [bomim][CESQOs]. The third system with a common triflate
anion consisted of 256 ion pairs of [emim][TfO] and 256 ion pairs of [omifQ[IT From the
equilibrated configurations at 350 K, constant NPT simulations were dastieat higher tem-
peratures of 400 K and 500 K for all the systems. These simulations wiererdd by constant

NVT simulations with the volume fixed from the NPT simulations. The details of thiegysare
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Table 2.1: Details of simulations of ILs mixtures, where the systems are sspeesby difering
anions or cations.

system No. of No.of No.of Runlength Box length (at500 K)
IL1 IL2  atoms (ns) (A)

[CI] - [PFs] 200 200 11600 30.0 51.76

[CI] - [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 duies with

lengths 50.36, 54.96 and 58.21 A for [CI] — []]F[CI] — [TfO] and [emim] — [omim] mixtures

respectively. At 400 K, the corresponding numbers were 50.74, 35d88.96 A. A timestep of
0.5 fs was used to integrate the equations of motion.

Liquid — vapor interface simulations were performed for 20 ns by placingethalibrated
box in the center of the supercell which was extended along the z-axis0té A0for systems
with common cation and 120.0 A for the [emim] — [omim] system. These simulations Wgre a
performed at 350, 400 and 500 K. Positions of the atoms were storegl ®yer. The mixtures
have very high viscosity at low temperatures and the mixtures may not haneshthe phase
space properly in the 30 ns simulations. Hence we are mainly using the resséid bn 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 theesponding RDFs.
Figure 2.2(a) presents the RDFs between tlfieidint anion sites for the mixture [Cl] — [TfO] at
500 K. We observe the first maxima for Cl — Cl, Cl — S and S — S pairs andréw A, 7.2 A
and 7.7 A respectively. The amplitude of the first maxima is highest for the Glpai€and is
lowest for the S — S pair. This trend is consistent with the organisation oftilogiae ions and

central sulfur atoms of the triflate ions around the imidazolium rings in the [CIfO] 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 giatylimidazolium cation, the
cation — anion interaction strength decreases on going from bromide to tafiete. Chloride,
being smaller in size and having greater charge density than the bromidd)amegireater cation
— anion interaction strength than the bromide ion. So it is not surprising thair¢famisation
of the the chloride ions is more pronounced than the organisation of the tefiédas around
the imidazolium rings. This in turn will lead to better organization of the chlorids Emound
themselves compared to the sulfur atoms of the triflate ions around themseleés the presence
of more chloride ions in any of the coordination shell of the imidazolium rings the number

of the sulfur atoms (data are not shown here). The amplitude of the firstraaxof the CI —
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Figure 2.2: RDFs between (a)tirent 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 —€CBan S amplitude
due to the electrostatic attraction between the negative charge of the chitoridaed positive
charge center (S atom ) of the triflate anion. Similar trend is observed in [[FFs} mixture
(Figure A.2, Appendix A), with the exception that Cl — P peak height is coaipa with the Cl
— Cl peak height as the phosphorous atom og]RiRion has more positive charge than the sulfur
atom of the [CESGs] 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 imidazoigs be-
longing to all possible distinct combinations of cations in the [emim] — [omim] mixtur@atka
All the three plots have their first peak at around 6.6 A. We observe thatidazolium rings be-
longing to the [emim] cations are organised more around themselves than thedliiolagngs
belonging to the [omim] cations. The amplitude of the first peak of the RDF betieeim-
idazolium rings belonging to ffierent type of cations (responsible for the cross interaction) is

comparable to the amplitude of the peak in [omim] — [omim] RDF. We have also comthéed
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RDFs between the terminal carbon atoms of the alkyl chains of all distincs yjpeation pairs
and observed that the organisation of the terminal carbon atoms aroundeiies is highest
for [omim] cations and lowest for [emim] cations, while the organisation betvileerierminal
carbon atoms belonging toftBrent types of cations is comparable with the organisation for the
[emim] cations (Figure A.4, Appendix A). Based on these observationgsaweonclude that in
the [emim] — [omim] system, the organisation of the polar part of the cations seseaith de-
crease in the hydrocarbon chain length whereas the trend is reverstn forganisation of the
non-polar part of the cations. Also the cross RDFs of the polar domain@mgbolar domain re-
semble that of [omim] cation and [emim] cation respectively. Similar results haae deserved
at lower temperatures (Figure A.5, Appendix A).

Figure 2.3(a) shows the RDFs between the most acidic hydrogen atomiwfitizolium ring

and most negatively charged atom of the anion in IL mixtures. In both mixtuitiscommon
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Figure 2.3: RDFs of the most negatively charged atom of the anions d@ajitthe most acidic
hydrogen of the imidazolium ring and (b) the terminal carbon atom of the aligih of the cations
at 500 K in binary IL mixtures.

cation, i.e., [Cl] — [PE] and [CI] — [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 @fttime other anion
(fluorine atom of [PE] and oxygen atom of [TfO]) in the mixture. This variation is consistent
with the cation — anion interaction strength [41], i.e., greater interaction streniyjlead to better
organisation of the anion around the most acidic hydrogen of the alkylinidaz@ation. In
[emim] — [omim] mixture, the RDFs between the most acidic hydrogen of the imidazalhgn
belonging to either type of the cations and the oxygen atoms of the triflate astioms same
intensity profile.

Figure 2.3(b) shows the RDFs of the most negatively charged atom ohtbe around the
terminal carbon atom of the cation in binary IL mixtures. In IL mixtures with comroation,
anions ([PF], [TfO]) having less cation — anion interaction strength with the [bmim] cati@wsh
higher peak intensity than the [CI] anion which has greater interaction stresitty [bmim] cation.
However, comparing the intensity of the first maxima of the RDF of the termimabcaaround
fluorine atom (of [PE]) to that of around oxygen atom (of [TfO]), it is observed that thexfer
shows higher intensity than the latter. This is also consistent with the variati@tione- anion
interaction strength. In [emim] — [omim] mixture, the anion is better organizeddrthe terminal
carbon atom of the more polar [emim] cation than the [omim] cations. RDFs obtaimmadhe

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

2.3.2 Spatial Distribution Functions (SDFs)

Spatial distribution function provides information of the three dimensionahgement of atoms
or groups around others. Figure 2.4(a) shows the spatial densitygématoms belonging to the
triflate anions around the imidazolium cation in [emim] — [omim] mixture at 500 K. Onlgeho
anions that are within 6A from the ring center are considered. The fsasudensity value cor-
responds te-4.5 times the average density of triflate oxygens in the system. We obsertikehat
oxygen atoms are preferably located near the ring hydrogen atoms dubdodihg interaction.
Figure 2.4(b) represents the spatial density of the chloride anionspiptias atom and the fluo-
rine atoms of the [P§ anions around the imidazolium rings. The isosurface shown correspon

to 8.5, 6 and 3 times the average density of chloride ions, phosphorus atdrfls@ime atoms
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Figure 2.4: SDFs of (a) triflate oxygen atoms (in yellow) around the octylntigiltazolium
cation in [emim] — [omim] mixture and (b) chloride ions (in red), phosphorusyangand fluorine
atoms (in yellow) of the [P§] ions around the imidazolium cation in [CI] — [BFat 500 K. Few
carbon atoms of the octyl chain and the hydrogen atoms of the alkyl chametashown.
respectively. It can be observed from the figure that the chloridedaomgredominantly located
near the ring hydrogen atoms. The density of the chloride ions aboveedow the ring is lower
compared to its density in the ring plane. If we look at the density of phosphamd fluorine
atoms of the [PE] anions, it is evident that they are more likely to be found above and belew th
imidazolium ring compared to the ring plane. This observation is also suppayrtee distribution

of the angles formed by the normal vector to the imidazolium ring and the vemtmecting the
geometric center of the imidazolium ring and the chloride ion or the phosphtwosof the [PE]
ions shown in figure 2.5. From the figure, it is evident that the chlorideao@snore probable to
be present in the ring plane whereas theg]Réns are more likely to be found above and below

the ring. The distribution of anions around the cations in the [CI] — [TfO] miigralso 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 andetttervconnecting
the geometric center of the imidazolium ring and the chloride ion or the phaspldom of the
[PFs] anion in [CI] — [PRs] mixture at 500 K. Only those anions that are within 6A from the cation
are considered.

2.3.3 Hydrogen Bonding

Hydrogen bonding is a key factor in determining the liquid structure of IL<oii lpure form and
aqueous solutions [42] . In our study, we recognize the imidazolium ringooaatoms as the
H-bond donors and negatively polarized atoms of the anions as the dHdmmeptor. We have
adapted the geometric criteria [43] to identify H-bonds. If the distance dira¢ion between
the H-atom and the acceptor is less than 2.2 A and the angle made by the ldeatom and
the acceptor falls within the range of 130 — 18the H-bond formed is classified as strong one.
The corresponding distance and angular range are 2.0 — 3.0 A and&D +e$pectively, for a
weak hydrogen bond. Table 2.2 presents the average number of laeéah-H-bonds observed
in different IL mixtures at 500 K. The number of H-bonds per head group ifetham] — [omim]
mixture are averaged over all the imidazolium rings belonging to both typetioinea We see
that the number of H-bonds between the imidazolium ring and triflate oxygensatoalmost
three times that of the corresponding number with the fluorine atoms of triflade.arhis is due
to the fact that the more negatively charged oxygen atoms are stronglgdtitey with the ring

hydrogen atoms than the less negatively charged fluorine atoms do, whisl isvidenced from
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Table 2.2: Average number of H-bonds formed per head group in IL neigtar 500 K.

System acceptor head-anion
[CI] - [PFg] Cl 1.11
[CI] - [PFg] F 1.76
[CIl] - [TfO] Cl 1.08
[CIl] - [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 ).CH | [PFs] and [CI] —
[TfO] mixtures, we see that the chloride ions are competing with the other fygeians, present
in the mixture, to form H-bonds with the imidazolium hydrogen atoms. The nungbhensn in
the table are consistent with the number of acceptor atoms present in tkedirdination 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 aniomsy tie interface normal
(z-axis) at 500 K are shown in figure 2.6. As the number of cations ammhsware diferent,
the profiles are scaled accordingly for comparison. The density prafilése systems with a
common cation ([omim]) are shown in figure 2.6(a) (with [CI] and {P&nions) and 2.6(b) (with
[CI] and [TfO] anions). It is evident from the figure 2.6(a) and 2.6¢bpat the tail group of the
cation is present closest to the interface, whereas the head group lasisaive bulk region. The
peaks in the density profiles of the head and the tail groups are seplayabédin both systems
with a common cation. The peaks in the density profiles of chloride and hexafliosphate are
observed close to that of the head group. While the chloride ion is moralpieoto be located
towards the bulk region compared to the head group, thg] [@#on is more likely to be located
towards the interface compared to the head group. In the system with ehdorititriflate anions,
the triflate anion is closer to interface and thes@Foup of the anion shows similar enrichment in

the interface as that of the alkyl tail. Theffidgrence 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 atomsiofis in (a) [Cl] —
[PFs] (b) [CI] — [TfO] and (c) [emim] — [omim] mixtures along the interface normalazs) at
500 K.

of cation and the Cggroup of anion is just 1A. Well defined first minima in the density profiles
are also observed in case of the tail group of cation and theg@fip of the anion . This suggests
that the liquid — vapor interface of the mixture is enriched with larger aniosistamt with the
experimental observations [24]. The chloride ion, in which the wholegehar concentrated on
a single atom, will be attracted to the head group and stays close to it, whEfggsii which

the charge is diused, feels relatively lesser attraction from the head group. In caséaig, the
dispersion interaction between the £droup 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 Khis
binary mixture, the peaks in the density profiles of tail group and headbgrb{omim] cation
are separated by 8A. The peaks in the profiles of tail groups of [omim]emin] cations are
separated by 16A. In this case, the surface is clearly enriched with [onaitiohs in agreement
with the experimental findings [24]. The triflate anions are closer to the tnergb of the cations
unlike in the case of the system with common cation ([omim]).

The tail number density shows a well defined minima in all the studied systems efikie d
the interface as the region beyond this point towards the vapor phasde#st one of the atoms
of an ion (anion or cation) is within this region, then that ion is considered torégent in the
interface. The mass density was found to be increased near the inteofapared to the bulk
(Figure A.8, Appendix A). The region along the z-axis between the poih&sethe mass density
of the system starts decreasing from its maximum value and where it resmioeslso coincides
with the interface defined earlier. The density profiles at lower tempegaaree qualitatively

similar (Figure A.9, Appendix A)
2.3.5 Surface composition

The surface fractions of fierent 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. Theetnactions of the ions
in the top half of the layer (layer towards the vapor phase) are giverr@nieesis.

Table 2.3: Surface fractions of ions in the interfacial region in IL mixtutes0a K.

System lon Surface fraction
[omim]  0.56(0.77)
[CI] - [PFg] [CI] 0.18 (0.03)

[PFe] 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 a agethe outer half
of the interface in the [CI] — [P system, it is evident that the interface is slightly enriched with
cations and the [Rjfions 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 withcigons (0.77),
whereas the presence of chloride ions is negligible. Similar trend is olobsanj€I] — [TfO]
system, where the interface is enriched with cations and [TfO] anions.et#awin this case we
see that in the outermost layer of the interface, the surface fractiorf@f [@ns (0.32) is higher
than that of [PE] ions in the [CI] — [PF] system. When we look at the [emim] — [omim] system,
we see that the interface is predominantly occupied by the [omim] cations.uffaee fraction of
[emim], [omim] and [TfO] ions are 0.13, 0.40 and 0.47 respectively comp@arédte bulk fraction
of 0.25, 0.25 and 0.50. In the outermost layer, the composition is even nastecdwith the surface
fraction of [omim] being 0.71 and negligible presence of [emim] (0.04), i.efasarfraction of
[omim] is about 3 times its value in bulk region and that of [emim] is just 16% of its balle:.
To summarise, there is surface segregation in the IL mixtures, with the lolkgéchains at the
outermost layer of the interface, followed by hydrophobic anions (B [PF]). In case of
systems with two anions, the interface is enriched with the larger (with distrilohtzde) anion,

and in systems with two cations, the interface is enriched with cation with longgrchi&in.

2.3.6 Intermolecular orientation

The orientation of the alkyl chains of the cations and the CS bond vectecsofvconnecting
carbon and sulfur atoms of the triflate anion) of anions among themselvesr¢hatesent in the
interfacial region are shown in figure 2.7. It is evident from the figui&e that the longer
alkyl chains of cations are predominantly oriented parallel to each otheeimtbrfacial region
in all three IL mixtures studied. In the bulk region, the orientation is almostamndSuch an
arrangement is favored by the dispersion interaction between the alkdt#ils planar interface.
In [emim] — [omim] interface, the octyl chains show a high degree of paratiehtation and
ethyl chains are slightly oriented parallel to octyl chains whereas the elffaghs show a very

small degree of parallel orientation with other ethyl chains (Figure A.1(efdix A). Triflate
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Figure 2.7: Distribution of the angles between (a) alkyl chain vectors l(lshgins of mixtures
with common cation and octyl chains of [emim] — [omim] mixture) of the cations an@&pond
vectors of triflate anions that are present in the interfacial region of lltures at 500 K.
anions also show orientational ordering at the interface as is evidermedtfe figure 2.7(b). The
carbon — sulfur bond vectors of the triflate anions are more likely to betedgrarallel to each
other and the parallel orientation probability is higher in the [CI] — [TfO] syst&n the [emim] —
[omim] system, the orientation is not pronounced as the interface is enridtiedatyl chains of
the cations and the triflate anions are not completely exposed to the intdPtedlel orientation
of the anions allows the polar and nonpolar regions of the anions to inteitadhe head and the
tail groups of the [bmim] cation respectively. As expected the interionic taiiem in the bulk
region is almost random. The carbon — sulfur bond vector of the triflatenar@ee also likely to
be oriented parallel to the butyl chain and this preference is not seenittidr the octyl or the
ethyl chain (Figure A.11, Appendix A).

A snapshot of the liquid — vapor interface of the [emim] — [omim] system at 5afté 20 ns
simulation is shown in figure 2.8. From the figure, it can seen that the ocyi€lof the [omim]

cation are protruding out towards the vapor phase. The segregationsohear the interface is
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Figure 2.8: Snapshot of the liquid — vapor interface of the [emim] — [omim] systiter 20 ns
simulation. [omim] cations are shown in red, [emim] cations in yellow and [TfO]rsia blue.

clearly visible. The interface is predominantly populated by the [omim] catiodsasnsee the
[TfO] anions and [emim] cations towards the bulk liquid phase of the interf&sgregation of
anions at the liquid — vapor interface to a greater extent in [Cl] — [TfO] mé&tamd to a small

extent in [Cl] — [PFg] mixture is also observed.

2.3.7 Interface Organization

The orientation of the butyl and octyl chains of the cations that are prestre interfacial region
along the interface normal (z-axis) is shown in figure 2.9(a). From thedjdt can be observed
that alkyl chains are more likely to be oriented parallel to the interface nowhalh is also
reported in previous studies of pure ionic liquid — vapor interface [44je Probability of the
octyl chain to be parallel to the interface normal is slightly higher in the [emimpairfg system
and is lower to be oriented in antiparallel direction to the interface normal cadpathe systems
with [bmim] cations. Also the probability of ethyl chains to be oriented parallel ¢éoztlaxis is
lower compared to either the butyl or the octyl chains (Figure A.12, Appeld Note that, the
parallel orientation of the alkyl chains along the interface normal is the nnoaple orientation.
Other orientations are also observed in the interfacial region, although mvdhes probabilities.
These observations are consistent with the results derived based aefitiigon of the intrinsic

interface [45] in the liquid — vapor interfaces of ionic liquids [46, 47], weheultiple orientations

83



/-\-
RO

=20p — [Cll-[PF]
0 — [CI] - [TfO]
@1 °E _ [emim] - [omim] ]
a 1.0 3

1
-

1
o
(3]
o
o
(3]
-

0'0—1 -0.5 0 0.5 1

cos 6

Figure 2.9: Distribution of the angles between the interface normal (z-axisfa) butyl and octyl
chains and (b) the NN vector (vector connecting the two nitrogen atoms ohttiazolium ring)
of [omim] 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 interfaceahand the NN
vector (vector connecting two nitrogen atoms of the imidazolium ring) of the [braimd][omim]
cations that are present in the interfacial layer. In this case also it isvelosthat they are more
likely to be oriented parallel to the interface normal. The NN vector of [omim] nasieows
similar behavior as the corresponding chain - showing higher and lowbapility to be parallel
and antiparallel to the interface normal respectively, compared to thevsystgh [bmim] cation.
The orientation of the cations along the z-axis shows that the cations arézerd in the interfacial
region.

The IL mixtures were divided into slabs of thickness 6 A along the interfaceal from the
center of the box and the orientation of the alkyl chain of the [omim] cationsttaa¢CS bond
vector of the triflate anion along the interface normal were calculated. &-Bd0(a) shows the

orientation of octyl chains along the z-axis in various slabs along the ingerfarmal in [emim]
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— [omim] mixture. Slab 1, is the first slab from the center of box and repteskea bulk region,
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Figure 2.10: Distribution of the angles between the interface normal (2-ani$ (a) the alkyl
chains of the cations and (b) the carbon — sulfur bond vectors of thégdtaons 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 slabshdins are randomly
oriented along z-axis. However, from the fourth slab as we move towhedsmterface, octyl
chains are increasingly likely to be oriented parallel to the interface nornfad. pfobability to
observe these chains in the antiparallel orientation with respect to the cgt@damal is absolutely
nil from the fifth slab.

The orientation of CS bond vector of the triflate anion along z-axis in vaskalss is shown in
figure 2.10(b). It is seen that in first three slabs from the center ofdkéHa anions are randomly
oriented. In the fourth slab anions show an increased probability to beedialong the interface
normal and this probability increases as we move towards the interfacendtise that there are
no anions in the 7th slab. This also shows that there is segregation of ithesiaterface. The
outermost layer is composed of the octyl chain and then we find the triflateTibesrientation of

the butyl chains and the [TfO] anions infidirent 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 Legentiragmials which
are defined a®;(cosd) = cosd andP,(cost) = (1/2)(3cog 6 — 1). These functions provide an
idea of orientational preferences at the interface. The averagBs(obse)) for the alkyl chains of
the cations and the CS bond vectors of the triflate anions along z-axis in thixtilres are shown

in figure 2.11. Averag®; for the alkyl chain of the cation along z-axis is shown in figure 2.11(a).

0.8F —— [emim] - [omim] -
2 o6k — [Cll-[TfO] ;
w F—[Cll-[PF] ]
8 0.4 ]
n 0.2 3
Vv

(@

0 10 20 30 40

05— [emim] - [omim]
- — [CI] - [TfO]

b 1 | | (b)_;
O ™0 20 30 40
Z A

Figure 2.11: Averag®;(cosd) 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 normél foixtures at 500 K.

From the figure, one can notice that the orientation is random in the bulkorefibe mixture and

it gradually increases from about 20A from the center of the box. Thdrman value of(P,)
observed is about 0.7, 0.85 and 0.9 in case of [CI] — [TfO], [CI] —g]REhd [emim] — [omim]
mixtures, respectively. The perfect parallel orientation (where all lains are oriented parallel
to the interface normal) will give th&,) 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) shinesaverageP,(coso))

for the CS bond vector of the triflate anion along z-axis. In this case, itideert/that the anions
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are randomly oriented in the bulk region and some ordering is seen begdnfidim the center
of the box. The ordering increases gradually moving towards the inéediad the value ofP-)

reaches about 0.3 — 0.35 in the interfacial region. In [[CI] — [TfO] mixttive (P,) reaches a
maximum of 0.55 which is not seen in [emim] — [omim]. Nevertheless, the ordefiagions is
not as pronounced as in the case of the alkyl chains. It is also importantécahat the triflate

anions are more ordered in the [CI] — [TfO] mixture compared to [emim] — [omim] mextu

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 leadhmghgdrogen
bonding between the anions and the imidazolium ring hydrogen atoms amvedhs&€he anions
tend to concentrate near the ring hydrogen atoms as evidenced fronritbgpomding SDFs. In
IL mixtures with two diferent anions, the anion with higher charge density ([CI]) is more likely
to be present in the ring plane whereas the bigger anions (with lowerecdargsity), [PE] and
[TfO], are more probable to be found above and below the plane of thezoliden ring.

The liquid — vapor interface of the IL mixtures with a common cation, unlike the tagdion
is not homogeneous. Segregation of ions is observed at the interficbe. IL mixtures, the alkyl
chain protrudes towards the vapor phase with the head group presardsdhe liquid phase. The
[Cl] and [PFs] anions at the interface are closer to the imidazolium ring of the cation, abdine
[TfO] anion is oriented in such a way that the £xfroup is present towards the interface whereas
the SQ group interacts with the head group of the cation. Composition of the intesfdemim] —
[omim] mixture provides an interesting picture of the interfacial layer with ntarpadkyl groups
at the edge of the interface towards the vapor phase with the [TfO] aaimhgemim] cations
interspersed as we move towards the bulk region, making the surfaceroixtuge hydrophobic.
[CI] anions and [emim] cations are completely excluded from the outermostdéytee interface.
The bigger anions with distributed charge are found towards the vamsepbf the interface
whereas the ions with concentrated charge ([Cl]) are found towardgjthé phase. Unlike the

bulk IL mixture, the liquid — vapor interface shows the segregation of iodseanichment of the
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interface with specific ions.

The alkyl chains of the cations, and the triflate anions exhibit orderedtatien at the inter-
face and are more likely to be oriented parallel to themselves. In additionateeglso found to
be preferentially oriented parallel to the surface normal. The surfaibe ohixture predominantly
consists of alkyl chains that are protruding out and perpendicular teutti@ce. The polar imida-
zolium ring lies towards the liquid phase along with the anions having highegelansity. In the
presence of two types anions that are not similar, the anions with lowegecdansity are found
near the interface while those with higher charge density stays closer t@dladegihoup towards
the bulk region. In the presence of two types of cations, the cations witketakyl chain are
found near the interface while the cations with shorter alkyl chain are lb¢aveards the liquid
phase. The alkyl chains of the cation and the CS bond vectors of the taifleies show a gradual

increase in their orientational ordering as we proceed from bulk regithetmterface.
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Chapter A

Appendix A

r(A)

Figure A.1: RDFs of the chloride anions and the sulfur atoms of the triflatenardoound the
geometric center of the imidazolium ring in [CI] — [TfO] mixture at 500 K.

89



Figure A.2: RDFs of (a) dierent anion sites in [CI] — [Rff and (b) terminal carbon atoms of the
alkyl chains belonging to distinct types of cations in [emim] — [omim] mixture at 500 K

2
C — 500K ]
15F — 400K 4
\ 350K 1

a(r)

Figure A.3: RDFs of (a) sulfur atoms of triflate anions around chloriderenio [CI] — [TfO]

system and (b) head group of [emim] cations around head groups of [araiiohs in [emim] —
[omim] system at dferent temperatures.
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Figure A.4: RDFs of (a) the chloride anions around the most acidic hgdragpm of the imida-
zolium ring in [CI] — [TfO] system and (b) oxygen atoms of the triflate anioaiad the terminal
carbon atoms of the ethyl chain [emim] — [omim] system &edént temperatures.

Figure A.5: SDFs of chloride anions (in red), oxygen atoms (in yellow)sadfiir atom (in cyan)
of the [TfO] anions, that are within 6A from the cation, around the geomesmter of the imida-
zolium ring in [CI] — [TfO] mixture at 500 K. The isosurface density shovamresponds to 8.5,
4 and 2 times the average density of chloride ions, oxygen atoms and dolfiuroé the triflate

anions respectively. Hydrogen atoms on the alkyl groups are notrshow
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Figure A.6: Distribution of the angles between the ring normal vector andetiwconnecting
the geometric center of the imidazolium ring and the chloride ion or the sulfur atdne [TfO]
anion in [CI] — [TfO] mixture at 500 K. Only those anions that are within 6Anfrthe cation are
considered.
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Figure A.7: RDFs of oxygen and fluorine atoms of the triflate anions arthenomidazolium ring
hydrogen atoms in [emim] — [omim] system at 500 K.
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Figure A.8: Mass density profiles along the interface normal (z-axis) iarionic liquid mix-
tures at 500 K.
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Figure A.9: Number density profiles of terminal carbon atoms of the octyhsha [emim] —
[omim] mixture along the interface normal (z-axis) affelient temperatures.
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Figure A.10: Orientation of ethyl and octyl chains of cations that areepteis 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 catindghe carbon —
sulfur bond vectors of the triflate anions present in the interfacial layiermixtures at 500 K.
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Figure A.12: Distribution of the angles between the interface normal (3-amibthe 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 (3-aris (a) the butyl
chains of the cations and (b) carbon — sulfur bond vectors of the triftatas in various slabs
along the interface normal in [CI] — [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 intedab@ary mixtures
of ionic liquids 1n-octyl-3-methylimidazolium trifluoromethanesulfonate (Jomim][TfO]) and 1-
ethyl-3-methylimidazolium trifluoromethanesulfonate ([emim][TfO]) of varyamgnposition have
been studied using atomistic molecular dynamics simulations. Global definition ofténtace
and the identification of the truly interfacial molecule method (ITIM) have hesad to analyze
the structure and dynamics of the ions at the interface. We have seemcentent in density
of longer alkyl chain cation (Jomim]) at the liquid — vapor interface compdcethe bulk. The
surface is mainly enriched with [omim] cation and it becomes smoother with dedretiee mole
fraction of [omim] cations in the mixtures. The [omim] cation shows greater walrpirobabil-
ity at the liquid — vapor interface than other ions and this probability increagbsdecrease in
the mole fraction of [omim] cations. The re-orientational correlation functitggests that the
[omim] cations prefer to retain their orientation with respect to the interfacealdior a longer
time. The movement of ions in and out of the interface is facilitated by the ouanépotation of

the ions with respect to the interface.
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3.1. Introduction lonic 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 catalytitoes[3, 4, 5, 6, 7, 8],
supercapacitor electrolytes in lithium ion batteries [9] and dye-sensitizadcals [10], reactive
media for biomass processing [11, 12], extraction media [13, 14], etgingathe composition of
IL mixtures can also improve C{absorption [15, 16, 17]. Since many of the processes take place
at the interface of the IL mixtures, understanding the surface structumelhas the dynamics of
the ions at the interface is of potential interest from the academic pointwf vie

Surface composition of binary mixtures of ionic liquids has been studied vangus experi-
mental methods [18, 19, 20, 21]. An XPS study [18] on the IL mixturgdm][C12C1Im][NTf 7]
revealed no preferential accumulation of the longer chain cations at tiee swrface. How-
ever, TOF-SIMS study [19] on IL mixtures fC1Im][C,C1Im][BF4] and [C,C1IMm][NTf2][PFg]
showed the presence of larger and polarizable ions at the surface Higl-resolution Ruther-
ford back-scattering spectroscopy [20, 21] also reported thecgugiarichment of longer chain
[C10C1Im] cations in the IL-mixture [GC1IM][C10C1Im]
[TFSI].

Although a few computational studies are available in the literature regartfingse [22,
23, 24, 25, 26, 27, 28] and dynamics [29] of ions in bulk region of theudyinL mixtures, com-
putational studies of the liquid — vapor interface are rare [27]. In ccemework [27], we have
shown the surface enrichment and orientational ordering of cations witbriger 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 surfagsigie and dynamics
of ions at the liquid — vapor interface of binary mixtures of ionic liquids ofyirmg composition
have been reported. In the present work, we have carried out all@éssical MD simulations on
a series of IL mixtures [&C;Im][CgC1IM][CF3SOs] to get insights into theféect of composition

on the surface structure and dynamics of ions in the liquid — vapor interfage.

101



3.2. Methodology and We have carried out atomistic MD simulations on a series of IL mixtures
simulation details. consisting of 1r-octyl-3-methylimidazolium trifluoromethanesulfonate
([omim][TfQ]) and 1-ethyl-3-methylimid-
azolium trifluoromethanesulfonate ([emim][TfO]) of varying composition.e Thole fraction of
either of the ILs in the mixtures varies from O (implying the absence of that oomg in the
system) to 1 (corresponds to the pure component). Molecular dynamieasal AMMPS [30]
has been used to perform the simulations. The force field parametedamted from the works
of Padua and co-workers [31, 32]. lon pairs were randomly plad#inma cubic box. Isothermal-
isobaric ensemble (constant NPT) simulations were carried out at 50@ K-atmosphere pres-
sure for 2 ns. Liquid — vapor interfaces were simulated by extending fhexcell along z-axis to
120.0 A for mixtures and placing the corresponding equilibrated box akthiecof the extended
supercell. As the pure IL systems were smaller, the supercell was egtend®0 A along z-axis.
Canonical ensemble simulations (constant NVT) on all the interfacial systenesperformed for
35 ns. The details of the simulated systems are tabulated in Table 3.1. The atsitianpavere

Table 3.1: Details of simulations of systems studied (the IL mixtures are predantbe ratio of
mole numbers offomim][TfO] and [emim][TfO]).

system No. of No. of No. of Run length Box length
[omim][TfO] [emim][TfO] atoms (ns) (at 500 K) (A)
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 aealyche surface tension was
calculated from the pressure tensor that was stored at each step ttherilagt 1 ns of the liquid
— vapor interface simulations. Structural properties of the interfacestheen averaged over the
last 5 ns of trajectory unless mentioned otherwise. The dynamical praparéecalculated from

the last 15 ns of trajectory. In some tables pure [omim][TfO] and pure [emii@][systems are
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represented by “1:0" and “0:1" respectively. The studies on the stalgtuoperties of the 1:1
binary mixture can be found elsewhere [27].

We use the term “global” interface to indicate the interface defined in the Startérame
of reference using a cufiodistance 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 ligudpor interface.
The basic principle behind the ITIM method is based on moving probe spbé&eegiven radius
along the straight lines parallel to the interface normal, i.e., z-axis (peipéadto the interface,
i.e., xy-plane) from the vacuum side. Once the distance between the oétierprobe sphere
and the first atom on the surface becomes less or equal to the sum dlitieeatthe probe sphere
and the Lennard-Jones of the atom, the probe sphere is stopped and the atom is identified as
truly interfacial one. Through thorough scanning of the interface byimgothe probe spheres
along all the test lines, we obtain the complete set of truly interfacial atoms amdtresponding
molecules. The positions where the probe spheres are stopped alongttlieeteare regarded
as surface points. We used a probe radius of 2.5 A and each grid og-fiiane has dimension
1.0x1.0 A . The instantaneous interface determined is not sensitive to probeesjatalius when

we choose 2.5 A.

3.3. Results and Discussion

3.3.1 Density profiles

In the discussion of density profiles offidirent moieties along the interface normal (z-axis), from
the global definition of the interface, the zero value at the horizontal epiesents the center of
the simulation cell. However, the zero value at the horizontal axis in the demsififes obtained
from ITIM analysis corresponds to the position of the probe spheregalomtest line where it
was stopped for the first time by an atom at the liquid — vapor interface. &hsityg profiles of

the terminal carbon atoms (CT) of the octyl chains of [omim] cations along thdangenormal
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(z-axis) in diferent systems studied are presented in Figure 3.1. As the number of [ontimmsca
vary with changing composition of the binary mixtures studied, the densitylgscdre scaled

accordingly.
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Figure 3.1: Number density profiles of terminal carbon atoms (CT) of [omirtidrs: in binary
IL mixtures obtained from (a) the global definition of the interface and Tyllanalysis. The
zero value at the horizontal axis in figure (a) represent the centeeditfulation cell whereas
in figure (b), it corresponds to the position of the probe sphere alonge#hdine 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 axterfn Fig-
ure 3.1(a) show well-defined minima and maxima across the entire compositiga rive ob-
serve that there is enrichment of the interface with [omim] cations. Themres# octyl chain at
the interface facilitates the dispersion interactions between the alkyl chhiok i8 supported by
the preferred parallel orientation of the octyl chains (present in thefamial region) with each
other [27] while simultaneously reducing the surface energy density. @ongpthe bulk number
density of CT atoms to the number density at the first maxima, we found thatithargreater
increase in the number density of CT atoms at the liquid — vapor interface witleal® in the

mole fraction of the [omim] cations. The ratio of the number density of CT atomseafirgt
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maxima to the bulk number density increases from 1.0 in case of pure [omin}}{d 0 in case
of 1:9 [omim][TfO] — [emim][TfO] binary mixture. The number density profileE@T atoms
obtained from the ITIM method (Figure 3.1(b)) also supports the enrichofdomim] cations
at the liquid — vapor interface compared to the bulk region with decrease mdhefraction of
[omim] cations. Using intrinsic interface, the ratio of the number density of Cinatat the first
maxima to the bulk number density was found to increase fron0 for 9:1 binary mixture to
~ 55.0 for 1:9 binary mixture. From these observations, it is evident thatrdiepility of an octyl
chain of the [omim] cation to be present at the surface increases withededrethe mole fraction
of the [omim] cation in the binary IL mixtures. This observation can be attributéoetalecrease
in competition among the [omim] cations to occupy the interfacial region with deereatheir
numbers in the mixtures. The number density profile of CT atoms in pure [omi@][dlbtained
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 — vapdaodeas less when
the global definition is used as it is averaged over the fixed Cartesian threéerence. ITIM
method in which instantaneous interface is considered provides a betteemitthe interface.

The number density profiles of the terminal carbon atoms (CE) of the ethjisbf [emim]
cations in binary IL mixtures of various composition, obtained from both theajldefinition of
the interface and the ITIM method are shown in Figure 3.2.

The number density profiles of CE atoms obtained from the global definitigar@3.2(a))
show very less fluctuation at the liquid — vapor interface compared to thedyitkn, leading to the
absence of any distinguishable minima and maxima. However, the density padfiltE atoms
obtained from the ITIM method (Figure 3.2(b)) show gradual increaigimumber density at the
liquid — vapor interface compared to the bulk region with increase in the malgdneof [emim]
cations in the binary mixtures. The ratio of the number density of CE atoms at the lioyapor
interface to the bulk number density increases fraddtvt for 9:1 binary IL mixture te-3.5 for pure
[emim][TfO], leading to the gradual pronouncement in the formation of welireéd minima and

maxima.
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Figure 3.2: Number density profiles of the terminal carbon atoms (CE) of [endtigns in binary
IL mixtures, obtained from (a) the global definition and (b) ITIM analySiee zero value at the
horizontal axis in figure (a) represents the center of the simulation celleakén figure (b), it
corresponds to the position of the probe sphere along the test line whee stopped for the first
time by an atom at the liquid — vapor interface

The number density profiles of sulfur atoms (S) of triflate anions basedeogldial defi-
nition of the interface (Figure 3.3(a)) show almost similar trend as those Git@fs. 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(b3)dwn a gradual increase
in the ratio of the number density of S atoms at the liquid — vapor interface to thenbmber
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] a@] fiibieties with
decrease in the mole fraction of [omim] cations can be attributed to the dedneam@petition
with longer alkyl chain cations to occupy the liquid — vapor interface.

The CT number density profiles, in the Cartesian frame of reference wittetiter of mass

at the origin, show well defined minima in all the systems. We have defined gienrbeyond

this point towards the vapor phase as interfacial region. For pure [effi@]]system, although
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Figure 3.3: Number density profiles of sulfur atoms (S) of [TfO] anionsiimaty IL mixtures
obtained from (a) the global definition and (b) ITIM analysis. The zedae at the horizontal axis
in figure (a) represents the center of the simulation cell whereas in figyrié ¢orresponds to the
position of the probe sphere along the test line where it was stopped flirsthigme by an atom
at the liquid — vapor interface

we do not observe such well defined minima in the CE number density pradite the global
definition of the interface, we see the presence of a very weak minima a?\1&0 we have
defined the interfacial region for pure [emim][TfO] system as the regiyohd 18.0 A towards

the vapor phase. If any of the atoms of an ion (anion or cation) is within thismethen the ion

is considered to be present in the interface.

3.3.2 Surface composition

The surface composition of fiierent systems studied is expressed in terms of the mole fractions
of different ions present at the interface. Table 3.2 presents the suidaterirof diferent ions
present in the interfacial region calculated as an average over the fesbbthe trajectory in
binary IL mixtures of varying composition. The surface fractions of the idetermined 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 mixtwfasarying 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)
31 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 6fr80 ns
trajectory by using the dividing surface definition of the interface were sirtoléhose reported
here [27]. We see that the surface fraction of [omim] cations decréase$.54 in pure [omim][TfO]
system to 0.13 in 1:9 binary IL mixture, based on the global definition of thefamter This trend
is also observed from ITIM method but the values of surface fractibtemed from ITIM analy-
sis are higher. With decrease in number of [omim] cations in the system,ftheedice in surface
fraction of [omim] cations obtained from ITIM method and the global interfdeénition de-
creases. The surface fraction of [emim] cations increases from 0.02 il 9nixture to 0.52
in pure [emim][TfO]. In case of [emim] cations, the surface fraction valoiesined using the
global definition and ITIM method are almost same. Although the surfactidraof [TfO] an-
ions obtained using the global definition remains almost constant acrosertiposition range,
ITIM method shows a gradual increase in the surface fraction of [&ftdns from 0.23 in pure
[omim][TfO] to 0.47 in pure [emim][TfO]. Also in case of [TfO] anions, theflidirence in surface
fraction of [TfO] anions obtained from ITIM method and using the glotedirdtion decreases with
decrease in the mole fraction of [omim] cations in the system. In a nutshell, weooafude that
the surface fraction of [omim] cations increases while the surface fraofifgmim] cations and
[TfO] anions decreases with increase in the mole fraction of [omim] cationsisyhtem. This
observation can be attributed to the greater availability of interfacial regiderinim] 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 tensiop of the liquid — vapor interface was calculated from the diagonal components

of pressure tensd®;; using the formula [38]

whereb; is the length of the super-cell along the interface normal (z-axis). Tdterf@ has been
introduced in the denominator to account for the presence of two equivaterfaces. Figure 3.4

shows the surface tension of the binary mixtures at various mole fractimmaf] cations. The
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Figure 3.4: Surface tensiop)(of binary mixtures at various mole fraction of [omim] cations.

surface tension of pure [emim][TfO] and pure [omim][TfO] were calculaie be 43.8 mN m!
and 16.5 mN m! respectively. If we look at figure 3.4, we see the decrease in sudas@®n of
the IL mixtures with increase in the mole fraction of [omim] cations. This decrisasensistent
with the increase in surface fraction of [omim] cations with increase in their mat¢ién as seen
from Table 3.2. In other words, surface enrichment by longer alkgircfomim] 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 thige@spheres along the

test lines where they are stopped for the first time by atoms at the liquid — irgpdace. The
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dependence of average normal distance of two surface pdihts the z-axis, on their lateral
separationl, in the xy-plane characterizes the surface roughness of the liquid +vapdace [35,
39, 40]. Figure 3.5 presents the variation of vertical separation of twfacipoints(d), with

their lateral separatiohjn binary IL mixtures of varying composition. Observing the initial sharp
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Figure 3.5: Variation of normal distance of two surface poitdswith their lateral separatiolnn
different binary IL mixtures studied.

increase ofd) at smalll followed by the appearance of plateau like region at l&rgee following

equation has been employed to fit fa versud curve [39, 40].

|b
(=% W (3.2)

wherea represents the amplitude of the surface roughnesstarti b are frequency like pa-
rameters of the surface roughness. Table 3.3 summarizes the paramsstaistad with the
surface roughness of thefidirent 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 preseof longer
alkyl chain of [omim] cation makes the surface rougher compared to thenme®f shorter alkyl
chain of [emim] cation. Comparing the surface roughness parametersyidénethat the surface
roughness of the interface of 9:1 IL mixture is close to that of pure [omirg][ Bystem and that
of 1:9 IL mixture is close to that pure [emim][TfO] system. The values of théaserroughness

parameters for the rest of the systems fall in between pure [omim][TfOpane [emim][TfO].
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Table 3.3: Amplitude of the surface roughneasand frequency-like parameters of the surface
roughnessé andb of the (d) versud curve of the liquid — vapor interface for binary IL mixtures.

System a(A) £ b

pure [omim][TfO] 4.052 0.938 1.014
9:1 4.306 0.969 0.934
31 3.555 0.898 1.133
11 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 efdtrface roughness of
the liquid — vapor interface [39, 40]. For this purpose, we have evaluhte probabilityP(l, d)

of bivariate distribution between lateral distaHcand normal distancd of two surface points.
Figure 3.6 presents the(l, d) distribution of 9:1, 1:1 and 1:9 IL mixture. We observe that with
increase in lateral distandebetween two surface points, the spread in their vertical separation
also increases. Nevertheless, we observe that at larger lateredtsmpahe most probable verti-
cal separation is lying in the range of 2.5 — 4.0 A irrespective of the composifithe systems

studied (Figure B.1, Appendix B).

3.3.5 Survival probability.

The probability, L(t), of a cation (Jomim] or [emim]) or an anion ([TfO]) to beuhd in the
interfacial layer at timég andtp+t gives an idea about the mean lifetime of that ion in the inter-
facial layer [39, 40]. L(t) corresponds to the intermittent survivalbadaility [41]. L(t) for the
cations(Jomim] or [emim]) and anion([TfO]) are shown in Figure 3.7. Weeobs a sharp fall
in all the time correlation functions (TCFs) for a very short period of 5 p&Gollowed by a
steady fall at larger observation time. The computed TCFs are fitted by aftwo stretched

exponential decay functions [42]

L(t) = a1 exp(t/71)™) + a exp((t/72)"?) (3.3)
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Figure 3.6: Bivariate distribution of the probability of the lateral distdrened the normal distance
d of two surface points for (a) 9:1 (b) 1.1 and (c) 1:9 binary IL mixture.

wherer; andt; are the residence time associated with two exponential functigremyda, are
the contributions from the individual terms apBd stand for stretched exponents. The average

residence timérs) can be expressed as the weighted average afhdr; as follows:
(1) = 71 + AT (3.4)
We have fitted the curves up to 10 ns of elapsed time. The fitted parametbsseaten Table 3.4.
For binary IL mixtures of varying composition, we observe a graduakmse in the average
survival time of [omim] cation in the interfacial layer with decrease in the molgifsa of [omim]
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Figure 3.7: Survival probability of (a) [omim] (b) [emim] and (c) [TfO] in tiwerfacial layer of
the systems of varying composition.
cation. As the number of [omim] cations in the IL mixture decreases, the piitpalban [omim]
cation to get displaced from the interfacial layer by another [omim] cationwisibeneath the
interfacial layer decreases, leading to a greater probability to see an [aation in the interfacial
layer for a longer time. The average residence time of [omim] cation in pure [diffi@] was
calculated to be 4.75 ns. The shorter lifetime tet) Glong with its contributiord;) to the total
survival time (rs)) decreases whereas the longer lifetime tergh &long with its contributiorgy)
to the total survival time{fs)) increases with decrease in [omim] mole fraction in the IL mixtures
studied.

The average lifetime of [emim] cation gradually increases from 0.28 ns faL9dixture to
1.94 ns in pure [emim][TfO] system. [emim] cation, being more polar than [omim] masiows

less tendency to occupy the liquid — vapor interface. However, with dseriem mole fraction of
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Table 3.4: Parameters of the stretched exponential fit to the averageasuime correlation
function.

lon System a; 1 B1 a ) B2 (Ts)
(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 0.47 081 7.15 1.0 b5.77

1:3 0.18 0.009 0.33 087 7.83 10 6.81

1:9 0.09 0.003 0.60 091 888 1.0 8.10

91 0.79 0.21 0.28 0.19 061 1.0 0.28
3:1 0.14 3.%10° 0.79 0.87 0.51 0.43 0.45
[emim] 11 0.19 2.810° 0.06 0.81 0.59 0.47 0.47
13 0.21 0.1 005 09 0.65 056 0.61
1:9 0.16 3.x10°% 0.03 0.84 1.46 0.57 1.23
0:1 0.70 0.21 049 0.20 891 1.0 194

1.0 0.42 0.67 047 047 724 10 3.67
9:1 0.45 0.73 051 042 6.34 1.0 299
31 0.52 1.0 049 036 641 10 2.82
[TfO] 11 0.44 0.80 050 044 6.05 1.0 3.01
13 0.11 0.005 0.19 0.89 272 0.64 241
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 laydfers more unoccupied surface area to [emim]
cation. As a result, the average lifetime of [emim] cation increases with incieasele fraction
of [emim] cation in the systems studied. The average residence time of [Ti@] emains in the
range of 2.45 — 3.7 ns in all the mixtures studied. The average lifgtigefor the diferent ions
presentin any of the the IL mixtures follows the order as [om#fi[fO] > [emim] as exemplified

by the 1:1 mixture in Figure 3.8.

3.3.6 Re-orientation Dynamics

Orientational relaxation is quantified by orientational TGEgt). Usually,C,(t) is defined as

N
C) = > (@0 a(0) 35)
i=1
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Figure 3.8: Survival probability of (a)[omim] (b)[emim] and (c)[TfO] in thterfacial layer for
the 1:1 IL mixture.

whereg stands for an unit vector corresponding to it species. In our present study, we have
decomposed the three dimensional rotation of an unit vector belonging teciaspeesent in the
interfacial layer into three orthogonal components, i.e., on the xy-, y\@zgnplanes in the Carte-
sian coordinate system. We have computed three distinct TCEs&,, andC,,) corresponding

to the rotation on three orthogonal planes along with the TCF,( taking care of the rotation

in the three dimensional space. In calculating the TCFs, we have cortsitierspecies that are

in the interfacial layer at = 0. The computed TCFs are best fitted by the combination of two

stretched exponential decay functions [43]

Ci(t) = s exp(t/T1)") + ap exp(=(t/72)*) (3.6)

wherer; andt; are the re-orientation time or relaxation time associated with two exponential
functions,a; anda, are the contributions from the individual terms gBslstand for stretched
exponents. The curves have been fitted up to 10 ns of elapsed time. dilage@ve-orientation

time, (r;) can be expressed as the weighted average afdr, (from equation 3.6) as follows:
(Tr) = a1T1 + @12 (3.7)

The fitted parameters f@@yAt), Cxy(t), Cyz(t) andC,t) are provided as supporting information

(Tables S1, S2, S3 and S4. Electronic supplementary information).
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Table 3.5: Average reorientation tingg ) for the ions obtained from the reorientational TCFs.

lon System (7) (ns) (7r) (ns) (7r) (ns) (7r) (Ns)
Codl)  Col)  Cull)  Cull)

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] 11 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
31 0.03 0.03 0.05 0.06
[emim] 11 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
91 0.04 0.02 0.12 0.10
3:1 0.01 0.01 0.07 0.10
[TfO] 11 0.01 0.02 0.04 0.04
13 0.01 0.01 0.03 0.02
19 0.005 0.003 0.17 0.10
0:1 0.003 0.01 0.87 0.90

Figure 3.9 shows time evolution GfiyAt), Cxy(t), Cy(t) andC,«t) of different vectors for 1:1
IL mixture. The major contribution to the decay of the TGEgAt) and Cy(t) for octyl chain
vector of [omim] cation (Figure 3.9(a)) is from the rapid initial decay with a/srort relaxation
time. Relatively slower decay with a longer relaxation time accounts for the rargaiecay of
these TCFs. The slower re-orientation on the yz- and zx-planes cdtribatad to the tendency of
the octyl chains to retain the parallel orientation with respect to the interfarceanh for a longer
time. However, rotation on the interface (xy-plane) does not hinder theti@teof orientation
of the octyl chains with respect to the interface normal. As a re€yt) relaxes rapidly and
the total rotation is mainly governed by the rotation on the interface. We sealltia¢ four re-
orientation TCFs for ethyl chain of [emim] cation (Figure 3.9(b)) relaxey xapidly with slightly

longer(r;) associated with rotation on yz- and zx-planes. It is evident that the dthyt @ectors
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Figure 3.9: Diferent re-orientation TCFs of (a)Jomim] (b)[emim] and (c)[TfO] in the indeiél
layer for the 1:1 IL mixture.

undergo very rapid rotation in all directions. The TCFs for carbon -usbibnd vectors of [TfO]
anions (Figure 3.9(c)) show similar behavior as the [omim] cations, excafpthié rotation of the
vectors on the planes orthogonal to the interface is less restricted cartpgi@mim] cations.
The re-orientational TCFs in other binary mixtures witffelient composition also exhibit similar
behavior.

Figure 3.10(a) shows the rotational relaxati@(t)) of octyl chain of [omim] cation in sys-
tems of varying composition on the zx plane. We observe@hdt) for [omim] cation in all the
systems is mainly characterized by a very slow relaxation. The averawgergation time(r;)
for rotation of octyl chain on zx-plane increases with decrease in matgdraof [omim] cations
in the systems studied (Table 3.5). There is a direct correlation betfwvgeand(rs). [omim]

cations with longer residence time at the interface have a tendency to retaioridetation with
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Figure 3.10: Variation o€,4(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@a— 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 slea@iientation on a
plane orthogonal to the interface. Similar trend is observe@yit) (Figure B.2, Appendix B).
(tr) for ethyl vectors for the rotation on orthogonal planes with respect tantieeface remain
almost constant across the entire composition range (Figure B.3, App@hdix ) for carbon —
sulfur bond vector also does not vary systematically or significantly fatio; on planes orthog-

onal to the interface. It is observed to remain almost constant acrosstifee@mmposition range

(Figure B.4, Appendix B).
3.3.7 Dynamics of rotation

To investigate the dynamics of rotation, we have decomposed the rotationuaifitarector rep-
resenting an ion present in the interfacial layer into two components. One afotnponents
corresponds to the angular displacement with respect to the interfaval(miaxis) and the other

one corresponds to the rotation about the z-axis, i.e., on the interfagaaixg). For this purpose,
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we have evaluated two distinct TCFs defined as

N

C,(t) = % > (coso(t) cost(0)) (3.8)
i=1
N

Colt) = 1 D (6080(t) c059(0)) (39)
i=1

where co® corresponds to the angle formed by the unit vectors associated with theluaity of
[omim] cation, ethyl chain of [emim] cation and carbon — sulfur bond vect¢T 8] anion with

the z-axis and casg corresponds to the angle formed by the projection of the aforementiofied un
vectors on the xy-plane with the x-axis. In calculating TCFs we have cerezidhe ions that were
inthe interfacial layer at= 0. Figure 3.11 shows th@,(t) andCyy(t) of different vectors for 1:1 IL

mixture. We see that botB,(t) andCy,(t) for different ions (figure 3.11) exhibit a fast exponential

o L e L L
' — [omim] (C,(1)
— [emim] (C,(®)
—— [TfO] (C,)

—— [omim] (C, (t))
0.4 [TfO] (C,, (1)
0.2
0 - P %#‘Ww WIVW 'G«*W‘ﬂ
0 2 4 6 8
t (ns)

Figure 3.11: Dynamical correlation function of (a)Jomim] (b)[emim] and T&}]] in the interfa-

cial layer for the 1:1 IL mixture.

decay followed by a very slow relaxation regidy(t) for octyl chain has decayed oriyb0 at the

end of 10 ns which suggest that [omim] cation present in the interfacial fagéer to retain the
orientation of the octyl chain with respect to the interface normal for a long tithe dynamics

of rotation of the carbon — sulfur bond vector of [TfO] anion with reggedhe z-axis C,(t)) is
faster than that observed for octyl chain &yft) decays to zero even faster for the ethyl chains.
The trend inC,(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 i@ 8, i.e., larger the
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survival probability, the longer will be the time required for orientationéxation with respect
to the interface normal. However, the TCFs for the rotation of the projectotovs of the octyl
chain, ethyl chain and carbon — sulfur bond on the xy-plane vanistrgsapidly which suggest
that these vectors can rotate freely on the interfaCgt) for [emim] cation is only marginally
higher thanC,y(t) suggesting that [emim] cations can undergo both in-plane (on the xyjplane
and out-of-plane (perpendicular to the xy-plane) rotation quite easilge@Ing the variation in
C,(t) and inCyy(t) among the dferent vectors, we propose that out-of-plane rotation, i.e., rotation
perpendicular to the interface, facilitates the movement of ions in and oué antierfacial layer
and governs the survival probability of the ions at the interface.

Figure 3.12 shows the dynamical TCFs of octyl, ethyl and carbon — dudfiod vectors with

respect to the interface normal for binary IL mixtures of varying compasifidne initial fast de-

T T o

T T T [ 1T I

— pure [omip][TfO] |

(t;) [emim]{

| —

Figure 3.12:C,(t) for (a)lomim] (b)[emim] and (c)[TfO] in the interfacial layer for the sysig of
varying composition.
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cay ofC,(t) for [omim] ions in Figure 3.12(a) can be attributed to very small but rapidlagon of
octyl chain with respect to the z-axis, which is followed by a slower relaraggion responsible
for inversion of the octyl chain from the side of vapor phase to the sitigwtl phase with respect
to the interface or vice versa. The rate of decaggt) decreases with decrease in mole fraction
of [omim] cation in the mixture. As the number of [omim] cations in the system deese#sere
is less competition among them to occupy the interface and hence the catiofostaylsnger
time in the interface and thus retains its orientation with respect to the z-axifioger time. We
have also observed that the rate of fall33{t) becomes slightly slower for [emim] and [TfO] with
decrease in number of [omim] ions in the systems studied.

Figure 3.13 presents the TCHS,y(t) for the rotational motion on the xy plane of the octyl

chain, ethyl chain and carbon — sulfur bond vector about the interfaomal. We observe a

1 T T T T
(a) ([omlm]) 1:9 .
— — 13 .
> 0.5} [ — 11 B
@) s — 31 ]
— 91 b
0] MW?MHUFE ['gmlm] [Tfo]
1 T T T T T ]
(b) ([emlm])— 91 ]
— [ — 1 1 i
=, 0.5F — 13 -
O - — 1:9 .
pure [emim][TfO]
0 {\wﬁddwiAmhAl-«\,wW%Wml 1»\»&.{‘“«%
1_ 1T I T TT I T TT I T TT I 1T i
i (C) ([TfO]) — pure [omim][TfO] ]
= —r ]
< 0.5F — 11 ]
< [ — 13 i
O 1:9 ]
OE —— [emim][TfO] b

0 2 4 6 8 10
t (ns)

Figure 3.13: Variation irCyy(t) for (a)[omim] (b)[emim] and (c)[TfO] in the interfacial layer for
the systems of varying composition.
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very rapid decay in correlation for all the ions across the entire composéitge. Nevertheless,
the rate of initial rapid fall ofC,y(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 numipemah] cations

in the system, the [omim] ions present in the interfacial layer will experieneatgr van der
Waals interaction with other [omim] ions. Besides, the void space availableaGeuoctyl chain
will also decrease due greater crowding of [omim] ions in the interfacial.|ayeese two fects
restrict the rotational motion of the octyl chain vectors about the z-axisCLi{t) for ethyl chain
and carbon — sulfur bond vector shows similar relaxation irrespectitleeo€omposition of the

mixture.

3.3.8 Interface organization

The orientational profile of octyl chain of [omim] cation, ethyl chain of [emiraiien and carbon
— sulfur bond vector of [TfO] anion with respect to the interface normdl:inlL mixture along
the interface normal from the center of the simulation cell is shown by bteadistribution of
probability of the Legendre polynomial of first kind (defined Rgcosf)=cosd) and distance
from the center of the simulation cell along the interface normal in Figure 3\&see that the
probability of the octyl chain, ethyl chain and carbon — sulfur bond veotbe oriented parallel to
the interface normal increases as we move from the center of the box touitedigapor interface.
We also observe that orientational selectivity of octyl chains with respeabie interface normal
is more pronounced than ethyl chains and carbon — sulfur bond veétmsre 3.15 shows the
bivariate distribution of probability oP;(cos#) for NN vectors belonging to [omim] cations and
[emim] cations and distance from the center of the simulation cell along the icgéartamal. We
find that the NN vectors belonging to [omim] cations show greater orientatgaiettivity to be
aligned parallel to the interface normal from the box center towards the kguapor interface
compared to the NN vectors belonging to [emim] cations. This orientationalgi®fiommon in
all the systems studied (not shown here). These observations suthgédtse octyl chain, ethyl
chain, carbon — sulfur bond vector and the NN vectors belonging to [onatigres present at the

liquid — vapor interface tend to point towards the vapor phase.

122



0 10 20 30 40

cos 9

cos ©

0 10 20 30
Z(A)

Figure 3.14: Bivariate distribution of probability ¢¥;(cosf) and distance along the interface

normal for (a) octyl chain of [omim] cation (b) ethyl chain of [emim] cation &g}l 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 oftyleebain belonging

to the [omim] cation at the liquid — vapor interface to its bulk number density withedser in

the mole fraction of [omim] cations. This enhancement in the ratio of the numipsitgeat the

liquid — vapor interface as calculated from the ITIM method is more comparéttaetermined

from the global definition of the interface. A very weak layering of [emimd §RfO] ions at the

liquid — vapor interface is observed in all the systems, using the globalti@finf the interface.
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Figure 3.15: Bivariate distribution of probability betweBp(cos#) and distance along the inter-
face normal for (a) NN vector of [omim] cation and (b) NN vector of [emim{i@a in 1:1 IL
mixture.

However, the ITIM method shows that there is a considerable enhantamite number den-
sity of these ions at the interface compared to the bulk region in pure [emi@i]&fstem. The
surface roughness of the IL mixtures is determined using the ITIM methbe.variation of the
vertical separation of two surface poingd), with their lateral separatioh, shows that the surface
becomes smoother with increase in the mole fraction of [emim] cations. Surfaiene of the
systems is found to decrease with the increase in the surface fractionlohgex chain [omim]
cation in the liquid — vapor interfacial layer. With the decrease in the mole fracfigomim]
cations, the surface fraction of the [omim] cations at the interface is foundédcease whereas
that of the [emim] cations increases. The bivariate distribution of probabiflitiyeoP:(cosd) and
distance from the center of the simulation cell along the interface normalsthaivthe probabil-
ity of the octyl chains and NN vectors of the [omim] cations to be oriented phtaliee interface
normal increases towards the liquid — vapor interface. The probabilithédiomim] cations to be

found in the interfacial layer at timg andty + t shows a gradual increase in the average survival
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time (rs) with decrease in the mole fraction of [omim] cations in binary IL mixtures. Thezme
survival time of [emim] cations in the interfacial layer also increase with deeré mole fraction
of [omim] cations. In all the IL mixtures studied, it was found that the suihpvabability is high-
est for the [omim] cations and least for the [emim] cations. The averaggeetation time ()
for rotation of the projection vectors of the octyl chains of [omim] cations erpthnes orthogonal
(yz- and xz-planes) to the interface (xy-plane) increases with deeiaanole fraction of [omim]
cations. The orientational correlation diminishes very rapidly for the rotaifahe projection
vectors on the interface which suggests that the octyl chains prefdato tieeir orientation with
respect to the interface normal for a longer time. A direct correlation isrebd betweerir;)
and(rs). Analysis of the dynamics of rotation and the relation between the averageastime
and the rotational relaxation time suggests that the movement of ions in antitbetmterface is

facilitated by the out of plane rotation of ions about the interface.
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Chapter B

Appendix B
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Figure B.1: Bivariate distribution of probability of the lateral distahe&d the normal distanak
of two surface points for (a) pure [omim][TfO] (b) 3:1 (c) 1:3 and (dye@{emim][TfO] systems.
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Figure B.3: Variation of (al>y,(t) and (b)Cy(t) for ethyl chain of [emim] cation across the entire

composition range in the interfacial layer.
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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-decylimidazoliamide (with four
different alkyl chains, methyl, butyl, heptyl and decyl chain) have beatiestwising atomistic
molecular dynamics simulations. Polydisperse aggregates of cations aredfar the solution
with alkyl tails in the core and the polar head groups present at the swfadle aggregates. The
shape of the aggregates is dictated by the length of the alkyl chain. Aggnegumbers increase
steadily with the increasing alkyl chain length. The greater asymmetry in theutvgditient chain
length leads to a élierent surface structure compared to the cations with alkyl chains of similar

length.
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4.1. Introduction Room temperature ionic liquids (RTILs) have received considerabldiatten

of researchers due to their interesting properties [1, 2] and poteniatap
tions [3, 4] in various fields including synthesis, catalysis and electrockwmiStructure and
dynamics of RTILs have been probed extensively using experimentd) [§ and computational
methods [8, 9, 10, 11, 12]. Liquid-vacuum interface of RTILs has htsn studied using polar-
izable and non-polarizable force fields [13]. Binary mixture of ionic liquids) with CO, and
water have also been studied [14, 15, 16, 17, 18].

Imidazolium based ILs form a very interesting class due to their specifisipighemical
properties [1, 19, 20]. When a hydrocarbon tail, hexyl or longeriteched to the imidazolium
ring, the cations behave as amphiphiles. Due to this structural featuredhay surfactants [21,
22]. Water miscible imidazolium ILs have been studied extensively in theiragusolutions [23,
24]. These studies are focused on the structure of the aggregatéseagrdperties of the solution
above critical aggregation concentration (CAC). It has been foundlltsaform aggregates at
a lower concentration compared to alkyltrimethylammonium bromide containing sintkdr a
chains [25].

Surface active behavior of long chain imidazolium ILs have been stu@iEdusing surface
tension, conductivity and small angle neutron scattering (SANS). Tleiasi®n of ions at higher
concentration has been reported fog§@im][Br] using potentiometric and conductometric meth-
ods [26]. Studies focused on the size and shape of the micelles haveeatsodrried out on long
chain imidazolium bromide solutions [27, 25] It is known that ILs with veryrshikyl tails (ethyl
to butyl) form isotropic solutions on mixing with water whereas those with hexidriger chains
form aggregates [28, 10]. With increase in the chain length, the aggeegee formed at lower
concentration and systems with decyl and longer chains exhibit aggmregatie@ry low concen-
tration. The ability of these compounds to self assemble can be used in thaiertd products
from systems containing ILs. The aqueous solution of ILs with single akkaircis well studied
using experimental [21, 29, 30, 31, 32] and theoretical methods [284335].

The presence of second alkyl chain on the imidazolium ring may alter thewseuaf the
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aggregates and aggregation numbers. Recently, double tailed imidazo$athibaic liquids have
been reported to show interesting aggregation properties in their agselion [36]. Based
on experimental data, it is predicted that the cations in aqueous solutionatylaivdazolium
bromide form aggregates with hydrophobic core and hydrophilic seidansisting of cation rings
in a staggered parallel orientation. In the present study we are invesgigatimic level details
of the bulk and vapor-liquid interface of aqueous solutions of dialkylimila@obromide. We
have carried out atomistic molecular dynamics (MD) simulations on 1-alkyl,gkd@dazolium
bromide solutions with the alkyl chain ranging from methyl to decyl. We hawe ialgestigated

the dfect of asymmetry of the cations on the structure of the aggregates formezsalttion.

4.2. Methodology and Aqueous solutions of a series of 1-alkyl,3-decylimidazolium bromide
simulation details 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 Padua and co-workers [38, 39]. foiwe field parameters for
water molecules were adapted from the simple point charge (SPC) modlejlthe systems
studied contained the imidazolium head group with two alkyl chains attacheatooéahe ni-
trogen atoms. One of the chains was decyl in all the cases, whereas ¢heladin was varied
to have four diferent systems with methyl, butyl, heptyl and decyl chains. Table 4.1 psetben
details of the systems that have been investigated.

The positions of the atoms were stored every 5 ps which were used fgsasalnitial con-
figurations were prepared by replicating the coordinates of a single ipalpag the three dimen-
sions, which were then combined with a water box with random orientation frwaolecules
at the experimental density. The water molecules that were within 2.5A frgnofathe atoms
of the cation or anion were removed. Isothermal-isobaric ensemble simulé&timmstant NPT)
were performed at 1 atmosphere and 300 K for a period of 2 ns. Voluaraged over the last
1 ns was used to perform canonical ensemble simulations (constant N8BT} &. Vapor-liquid
interfaces of the solutions were simulated by extending the box along thedtidir. Initial

configurations for these simulations were prepared by taking the finfigooation from the re-
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Table 4.1: Details of simulations of aqueous,&zolm][Br] solutions, where n is the length of
alkyl chain substituent.

n No. of No.of No.of Runlength Boxlength Conc. of

ion-pairs water atoms (ns) (A 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 boxladonglirection to
120.0A. Three dimensional periodic boundary conditions were usedjatinthe thin liquid
film of aqueous IL solutions separated by vacuum. To study the vapadligierface of dilute
solution, the box along z-direction was extended to 80.0A.

Radial distribution functions have been calculated with a fine binwidth of OldAhe fig-
ures, a short hand notation is used to mention a system. For examplao G used instead of

[C1C1olm][Br] solution.

4.3. Results and discussion

4.3.1 Intramolecular structure

Distribution of the angle between the two alkyl chains attached to the nitrogers atbthe im-
idazolium ring is shown in figure 4.1. The angle reported in the figure is tgke detween the
vectors connecting the nitrogen atom and the terminal carbon atom of tHeldiy attached to
it. It is interesting to note that in case of {C;0lm][Br] solution, the alkyl chains are preferred
to be oriented along opposite direction (making L&80th each other). While in [@C10lm][Br]
solution the alkyl chains show a very small preference to be oriented @itlsame or opposite
direction, in [GCyolm][Br] and [C10C10lm][Br] solutions a very high preference is seen for the
chains to be aligned parallel to each other in the same direction (making anc@0gjeand neg-
ligible preference to be aligned in opposite direction. The reasons for geterences will be

discussed in the later section.
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Figure 4.1: Distribution of angle between the two alkyl chains attached to #:dreup.

4.3.2 Hydrogen bonding

In agueous solutions of ILs, the dominant interaction between the cationtharanions will be
of coulombic nature. Nevertheless, the hydrogen bonding interactiopsaagnificant role in
determining the structure of ILs and their solutions. Hydrogen bonds asdlyislefined by either
energetic criteria or geometric criteria. In this study we are using the georogteda [44], i.e.,
the hydrogen atom and acceptor are within a certain distance of eachaothéne angle made
by the donor, hydrogen atom and the acceptor are within a certain r&wgestrong hydrogen
bond, the distance cufas taken to be 2.2A, 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 3.0A, andrtbe of
angle is between 9(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-bdodanionsvia the
ring hydrogen atoms and the hydrogen atoms attached to the first carinoofatoe alkyl chain.
In case of [GC10lM][Br], [C 4C10lM][Br] and [C;Cy1olm][Br] solutions 5.2%, 3.9% and 3.9% of
cations respectively, are bound to anions. The preference foobgdrbonding between anion

and cationwia ring hydrogen atoms decreases gradually as the length of the chairsesifeam

'H-bonds are classified as weak if the distance is less than 2.2A and tleésabgtween 90and 130
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methyl to heptyl. However, in [C19lm][Br] solution the percentage of cations bound to anion
through H-bonds increases to 4.6%, while those forwiading hydrogen atoms is 2.5%. The
reason for this increase is the formation of more ordered aggregatesg@; {fEn][Br] solution
with symmetric cation. It was also observed that the percentage of catitmméted to anions
increases slightly during the course of simulation. The fraction of catiohsrtied with anions
at the initial stages of simulations (with cations randomly dispersed in aqueli®s) is around
0.4 to 0.7% lower compared to the final numbers presented above. (Tilts festhe initial stages
are averaged over first 1 ns of trajectory). The numbers can be cechwith those in pure ionic
liquid, [C1C10lm][Br] where, at room temperature one in three cations are hydrogedda with
anions and 20% of these are strong H-bonds. Strong hydrogen betwlsen anion and cation
were not observed in the aqueous solution.

Cations also form H-bonds with water molecules. On average each catins Yeeak H-bond
with about 8 to 10 water molecules. While the ring hydrogen atoms are involvddard H-
bonds, the hydrogen atoms on the first carbon of the chain are invohgetbif H-bonds in each
cation. The [GCyglm] 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 positigege is distributed
in the ring and methyinethylene groups attached to the ring [38]. The exposure of this methyl
group (attached to ring) to water, in{Cy0lm][Br] solution is the reason for the marginal increase
in the average number of H-bonds per cation compared to other solutialisdstu

Bromide anions in all the systems are found to form on an average 7 Hshatidwater out
of which 30% may be classified as strong H-bonds. The H-bonding psitpdor the anions with
water is similar across all the systems studied.

In summary, the aqueous solutions of ILs with two alkyl chains show thepecesof extended
hydrogen bonding network between cations, anions and water. In satioe most preferred
donor are the ring carbon atoms. The anions are more strongly bounticiasca the aggregates
compared to a cation randomly dispersed in the solution (which did not shpw-&onds in our

studies).
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4.3.3 Radial distribution function

The organization of molecules can be determined using radial distributi@tidan(RDF). The
RDFs provide insights into the molecular structure, despite the fact that thedaarinformation
is lost. The RDF for the terminal carbon atoms of the shorter chain arountséiees is shown
in figure 4.2a. It can be noticed from the figure that the peak correépgno the tail group in
[C10C10lm][Br] solution is very prominent, and the intensity of the peak decreastwedength of
the difering alkyl chain decreases. In{C;olm][Br] solution there is no peak in the region where
the others show a maximum. The RDFs for the alkyl tails inG¢Im][Br], [C 7C1olm][Br] and
[C10C10lm][Br] solutions show the first maxima at 4.2A and the first minima around 7Ail&\the
tail-tail RDFs in [G,C10lm][Br] and [C10C10lM][Br] solutions show a noticeable second maxima
around 8.6A, it is not so in case of JC1olm][Br] solution. The terminal carbon atom of the
methyl chain does not show any organization around similar carbon atootisesfmolecules.
Radial distribution of the geometric center of the head groups around thexmser various
systems studied is shown in figure 4.2b. The RDFs show first maxima at 9.30903nd 10.0A
respectively for the [@C1oIM][Br], [C 4C10lM][Br], [C 7C10lm][Br] and [C10C10lm][Br] solutions.
Itis evident from observing the amplitude of the peaks in the figure, thditehd groups are more
organized around themselves iniC10lm][Br] solution and the organization decreases as the
length of the second chain decreases. The first minima are presentd®4 in systems with
chains longer than butyl but is not noticeable for the system with methyl chi&ia first minima
in the former three systems is followed by a very broad second maxima. @aeipation of the
head groups can be attributed to the well defined structure in the casamissic [G oC1olm][Br]

solution.

4.3.4 Spatial distribution

RDFs do not describe the three dimensional distribution of an atom or gmawmd another. In
order to gain insights into the distribution of anions and water around the datibree dimen-
sional space, spatial distribution functions (SDF) can be used. Thialsgiatribution of water

and anions around cations in aqueous solution and anions around ¢atms IL are shown in
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Figure 4.2: Radial distribution functions of (a) terminal carbon atoms atshalkyl chain around
themselves (b) geometric centers of imidazolium rings around themselves.

figure 4.3. The isodensity surface shown corresponds to 5 times tregavéensity for anions in
solution and 10 times the average density for the anions in pure IL. In t¢asger the isosurface
corresponds to 2.5 times the average density. Itis evident from the fitairdne anions in the pure
liquid are predominantly located near the ring hydrogen atoms and the hagresty is present
in the vicinity of the unique hydrogen atom of the ring (attached to the cartoon between the
two nitrogen atoms). The anions are also likely to be present near the metlyl. gHowever,
in aqueous solution it was observed that there were no regions whedertbiy is 10 times the
average density. A very small region near ring hydrogens exhibited 5 timegverage density.
In solution, we can notice that the water partially replaces the anion to inteitaaing hydrogen
atoms which is evident from the spatial density at 2.5 times the average densgdteo. This will
also corroborate the breakage of anion-cation hydrogen bonds ialthima to form cation-water

H-bonds.
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Figure 4.3: (a) Spatial density of anions and water molecules around satig@; C1olm][Br]
solution and anions around cations in pure I @zIm][Br]. Density of anions in pure IL is
shown in Yellow, red represents the density of anions in solution and e@egents density of
water. Hydrogen atoms present on the decyl chain are not showAn(ither view of the same
figure. Water density is shown in transparent cyan.

4.3.5 Difusion of ions

The self difusion codicients of the cations in solution are computed from the slope of mean
squared displacements. Even though the model used in this study is knowdetie@stimate the
diffusion of ions, the computed selffilision codicients can be used to compare th&wdion in
different systems with varying alkyl chains. It is known that théudion in pure ionic liquids is
very low [45]. It is also known from experiments that the seffuiion codicients of the ions

in ionic liquids increase upon addition of water [46]. Increase in the mol&idma of water is
known to increase the filusion codficients of ions [28]. This increase inftlision due to the

electrostatic screening of the charges of IL molecules by water is alsovelsi our current
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Figure 4.4: Self-dtusion codicients of cations in alkyldecylimidazolium bromide solutions.

study which shows order of magnitude higheffuion in case of aqueous solutions of ILs. We
can also see that theffiision co-#icients decrease (figure 4.4) by 70% going fromQgim]

to [C10C10lm] even though the increase in the mass contribute to about 25% decrdahseslf
diffusion codicients only. The rapid decrease in théuion can be attributed to the aggregation
of the cations which in turn increases the apparent mass of the catioresttsiiycare now part of
the aggregate. Anions are more mobile in the solution compared to cations lagtstieation of
anions with the aggregates is also evident from the fact that despite beisgrtie, the bromide

anion shows decreasingfdision 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 aggisolution
with the bromide anion placed near the head group. During the course dasonywe observed
that cations grouped together to form oligomers. With time, monomers werebaldsinito the
oligomers increasing their size. In the beginning small oligomers fused toldmger ones. But
as the size of the oligomer increased, they took a more organized strweithré&ie hydrophobic
alkyl chains at the core and the polar head groups at the surfacesef digomeric aggregates.

Once the quasispherical aggregates with charged head groups atfétoe sire formed, the fusion
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of aggregates becomediitult as there will be repulsion between the charged layers of the two
aggregates. Anions though likely to be present near the head groepfowerd to be present
through out the solution.

Snapshots of dierent 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 adk tail are
shown as magenta beads. We can notice that {€{gm][Br] solution, the cations form quasi-
spherical aggregates but are not having well defined structure. eAlsrtlgyth of the second alkyl
chain increases the aggregates become more spherical in structuieciEase 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. 1@}&][Br] (b)
[C4C10lm][Br] (c) [C7C10lm][Br] (d) [C 10C10lM][Br]. Hydrophilic region of head group is shown
in yellow whereas atoms belonging to hydrophobic alkyl chains are showragenta. Anions,
water molecules and hydrogen atoms on the cations are not shown fosthefedsualization.

4.3.7 Aggregation number

The polydispersity of the aggregates is evident from figure 4.5. If theited carbon atoms of
either of the alkyl chains (except for methyl chain) are present withintaris of 12.0A then the

two cations are considered to belong to the same aggregate. With this defitméahstribution
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of fraction of cations involved in forming an aggregate of a given size @svshin figure 4.6.
The data presented are the average over the last 5 ns of the trajentegsel of [GC1olm][Br]
solution, most of the cations are involved in the formation of aggregates etbsitveen 10 to
18. This number can be compared with experimentally determined aggregatiamen of 27
based on monodisperse aggregate model using NMR [47] and the comipaitaiports of most
probable aggregation number of 16 [48]. As the length of the alkyl chaimeases we can notice
that the most probable aggregation number also increases 4@ d@][Br] and [C7Cyolm][Br]
solutions, the most probable aggregation number is 19 and 25 respecfiedyspread in the
aggregation number is between 14 to 23 inQglim][Br] solution whereas in [@C1olm][Br]
solution we can see that there are aggregates of 15, 18 and 25 cati@@gCG10lm][Br] solution
aggregates of size 22, 30 and 48 are formed. The number of monomsespire the solution
also decreases with the increase in the length of the second alkyl chams hoticed that the
aggregates were dynamic, i.e., monomers were getting absorbed into tlegaggras well as

leaving the aggregates to become free monomers during the course of tleisimu
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Figure 4.6. Fraction of cations involved in the formation of aggregates of $iz
in (@) [C1Cyolm][Br] solution (b) [C4Ci0lm][Br] solution (c) [C;Ciolm][Br] solution (d)
[C10C10lm][Br] solution.

The aggregation number of 27 for {C;0lm][Br] solution arrived from NMR data has been
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obtained using a model which assumes equilibrium between the monomers andispense
aggregates just above the critical micelle concentration (CMC). It is afsartexl [27] that the
aggregation number increases with the concentration of the surfactiwiarfound to saturate at
47 at a concentration of 0.6M. Our {C10lm][Br] solution is of concentration 0.45 M and should
exhibit aggregation number of 45. Even though the initial formation of agdes is quick, due to
the charged surfaces of aggregates, growth of the aggregatesiby has substantial activation
barrier and hence requires longer times. Nevertheless, the initial fornwitagygregates shows a
definite trend of increasing number of aggregates with the increase in titb t#rthe second alkyl

chain. This is also observed experimentally in ILs with single alkyl chaintgubst [27, 25].

4.3.8 Structure of aggregates

The structure of the aggregates im{Golm][Br] and [C10C10lm][Br] solutions are shown in fig-
ure 4.7. In the figure, only the heavy atoms belonging to the cations areslbwirogen atoms
on cations, anions and water are not shown for the ease of visualizatierpolar head group is
shown in yellow whereas the carbon atoms belonging to the alkyl chainhianensn magenta.
Figure 4.7a depicts the structure of a single aggregate1i€,4Im][Br] solution. We can notice
that the aggregate is quasi-spherical in shape, with the hydrophobich#ips buried inside, so
as to minimize their unfavorable interactions with water and to maximize the dispéngéoac-
tions with each other. The polar head groups are at the surface ofghegate so as to maximize
the favorable interaction with water. We can also notice that most of the meaggare oriented
in such a way that the ring normal is tangential to the spherical surface.

The aggregate formed in [gC10Im][Br] solution (figure 4.7b) is also of similar structure,
with the hydrophobic core and hydrophilic surface, but thedence lies in the orientation of
the imidazolium rings at the surface of the aggregate. Unlike yClgim][Br] solution, the
imidazolium ring plane is more likely to be oriented tangential to the sphericari.e., the
ring normal is directed radially outwards. In addition, the aggregate is biggsgze and also
more spherical compared to that in{[Colm][Br] solution. The aggregates in f{C1olm][Br]

solution also exhibit similar behavior as those indCiolm][Br] solution. The distribution of
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Figure 4.7: Structure of an aggregate in (a)@glm][Br] solution (b) [C1oC10lm][Br] solution.
Atoms belonging to head groups are shown in yellow, those belonging todikyhs are repre-
sented as magenta beads. Anions, water molecules and hydrogen atonggnigeio cations are
not shown for the ease of visualization.

angle between the two imidazolium rings belonging to an aggregate that are 8@irof each
other (Figure C.1, Appendix C) shows that the rings are more probab&egarallel to each other
consistent with the experimental report on 1,3-dioctylimidazolium bromide sol{8#).

The extent of penetration of water into the aggregates is studied usingtioydindex, which
is defined as the ratio of average number of water molecules in the firstisnh&hell of the
carbon atom of the chain, in the aggregate to that which is completely exjwoseter. Figure 4.8
shows the hydration index for the decyl chain in{Ci0lm][Br] solution. We can note that water
penetration gradually decreases as we move towards the core of tlegatggit drops from 0.76
for the first carbon atom of the decyl chain to around 0.1 at the terminabonatom. Visualization
of the trajectory also confirms the penetration of water until the secondrcatom of the chain.

Ideally, the hydration index should be zero for the atoms at the free etiek @flkyl chain. But
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since we are also accounting for the monomers and small oligomers, the dewaseen. The
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Figure 4.8: Hydration index for various carbon atoms on the decyl chd®;4C10/m][Br] solu-
tion.

mean radii of the aggregates and the hydrophobic core have beefatadcior all the systems.

In order to calculate the radius of the hydrophobic core, the center afgheegate was defined
as the geometric center of all the terminal carbon atoms of the alkyl chamgifipthe aggregate.

Then, for each of the cations in the aggregate, the distance betweemthe aiethat aggregate

and the second carbon atom from the fixed end of the alkyl chain wasutechpr his distance was
averaged over all the cations of the aggregate to get the hydrophabicactius of that aggregate.
The mean hydrophobic core radius was obtained by averaging oveealgdregates and also
over time.

Similarly the radius of the aggregate was calculated by using the distanceebettveecenter
of the aggregate and the geometric center of the imidazolium ring, and agmager all the
aggregates. Properties characterizing the size and shape of thgaiggire tabulated in table 4.2.
From the table, it is evident that the aggregation number increases with tié leinthe alkyl

chain. The mean radii of the aggregate and the hydrophobic core alscsghilar trend.
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Table 4.2: Details of the properties of aggregates iCfglm][Br] solution

cation mode aggregation mean radius of  mean radius of
number the aggregate  hydrophobic core
[C1C10|m] 14 12.89 8.88
[C4Caplm] 19 12.96 9.38
[C7C10|m] 25 13.39 10.42
[C10C10lm] 30 16.70 13.96

4.3.9 Number density

The number density profiles of the head group, tail group, anion and imétee [C;oC1olm][Br]
solution are shown in figure 4.9. In the figure, the head group repgse@geometric center of
the imidazolium ring and the tail group represents the terminal carbon atone afettyl chain.
Since the number of water molecules in the solution fiedeént than that of cations and anions,
the water number density is scaled accordingly to match the bulk number deihigy cations.

From the figure, we can notice that the number density profile of the taipgsbaw a tall peak

[ L L B L B B L L
(1;)/'\12_
:: i —— Cation ( Ring)

S I —— Cation ( Tail )

x | —— Anion 1
= 8F — Water .
*&)‘ - J
(7

() L

Q [

o 4 .
o) L

£

=}

Z -

0 PR S SN S NN TR TR T N N T | L L
0 10 20 30 40 50

Z (A

Figure 4.9: Number density profiles of head and tail group of cationsnaamal water along
interface normal (z-axis) in [{gC10lm][Br] solution.

at the interface. At 30A from the center of the box the number density oftailp is almost
zero. The density profile for head group also shows similar behavi@péxicat the head groups

are present well within the bulk region. Alkyl tails are protruding out ofittierface whereas the

148



imidazolium rings are dispersed in the solution. The peaks of the head andraer densities
are separated by 7A. At the interface, the number density of tail groufirise8 higher than the
average number density of the cations. The anion number density prodilexdibits peak closer
to that of head group suggesting a partial association of anions with tdegh@aps. The number
densities of anions and cations varies in the bulk region, due to the formdtamgregates. In
dilute [C10C10lm][Br] solution, the cation number density profile shows the tail protrudiog o
of the interface with imidazolium ring below the interface, and the anion mobileigirout the
solution. Alkyl tails protruding out of the interface has also been obseivegure 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 indke density at
the interface compared to the average value in the bulk region. The maximuenindhe mass
density profile occurs at around 30A from the center of mass of themsyalteng the z-axis. The
mass density drops to 50% of its maximum value around 39A iRgIm][Br] solution and
35 to 38A in other systems. The region where the mass density is 50% of its maxiaiuen
is also near the region where the tail number density is highest. For theiaralgsructure and
orientation at the surface, we define the interface as the region thasesthe first peak in the tail
number density profile. For example, in case of fCiolm][Br] solution, the interface is defined
as the region between 30A and 50A from the center of mass of the systagizafixis on either

side.

4.3.10 Organization at the interface

In the following section, those cations for which the z-coordinate of the tedroarbon atom of
either of the alkyl chains (except the methyl group) is present beyarattain cuté on either
side of the z-axis are considered to be present in the interface. Inwtrds the cations at
the interface are those that are contributing to the peak in the tail numbétydaadile near the
interface. The distributions of angle between the alkyl chains (vectaramimg the nitrogen atom
and the terminal carbon atom of the chain linked to it) of same cation were toumelsimilar to

those in bulk for all the systems studied. In addition, the distribution of angledea the alkyl
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tails of different molecules present at the interface also showed preferenceotbied either
parallel or antiparallel to each other.

The distribution of angle between, the alkyl chain (vector connecting thegeitr atom and
the terminal carbon atom connected to it) and the surface normal (positiveemative z-axis)

is shown in figure 4.10a. Notice that the alkyl chains are more likely to betedgparallel to
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Figure 4.10: Distribution of (a) angle between the alkyl chains and the aaeriormal (z-axis)
(b) angle between the vector connecting the two nitrogen atoms and thegatedanal.

the surface normal, i.e., they prefer to be oriented perpendicular to teesum [GCyolm][Br]
solution, the decyl tail is more probable to be tilted making an angle of 3C°twih the interface.
In other systems, parallel orientation of chains along surface normal ispraizable. Also note
that in [C4C10lm][Br] solution, cations show relatively more probability to be oriented amnéijbel
to the surface normal. This is due to the fact that the length of the butyl chaimaker compared
to heptyl and decyl chains and hence it does not behave like long linghchiins.

The distribution of the angle between, the vector connecting the two nitragemsa NN

vector) and the interface normal for various systems studied is shownure fgg10b. While
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cations in [GCyolm][Br] solution show preference for their NN vectors to be aligned ibelrto
the interface normal, the NN vector of the cations in all the other systems aeeprasable to
be present perpendicular to the interface normal. It was observear€¢F@)3, Appendix C) that
the imidazolium rings are more likely to be oriented parallel to the surface 4€4{Im][Br],
[C7C1olm][Br] and [C10C1olm][Br] solutions.

From these observations, it is evident that in(Qgolm][Br] solution, the most probable align-
ment of the cation is such that the decyl chain is protruding away from thdaogewhere as the
methyl chain is pointing towards the bulk region. In case of§¢Im][Br], [C7C1olm][Br] and
[C10C10lm][Br] solutions, both the alkyl chains are likely to be aligned parallel to therface
normal with the imidazolium ring parallel to the interface.

Snapshots of [@C10lm][Br] and [C10C10lM][Br] solutions are shown in figure 4.11. We can
observe that the tails are protruding out of the interface in both the solutidfisle the ring
plane in [GCyolm][Br] solution is perpendicular to the interface, in{¢C10lm][Br] solution, the
imidazolium ring is more likely to be oriented parallel to the interface. In the bujloreof the

solution, we can notice the aggregates, which are similar to those obsetwealét Bolution.

Figure 4.11: Snapshot of vapor-liquid interface of (a)lgIm][Br] solution and (b)
[C10C10lm][Br] solution at the end of 25 ns simulation. The head groups of catiomstaown
as density in yellow, tail groups as density in magenta and water density isishdransparent
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 configion of ILs in the
solution, spontaneous aggregation of cations to form quasi-spherigaherical polydisperse ag-
gregates, depending on the length of the alkyl chain, is observed. gdregates are formed
with alkyl tails at the core, interacting favorably through van der Waalsantems while shield-
ing themselves from the unfavorable interactions with water, and the podar dreups at the
surface exposed to water. Aggregation number and the size of thegatggéncreases with the
increase in the length of the alkyl chain. The shape of the aggregate issptogdcal in case of
[C10C10lm][Br] solution due to the presence of two similar chains.

Spatial distribution functions reveal that the anions are no longer strasggciated with
cations unlike in pure ILs. In aqueous solution, water molecules competentdiigdrogen bonds
with the cation replacing the anions from their preferred position. Wealdcggsn of anions with
cationic head groups is evident from the fact that tHudion of anions decreases with increase
in the length of the alkyl chain despite the fact that the anions are same in alldteens. Water
is found to penetrate up to a certain distance inside the aggregate. Tlkgatgmr number, radius
of the hydrophobic core of the aggregates and the radius of the aggretgadily increase with
the increase in the length of one of the substituent chain on the cation. Gaeization of the
cationic head groups in the aggregates irQ¢Im][Br] and [C1oCiolm][Br] solutions is similar
to that predicted from the nuclear magnetic resonance experiment [363@zlm][Br] solution.
The surface structure of [C1lm][Br] solution is different from that of others with the ring plane
perpendicular to the aggregate surface compared to the tangential tiwieiia| C;C1lm][Br]
and [CoCy0lm][Br] solutions.

In the vapor-liquid interface of the solution, the alkyl groups are pratgidut of the inter-
face, with head groups within the solution, and anions near the headsgréughe interface,
the intermolecular alkyl chains are more probable to be aligned parallel hootlaer. The most

probable orientation of the alkyl chains is found to be perpendicular to tedfane. The vector
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connecting the two nitrogen atoms is found to be preferentially oriented pdicuear to the sur-
face in [GCj0lm][Br] solution and parallel to the surface in {Ci0lm][Br] and [C10C1olm][Br]
solution.

Aggregation processes require time scales of microsecond or morer{&@ua simulations
are limited to 25 ns. Computation of statistically significant values for the agiwagaumber and
other properties require simulations of larger systems spanning longer tates,sehich can be
achieved using coarse grained studies. Nevertheless, we founddlzgtegation number or the
structure does not change in the last 10 ns and the system is locked in saivietatate. Though
the equilibrium distribution of aggregation number and the structures resjinmgdations for a
longer time, the results obtained from this study provide insights into the steuctaggregates
with cations having asymmetric and symmetric substituent chains. The presfemethyl and
decyl chain on the same cation leads to a completéferdint surface structure of the aggregates

compared to the solution with two decyl substituents.
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Chapter C

Appendix C

P(cos 6)

Figure C.1: Distribution of angle between the imidazolium rings of the cationdtiang to the
same aggregate and are within 8.0A from each other.
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Figure C.2: Mass density profile along interfacial normal for aqueolusisos of [G,C1lm][Br]

withn=1, 4, 7 and 10.
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Figure C.3: Distribution of angle between the imidazolium ring normal and thfactnormal
for aqueous solutions of fC1olm][Brjwithn =1, 4, 7 and 10.
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Chapter 5

Self-Assembly of Cations in Aqueous Solutions of

Hydroxyl-Functionalized lonic Liquids: Molecular Dynamics Studies

Abstract

The dfect of presence of a hydroxyl functionalized alkyl chain of varyiagbon number on
the self-assembly of cations in aqueous solutions of-thydroxyalkyl)-3-decylimidazolium bro-
mide (where the alkyl groups are ethyl, butyl, heptyl and decyl) has &ieelied using atomistic
molecular dynamics simulations. Spontaneous self-assembly of cations tadgmegates with
hydrophobic core and hydrophilic surface is observed. The shape aggregates changes from
quasi-spherical in case of cations with hydroxyheptyl or smaller substitiain, to a thin film
like intercalated aggregate in case of cations with hydroxydecyl chaitiorGawith hydroxy-
decyl substituent chain exhibit long range spatial correlations and tbasaare associated with
cations to a greater extent due to the higher surface charge densityarfgtegate. The ordered
film like aggregate is stabilized by the dispersion interactions between theailatiexd substituent
chains and the intermolecular hydrogen bonds formed between the alkgpggroatoms and the
hydrogen atoms of the imidazolium ring. The cations form less compactgaggsewith lower
aggregation number than their non-hydroxyl analogues in the comdsmpaqueous solutions.

The intracationic and aggregate structures are governed by the lertgthtofdroxyalkyl chain.
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5.1. Introduction Hydroxyl functionalized ionic liquids (HFILs) are molten salts [1] which

are stable up te-300°C [2, 3] and show a systematic variation of physic-
ochemical properties with temperature and substituent alkyl chain lengtte afations [4, 5].
Solvatochromic dyes and fluorescence probe molecules have showndegiendent increase in
polarity of HFILs due to ionic hydrogen bonds between the hydroxyligrand the anions [6].
Due to this increase in the polarity of HFILs with respect to their nonhydrarglogues, they
are widely used in fixation of greenhouse gases [7, 8, 9, 10, 11]LdH&le also found to have
remarkable liquid phase microextraction ability with [NJF&nd [PF] anions [12, 13]. They also
have wide range of applications, as stabilizer [14, 15, 16, 17] and tenjp&tim the synthesis of
nanostructure material.

Hydroxyl functionalized ionic liquids with longer alkyl chains are reportegshow surfac-
tant properties [19, 20, 21, 22]. It has been reported that the catbBhiavior of HFILs for the
decomposition of p-nitrophenyl esters of carbonic acids in aqueouticois more than their
corresponding nonhydroxyl analogue [21]. Experimental studieh®mggregation behavior of
HFILs in aqueous solutions indicate the formation of loosely bound aggr®gédth lower aggre-
gation number [20, 22]. There have been several computational studi@gueous solutions of
alkylimidazolium ionic liquids without any functionalization [23, 24, 25, 26,.2Even though
few computational studies are reported on the thermodynamic and strymtopalties of HFILS
in pure liquid form [28, 29, 30], to the best of our knowledge, thereehlagen no reports of
computational studies on the solution structure of HFILs in water. In theeptetudy, we have
investigated the atomic-level details of thieet of the presence of a hydroxyl group attached to
one of the two alkyl chains in dialkylimidazolium based ILs, on the bulk soluttaurciure. The
solution structure has been studied using atomistic molecular dynamics (MD) sonslaer-
formed on a series of In{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 A series of aqueous solutions of A-ydroxyalkyl)-3-decylimidazolium

simulation details bromide

([HOC,,Cyolm][Br], with n=2, 4, 7 and 10) have been studied using
atomistic MD simulations. The simulations were performed using the LAMMPS [Bfhjvare.
The force field parameters were adapted from the works of Lopes[82,83, 34] and Jorgensen
et. al [35]. Lopes et. al model is a transferable general force figldofoc liquids based on
the OPLS-AAAMBER framework and derives several terms in the force field that weteyet
defined in the literature. Lopes et. al force field has parameters ddavedidazolium ILs with
hydroxyethyl substituent chain [34] and since we are studying ILs witirdxyl functionalized
alkyl groups of longer chainlength we have adapted some of the pararfreterOPLS-AA force
field developed by Jorgensen et. al [35]. The extended simple poirgengodel (SPE) has
been used to model water molecules [36, 37]. Atomic partial charges inriteefield model [32]
were calculated from the electron density obtaine@bynitio calculations using an electrostatic
surface potential methodology. The simulated systeffieréd from each other in the length of
the hydroxyl functionalized alkyl chain. Details of the systems studied baes presented in
table 5.1. The initial configurations were generated by replicating the itated of a single ion

Table 5.1: Details of the simulated systems; n represents the number of Gtdms in the
hydroxyl functionalized hydrocarbon chain.

n no. of no. of no. of run box concentration
ion pairs waters atoms length(ns) length(A) (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, themting this box

in a water box with randomly oriented water molecules at experimental densifyearoving the
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water molecules that were within 3.0 A from any atoms of the cations or the arddhsimu-
lations were performed at 300 K using the Nése-Hoover thermostat with atatnpe damping
parameter of 1000 fs. The equations of motion were integrated using tle¢ akgorithm with a
time step of 0.5 fs.

Isothermal-isobaric ensemble simulations (constant NPT) at 1 atmosplkssai@®, using the
Noése-Hoover barostat with a pressure damping parameter of 500 ifs,c&ied out on each
solution for 2 ns to get the equilibrated density. The canonical ensemble sonsléconstant
NVT) were then performed from the last configuration of NPT simulations @ittolume aver-
aged over last 1 ns of NPT simulations. Three dimensional periodic boundaditions were
used. The coordinates of the atoms were stored at an interval of 5 gemla of the figures, a
short-hand notation is adapted to represent a system. For exampleg i#0ed to represent
[HOC1oC10lM][Br] solution. The oxygen atom of the hydoxyalkyl chain is referte@s hydroxyl
oxygen in the following discussion. The schematic of the molecular structdirt® 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 understoodalysing the radial

distribution functions of atoms or ions around each other. Figure 5.2ésepts the RDFs of
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terminal carbon atoms (J of the non-hydroxylated decyl chains around themselves. The first
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Figure 5.2: RDFs of (a) terminal carbon atomg J©f the non-hydroxylated decyl chains around
themselves and (b) alkyl chain carbon atoms)(@round themselves in fiierent aqueous solu-
tions.

maxima of the RDFs appear at 4.3 A in all the four systems whereas the first mépipesar
at 7.4 A in [HOGC1olm][Br], [HOC 4C1olm][Br] and [HOC,C1olm][Br] systems and at 6.6 A
in [HOC1oC10lm][Br] system. We see that at short distances the spatial correlationgathen
the Gy atoms is very high in [HO@C10im][Br], [HOC 4C1olm][Br] and [HOC,C1glm][Br] sys-
tems and it is comparatively lower in [HQEC10lm][Br] system. At larger distances-(15 A)
spatial correlation is still significant in [HO@C10lm][Br] system. Figure 5.2(b) provides the in-
termolecular RDFs of € carbon atoms of the hydrocarbon tails (belonging to both hydroxylated
and non-hydroxylated alkyl chains ) around themselves in various sodusimdied. We see that
the first maxima of the RDFs appear at 5.2 A in all the four systems studied arfatshmin-
ima appear at 7.4 A in [HOC10lm][Br] solution and at 8 A in other three solutions. The peak
height of G — Cs RDF is maximum in [HOGoCy0lm][Br] solution. Also the G — Cs RDF in

[HOC1oC10lm][Br] solution shows subsequent peaks with gradually diminishing peakgities
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at 9.1, 13.4, 17.7, 21.9, 26.2 A and almost vanishing peak intensity bey@ndistance. Note
that these peaks are spaced equally with about 4.3 A between themtiuggéisjuid crystal like
ordering of the cations in the agueous [H{3Ciolm][Br] solution. Although, a second maxima
with a smaller intensity is observed at 9.0 A in the remaining three solutions , tiedatan is not
observed at larger distances. Based on the nature of the RDRs-of30¢ and G — Cs pairs, we
can conclude that there is long distance spatial correlation among the inteataoléecyl chains

( both hydroxylated and non-hydroxylated ) in [H@C1olm] cations ( due to the intercalation
of the chains which will be discussed later), whereas in other three systesdecyl chains are
organized around their{Catoms ( due to formation of spherical or quasi-spherical aggregates ).

Figure 5.3(a) shows the RDFs of bromide ions around the geometric céitterimidazolium

ring of [HOG,,C10lm] cations in their aqueous solutions. The RDFs show the first maxima at 4.9 A

Lo T B L A e B

5;_(6‘) — [HOC,,C, Im][Br] ]

JF __ [HOC,C, Im][Br]
g?,:_ —— [HOC,C, Im][Br]

2_ — [HOC,C, ,Im][Br]

1

O 10 20 30

P R TR NS
0 10 20 30
r(A)
Figure 5.3: RDFs of (a) bromide ions (Brand (b) water oxygen atoms around the geometric
center of the imidazolium ring in fferent [HOG,C10][Br] solutions.

O-""I"'

in all the four systems. The intensity of the first maximum is very high in [H§QgIm][Br] sys-

tem. In the other three systems the intensity is significantly lower compared togtemswith
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hydroxydecyl substituent. In a closer view, the ring — bromide RDF in [HO@M][Br] system
has slightly greater intensity than the corresponding RDFs in [HQg[Br] and [HOC,C;][Br]
systems which have similar intensities. The organisation of anions aroundhtheanter of
alkylimidazolium cations should decrease with increase in the hydrocatimin Ength due to
the decrease in cation — anion interaction strength [41, 42]. But in therdwstudy, we see that
the trend is exactly opposite. This anomaly can be explained on the basissiz¢hend shape
of the aggregates formed in the corresponding aqueous solutions thaewlikcussed in a later
section.

The organisation of water molecules around cations in various aquelti®e studied can
be deciphered from the RDFs between the geometric center of the imidazatigrand water
oxygen atoms that are shown in figure 5.3(b). We observe that theisatjan of the water
molecules around the imidazolium rings decreases gradually as the numtsmboh atoms in
the asymmetrically substituted hydroxyalkyl chain length increases. Thisopienon may be
attributed to the decrease in aqueous solubility of [HOf][Br] salts with increase in alkyl
chain length. Similar trend in the organisation of water around cations withngaakyl chain

length has been reported earlier [41].

5.3.2 Spatial Distribution

Spatial distribution functions (SDFs) provide insight into the three-dimenigiwabability density

of atoms or groups around an atom or a group of interest. Figure 5.4ghewpatial distribution

of anions (in yellow), water (in red) and oxygen atoms of the hydroxyatkwins (in green)
around imidazolium rings of [HO£C10lm] cations in their agueous solution. The isosurface of
bromide, water and hydroxyalkyl oxygen atoms correspond to 5, 2 @rtirizs their average
density respectively. We see that the anions, water oxygen and lyadkgkoxygen atoms tend
to concentrate near the ring hydrogen atoms due to formation of H-bomdm the figure 5.4,
we see that water molecules prefer to interact with the non-unique ringggdratoms (attached
to Gy), whereas, the anions and hydroxyalkyl oxygen atoms accumulatetheeamnique ring

hydrogen atoms (attached tg)C 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) andxalloxygen atoms (in
green) around the imidazolium rings in [H@C10lm][Br] solution (b) Another view of the same
figure.

oxygen atoms of water and the oxygen atoms of hydroxyalkyl groupsdriie 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 mofeasmciation
in structural chemistry and biology. Formation of hydrogen bonds in imidazotiased ionic
liquids in pure state [30] and in aqueous solutions [43, 41] has beentedpdn this study, we
have adapted the geometric criteria [44] to classify H-bonds. In a strelngrid, the H-atom and
the acceptor are separated by a distance less than 2.2 A and the angleyrtraglddnor, H-atom
and the acceptor is within the range of 130 —°L8he corresponding distance range and angular

range are 2.0 — 3.0 A and 90 — Fa8@spectively, in a weak hydrogen bond.
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In aqueous solutions of hydroxyalkylimidazolium bromide ILs, many typeld-bbnded in-
teractions are observed. The cation may form H-bond with bromidevianthe ring hydrogen
atoms or the hydroxyl hydrogen atom, with the ring carbon atoms and hyldoaygen atoms
acting as donors respectively. The cation may also form H-bond with watterculesvia the ring
hydrogen atoms, the hydroxyl group or theslectron cloud of the imidazolium ring. The aver-
age number of dierent types of cation — anion and cation — water H-bonds observeéanesht
[HOC,C10lm][Br] solutions are tabulated in 5.2. We see that the average numbeadf-hanion

Table 5.2: Average number of H-bonds formed per cations

System head- head- n- hydroxyl- hydroxyl (H)- hydroxyl (O)-

anion water water anion water (O) water (H)
[HOC1oCiolm] 0.058 3.512 0.290 0.071 1.073 0.864
[HOC;Cioilm] 0.023 3.744 0.339 0.024 1.216 1.825
[HOC4Ciolm] 0.025 3.837 0.348 0.043 1.288 1.913
[HOC,Ciolm] 0.027 3.665 0.473 0.060 1.299 1.459

hydrogen bonds per cation is highest for [H{gCyolm] cation while it decreases by a factor-a?
for rest of the cations. This observation is consistent with the numberoaiide anions present
in the first solvation shell of the imidazolium ring hydrogen atoms which is al&teavfrom the
intensity of the first maxima of the anion — head group RDFs.

The average numbers of H-bonds formed between water oxygen atohmaidazolium ring
hydrogen atoms per cation show a gradual increase with decrease ydtogyalkyl chain length
from [HOCyoCyglm] to [HOC,4Cyplm] cation. The number of water molecules in the first solvation
shell of the cation correlates directly with the number of cation — water H4obsgerved (data are
not shown here). However, the slight decrease in the average nwoifriddyonds formed between
the water oxygen atoms and ring hydrogen atoms per [({{{3gm] cation may be attributed to the
formation of the intramolecular H-bonds between the ring hydrogen atomkyatidxyl oxygen
atoms (discussed in a later section) that hinders the water molecules frorg thkimequired
geometrical orientation to form H-bonds. All the cations shoetwydrogen bonding interactions

with hydrogen atoms of water molecules and we see that the average ndmbwgrdrogen bonds
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per head group increases gradually with decrease in the hydroxgalkiyl length.

The average number of H-bonds formed between the hydroxyl hgdragpom and bromide
anions per cation follows the same trend as the average number of heiath-Hawmonds per head
group. We have seen that this variation in the number of hydroxyl hyaregoromide H-bonds
correlates with the variation in the intensity of the first maxima in the RDFs of broamdms
around the hydroxyl hydrogen atoms irffdrent [HOG,C10lm][Br] solutions studied (Figure D.4,
Appendix D). We have noticed that0% of these hydrogen bonds are strong in nature. The av-
erage number of H-bonds formed between the hydroxyl hydrogen a&odwwater oxygen atoms
per cation increases gradually as the hydroxyalkyl chain length daxgeds the hydrophilicity
of the hydroxyalkyl chain increases with decrease in the chain lengthythexyl group tends to
be more exposed into water leading to the formation of greater number afxydrydrogen —
water H-bonds. We have found the62% of these hydrogen bonds are strong in nature. A gradual
increase in the average number of H-bonds formed between the hydiygen atoms and water
hydrogen atoms is observed, with decrease in hydroxyalkyl chain Iémgth [HOC;¢C10lm] to
[HOC,4Cy0lm]). The decrease in the average number of hydroxyl oxygen — hteonds per
[HOC,C;y0lm] cation compared to the higher two homologues in the present study is due to th
formation of intramolecular H-bonds between the hydroxyl oxygen atordgtanring hydrogen
atoms. About 60% of these H-bonds are strong in nature.

The average number of intermolecular H-bonds formed between the ritigdgn atoms and
hydroxyl oxygen atom in [HO&C10lm][Br] solution is 0.378 per cation. The H-bonds are formed
between the intercalated [HQEC 0lm] cations within the aggregate. The average number of
intramolecular H-bonds between the hydroxyl oxygen atom and ringolggdratoms is 0.524 per
[HOC,C10lm] cation. In a detailed analysis, we have found that these intramolecuanis are
formed only in the gauche conformation of the N-C-C-O dihedral (dismigster). In most of
these intramolecular H-bonds, the angle made by the donor (ring catberjydrogen (attached
to the ring carbon) and the acceptor (hydroxyl oxygen) is found to Itleeimange o~107-113

(Figure D.5, Appendix D). Formation of intramolecular hydrogen bondssis @bserved in pure
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hydroxyl functionalized alkylimidazolium based ILs using MD simulations [30je RDFs of the

hydroxyl oxygen atoms (&) around the ring hydrogen atoms{Hs shown in figure 5.5. From the
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— [HOC.C Im][Br] ]
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Figure 5.5: RDFs of hydroxyl oxygen atoms around the ring hydrogemsin aqueous solutions
of [HOCnCmIm][Br]

figure, it is evident that the hydroxyl oxygen atoms interact with the rirdydgen atoms to a great
extent in solutions with hydroxydecyl and hydroxyethyl substituenirchawhile in other two
solutions such an interaction is not present. In [HEGolm][Br] solution, H-bonds formed are
due to intermolecular interactions whereas in [HQgIm][Br], they arise due to intramolecular
interactions which is evident from the greatly diminished first peak in theespanding Q@ — Ha

intermolecular RDF (Figure D.6, Appendix D).

5.3.4 Intramolecular Structure

The distribution of angles between the principal vectors (Figure D.7, AgigeD) represent-
ing the two intracationic substituent chains (decyl and hydroxyalkyl) ifouarsolutions studied
are shown in figure 5.6(a). From the figure, it is evident that the twotisudst chains in the
[HOC1oC10lm] cations show very large probability to be oriented parallel to each oBwth the

hydroxydecyl and the decyl chains in the [H®C10lm] cations are sfliciently hydrophobic and
interact mainly through dispersion interactions, and hence are likely tadrged parallel to each

other giving rise to a very ordered structure (discussed later). Duesepce of hydroxyl group
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Figure 5.6: Distribution of (a) angles between the two substituent chaingl @esd hydroxyalkyl)
attached to the head group and (b) dihedrals formed by the nitrogen atbsuacessive three
non-hydrogen atoms (heavier) of the hydroxyalkyl chain tfedént [HOG,C1olm][Br] solutions.
in the asymmetrically substituted chain, the hydroxyalkyl chains become mdreghilic with
decrease in their length. So, the interaction of the hydroxyalkyl chainstietivater molecules
become more favorable as the alkyl chain length decreases. As a resultjotlalkyl chains in
[HOC;Cy0lm] cations show only a slight preference to be oriented parallel to ean wihile
they prefer to be oriented antiparallel to each other in [HOfgim] and [HOG C10lm] cations in
their respective aqueous solutions. In the absence of the hydrawypb @n the alkyl chain, it has
been observed [27] previously that alkyl chains of@zlm] cations show very high probability
to be oriented parallel to each other while the preference is very small toidrges either in
the same or opposite direction in{Cyolm] cations in their aqueous solutions. It has also been
observed that the probability of finding the two intracationic alkyl chainsntei antiparallel to
each other is slightly higher in [HO{L9lm] cations than in [HOGC;plm] cations. This is due to
the formation of intramolecular H-bond between the hydroxyl oxygen atahtrenring hydrogen

atom in [HOGC1glm] cation which causes the hydroxyethyl chain to be flipped back towtheds
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decyl chain. Clearly, the presence of the hydroxyl group influetteeselative orientation of the
two intracationic substituent chains in [HQC;olm][Br] solutions.

Figure 5.6(b) presents the distribution of the dihedral angles formed intpaitrogen atom
and the three successive heavier atoms (N-C-C-X, where X is oxygenia[HOG,C;olm] cation
and carbon atom in other three cations) of the hydroxyalkyl chains@fJ}+C,0lm] cations in their
aqueous solutions. We see that the corresponding dihedrals in¢@a40n] and [HOGColm]
cations show very large probability to adapt gauche conformati®B% and~95% respectively).
However, the probabilities of the N-C-C-X dihedrals in [HZEZ0lm] and [HOG,C1olm] cations
to adapt gauche conformation are relatively lower§% and~72% respectively). We have also
computed the probability distribution of the N-C-C-C dihedral of the decgirthin all the four
solutions studied (Figure D.8, Appendix D) and found that the preferef@dapting gauche
conformation decreases with decrease in the length of the hydroxydikyh ¢-98%, ~79%,
~70% and~67% for [HOGoCyolm], [HOC;C1olm], [HOC4Cyglm] and [HOGCyolm] cations
respectively). Based on these statistics, we can say that the N-C-Ce@ral#$ in both the de-
cyl chain and hydroxyalkyl chain show considerable probability to adapche conformation
in [HOC10C10lm], [HOC;C10lm] and [HOG,Cyolm] 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 cati@tapt gauche con-
formation arises due to preferred perpendicular orientation (FigureAp@endix D) of the sub-
stituent chains (both decyl and hydroxyalkyl) relative to the imidazolium Kbtor (vector con-
necting two nitrogen atoms of the ring). With decrease in the hydrophobicttyediydroxyalkyl
chain, the probability of both the substituent chains to be oriented perpegudio the NN vector
decreases leading to the decrease in gauche probability of the comaspd-C-C-C dihedrals.
In [HOC,Cqolm] cation, although the N-C-C-C dihedral of the decyl chain show legaache
probability, the N-C-C-O dihedral of the hydroxyethyl chain showsg\egh gauche probability.
This is due to the formation of the intramolecular H-bond between the hydmgden atoms

and the ring hydrogen atoms. We have also computed gauche defeabilitplof each C-C-C-C
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dihedral in the decyl chains of [HQC1olm] cations and found that this probability is remarkably

lower in [HOGC;oCyplm] cations. (Figure D.10, Appendix D).

5.3.5 Df#fusion of ions and molecules

The self-difusion codicient of ions (D) is computed from the slope of the mean-squared dis-
placement, using the Einstein relation

_ 1. E 7 (t) — F.(0)2
D= 6t|l_)|'12o dt<|r|(t) ri(0)%)

where (t) and £(0) denote the position of the i-th particle at time t and at the beginning of the mea-
surement. The self-fiusion codicients of cations correspond to that of the center of mass of the
cations. Figure 5.7 shows the selffdsion codicients of cations in dierent agueous solutions

studied. It is observed that the value of selffiasion codicient increases from [HOL9lm] to
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Figure 5.7: Self-dfusion codficients of cations in dierent [HOGC10lm][Br] solutions.

[HOC,4C10lm] cations. However, the increase from [HQG olm] to [HOC;Cyplm] is very small,
and further it decreases significantly in case of [H@G olm] cations which have the least value
among the four cations in the present study. This variation in sflision codicient with varia-
tion of the hydroxyalkyl chain can be attributed to the formation of aggreg#tdifferent sizes in
their aqueous solutions. The formation of aggregates increases thremrtopass of the cations,

as they are now constituent of an aggregate, and hence hinders fhesiodi. The difusion co-
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efficients suggests that the aggregation number is higher in the solution congbasgidns with
hydroxyethyl chain than that composed of cations with hydroxybutyihglaad 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 fiewoseconds,
cations come together to form small aggregates (dimers and trimers). The#leaggregates
coalesce to form bigger aggregates. The monomers in the solution ardsdsbed into the bigger
aggregates. At about 25 ns, in all the solutions except the one withxydioyl substituent chain,
the solution had reached metastable state with no further change in the sidmitiistrof the
aggregates. In these three systems the aggregates were quasiasphshape with hydrophobic
decyl tail buried in the aggregate and the hydrophilic region, i.e., the imidazdiaadgroup and
the hydroxyl group exposed to water. In the solution with hydroxydsaystituent chain, the
aggregation was still progressing after 25 ns and almost all the cations solitéon formed a
single aggregate with a very ordered orientation with intercalation of thd dadyhydroxydecyl
chains. Snapshots of the systems with hydroxyethyl and hydroxydbeyhs after 35 ns and
50 ns respectively are shown in figure 5.8. The solution structure inmsgstath hydroxybutyl
and hydroxyheptyl substituent chain were similar to that of the solution withidxyethyl side

chain

5.3.7 Aggregation Number

The fraction of [HOGCi0lm] cations involved in the formation of an aggregate of size N in
corresponding aqueous solutions is shown in figure 5.9. Cations in th@solere grouped into
different aggregates. Two [HQECZ19lm] cations were considered to belong to the same aggregate,
if the sixth carbon atoms from the imidazolium end on the hydroxydecyl! cluditisese cations
were present within a distance of 13.0 A. In the remaining three systems, tériéal carbon
atoms of the decyl chains of the two cations were present within a distarid®®A, then they

were considered to be the constituents of the same aggregate. In all trey$tems, the cufd
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(b)

Figure 5.8: Snapshot of (a) the aqueous [HOEIM][Br] solution after 35 ns (b) the aqueous
[HOC1oC10lM][Br] solution after 50 ns.
distances were chosen by careful inspection of the trajectory.

In [HOC10C1olm][Br] solution, a cation is most likely to be part of an aggregate of agmreg
tion number 98. The aggregation number fluctuated between 97 and 9§ theifast 5 ns of the
simulations while the number of monomers fluctuated between 1 and 3 duringniedisae. In
[HOC;Cy0lm][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 faregages of size 11 to
19. The highest aggregation number of 31 was observed with a lowlghbpaMany monomers

were also present in the [HQC10lm][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 & bizin (a)
[HOC1oC10lM][BI] (b) [HOC7Cy0lm][Br] (c) [HOC4C10lm][Br] and (d) [HOGCyolm][Br] so-
lutions.
bution. The probability of a [HOC10lm] cation to be found in an aggregate of size 14-15 is
maximum and the highest aggregation number observed is 31 although witis snvall prob-
ability. Aggregates of sizes 10, 16, 17 and 19 are also likely to be olzk@mnbe solution. In
the [HOGC10lm][Br] solution, most cations belong to the aggregates of size 14 which isdd g
agreement with the aggregation number of 17 determined by steady-stagscleiace quenching
in [HOC,C12Im][CI] solution [20]. We see the presence of an aggregate havingeggtion num-
ber of 40 with very low probability in [HO@C;0lm][Br] solution. Considerable number of cations
are also involved in the formation of aggregates of size ranging from 15ito[HOC,C1olm][Br]
solution. The trend observed in the selffdsion codicients of diferent types of cations in their
aqueous solutions (figure 5.7) is consistent with the most probable agigregumber of aggre-
gates formed in the solution

Since almost all the cations in the [H@(C10lm] are involved in the formation of a single
aggregate, the aggregation number reported is not statistically significaetprésence of the
hydroxyl group on the alkyl chain increases the most probable aggwegnumber significantly
in [HOC1oC10lm] solutions. The shape of the aggregate formed is also completédyatit com-

pared to the spherical aggregates observed in didecylimidazolium brootidi®ss [27]. In case
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of [HOC7Cqolm][Br] and [HOC4C10lm][Br] solutions, the most probable aggregation number is
lower compared to their non-hydroxylated analogues [27]. It has @en bbserved experimen-
tally that the aggregation number decreases with the introduction of hyldpmyp 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 [H{@zIlm][Br] solutions are shown in figure 5.10. In the
figure, H-atoms bonded to the carbon atoms, anions and water moleculest areown for the
ease of visualization. The polar head groups of the cations are showtiawythe carbon atoms
belonging to the alkyl chains are shown in magenta, the oxygen and lyrdedgms of the hy-

droxyl group are shown in red and green respectively. Figure &) H&#picts the structure of the

Figure 5.10: Structure of an aggregate in (a) [H@GoIm][Br] (b) [HOC7Ciolm][Br] (c)
[HOC4Cy0lm][Br] and (d) [HOG,C1olm][Br] solutions . The polar head groups are shown in
yellow, the carbon atoms of the alkyl chains are shown in magenta, the magge is shown in
green and the hydroxyl hydrogen atom is shown in red.
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aggregate formed in [HOGC;olm][Br] solution. We see that the aggregate has a two dimensional
film like structure with no definite geometry. The [H@{C;olm] cations are intercalated through
their hydrocarbon chains with the formation of intermolecular H-bonds letvilee imidazolium
ring hydrogen atoms and oxygen atoms of the hydroxyl groups. Tlsepece of two substituent
chains, decyl and hydroxydecyl, both of which are of similar length im@avisry ordered struc-
ture to the aggregates in the solution. The decyl group and the alkyl chéie dydroxydecyl
group are hydrophobic, whereas the imidazolium head group and thexyydyroup are hy-
drophilic. Therefore, in their aqueous solutions, the cations form ggtge where the interaction
between the hydrophilic groups and water is maximized while at the same time, taeiiae be-
tween water and the hydrophobic groups is minimized. In addition, ther@eseable dispersion
interactions between the alkyl groups. These three factors lead to thatfon of thin film like
structures which are one cation thick along the normal direction of the ahdetxtended along
the other two dimensions. Such a structure is also stabilized by the formatigamigen bonds
between hydroxyl oxygen atom and the ring hydrogen atoms. Both tifecearof the thin film
are hydrophilic, and the region in between these two surfaces is hyabipéind is shielded from
water by the hydrophilic surface. However, the decyl chains of the rcatioat are at the edge
of the aggregate are exposed to water. We carried out simulations on arsysitam of similar
concentration. The structure of the aggregate in the smaller system waktéole similar to that
observed in the larger system.

The ordered orientation of [HO@C10lM] cations in their aqueous solution also results in the
greater cation — anion association. The RDF of the anions around the oéttie imidazolium
ring (figure 5.3) shows a dramatic increase in the intensity of the first maxinonmpared to the
other solutions studied. This is due to the formation of hydrophilic planaaseidf head groups
leading to a region (surface) of high positive charge density (due todimpact arrangement of
cations), which in turn attracts the anions near to the surface. The nuindeioa — head group
hydrogen bonds is also found to be increased by a factor of 2.3 cothjman¢her 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 & shiag@ hydroxyalkyl
chains of the cations are more likely to be exposed to water whereas tHelaitys are buried in-
side the hydrophaobic core of the aggregates. The aggregates becoengainerical with decrease
in the length of the hydroxyalkyl chain. The mismatch in the length of the alkylsalroxyalkyl
chain in case of [HO@C,0lm] cations prohibit them from forming a more ordered structure. Even
though hydroxyheptyl has considerable hydrophobic region, theyatdorm a structure like hy-
droxydecyl cation. In some cations, the heptyl groups are exposeatéw,\though not completely,
and hence prevents the aggregates from attaining spherical shaphydrnoxyethylimidazolium
group may be considered as a single hydrophilic group and hence forengploerical aggregates
with hydrophobic core and hydrophilic surface. No water molecules aimha 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 inlidazring
and the principal vector representing the decyl chain of [RO@Im] cations in the corresponding

aqueous solutions are shown in figure 5.11. We observe that the ityltiihe ring normal to be

— [HOC,,C, Im][Br]
— [HOC.C, ,Im][Br]
—— [HOC,C, Im][Br]

— [HOC,C, Im][Br]

O-1 -0.5 0 0.5 1

cos 6

Figure 5.11: Distribution of intramolecular angles formed between the ringaaand the prin-
cipal vector representing the decyl chain in agueous [HQgm][Br] solutions.

oriented parallel to the decyl chain vector is very high in [H@C olm] cation and decreases
times in [HOGCqolm] cation. It decreases further as the length of the asymmetrically substituted

hydroxyalkyl chain decreases. In other words, the imidazolium ringgatafHO G, oC1lm] cation

179



is more likely to be oriented along the planar surface of the aggregate ahe &ngth of the
hydroxyalkyl chain decreases the ring planes are more likely to be diresdéally outward from
the quasi-spherical surface.

The hydration index provides the information about the extent of watestgaion into the
aggregate, along the alkyl chain of the cation. It is defined as the raticecwbrage number
of water molecules in the first solvation shell of the alkyl carbon atom in tlyeeggte, to that
which is completely exposed to water. Figure 5.12 shows the hydration iridles carbon atoms

on the hydroxydecyl and decyl chains of [H@QC1olm] cations in the aqueous solution. It can

0.8r ' T ' T ' T ' T ]
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Figure 5.12: Hydration index of various carbon atoms along the hydexyyénd decyl chains in
aqueous solution of [HOGC1lm][Br]

be noticed that the water penetration gradually decreases up to the sesdmh atom from
the imidazolium end on both the hydroxydecyl and decyl chains and theoréases slightly.
We see that the hydration index values are almost same for both decyydrakjdecyl chain

up to the third carbon atom from the imidazolium end. Significant departureeirvdalue of
hydration index of carbon atoms of decyl chain and hydroxydecyihdsabserved starting from
the fourth carbon atom, from the imidazolium ring. The hydration index of timaitel carbon
atom of the hydroxydecyl chain is47% higher compared to that of the terminal carbon atom of

the decyl chain. This is due to the presence of the hydroxyl group dnytirephilic surface of the
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aggregate which draws more number of water molecules near the carbortetmected to the
hydroxyl group. It has also been observed that the hydration intigsea@arbon atoms along the
decyl chain are lower in case of [HQ@§LC,0lm] 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 ef aqu
ous solutions of L¥(-hydroxyalkyl)-3-decylimidazolium bromide ILs, ([HQC1olm][Br]
with n=2, 4, 7 and 10). Starting from a uniform configuration of ions in the solutiom cations
come together spontaneously to form aggregatesttdrdnt sizes. The size and shape of the ag-
gregates depend on the length of the hydroxyl functionalized alkyl cHdie aggregate formed
in the aqueous solution of [HQEC10Im][Br] has thin film like structure with no regular geome-
try. The aggregates become more spherical in shape with decrease ythgyh functionalized
alkyl chain length. The site — site RDFs of the carbon atoms on the alkyl atrdyalkyl chain
confirm the diference in the structure of aggregates in [Hg@G olm][Br] solution compared to
others. The spatial correlation observed over a long length scale in {6&§m][Br] solution
points to the ordered arrangement of cations over extended range iwlmiohseen in other so-
lutions. Such an aggregate is stabilized by the dispersion interactions betfnee@tercalated
alkyl chains and the intermolecular H-bonds formed between the hydoxygen atoms and the
ring hydrogen atoms. Formation of an ordered aggregate is also obdevwe an independent
simulation of aqueous [HOC1olm][Br] solution with a similar concentration and fewer cations.
The SDFs reveal that the anions, water oxygen atoms and the hydmaxydgprefer to in-
teract with the imidazolium ring hydrogen atoms of [HE@C,0lm] cations through H-bonding
interactions. The ring planes are more likely to be oriented along the hyiticogirface of the
aggregate in [HOgC10lm][Br] solution. The probability of the imidazolium ring planes to be ori-
ented tangential to the the hydrophilic micellar surface (of quasi-spheggakgates) increases
with increase in the length of the substituted hydroxyalkyl chain. The erfemater penetration
along the hydrocarbon chains of [H@{C,0lm] cations is greater for the hydroxyl-functionalized

decyl chain compared to the non-hydroxylated decyl chain beyond ittedéirbon atom from
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the imidazolium ring. The probability of two intracationic alkyl chains to be oriemarallel to
each other increases with increase in the length of the hydroxyl-funtedaalkyl chain. The
N-C-C-O dihedral in [HOGCyglm] cation prefers to adapt gauche conformation which facilitates
the formation of intramolecular H-bond between the ring hydrogen atomsyairaxyl oxygen

atom.
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Figure D.1: RDFs of the bromide anions around the
[HOC10C10lm][Br] solution.
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Figure D.2: RDFs of the water oxygen atoms around the imidazolium ring hgdragpms in
[HOC10C10lm][Br] solution.
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Figure D.3: RDFs of the hydroxyl oxygen atoms around the imidazolium iyugdgen atoms in

[HOC10C10lm][Br] solution.
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Figure D.4: RDFs of the bromide anions around the hydroxyl

[HOC,,C10lm][Br] solutions.
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Figure D.5: Distribution of angles made by the donor (ring carbon), lgetidattached to the ring
carbon) and the acceptor (hydroxyl oxygen) atoms of [HOfglm] cations in aqueous solution.
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Figure D.6: Intermolecular RDFs of hydroxyl oxygen atoms around ttgemrdrogen atoms in
aqueous solutions of [HOQLC1oIM][BTr].
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Figure D.7: Pictorial representation of the normal vector to the imidazoliumanmpthe vectors
representing the decyl chain and the hydroxyalkyl chain. Blue, cyanhrad beads represent
nitrogen, carbon and oxygen atoms respectively. Hydrogen atomstsaown.
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Figure D.8: Distribution of the dihedrals formed by the nitrogen atom of the iroldan ring

and successive three non-hydrogen atoms (heavier) of the desykabf the cations in tlierent
[HOC,C10lm][Br] solutions.
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Figure D.9: Distribution of angles formed between (a) the NN vectors angrtheipal axis rep-
resenting the decyl chains (b) the NN vectors and the principal axissepting the hydroxyalkyl
chains of the cations in their corresponding aqueous solutions.
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Figure D.10: Gauche defect probability of each C-C-C-C dihedral in dbeyl chain of
[HOC,,C10lm] cations in their corresponding agueous 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 fivefelient imidazolium based gemini dicationic
ionic liquids 1,n-bis(3-methylimidazolium-1-yl) alkane bromide (n being the lenftheospacer
alkyl chain), with propyl, pentyl, octyl, decyl and hexadecyl spadeirc has been studied using
atomistic molecular dynamics simulations. While solutions with propyl and pentgkespae ho-
mogeneous, those with octyl and decyl spacers show spatial hetertygdticroscopic inhomo-
geneity in the bulk solution phase increases with increase in the length ofdbershain leading
to polydisperse aggregates in solution with hexadecyl spacer. Organizd the cations at the
solution—vapor interface also depends upon the length of the spadervaitta 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 thea-ver

tile use in industrial, medical and scientific applications. Gemini surfactants
contain two polar head groups linked by a rigid or flexible spacer [1, BgyThave lower critical
micelle concentrations (CMCs) compared to their single head group coarttf8p4, 5, 6] . So,
one can use small amount of gemini surfactants instead of the large arequired for conven-
tional surfactants to achieve the same results. This makes them environimaedlyfand cost
effective. Due to their low CMCs, slow millisecond monomer-micelle kinetics [7] andlema
aggregation number, they are extensively used in the field of biocheragednch [8, 9, 10], gene
delivery [11, 12, 13], drug delivery [14, 15] and antimicrobial ait§iy16, 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 erlgnsiud-
ied by the researchers in the past two decades due to their specific qunesitical proper-
ties [21, 22, 23, 24, 25]. This has led the surfactant chemists to desigraaterize and explore
surface activity of gemini surfactants containing imidazolium cations asdreagbs. Imidazolium
based dicationic ionic liquids ( DILs ) are thermally more stable than their monot@tiounter
part [26] and showféinity for self-aggregation in agueous or polar media [4, 27]. They alge ha
potential applications in nano technology [28], as carriers for thetap@NA [29], gene-delivery
agents [30] and modulator for the growth of nanorods or 2D Langmuir fit [

Even though considerable number of experimental investigations hawecheged out on
imidazolium based DILs [4, 32, 33, 34, 35], only few theoretical studi@geehbeen reported
[36, 37, 38, 39, 40, 41, 42]. Computational studies on the structurerofrg imidazolium based
ILs in the gas phase [36], and in the liquid phase [36, 37, 38] have fegemted. Molecular dy-
namics (MD) studies have probed th&eets of spacer length and anions on the liquid structure and
dynamical properties of imidazolium based DILs [39, 40]. The length aaripy of the spacer
length plays an important role in determining the liquid structure of imidazoliumdoB#les in
aqueous solution [4, 32, 33]. Only few computational studies are avaitebtbe aggregation

properties of imidazolium based DILs in aqueous solutions [41, 42]. We barried out atom-
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istic MD simulations on aqueous jMIm).][2Br] solutions to gain insights into the structure of
the solution at atomic level. Simulations have been performed on a seriesexflegDIL solu-
tions varying the spacer chain length from propyl to hexadecyl, mimickitigdnd liquid—vapor

interface of the solution.

6.2. Methodology and We have carried out all-atom classical MD simulations on a series of
Simulation Details aqueous 1,n-bis(3-methylimidazolium-1-yl) alkane bromide (@m).][2Br]
( where = 3, 5, 8, 10, 16 )) solutions, using the LAMMPS pack-

age [43]. The simulated systemdfdied from each other in the length of the hydrocarbon spacer
in the cation. The all-atom force field parameters for DILs are adapted tihe work of Padua
and coworkers [44]. A minor modification of atomic partial charge for thg§Im),] cation was
made, that is mentioned elsewhere [41]. The simple point charge mode) [BB®een used to
model [45] water molecules.

[Cs(MIm)2][2Br] and [Cyo(MIm)2][2Br] solutions have been simulated at twdtdrent con-
centrations. Details of the systems studied have been presented in the talilbéiditial con-

Table 6.1: Details of the simulated bulk systems; n represents the numbebohaoms in the
spacer chain.

n no. of  no.of no. of run box concentration
ion pairs waters atoms length(ns) length(A) (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 brasmides) along three
dimensions and placing it in a water box with randomly oriented water molecutgatimen-
tal density. Water molecules that were within 3.0 A of any atoms of the cationionamwere

removed.
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All simulations were performed at 300 K. The equations of motion were intejtei@g the
verlet algorithm with a time step of 0.5 fs. The initial configurations were eqaiiat under
isothermal-isobaric (constant NPT) condition at 1 atmosphere pressing the Ndse-Hoover
barostat with a pressure damping parameter of 500 fs for 2 ns to getuhibeeged density. The
canonical ensemble simulations (constant NVT) were performed startingtfre last configura-
tion of NPT simulation with a volume that was obtained (averaged over lastftoms)constant
NPT simulations. Three dimensional periodic boundary conditions wetk use

The box length and the run length in table 6.1 correspond to the bulk phasiatsims. The
solution—vapor interface simulations have been carried out by placingjthiéeated bulk system
at the center of the box that was extended along the z-direction to 130.0[@gMIm),][2Br]
solution and 100.0 A for others. 25 ns trajectory was generated for afattiese simulations.
All other conditions were same as mentioned for bulk simulations. The atomic pasitiere
stored at an interval of 5 ps. For the calculation of surface tensionsymeegensor was stored at
each step during the last 1 ns of solution—vapor interface simulations. @ililegqum properties
presented here have been averaged over the last 5 ns of trajedesy nentioned otherwise. The

schematic of the general structure of the cations studied is shown in figure 6
/ \ H / \
N @ N2} N N
—~ C ~~CH;
H

Figure 6.1: Schematic representation of thg(MIm),] cation.

6.3. Results and Discussion

6.3.1 Radial Distribution Functions (RDFs)

RDFs provide the information about the short-range ordering in liquidsur&i§.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 fogd®11m)2][2Br] and [Cg(MIm),][2Br] presented

in this section corresponds to the lower concentration systems, i.e., 0.8 M&h§1Gsolutions
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Figure 6.2: RDFs of (a) anions and (b) water molecules around the geowceziter of the imida-
zolium rings in diferent aqueous solutions.
respectively. All the five curves show a sharp peak near 5 A. Thigesig that the anions are
well organised around the imidazolium rings in all the aqueous systems.uvdowige peak height
decreases with the increase in the spacer chain length, suggestingréeesden the organisation
of anions around the imidazolium rings with increase in spacer length. Ibées reported that
the cation-anion interaction strength decreases with increase in the sufistitaén length in
imidazolium based monocationic ILs [49] Even though there is no estimationtioineanion
interaction strength in imidazolium based gemini ILs, it is expected that the atimmastrength
decreases with increase in the length of the spacer chain. Based ondaishi¢ inferred that the
organisation of anions around the ring center decreases with incretisespacer chain length.
We have also observed an increase in the peak height at higher tatiosms for the decyl and
octyl spacer systems (Figure E.1, Appendix E).

The RDFs of oxygen atoms of water molecules around the imidazolium ring§enatit aque-
ous solutions studied are shown in figure 6.2(b). The first maxima arevalolsat 4.5 A in all the

RDFs. The organisation of water molecules around the imidazolium ringeakes with increase
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in the spacer chain length. This observation can be attributed to the edhardrephobicity of
the cation with increase in the spacer chain length, which hinders the lid@anteraction of water
molecules with the imidazolium rings. The amplitude of the first maxima is found toaeerim
systems with octyl and decyl spacer at higher concentration. (Figuré\ga&ndix E).

Figure 6.3(a) illustrates the RDFs of the carbon atoms of the hexadeodrsgp@und them-
selves in the aqueous solution. The subscript represents the positianazriion atom from the

imidazolium ring. An intense peak was observed at 5.2 A in the RDF of eightiooatoms (two
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Figure 6.3: RDFs of (a) dlierent carbon atoms of the hexadecyl spacer around themselves in aque

ous solution of [Gg(MIm)2][2Br] (b) central carbon atom of the spacer chain around themselves
in the agueous solutions of [GVMIm)2][2Br] systems.

central carbon atoms of spacers) around themselves. The amplitudefio$ttheaxima for RDFs
of carbon atoms around themselves decreases as we move towardsfefiteémidazolium rings.
For the second spacer carbon atoms from the imidazolium rings, a brakevps observed, while
the spacer carbon atoms linked to the imidazolium nitrogen atoms do not shgueakyn that
region. This observation demonstrates the fact that thg(@m),] cations are organised mostly

about their eighth carbon of the hexadecyl spacer in aqueous soltitiimkind of organization
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maximizes the van der Waals attractive interaction between the spacer chdi@simultane-
ously reducing the repulsive hydrophobic interactions between thed@ikyh and water. Similar
trends are observed in the RDFs of spacer carbon atoms around thesrisedolutions of DILs
with decyl, octyl and pentyl spacer. Nevertheless, the amplitudes aliicagtly higher only in
case of decyl spacer. For the aqueous solution with DIL containing/pspacer, 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 sgacbon atoms around
themselves for the cations in their aqueous solutions. The central spalsens have been chosen
as the eighth, fifth, fourth, third and second carbon atoms from eitheredfrifdazolium ends
for the hexadecyl, decyl, octyl, pentyl and propyl spacers resjdgti It is observed that the
amplitude of the first maxima is highest for the hexadecyl spacer andadesrevith reduction in
the length of the spacer chain. The octyl spacer shows a broad firshonmaxat that region while
the pentyl and propyl spacers do not show any peaks. Thesevatiees suggest that the spatial
correlation of spacers decreases with decrease in the van der Wasdstinte between them in
short spacers. and the solutions become microscopically homogenediis fmlutions of DILs
with pentyl and propyl spacers. The amplitude of the peaks was oloserirecrease 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 ane restructural chem-
istry and biology. Hydrogen bonding interactions in aqueous solution oboaiionic ILs have
been reported [50, 51]. In this study the geometric criteria [52] have bdapted to classify H-
bonds. In a strong H-bond, the H-atom and the acceptor are sepayaieatistance less than 2.2 A
and the angle made by the donor, H-atom and the acceptor should fall wighrarthe of 130-
18C°. The corresponding distance range and angular range are 2.0-8d)90# 80 respectively,
in a weak hydrogen bond.

We have identified the cation-anion H-bonds assuming the imidazolium ringrcatbms as

the donors. H-bonds formed between ring hydrogen atoms and watgemxtoms along with
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n-hydrogen bonding interaction between thelectron cloud of the imidazolium ring and water
hydrogen atoms [53, 54] are identified as cation-water H-bonds. geeramber of head - anion
and head - water H-bonds observed iffetient aqueous dicationic IL solutions are tabulated in
table 6.2. From the table 6.2, we see that the average number of head Hab@rds per head

Table 6.2: Average number of H-bonds formed per head group

System head-anion ring hydrogen-water-water

[C16(MImM)>] 0.057 4.069 0.045
[C10(MIm)2](0.80 M) 0.102 4.083 0.046
[C10(MImM)5](1.27 M) 0.219 3.888 0.042
[Cg(MIm)5] (0.82 M) 0.101 4.115 0.046
[Cs(MIm)5] (1.32 M) 0.220 3.926 0.042
[C5(MIm)2] 0.320 3.852 0.064
[C3(MIm)3] 0.349 3.973 0.041

group increases with decrease in the spacer chain length. This dimeigaconsistent with the
number of bromide anions present in the first coordination shell of the imiidaz ring (ring
hydrogen atoms). Cations with higher number of anions in their first caatidim shell exhibit
more number of hydrogen bonds between the head group and bromidg#&asre not shown
here). We have also observed an increase in average number ofaaitonH-bonds per head
group for [Go(MIm),] and [Cs(MIm)] cations in their aqueous solutions at higher concentration.

The average number of H-bonds formed between water oxygen atoms@aaolium ring
hydrogen atoms per head group show gradual increase with deanesgsscer length from hex-
adecyl to octyl spacer at comparable concentrations. There is aadedrethis number for the
[C10(MIm),] and [Gg(MIm),] solutions at higher concentrations. However for theg([Mim);]
and [G(MIm);] cations in their solutions, the average number of H-bonds formed pdrdreap
with water molecules decrease slightly. All these observations are consistenhe number of
water molecules present in the first solvation shell of the imidazolium ring gihrydrogen atoms
of the corresponding cation, i.e., more the hydration number, more the nwiigirogen bonds
between the head group and water oxygen atoms ( data are not sh@yn her

All the cations showr-hydrogen bonding interactions with water hydrogen atoms but no spe-
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cific trend is observed. Bromide anions are also found to form H-boittswater molecules in all
the systems studied. Average number of bromide-water H-bonds vatieddie6-7 in diferent

systems. Roughly 35% of these are strong H-bonds.

6.3.3 Spatial Distribution

Spatial distribution functions (SDFs) provide insight into the three dimenkamangement of
atoms or groups around other atoms or groups. Figure 6.4 shows thé distiautions of anions
(in yellow) and water (in red) around imidazolium rings of cations ing{®1Im),] solution. The
isosurface of both anions and water correspond to 2 times their avezagiyd It is evident from
the figure that anions tend to concentrate near the ring hydrogen atonts threnation of H-
bonds. The anion density is maximum near the most acidic ring hydrogen dtah & attached
to the unique carbon bonded to two nitrogen atoms. The water molecules aldo ygregate
near the ring hydrogen atoms. However, we see accumulation of waterules@bove and below

the imidazolium ring plane.

Figure 6.4: (a) Spatial density of anions and water molecules around thezotiida rings in
[C16(MIm),][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 éfvthamidazolium
rings that are connected by the alkyl spacer. We have found thatabalglity for the two intra-
cationic imidazolium planes to be oriented either parallel or antiparallel to eaeh iottreases

with decrease in the spacer chain length from hexadecyl to pentylrspampieous DIL solutions.
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Figure 6.5: Distribution of angles between (a) the normal vectors of the twailim rings
separated by the alkyl spacer and (b) the two vectors joining the ceatkadrcatom of the spacer
with the imidazolium nitrogen atoms connected to the spacer, in aqueous sobftidhss.

For the [G(MIm)] cation, this probability is maximum while it decreases for the propyl spacer
and the rings remain in a twisted orientation from each other’18%°). The parallel orientation

of the two imidazolium planes is a direct consequence efr stacking interaction between the
rings. For a very long hydrocarbon spacer like hexadecyl, this irtterais very weak and hence
the orientation of the two rings with respect to each other is almost random. ¥dtkake in the
spacer length, the—n stacking interaction increases, leading to a greater probability of obgervin
the parallel or antiparallel orientation of the rings within a cation. The variatidhe extent of
spacer folding due ta — = 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 withribgeen atoms of the
two imidazolium rings linked with the alkyl spacer. We see that the spacersrremimlded for
spacer length greater than five. For the([@Im),] cation, the most probable angle between the
two vectors is 162while for the [G(MIm),] cation, although the propyl chain prefers to remain

unfolded, we observe a sharp peak near123s also observed that there is a high probability of
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the two imidazolium rings orienting either parallel or antiparallel to each otheraeitisiderable
spacer folding for [@¢(MIm),] cation in gas phase ( Figure E.8, Appendix E). This suggests that

hydration of the imidazolium rings in aqueous solution decrease stacking interaction.

6.3.5 Formation of Aggregates

MD simulations were started from a uniform distribution of cations in aqueolusien. Both of
the bromide anions were placed near the head groups. B [@),][2Br] and [C5(MIm),][2Br]
solutions remained almost isotropic throughout the course of the simulatiedCgtMIm)2][2Br]
and [Go(MIm),][2Br] solutions, both in concentrated and dilute systems, showed migr@sice
homogeneity on a small length scale with the presence of few dimers and trimgEgg(MIm)»][2Br]
solution, the cations came together very rapidly to form oligomers within first& the simula-
tion. The oligomeric aggregates fused to form bigger aggregates (FEg@réppendix E). It was
observed that the cations were dynamic with few of them adsorbing into tregaje from the
free monomeric state and few cations from the aggregate entering into thiestdubecome free
monomers. The hydrophobic hexadecyl spacers club together to ferhytinophobic core of the
aggregates whereas the polar head groups form the surface ofgiegaigs. In aqueous solu-
tions of monocationic ILs, cations with octyl or longer chains form well defiaggregates [50]
whereas in dicationic IL solutions aggregates are not formed even withethéd spacer chain.
So, in addition to the length of the alkyl chain, its location in the cation is also imgadrtahe

formation of aggregates.

6.3.6 Aggregation Number

The fraction of [Gg(MIm),] cations involved in forming an aggregate of size N in agqueous solu-
tion is shown in figure 6.6. Two cations are considered to be belonging t@the aggregate if

the central carbon atoms of two hydrocarbon spacers are within a spediétance cutd For
[C16(MIm),] cations, the cutfi distance has been chosen as 12.0 A by careful inspection of the
trajectory. For the [gs(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 considgredbability. The highest
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Figure 6.6: Fraction of cations involved in forming aggregates of size N agareous solution of
[C16(MIm)2][2Br].

aggregation number was found to be 19 with very small probability feg(]/@Im),] cations. The
fraction of cations that remained as monomers is quite low in aqueous solutiomeiddecy!
spacer. The aggregation numbers observed in aqueous DIL solutiomex#iuecyl spacer are
lower compared to those in aqueous solution of the monocationic HgMitn][Br]. The aggre-
gation number in agueous solution of;fMim][Br] is reported to be 66 [55]. The presence of
the alkyl chain between two hydrophilic groups hinders the formation ofeggdes in DIL so-
lutions with smaller spacer chains and reduces the size of the aggregatdstions of cations
with longer spacer chains, compared to their monocationic counterpareasénof [G(MIm),]
(n=3,5), most of the cations remain as monomers while only a small fraction of catrens-
volved in the formation of dimers (not shown here).g(Im),] and [Co(MIm)2] cations also
exist primarily as monomers although they show appearance of dimers andstimtleeir aque-
ous solutions. However, the probability of observing dimers is higherdod and decyl spacer
and increases with increase in concentration. At higher concentrati@igfMIim),], formation

of tetrameric aggregates is observed.
6.3.7 Structure of [C;¢(MIm) ;] aggregates

The structure of an aggregate in aqueoug(f1m),][2Br] solution is shown in figure 6.7. Only
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Figure 6.7: Structure of an aggregate in aqueous solution@{NOm),][2Br]. Atoms belonging
to head groups are shown in yellow, and those belonging to the spaderachaepresented as
magenta beads. Anions, water molecules and hydrogen atoms belongitigiis eae not shown
for the ease of visualization.

the heavy atoms of the aggregate are shown for the ease of visualizattosea/that the aggre-
gates are quasispherical in shape. The polar head groups arsergprein yellow, whereas the
carbon atoms are shown in magenta. Both the imidazolium rings of the catiorpareed to wa-
ter, thus maximizing the favorable interaction with water. The hexadecyespac cations form
the hydrophobic core of the aggregate thus minimizing the unfavorablegtiteraf the hydro-
carbon spacers with the water molecules. The spacers are extendimgrimend of aggregate
to the other, resulting in the center of the spacer to be buried in the hydigptare. Both the
head groups of the cation are part of the positively charged micellaacgurfNo anions or water
molecules are found in the hydrophobic core of the aggregate. We lsvelemracterized the
aggregates by calculating the most probable radius of the aggregateesamdghprobable radius
of the hydrophobic core from the center of mass of the aggregate.atigsrof the aggregate is
defined as the distance between the center of mass of the aggregate gadriatric center of
the imidazolium ring. We have found that the water molecules rarely penegwbath the second
carbon atom of the hexadecyl spacer from the imidazolium ring. Henedawe defined the ra-

dius of the hydrophobic core as the distance between the center of mthgsagfgregate and the
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second carbon atom of the hexadecyl spacer mentioned above.dlabjity distribution of both

the radii are shown in figure 6.8. The most probable radii of the agtgegad the hydrophobic
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N :
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Figure 6.8: Probability distribution of radii of (a) aggregates and (b)dywiobic core for the
aggregates in aqueous solution of§®11m),][2Br].

core are calculated to be 11.4 Aand 9.2 Arespectively.

Hydration index provides the information about the extent of water pdi@triato the aggre-
gates. Itis defined as the ratio of the average number of water moleculest sofivation shell of
the spacer carbon atom in the aggregate, to that which is completely exposatkr. Figure 6.9
shows the hydration index of carbon atoms on the hexadecyl chain ivas|{@s(MIm),][2Br]
solution. We notice that water penetration gradually decreases as we mard tbe central car-
bon atom of the spacer, i. e., toward the hydrophobic core from the inidazend. It decreases
up to 60% from the first carbon atom of the hexadecyl spacer to theateanbon atom. The
hydration index of the central spacer carbon atom does not reachethlevelue 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 hexadeaglespn aqueous solution
of [C16(MIm)][2Br].

6.3.8 Difusion of lons and Molecules

The self-difusion codficients of cations and anions in solution are computed from the slope of
mean-squared displacements using the Einstein relation. Although the medehukis study is
known to underestimate [56, 57] thdfidision of ions, we can use the computed seffedion (D)
codficients of various moieties for qualitative comparison dfedent solutions of cations with
varying spacer length. Figure 6.10 shows the sdtiadion codficients of cations and anions in

different agueous solutions of cations witlffelient spacer length. The selffidision codficients

| %—* Cation
300} !
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o
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Figure 6.10: Self-dtusion codicients of cations and anions in JBAIm)2][2Br] (n=3, 5, 8, 10
and 16 ) solution.
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of cations correspond to the selffilision codficients of the center of mass of the cations. We have
taken the 0.8 M and 0.82 M aqueous solutions qb[®1Im),][2Br] and [Cg(MIm),][2Br] systems
for this comparison. The self-fllusion codicients of cations and anions for{®11m)>,][2Br] in
pure liquid state have already been reported [40]. We have found akalnba increase in the
diffusion of cations and anions upon addition of water. This increasdtimsitin is due to the
screening of the electrostatic charge between the head groups by wéeulas. The dfusion of
cations in their aqueous solutions increases with increase in the spaoen camber from three
to eight. This increase is consistent with the increase in the flexibility of theespéth greater
carbon number. Upon further increase in the spacer chain length,isheeecrease in filision
of cations. This decrease can be attributed to the formation of dimers and maggieegates
in [C10(MIm)2] and [Cig(MIm),] cations respectively, which increases tlieetive mass of the
cations due to being part of an aggregate. The séifislon codficient of anion is always higher
by an order of magnitude compared to cation. We have found thatftiisidn of anions increases
in the aqueous solution containing cations of longer spacer. The varidtibfiusion 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 ofidgirent moieties along the interface normal (z-axis) obtained
from MD simulations provide insights into the surface accumulation and oglefimolecules

at the liquid—vapor interface [51, 58, 59]. Figure 6.11(a) shows theityeprofiles of first, third,

fifth and eighth carbon atoms of the hexadecyl spacer starting from eithiez imidazolium ends

for the [Cig(MIm),] cations in aqueous solution. The minima in the density profiles along the
interface normal appear at 24 A, 24 A, 25 A, and 25 A for the first, thifith and eighth carbon
atoms of the hexadecyl spacer, respectively, while the correspomdirigna appear at 31 A, 32 A,

33 A, and 34 A from the center of the simulation box. The minimum value in the atonbar
density profile for eighth carbon atom of the hexadecyl spacer is thest@meong these four. The
maximum of this density profile is located closest to the interface as evidermmadtie figure.

The peak height in the atom number density profiles at the liquid—vapordoeedecreases for the
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Figure 6.11: Atom number density profiles offdrent carbon atoms of the (a) hexadecyl spacer
of [C16(MIm),] cations and (b) propyl spacers of{{11m),] cations, along the interface normal
(z-axis) in their respective solution—vapor interfaces.

carbon atoms towards the imidazolium ring. This observation suggests feegniteéal adsorption
of the spacer carbon atoms at the liquid—vapor interface with the centna$ atithe spacer at the
interface. It can also be said from these observations, that both tiseoéitte hexadecyl spacer
are immersed in the aqueous phase while the central spacer carbon atoatesl mwards the
vapor phase. The most probable location of the center and the endsapfaber chain dlier by

3 A along the interface normal. The atom number density profiles for thedgfmurth, sixth and
seventh carbon atoms of the hexadecyl spacer are present withimtieeabdensity profiles of
the first and eighth carbon atoms and follow the same trends as discugpe® @10, Appendix
E). The atom number density profiles offérent carbon atoms in the spacer ind@1im),][2Br]
and [G(MIm),][2Br] solutions are qualitatively similar( Figure E.11 and Figure E.12, Augide
E). The carbon atoms on the pentyl spacer exhibit similar density profilag aiterface normal
(Figure E.13, Appendix E).

We have found that the separation between the two peaks, correspaadire carbon atom
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linked to the imidazolium nitrogen and the central spacer carbon atom, desraa the spacer
chain lengths decrease from hexadecyl to pentyl. This suggests thadetitbase in the spacer
chain length, the tendency of the central spacer carbon atom to protiedthe vapor phase
decreases. From figure 6.11(b), we can observe that all threencatbms of the propyl spacer
have similar density profiles in the aqueous solution gf(MIm)»,][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 spadssn atom along
the interface normal (z-axis) for the {&EMIm)5], [C10(MIm)5], [Cg(MIm)2], [C5(MIm),] and
[C3(MIm),] cations in their aqueous solutions. The central spacer carbon atombéen chosen

to be eighth, fifth, fourth, third and second carbon atom from either ointlidazolium ends for

the hexadecyl, decyl, 'e density profiles
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Figure 6.12: Atom number density profiles of (a) central carbon atonexddiecyl, decyl, octyl,
pentyl and propyl spacers in their corresponding aqueous soluti@héy head groups, central
spacer carbon of [{g(MIm),] cations, anions and water along the interface normal (z-axis) in
aqueous solution.

show peaks at the interface. The number density of the central caidyonesthe first minimum
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is almost zero for the hexadecyl spacer, and the density at the first minareages with the
decrease in the spacer chain length. We observe a well defined peadeinichexadecyl spacer
indicating the presence of an interfacial layer where preferentialrgitigio of the central spacer
carbon atom occurs. The formation of interfacial layer in case of feyddpacer is evident
from the snapshot (Figure E.14, Appendix E). The cations in the bulkmegyf this interfacial
system form aggregates. The peak heights decrease with decreasespater chain length up
to the octyl chain. This reflects the lack of preferential adsorption of yluedtarbon spacer at
the liquid—vapor interface due to the decrease in the hydrophobic interdutioveen the spacer
chain and water molecules. In case of decyl spacer, the cations at ttiadatare oriented such
that their spacer chains are exposed to vapor phase. However, ttiadiatdayer is not clearly
defined in this case (Figure E.15, Appendix E). We see that there is ndeVieled interfacial layer
for the pentyl spacer compared to the propyl spacer. This sugges$tsential adsorption of the
propyl spacer compared to the pentyl spacer at the liquid—vapor iogerTdis is due toféicient
packing of the propyl group than the pentyl at the liquid—vapor interféibés observation is also
supported by the greater surface concentration of the central catbonof the propyl spacer (
0.0117 A?) than that of the pentyl spacer ( 0.0089%A.

Figure 6.12(b) shows the atom number density profiles fiédint moieties in the aqueous
solution containing the [€g(MIm),] cations along the surface normal. The head group represents
the geometric center of the imidazolium ring, and the spacer representsitred carbon atom of
the hexadecyl chain as defined earlier. The number density of waterutesas scaled to make
it comparable with the bulk number density of the cations. From the figure, Vvidemt that the
hexadecyl spacer is protruding into the vapor phase while the imidazolilgs are present in
the aqueous phase. The peak in the number density profile of the anidasdsto the peak in
the density profile of the head groups suggesting a strong associatian arfitims with the head
groups through coulombic interactions. The water number density profilessiess enhancement
at the liquid—vapor interface than the cations and anions.

The interfacial region in each of the system is defined as the region alaxrig 2nclosing the
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first peak (towards the interface) of the central spacer carbon atositd profile. For the follow-
ing discussions, a cation, anion or a water molecule is said to be at intertaeezifcoordinate 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 wélierce a dferent
molecular environment due to the presence of lesser number of water hesletuhe interface
than those in the bulk. So one can expect some sort of orientationairaydéthe cations present
in the interfacial layer, due to the van der Waals attraction between thedaytian spacers.
Figure 6.13(a) shows the probability distribution of the angle between tweespédefined
as the angle between the vectors connecting the two nitrogen atoms sepgrttedspacer) for

cations present in the liquid—vapor interfacial layer. Ind1m),] cations present at the inter-
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Figure 6.13: Distribution of angle between (a) the spacer vectors (ctngehe two nitrogen
atoms of the imidazolium rings separated by the spacer) of cations preskatiimerface (b) the
spacer vector and the interface normal (z-axis).

face, the spacers are more likely to be oriented either parallel or antipaoaglach other. This

probability decreases with the decrease in the spacer chain length amdéaknost random for
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the pentyl and propyl spacers. This suggests that the organisedldgsd the spacers of the
cations present at the interface reduces and disappears as the dmondength is decreased.
This is due to the decrease in the van der Waals interaction among the hpdmospacers with
reduction in their chain length. Figure 6.13(b) shows the angle distributibmelea the spacer
vector and the interface normal (z-axis) for the cations present at thiel-Heppor interface in
their aqueous solutions. The hexadecyl spacers show a high probabbigyoriented perpendic-
ular to the interface normal, i.e., remain parallel to the surface. The pne&efer the spacers to
be oriented perpendicular to the interface normal decreases with theadedn the spacer length
and the orientation becomes almost random for the pentyl and propydrspakhis observation
confirms the decrease in the ordering of the cations at the liquid—vapdatgexith decrease in
the spacer length.

The distribution of angles between the NN vector (vector connecting the itrvagen atoms
of the imidazolium ring) and the interface normal for the cations preseng @tirface in various
systems is shown in figure 6.14(a). We see that the NN vectors;gft\kin),] cations are more
likely to be oriented along the interface normal in their aqueous solution. Tieistation can be
attributed to the upward pull exerted by the hexadecyl spacer on the iniidazaings toward the
vapor phase. With decrease in the spacer length, there will be a redircttia upward pull by
the spacer and the probability of the NN vectors to be oriented along theaiceenbrmal will
decrease as evidenced from the figure.

Figure 6.14(b) represents the angle distribution between the vectorsatomgnthe central
spacer atom to the nitrogen atoms on either imidazolium rings at the interfateh#racterizes
the folding of the spacer chain. The distribution characterizing the foldirttifisrent for the
cations present at the interface compared to those present at the lmakeiof cations with octyl
or longer spacers. In case of propyl and pentyl spacers, the sattatme interface and in the
bulk region exhibit similar folding. The deviation is significant in case of kexsl spacer and
negligible in case of pentyl and propyl spacers (Figure E.16 and Figurg Appendix E). The

angle distribution for the hexadecyl spacer folding shows a broadwigaknost probable angle of
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Figure 6.14: Distribution of angle between (a) the vectors connecting thaitvegen atoms of
the imidazolium rings and the interface normal (z-axis) (b) the two vectoringitne central
spacer carbon atom with the nitrogen atoms of the imidazolium rings sepayetiee $pacer.
folding being 118. The folding arises due to théfity of the spacer towards the vapor phase and
the head groups toward the aqueous phase. For théMiGn),] and [Cs(MIm),] cations present

at the interface, the probability of the spacers to remain unfolded is lessacedo cations in the

bulk region.

6.3.11 Surface Tension.

The surface tensiopof the solution—vapor interface was calculated from the diagonal comgone

of pressure tensd?; using the formula [60]

whereb, is the length of the super-cell along the interface normal (z-axis). Tdierf& has been
introduced in the denominator to account for the presence of two equiviaterfaces. The sur-
face tension for the simulated systems are found to be 72, 68, 52, 54 andNB9' respectively

for the systems containing propyl, pentyl, octyl, decyl and hexadeagesp Gradual decrease in
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the surface tension is observed with the increase in spacer length fopyl po octyl. The sur-
face tension values of KIMIm),] and [Cio(MIm);] solutions are almost same while it decreases

sharply for [Gg(MIm),] solution.

6.4. Conclusions Atomistic MD simulations have been carried out on a series of aqueous solu-
tions of imidazolium based dicationic ionic liquids{@11m)][2Br] (where
n varies from 3 to 16) from a uniform configuration of the ion units. Thecdstire of the solution
is found to depend on the number of carbon atoms in the alkyl spacer.oltt®s with propyl
spacer ( [G(MIm);][2Br]) is homogeneous whereas spatial heterogeneity is observedhweith
increase in the length of the spacer chain. Thg(KIm),] cations in their solution are found to
form aggregates with the central carbon of the hexadecyl spaceesl i the hydrophobic core
and the imidazolium rings forming the hydrophilic surface. RDFs revealttigabrganisation of
the anions and water around the cationic head groups varies with the kpagth as well as con-
centration. The intramolecular imidazolium ring orientation and folding of thel alistcers are
found to be influenced by the— x stacking interaction between the two imidazolium rings of the
cation.

In the solution—vapor interface, the organization of the alkyl spacersases with increase
in the spacer length from pentyl to hexadecyl. In case of the solution wiadeey| spacer, the
central spacer carbon is more likely to be protruding into the vapor pimasena carbon atoms of
the spacer that are near the imidazolium rings stay in the aqueous phaase lof propyl spacer,
all the three spacer carbon atoms are present in the aqueous phasendéncy of the spacers
to be oriented parallel to each other and perpendicular to the interfaseh(@-axis) decreases
with decrease in the spacer length implying the decrease in the organizatiaticofs 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 imidazoliura iftnggqueous
solutions
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Figure E.2: RDFs of water molecules around the geometric center of the iriidazings in
aqueous solutions
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Figure E.3: RDFs of dferent carbon atoms of the decyl spacer around themselves in agueous
solution of [Co(MIm)][2Br].
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Figure E.4. RDFs of dierent carbon atoms of the octyl spacer around themselves in aqueous
solution of [G(MIm)2][2Br].
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Figure E.5: RDFs of dferent carbon atoms of the pentyl spacer around themselves in aqueous
solution of [G(MIm)2][2Br].
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Figure E.6: RDFs of dferent carbon atoms of the propyl spacer around themselves in aqueous
solution of [G(MIm)>][2Br].
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Figure E.7: RDFs of central carbon atom of the spacer chain arountséhees in aqueous solu-
tions of [Co(MIm)»][2Br] and [Cs(MIm)2][2Br].
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Figure E.8: Distribution of angles between the normal vectors of two imidazalings, and
two vectors joining the central carbon atom of the spacer with the imidazoliuwgeitratoms
connected to the spacer in{§MIm),][2Br] in gas phase.

Figure E.9: Snapshot of the aqueous solution a{RIm),][2Br] after 50 ns simulations. Head
groups are shown in yellow and the tail groups are shown in magenta. $\nvaiter 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 offférent carbon atoms of the hexadecyl spacer
along the interface normal (z-axis) in the liquid—vapor interface e@§(@Im),][2Br] solution.
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Figure E.11: Atom number density profiles oftfdrent carbon atoms of the decyl spacer along the
interface normal (z-axis) in the liquid—vapor interface ofJ@1Im).][2Br] solution.
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Figure E.12: Atom number density profiles offdrent carbon atoms of the octyl spacer along the
interface normal (z-axis) in the liquid—vapor interface of(kaIm)2][2Br] solution.
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Figure E.13: Atom number density profiles offérent carbon atoms of the pentyl spacer along
the interface normal (z-axis) for the §(®1Im)] cations in aqueous solution.
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Figure E.14: Snapshot of the liquid—vapor interface of the aqueousaohf [Ci6(MIM)2][2Br]
after 25 ns simulations. Head groups are shown in yellow and the tail gaoeggown in magenta.
Anions, water and hydrogen atoms on the cation are not shown for ta@geisualization.

Figure E.15: Snapshot of the liquid—vapor interface of aqueous sohit{@ o(MIm),][2Br] after
25 ns simulations. Head groups are shown in yellow and the tail groupf@angnsn magenta.
Anions, water and hydrogen atoms on the cation are not shown for ta@eaisualization.
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Figure E.16: Distribution of angles between the two vectors joining the cerdgrbbn atom of
the spacer with the imidazolium nitrogen atoms connected to the spacer in tlreiagoéution of

[C16(MIm)2][2Br].
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Figure E.17: Distribution of angles between the two vectors joining the cerdrabn atom of
the spacer with the imidazolium nitrogen atoms connected to the spacer in tlreiagodution of

DILs.
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Chapter 7

Glycine Molecules in lonic 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 micalzapsulation pro-
cesses of biological molecules. To achieve a theoretical picture offlibet ©f confinement of
amino acids on the structure and dynamics of reverse micellar aqueoua e@te{C1Ci0lm][Br]
reverse micelles containing variable number of glycine molecules (0 to 8)erdisg in pure
nonane has been studied using atomistic molecular dynamics simulations. Tlog thieecen-
tral water pool was found to become stable with increase in the number ohglywlecules.
Glycine molecules associate together through H-bonding interaction withirgtrenas core of
the reverse micelles. The radial density profile of glycine molecules fromethieer of mass of the
reverse micellar aqueous core shows the preferential presenceciofggiyiolecules near the cen-
ter. Confinement in nano-space region stabilizes the H-bonds formeeddaetylycine molecules
compared to bulk agueous solution. Increase in the number of glycine rredegithin the re-
verse micellar aqueous core increases the survival time of H-bondsgagharine molecules as
well as among water molecules. Translational and reorientational motion a@hgland water
molecules are found to be directly related to the survival probability of intkoontar glycine—
glycine and water—water H-bonds suggesting the correlation between thitynaf 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 mechariisgaerse micellar ex-
traction of proteins have been done previously. For this purpose, amio ¢he building blocks
of proteins, are probed in the reverse micellar extraction processés $4,7]. Phase-transfer
method has been employed to determine the partitioffic@nts of amino acids between wa-
ter and the reverse micellar interface [8]. From investigations of fileeteof pH, ionic strength
and concentrations of amino acids and surfactants used, exchanmenééicions with the amino
acids in the water pool was proposed to be the mechanism of reverse mégéiéantion of amino
acids [9]. COSMO-RS modelling [10] and fluorescence spectrosctiijyhjave been used to elu-
cidate the nature of amino acids responsible for their localization within theseewgcellar water
pool. Mass spectrometry study had revealed the driving forces for aatitoencapsulation in
gas-phase reverse micelles [12] as well as ffeceof charge state on the micellar structure and
encapsulation [13]. lonic liquids, being useful replacements for thanicgsolvents have been
used as the dispersion phase for the formation of reverse micelles L4 hbrole of entrapped
ionic liquids in reverse micelles as nanoreactors for bimolecular nucleophid&tisution [16] had
been investigated. Few reports are there on the recovery of amino gcidgdazolium based
ionic liquids of varying chain length and counter anions as alternative rstslf#®m aqueous me-
dia [17]. The role and utility of ionic liquids as potential surfactants for thengttion of reverse
micellar aggregates is yet to be explored.

Even though many experimental [22, 23, 24, 25] and computational s{@éiez7, 28, 29, 30]
have been reported on the structure and water dynamics in reverse nuoafiaement, to the best
of our knowledge, no computational studies are focused onfthetef confinement on the dy-
namics of amino acids encapsulated in a reverse micelle consisting of imidazased nic
liquids. Glycine, being the simplest one in the amino acid family, is chosen asptesentative
probe for our study. In the present study, we have carried out atomistiecular dynamics sim-

ulations of reverse micelles consist of imidazolium based ionic liquids and suledipg variable
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number of glycine molecules in zwitterionic forms with the aim of exploring tifiect of increase
in the number of amino acids on the structure of the aqueous core of thegeuielles as well

as dynamics of species confined in the aqueous core.

7.2. Methodology and All-atom molecular dynamics (MD) simulations have been performed

Simulation Details. on reverse micellar systems containing varying number of glycine molecules.
The simulations were started from an uniform configuration of surfac-

tant (1-f-decyl)-3-methylimidazolium bromide, fC10lm][Br]) and nonane molecules as disper-

sion phase. All the systems contain 200 water molecules, 36:¢0n][Br] ion pair units and

1200 nonane molecules butidr in the number of glycine molecules (ranging from 0 to 8) taken.

The size of a reverse micelle is characterized by its water loading, (Mhich is the ratio of water

molecules to surfactant molecules
[H20]

- [surfactant (7.1)

0

Wy is ~ 5.0, for the systems that we have studied making them small sized reverse sniBaikzry
glycine—water bulk solution is also studied for making comparison with thegevaicellar sys-

tems. Details of the parameters characterizing the systems have beengut@sdiable 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 [GCiolm][Br] nonanes atoms length(ns) length(A)
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 sifhgle point charge
model (SPZE) has been used to model water molecules [32] as it gives the best udtustrand
dynamics [33] for water molecules. The all-atom force field parameterfCid2;olm][Br] and

glycine molecules are adapted from the work of Lopes et. al [34, 35Pargknsen et. al [36],

respectively. For nonane, the OPLS-AA force field parameters deselby Siu et. al [37] have
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been used. Even though the model used in this study is known to underedtimaigamics of
ions, it is suitable for a comparative investigation among the systems studied.
Isothermal-isobaric ensemble simulations (constant NPT) at 1 atmosplessap using the
No6se-Hoover barostat with a pressure damping parameter of 500 & caetied out on each
solution for 2 ns to get the equilibrated density. The canonical ensemble sonsléconstant
NVT) were then performed from the last configuration of NPT simulation. sitfiulations at
constant NVT conditions were performed at 330 K using the temperatateotder Ndése-Hoover
thermostat with a temperature damping parameter of 1000 fs. The tempedtinesimulations
have been kept higher than the room temperature to accelerate the dyogimissand molecules
through the high viscous oil (nonane) phase. The equations of motionimtegeated using the
verlet algorithm with a time step of 0.5 fs. Three dimensional periodic boyratarditions were
used to simulate the bulk behavior. The atom coordinates were stored aearalirof 5 ps.
Visualization software The structural properties are calculated from #ieslas of trajectory
whereas last 10 ns of trajectory is used to calculate the dynamical prepémtibe figures, reverse
micelle without any glycine molecules are termed as “Model RM” and reversellesaontaining
amino acids are denoted by the number of glycine molecules in them. The bigeiryegwater
bulk solution is termed as “Binary”. A schematic of the molecular structureS«E{olm] 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 milelec The snap-
shots of the dterent stages in the formation of reverse micelle in the system containing 8elycin
molecules are shown in figure 7.2. In the figure, the oil phase (nonakefyalrogen atoms of
[C1C10lm] cations are not shown for the ease of visualization. The water molecbkeglycine
molecules and the bromide ions are shown in pink, blue, and black resgeaid the imida-
zolium rings and alkyl carbon atoms of{C;0lm] cations are shown in red and green respectively.

We observe that the water molecules an@gJ¢Im] cations that are spread out in the nonane phase
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Figure 7.1: Schematic representation of theQglm] cation, glycine, nonane and water
molecule.

come together to form small irregular shaped clusters within the first 0.25gisolation (Fig-
ure 7.2(b)). The glycine molecules and bromide anions are distributed witrge ttiusters. Then
these small clusters coalesce to form bigger liquid droplets (Figure 7 2dd)dy) within 2.25 ns
of simulation. Then the two intermediate-sized liquid droplets fuse together griination of a
bridge of water molecules between them as depicted in Figure 7.2(e). gedgrelongated along
the direction of water bridge then reorganizes to form spherical reveiselle encapsulating the
amino acids (Figure 7.2(f)). This is a representative of all other systathglifferent number of
glycine molecules, where encapsulation of glycine occur at constant lwaténg (i. e., at con-
stant W) without replacing any water molecule from within the reverse micellar acgipoal. It
will be interesting to know theftect of increasing the size of the system. Further work needs to

be done to establish the phase behavior of the system and the stability oférsermicelle.

7.3.2 Structure of the Reverse Micelles.

The structures of the reverse micelles containing varying number of glyoihecules are shown

in Figure 7.3. The color scheme to identifyffdrent moieties are same as discussed in the pre-
ceding section. Additionally, bromide ions are not shown for clarity. Thense micelles are
spherical in shape. The imidazolium head groups @fglm] cations are immersed in the water

pool and are distributed throughout the aqueous phase. The aquieases does not solvate any
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Figure 7.2: The snapshots off@irent stages of aggregation of various species to form the reverse
micelle in the system containing 8 glycine molecules. The water molecules, the ghyciaeules

and the bromide ions are shown in pink, blue and black respectively aiditrezolium rings and
alkyl carbon atoms of [@C1olm] cations are shown in red and green respectively. The oil phase
(nonane) and hydrogen atoms ofi[Gglm] cations are not shown for the ease of visualization.
decyl chain carbon atoms beyond the second carbon atom from the itnidazmd. The alkyl
chains of [GCyolm] cations protrude into the nonane phase (not shown). The bromidaiens
also distributed across the aqueous core (not shown). In systemgaogtaore than one amino
acids, the glycine molecules associate together through the formation ofdit-las depicted in
Figure 7.4. The three-dimensional spatial distribution functions (SDFsn@fo hydrogen atoms

(in yellow) and carboxylate oxygen atoms (in green) aroundath@ atom of glycine molecule

also confirm the H-bonding interaction between the amino hydrogen atoncadmakylate oxy-

gen atoms belonging to two distinct glycine molecules as shown in Figure 7.5e&hat the
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Figure 7.3: Structures of the reverse micelles containing (a) 1 (b) 2 (¢)d4(& 8 glycine
molecules. The water molecules are shown in pink, the glycine molecules @x $h blue,
the imidazolium rings and alkyl chain carbon atoms of@gIm] cations are shown in red and
green respectively. The oil phase (nonane), hydrogen atoms; G {{tn] cations and bromide
anions are not shown for the ease of visualization.

(a) (b)
o | %

® ‘?..é . I
Yiihe Wy

Figure 7.4: Snapshot of glycine molecules within the reverse micellar agweoe containing (a)
2 (b) 4 and (c) 8 glycine molecules. The oxygen, carbon and nitrogemsadoe shown in red, cyan
and blue respectively and the hydrogen atoms attached te-ieatom, and the amino hydrogen
atoms are shown in pink and green respectively.

Figure 7.5: Spatial density of amino hydrogens (in yellow) and carboxgplaggens (in green)
around thex—C atom of glycine molecule.
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amino hydrogen atoms are preferentially located near the carboxylatemmaygms whereas the
carboxylate oxygens tend to accumulate near the amino hydrogen atomso$tigace density
values in Figure 7.5 correspond to 0.052 and 0.135 for carboxylateeogyand amino hydrogens
respectively for the reverse micelle containing 8 amino acids.

Radius of gyrationRy, provides an estimate of the size of a micelle. We have calcuRged

for the aqueous core of the reverse micelles by using the following formula,

i miri?

Zim (7:2)

Ry =

wherem is the mass of theth atom in the aqueous core situated at radial distgrfcem the cen-
ter of mass of the reverse micelle. Heriacludes atoms of water molecules, glycine molecules,
bromide anions, imidazolium rings and tail atoms up to the second carbon atonitfe imida-
zolium ring of [C;C1olm] cations. Figure 7.6 presents the probability distributioRgbf aqueous

pool of the reverse micelles containing varying number of glycine molectites.most probable

FrrrrrrTrrTT T T T T T T T T frrrr7yrrTrTrr T T T T T TS
3F(a) - 4 3F®) S — 2 =
2f 3 2f :
1 LH = 3

--) . r
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Figure 7.6: Probability distribution d?y of aqueous core of the reverse micellar systems contain-

ing (a)1 (b)2 (c)4 and (d)8 glycine molecules.

value ofRy is 11.9A in all the systems studied. It can be observed that the probabilitipdtain

of Ry for the reverse micellar aqueous core becomes narrower and thegighkihcreases at the

most probable value d&y, as the number of glycine molecules increases. This suggests that the

aqueous core becomes stable with less fluctuation in shape as the numlgemaf golecules in
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the core increases. The reduced fluctuation can be attributed to the formoftibbonding net-
work between water and glycine molecules, which holds the aqueous paity.tighe probability
distribution of Ry value of the model reverse micellar water pool resembles that of the eavers
celle containing single glycine molecule (Figure F.1(a), Appendix F). We h#&so computed the
probability distribution ofRy for the entire reverse micellar aggregates containing varying number
of glycine molecules (Figure F.2, Appendix F). Although the most probahligevofRy for the
reverse micellar aggregate-+s14.0A irrespective of the systems studied, the trend in fluctuation
in the corresponding distributions follows the same pattern as of the distriboftiBg for the
aqueous pool. We can say that the overall shape of the entire aggeediteenced by the shape
of the reverse micellar aqueous pool. The most probable values oftecites, € for the aque-
ous core of the reverse micelles studied-af@15, implying a slight deviation from the spherical
shape. Figure 7.7 presents the snapshot of the reverse micellar agoeewcontaining 8 glycine

molecules. Based on the assumption of uniform mass distribution of a sgleggragate, the

Figure 7.7: Snapshot of the reverse micellar aqueous core containilygiBegmolecules. The
water phase is shown as a continuous medium (in cyan), the glycine molaceilgisown in blue,
the imidazolium rings along with the first two carbon atoms attached to the ring;@f §Gn]
cations are shown in red and the bromide anions are shown in black.

radius R:) of the reverse micellar aqueous core is computed by a simple reI&SOﬁ:(S/S)RE.
The most probable value & in all the systems is found to be 15.3 A.

The orientational order parameighas been computed to study the local structural order in
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water in the reverse micellar systems containing amino acids. The orientatidealparameter
is given by [41, 42]
33, 4 1,2
=<1_§; Z (cosyy+ )> (7.3)

wherey jx is the angle formed by the vectors joining the oxygen atom of a given watecuiele
and those of its four nearest neighbpendk. The(...) means that] is averaged over all the water
molecules. The values afis in the range-3 < q < 1. In a perfect tetrahedratj=1 whereas
for a random molecular arrangement, as in an ideal gas, the mean vajuapishes. Thug
is a measure of the degree of tetrahedrality in the arrangement of fosheaighbors around a
central one.

Figure 7.8 shows the histograms of the order paranteggound those water molecules that

are present in the first solvation shell of theC atom of the glycine molecule. In constructing

25— 1 T 1 T T 1 T

15F

P(a)

Figure 7.8: Probability distribution of the tetrahedral order parameterndrdabose water
molecules which are present in the first solvation shell of dhearbon atom of the glycine
molecule.

the neighbor list of four nearest water molecules around the water madgordsent in the first
solvation shell of the glycine molecule, those within a spherical shell of 3.@# the edge of
the corresponding first solvation shell have also been considereel.mbist probable value of
g in binary glycine—water bulk solution is0.55 whereas the value decreases-@35 within

the reverse micellar aqueous core. The decrease in the vap&ai the bulk to the reverse
micellar aqueous pool can be attributed to two phenomena. One is that theweédeules in the

reverse micellar aqueous pool participate in the formation of H-bonds wigh imths, e.g. bromide
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anions and imidazolium cations which may displace other water molecules frotaettabedral
arrangement. Second, the availability of tetrahedrally arranged neaighbor water molecules

are limited for the peripheral water molecules in the aqueous core of theseawéicelles.

7.3.3 Density Profiles

The distribution of diferent moieties in a reverse micelle can be described by the radial density
profile, p, from the center of mass of the reverse micelle. We have calculated radisityde

profiles by using the equation

1 a
o= Z«sqri — el - 1) (7.4)

wherer{ represents the distance of théh species from the center of masgy of the reverse
micelle. To overcome the problem of less statistics within short distance (e0d\ JIfrom the
center of mass of the reverse micelle, we have particularly taken the fiestisal shell with 5.0 A

of radius and then onward, the thickness of the spherical shells areokeg 1.0 A. Figure 7.9(a)
presents the radial density distributionaefC atoms of glycine molecules for the reverse micelles
having varying number of amino acids. We observe that the glycine molearddgkely to be
present at the center of the aqueous core. Glycine molecules, beiraphijiat, will try to hide
themselves from the oil (nonane) phase and interact with the water coveasliseen that the
glycine molecules prefer to stay together by the formation of inter glycine mtibg¢Figure 7.4).
The enhancement in—-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@density at the
center of the aqueous core is balanced by the shifting of the local dehsityay species towards
the surfactant—nonane interface, as is evident from the radial demsfilep of water oxygen
atoms in Figure 7.9(b) for the corresponding systems. Density profileeahetric center of

imidazolium rings and bromide ions are shown elsewhere (Figure F.3, AppEn
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Figure 7.9: Radial density profiles of (a}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 charactenztiabltime correlation

function (TCF) [43]
N

Crs(t) = 1= (0 hy (O) (75)

ij=1
whereh;;(t), an instantaneous hydrogen-bond operator takes the value 1 if msleantyj are H-

bonded at timé and O otherwise, assuming the intermittent approximation [44, 45]. The functio
Cusg(t) gives the probability that the moleculeand j are H-bonded at timg given that they were
H-bonded at time 0. Our definition of hydrogen bond adapts the geomatdada{46] according
to which hydrogen atom and the acceptor are separated by a distanitee80A and the angle
made by the donor, H atom and the acceptor falls within the range 90td8rm a H-bond.

Even though there areféierent kinds of H-bonds present in aqueous pool of the studiedsever
micelles, we are focusing on H-bonds formed among the glycine moleculemaoy the water

molecules. In a glycine molecule, the more electronegative carboxylatenxas as the H-
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bond acceptor and the amino nitrogen acts as the H-bond donor [48}i-Bonds formed among
the water molecules, the water oxygen acts both as the donor as well agé¢ptoac The mean

lifetimes @yg) have been evaluated from the time integraCpis(t) [45]

THB = fom Cp(t)dt (7.6)

The mean lifetimes for H-bonds among glycine and among water moleculesramgasized in

Table 7.2.

Table 7.2: Mean lifetimesr(;g) for H-bonds between species of the same kinds fifeidint sys-
tems studied.

7HB(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 Gf;g(t) for H-bonds formed among the glycine
molecules (GLY-GLY) in diferent systems studied. The survival TCF for H-bonds among the
glycine molecules decays more quickly in binary glycine-water bulk solutiompewed to reverse
micellar water pool. The mean lifetimesyg) for GLY-GLY H-bonds in diterent 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 compabetktsolution. We
also observe a decrease in rate of deca@gf(t) with increase in number of glycine molecules
in reverse micellar water pool, which is also reflected in the increase inspomeingrygs (Ta-
ble 7.2). More number of glycine molecules in the confined water pool intesigreater steric
crowding which will force the glycine molecules to stay together leading to thedase in the
mean lifetime of GLY-GLY H-bonds.

Figure 7.10(b) shows the survival TCRK3(g(t)) for H-bonds among the water molecules (W-

W) in different reverse micellar systems studied. From the inset in Figure 7.10lpeevthat
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Figure 7.10: Survival autocorrelation functid@yg(t) for H-bonds between (a) glycine molecules
and (b) water molecules infilerent systems studied.
Cug(t) decays more quickly in the reverse micellar water pool with no glycine molgc¢hbmn
with glycine molecules. The mean lifetimes of H-bondgg) formed between water molecules
is slightly higher for the reverse micellar systems containing glycine moleculesthigamodel
reverse micellar system (Table 7.2). Although@gs(t)s decay almost at the same rate for reverse
micellar systems having 1, 2 and 4 glycine molecules, system with 8 glycine maeshoes
noticeable slow down in the decay©f;g(t). From Table 7.2, we observe thaig for the reverse
micellar systems dier negligibly in systems with 1 and 2 glycine molecules and it increases with
increase in number of glycine molecules in the remaining systemg.for W—W H-bonds in
the binary glycine—water bulk solution was calculated to be only 6.47 ps whiphests 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 witkireWerse micellar

agueous pool, we have studied the mean squared displacement (MSDateaién the center of
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mass frame of the reverse micelle [27]. Figure 7.11(a) shows the MSD aihglynolecules in

different systems studied. In 2000 ps window, we observe that the ratereasscin MSD for
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Figure 7.11: Mean squared displacement (MSD) of (a) glycine anddt®nin the center of mass
frame of the reverse micelle infiérent systems studied.

glycine molecules in the center of mass frame of the reverse micelle decwetisé@screase in
the number of glycine molecules. Reverse micelle having single glycine molezsikad highest
rate of increase in glycine MSD whereas the rate is minimum for the reversdartiesing 8
glycine molecules. Glycine molecules in the reverse micellar water pool tendsieictogether
through the formation of H-bonding network. In the reverse micelle with 8igéyeolecules,
all the amino acids club together leading to increase in apparent mass ofgiyolacules. As a
result, glycine molecules in this system show slowest rate of increase in R8Rrse micelles
with 2 and 4 amino acids show intermediate rate of increase in glycine MSD. rirales time
window of 400 ps (inset in Figure 7.11(a)), one can see that the ratemfase in glycine MSD
follows the same trend as that of mean lifetimasg) of GLY-GLY H-bonds across the filerent
reverse micelles studied (Table 7.2), i.e., more the valugypf slower will be the ditusion. In

a longer time window of 10 ns, it is observed that the MSD of glycine molecutgsases with
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time in binary glycine—water bulk solution (Figure F.4, Appendix F). Figurd (bjlshows the
MSD of water molecules in flierent systems studied. We see that water molecules in the model
reverse micelle show highest rate of increase in MSD whereas the raigatly lower in reverse
micellar water pool with 1, 2 and 4 glycine molecules. Reverse micelle having &aids show
slowest rate of diusion of water molecules which is in accordance with the highgsfor W—-W

H-bonds (Table 7.2).

7.3.6 Re-orientation Dynamics

Orientational time correlation functions (TCFE)(t) determine orientational relaxation of a species.
Usually,C(t) is formulated in terms of reorientation of a unit veatpbélonging to the-th species

as
N
Gl = > (@0 -6(0) (7)
i=1

We have calculated thg(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 imadl a@ntribution
to the orientational relaxation [27]. The computed TCFs were fitted by sitrglelsed exponential

decay function [47]
Ci(t) = exp(—(t/7rot)’) (7.8)

wherer,q; is the reorientation time or relaxation time associated with the exponential funation a
B is the stretched exponent.

In the present study, the rotation of a glycine molecule is investigated usimgdhentation
of three vectors, two located on the plane of the molecule (the vector joinirantire nitrogen
atom and the carboxylate carbon atom (NG—CX) and the vector joining-tharbon atom and
the middle point (M) of the NG-CX vector (CL—M)) and one normal to the plafitbe molecule
(the normal vector to the plane constituted by NG, CL and CX atoms (M-P)hA&rsatic of the
aforementioned vectors are presented in figure 7.12. Figure 7.1&gms the time evolution
of C(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 redidenof NG-CX
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Figure 7.12: Diferent vectors of interest for orientational relaxation in a glycine molecule.

L B B B B

: @ ]
0.8 3

. 0.6 3
SR — NG -CX !

— CL-M
— M-P ]

©
~
T

: 11 1 | I 11 1 | I 11 1 | I 11 1 I 11 1 | :
oO 100 200 300 400 500

I

PRI RS N S S N T N TN T A SN S S N S .
0 100 200 300 400 500
Time(ps)

Figure 7.13: Variation o€ (t) for (a) vectors characterizing the glycine molecule in reverse mi-
celle with 8 glycine molecules and (b) M—P vector of glycine molecules acresy#tems studied.
vector is the slowest implying that both in-plane and out of plane rotation 6f@¥Gis not fa-
vored due to largest moment of inertia along this direction. The rate of defc@y(t) for the
reorientation of CL—M and M-P vectors are very close to each other withtslifaster decay
observed for the rotation of M—P vector. This suggests that the orierdhtiglaxation of CL—M
vector is largely coupled with the reorientation of M—P vector with small cortiohurom the
orientational relaxation of NG—CX vectar;y;S are calculated to be 3448 ps, 2902 ps and 1960 ps
for reorientation of NG-CX, CL-M and M—P vectors respectively. The #@waution ofC(t)s of

different molecular vectors in glycine molecule shows similar trend in rest of #terag 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 molecutarsén a
glycine molecule irrespective of the systems studied, the reorientation oftRevittor has major
contribution towards rotational relaxation of glycine. Figure 7.13(b) shamational relaxation
(Ci(t)) of M—P vector in glycine molecule across the systems studied, up to 500 glapsed
time. Table 7.3 lists the corresponding fitted parameters. It was obsenidbdhrate of decay of

Table 7.3: Parameters of the stretched exponential fit to the reorientationaire&ation function.

System tiot(ps) B
Binary 51.34 0.54

1 105.60 0.75
2 11754 0.75
4 536.16 0.56
8 1960.0 0.50

Ci(t)s for glycine molecules decreases in the reverse micellar water pool cednjoathe binary
glycine—water bulk solution, which is a direct consequence of confinenken reverse micelles
with varying number of amino acids, a gradual increase in reorientational tiggeis observed
with increase in the number of glycine molecules. Orientational motion requiesri@ngement
in H-bond network. So, the increase in the reorientational time is a consegjoéthe stability of
inter glycine H-bonds, i.e., more the mean lifetime of H-bonds formed among glycaiecules
(Figure 7.10 and Table 7.2), more strongly the glycine molecules are helthéogand slower
will be the decay in rotational TCFs of the M—P vectors. Single glycine molanulge reverse
micellar water pool which can not form a inter glycine H-bond, shows $askecay ofC(t).
Figure 7.14 presents the rotational relaxati@n(t)) of a unit vector along the direction of
the dipole moment of a water molecule in the reverse micelles studied. Table 7.4 distsrth
responding fitted parameters up to 4000 ps of elapsed time r ghior water molecules in the
aqueous pool of model reverse micellar aggregate is calculated®2e ps which is in excellent
agreement with the experimentally determined rotational relaxation time of watecutedesn-

capsulated in AOfisooctane reverse micelles withgA 5.0 [49]. We see that the rate of decay of
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Figure 7.14: Variation oC(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 reorientationaire&ation function.

System Trot(PS) B
Model RM 31.94 0.46

1 33.71 0.45
2 34.64 0.46
4 35.48 0.43
8 38.98 041

C(t) for the dipole orientational relaxation of water molecules in the reverse nrieedleer pool
decreases with increase in the number of amino acids. The trend is similar & thatdecay of
Cug(t) (Figure 7.10(b) and Table 7.2), which suggests that the dynamics obdpgnd bonds play

an important role in the orientational relaxation of molecules in the reverse miaeltar pool.

7.4. Conclusions Atomistic molecular dynamics simulations have been carried out onA&€x olm][Br]
reverse micelles encapsulating varying number of zwitterionic glycine mokecule

(O to 8) in pure nonane at Y& 5.0. Spherical reverse micelles were formed from uniform initial

distribution of surfactant and nonane molecules. Within the reverse micghjesne molecules

associate to form inter—glycine H-bonds. Spatial distribution function shoreferential accumu-

lation of amino hydrogen atoms near the carboxylate oxygens of glycine abedeand vice versa

due to the formation of H-bonds between them. The probability distributiondadisaf gyration
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(Ry) of the reverse micellar aqueous core becomes narrower and the inte#fribigypeak increases
as the number of glycine molecules increases. We have found that theutistribf radius of
gyration R,) of the aqueous core of the reverse micelle has a direct consequerice overall
size of the reverse micelle. The shape of the aqueous core was spimeaitthe systems studied.
The most probable value of tetrahedral order parameter decreases0r55 for binary glycine—
water bulk solution te-0.35 within the reverse micellar aqueous core. Glycines molecules within
the reverse micelle are preferentially located near the center of the waler po

The survival time correlation function€(g(t)) of H-bonds between glycine molecules in-
dicates that nano-confinement stabilizes the H-bonds compared to theohutibrs The mean
lifetime of H-bonds between glycine molecules in reverse micellar aqueousrpoeases with
increase in the number of glycine molecules. The increase in the numbecofagiyiolecules also
stabilizes water—water H-bonds within the reverse micelles. In a smaller time wioidd00 ps,
rate of increase in MSD of glycine molecules in the center of mass frame oétleese micelle
shows similar trend as that of mean lifetimes of glycine—glycine H-bonds. dta¢gion of the
vector normal to the plane constructed by the nitrogen ate@,atom and carboxyl carbon atom
of a glycine molecule provides major contribution to the reorientation of the gyciolecule.
The reorientational TCFJ)(t)) of this vector shows slower decay in reverse micellar water pool
than in the bulk solution. The reorientational relaxation time for a glycine molé&ocieases with
increase in the number of glycine molecules in the reverse micellar aquemiasa result of
formation of stable glycine—glycine H-bonds. Farther experimental amgutational studies are
required to explore the structure and dynamics of biomolecules encapkimdbe agueous 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)gand (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 sevemicellar systems
containing (a)1 (b)2 (c)4 and (d)8 glycine molecules respectively.

L B B L B
i (@) Ring ]
3F — 8 .
o ‘2‘ ]
<< 2F —1 7
o L ]
— L 4
\X/ L 4
> Ir ]
B
C L
G.)O. 1
e 0 5 10 15 20 25
(O]
-84_' T T T T ]
5 (b) Bromide ]
Z 3L ]
8 7 1
© L i
© [ i
e 2r .
1+ .
0: O\ T
15 20 25

0 5 10
Distance (A)

Figure F.3: Radial density profiles of (a) geometric center of imidazoliumamd(b) bromide
anions for the reverse micelles containing varying number of glycine molecules
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solution.
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Figure F.5: Variation of reorientational time correlation functi@({)) for different molecular
vectors of glycine molecule in reverse micelle with single glycine molecule.
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Figure F.7: Variation of reorientational time correlation functi@({)) for different molecular
vectors of glycine molecule in reverse micelle with four glycine molecules.
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Chapter 8

lonic Liquids at Nonane — Water Interfaces: Molecular Dynamics
Studies

Abstract:

Structure of ternary systems with water, nonane and an ionic liquid, with tieliguid placed be-
tween water and nonane have been studied using atomistic molecular dyniamiesisns. Three
different ionic liquids with 1n-butyl-3-methylimidazolium cation and bromide, tetrafluoroborate
and trifluoromethanesulfonate anions have been studied. The ionic ligajzkrske into aqueous
phase quickly and are solubilized in water within 15 ns to form two equivalenane - aqueous
ionic liquid interfaces. Interfacial region is enriched with ionic liquids due &amphiphilicity of
the cations. The presence of ionic liquids at the interface reduces thiaadétension between
the nonane and water, thus facilitating the mixing of aqueous and nonasespfdie reduction in
the interfacial tension is found to be inversely related to the solubility of theesponding ionic
liquid in water. The butyl chains of the cations and the trifluoromethanesiéamions present

in the interfacial region are found to be preferentially oriented parallelgartierface 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-electr

chemistry have received significant attention of researchers [1,4,5, Imidazolium-based
ionic liquids (ILs) are extensively studied using experimental [5, 6, €] @mputational meth-
ods [8, 9, 10, 11, 12, 13, 14]. Structure of the vapor-liquid interfafck.s has also been inves-
tigated [15, 16, 17, 18]. Imidazolium cations with long alkyl chain substitéem well defined
aggregates in their aqueous solution [19], whereas cations with interméstigta alkyl chain
(butyl to hexyl) behave as amphiphilic molecules and form oligomers at higtecdration [20].

Amphiphilic ILs, with polar head groups and non-polar hydrocarbon tadsge dfinity for
both water and oil phases. In a ternary system composed of oil, watexnapidiphilic ILs, the
amphiphiles are preferentially adsorbed at the oil-water interface, tliugirgy the interfacial
tension between aqueous and the oil phase [21, 22, 23]. This leadsaoncen solubilization of
the oil into the aqueous phase, and such formulations are widely usedmicethéiooding induced
enhanced oil recovery (EOR) of the remaining oil from reservoirs 24 26] and solubilization
of sparingly soluble drugs [27]. In two phase homogeneous catalyBerewthe phase containing
reactants and products is immiscible with the phase containing catalyst, amphiphilnciease
the solubility of the reactants in catalyst phase to give practical reactian[28k

In an attempt to gain insights into the atomic level details, we have investigatedubeistr
of ternary systems composed of watemn-butyl-3-methylimidazolium ([GC1Im]) cation based
IL and nonane. We have used nonane to model the oil phase. To stueffdbeof anion on
the structure of the interface we have carried out MD simulations on thfisratit systems by

varying the counter anion ( By BF, and CESQ; ) associated with the cation.

8.2. Methodology and Three diferent ternary systems consisting of water,@&m] cation

Simulation Details 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 dierent anion (bromide (B, tetrafluoroborate (Bf and trifluoromethanesul-

fonate (CESQ;)). Force field parameters for the nonane were taken from the modeloged
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by Jorgensen [414t. 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-workersvater molecules, simple
point charge (SPC) model [45] has been used.

The ternary systems were constructed as follows: Nonane, water aweri equilibrated
separately in canonical ensemble at a temperature of 333 K and a densit/3#@higher than
the experimental density at that temperature. The orthogonal boxes withsione, 40 A along
each axes were used to equilibrate water and nonane, while equilibratibnvafs carried out
in a box of dimension 40 A along x- and y-axis and 20 A along z-axis. Ttese equilibrated
simulation boxes were fused along z-axis to build the ternary systems. Dhithgrocess, the
molecules that were very close to each other were removed. Few moletabeshof the species
were removed randomly to ensure that the final density of each of thepimethe simulation box
was equal to the experimental density at the simulated temperature. Simulativateohonane
biphasic system was also carried out at 333 K. All the simulated systemsrmah206 nonane
molecules.

Details of the systems that were studied are presented in table 8.1. In theédatdey 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(A)
nonane-water 0 2106 12292 20 40.0, 40.0, 80.0
Br- 111 2106 15178 30 40.0, 40.0, 100.0
BF, 103 2105 15379 30 40.0, 40.0, 100.0
CRSQ; 93 2105 15358 30 40.0, 40.0, 100.0

All simulations were performed in canonical ensemble (congtiaf) at 333 K. The simula-
tions were carried out at higher temperature as the ILs used in our studiesry viscous at room
temperature. Stretching and bending interactions in the water molecule wsteadoed using the
SHAKE algorithm [47]. The equations of motion were integrated using tHetvagorithm with a

time step of 0.5 fs. Three-dimensional periodic boundary conditions vesm, giving an infinite
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stack of thin films of nonane, IL and water along z-direction. The positidribeoatoms were
stored at an interval of 5 ps and were used for analyses. The pedssgor was stored every time
step during the last 1 ns simulation and was used to calculate the interfaciahtefnle results

reported have been averaged over the last 10 ns of the trajectorg umdesioned otherwise.

8.3. Results and Discussions Schematic of [gC;Im] 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 geometriercof the imidazolium
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Figure 8.1: Schematic representation of the@gm] 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 chi#dclzed to the imi-
dazolium ring.

lonic liquids quickly difused into aqueous phase within few nanoseconds and formed an equi-
librated biphasic system of nonane and aqueous IL solution within 15 agsBats of the initial
configuration, after 1 ns, and after 30 ns of simulation for the ternatgsysith [C,C1Im][Br]

are shown in figure 8.2. The resultant configuration resembled Wingar [Tgolution [29].
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Figure 8.2: Snapshots of the ternary system with bromide anion. (a) initifigcoation (b) after
1 ns simulation (c) after 30 ns simulation. Carbon atoms of nonane are shasanige and the
oxygen atoms of water are shown in red. Anions are represented astabgads.

8.3.1 Number Density

Number density profile of atoms or groups along the interface normal @eundormation about
the structure of the interface [49, 50]. The number density profiles ohtimane (Gr), wa-
ter, cation (head and tail groups), and anion (bromide), along z-axishé ternary system with
nonane, [GC1Im][Br] and water are shown in figure 8.3a. The total atom number densifjig
is also shown in the same figure. As the number of water and nonane molectiiesystem is
more compared to cations and anions, the corresponding number depsigspand total atom
number density profile are scaled accordingly, for the ease of compariso

In the figure 8.3a, the presence of peaks in the cation (head and tail) ndemsity profiles in-
dicate the preferential adsorption of cations at the interface. The pélaé @anion number density
profile close to that of the head group, at the interface indicates theiigstissociation with the
head groups. The hydrophobic tails of cations penetrates deeper imibghase compared to the
hydrophilic head group, which is expected. The number density profilees@ane and water show

less enhancement in the density at the interface. The number densitysgobfili§erent moieties
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Figure 8.3: (a) Number density profiles offféirent moieties along interface normal (z-axis) in
nonane-[GC;Im][Br]-water system. (b) Atom number density profiles of nonane-whieary
system and ternary systems along z-axis.

along interface normal in ternary systems with,Bkhd CRSC; anions are qualitatively similar
(Figure G.1 and Figure G.2, Appendix G). Enhancement of the densitataat the interface is
highest for the ternary system with Banion and least for the system with £30; anion. The
density profiles calculated from our studies are similar to those reported droomputational
study of water-IL-heptane systems [39]. The density enhancemeratef at the interface in case
of most water soluble IL is also observed in their studies. Bromide ions inteftcthe cations
at the interface and these anions being highly soluble in water, draw walecutes to the inter-
facial region. While CESQ; anions present at the interface, being less soluble in water, does not
draw water molecules to the interface, thus reducing the number of catiemHwalrogen 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 ¢eteBaich a
depletion is also observed in earlier studies of a ternary system [51].réfrudsive interaction

between the oil and the water phases is responsible for the depletion otahatton number
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density at the oil-water interface.

The atom number density profiles of the binary nonane-water system euelttary systems
are shown in figure 8.3b. Itis evident from the figure that the depletioreitaffal number density
at the interface is more in the absence of ionic liquid. Decrease in the depdétidom number
density in the presence of IL indicates the decrease in repulsive interat@ween the oil and
the water phase. Due to their amphiphilic nature (i.e., the preference ofadeghmups to interact
with the water and the tails to interact with the oil) 4[G Im] 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 showmiia 8gla. It can
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Figure 8.4: (a) Anion number density profiles along z-axis, in ternariesys (b) Tail number
density profiles in ternary systems along the interface normal.

be observed that all the three anions show peak in the interface redieraniplitude of the peak
is higher in case of GJSO; anion, compared to bromide and tetrafluoroborate anions, indicating
their preference to be present at the solution-oil interface. The highplitude peak arises due to

the nature of the GJSQO; 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 mvidem their
density profiles shown in figure 8.4b. The adsorption is higher in the dasenary system with
CR3SQ; anions. Similar trend is observed in the head group density profile alson@lesaown).
From the density profiles, it is evident that anions play an important roletarméeing the in-
terfacial structure of the aqueous IL solution-nonane system. Théhi@icthe number density of
head and tail groups of cations also varies with variation of anion sugthestthe cation-anion
interactions also contribute to interface structure variations. Hence,saofdhe ILs can also be
varied to design ternary systems with desired interfacial properties.

To characterize the structure of the interfacial region, we define ic&ga the region where
the solution phase and the nonane phase coexist. So, the interface igitilealeng z-axis,
between the points, where the number density of the tail group of cationsaft@ the nonane
(Ca7) falls to zero. The ternary systems studied have two equivalent intsrfaseevidenced by
the peaks with similar amplitudes in the density profiles. A nonane molecule is eoedith be
at the interface if the z-coordinate of either of its terminal carbon atoms fahéwthis region. A
[C4C1Im] cation is considered to be at the interface if the z-coordinate of any atfdtas is within
this region. Water and anions, with the z-coordinate of the oxygen atortharzddcoordinate of
the central atom of the anion( Br, B or S), respectively, falling within thevalentioned region

are considered to be at the interface.

8.3.2 Hydrogen Bonding

Hydrogen bonding plays an important role in determining the structure efaguL solutions [20]
and hence is also important in ternary systems consisting of nonane, Wtaded We have adapted
the geometric criteria [52] to define a H-bond, that is, for a strong H-ptiveddistance between
the H-atom and the acceptor should be less than 2.2 A and the angle madedbydineH-atom
and the acceptor should fall within the range of 130<1&br a weak H-bond, the corresponding
distance range and angular range should be 2.0-3.0 A and 90-dfectively.

Imidazolium cation based ILs are known to exhibit cation - anion, cation -rveate anion -
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water H-bonds in their aqueous solutions [53]. Formation of H-bondsalsasobserved in the
ternary systems.

The radial distribution functions (RDFs) of the H-bond acceptor atomearion around ring
hydrogen atoms show the first peak at 3.1 A, 2.7 A, and 2.7 A, resplgctoreternary systems
with Br~, BF,; and CRSG; 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 dfie amplitude
of the first peak is higher for the system with £3; anion compared to that with BFanion.
These observations are consistent with the number of head-aniond$-pencation observed in
the ternary systems. The RDFs of oxygen atom of water around the rargdgn atoms show
the first peak at 2.8 A in all the ternary systems (Figure G.3(b), Appendlixs@gesting the
formation of H-bonds. The amplitudes of the first peaks are consistenthétaverage number
of cation-water H-bonds observed per cation in these systems.

Average number of head-group - anion and head-group - watemidsbabserved in the bulk
region and in the interfacial region offterent 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][BF 4] 2.014 1.143 3.435 1.369
[C4C1IM][CF3S0s] 3.006 1.257 3.545 0.495

From the table 8.2, we see that number of H-bonds formed per cation etheeng hy-
drogen atoms and the anions, in bulk phase and in the interfacial regiosases for the ternary
systems in the following order: Br< BF, < CRSG;. The trend is opposite of the solubility of
the corresponding IL in water [54, 55]. Greater agueous solubility dé#ds to less number of
H-bonding interactions between cation and anion in the solution, which is€egd_ess than 1%
of the observed H-bonds were strong.

It is also observed that there is a decrease in the average numberasfdd-per cation, be-

tween the head group and the water molecules in the interfacial region ceumjeabulk. This
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decrease is significant for the ternary system with thgSCE anion (86%) and marginal for
the Br- system (7%). The large decrease in case ofSCE ternary system can be attributed to
the presence of more anions at the interface (Figure 8.4(a)) thusadewyd¢he number of water
molecules at the interface compared to other systems (Figure G.4, Appendikgse anions also
form H-bonds with the cations, thus reducing the cation-water H-borlks diference, between
the average number of cation-water H-bonds per cation in bulk and indoigrfegion, is highest
for the least soluble IL in water (among the ILs studied) and is least for thet smduble IL in
water (among the ILs studied). Thisfidirence follows the opposite trend of solubility [54, 55]
of the corresponding ILs in water. The ILs (present at the interfdna)are less soluble in water
have more interaction with the nonane phase, thus reducing the numbé&oofwater H-bonds.
Greater aqueous solubility of the IL results in more number of water moleculbg imter-
facial region, which ensures more H-bonding interaction between the iolidarring and water
molecules. Hence theftitrence between the cation-water H-bonds in the bulk and interface re-
gion will not be significant as observed for the ternary system witlCjGn][Br] amphiphile. The
number of cation-anion hydrogen bonds in the bulk and at interfaceestgythat the Branion
has similar environment in bulk and interface regions, whereas the emerrditers for less
water soluble anions. The anions in the ternary system also influencestitre-water interaction
at the interface to a great extent which is evident from the number of eatiwer 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 drotimer atoms or
groups. As we are dealing with inhomogeneous systems, we have compet&Dis using
only those molecules that are present in the interfacial region. The RDénaine (Gr) around
different types of carbon atoms in the butyl chain of@gim] cation in the ternary system with
bromide anion is shown in figure 8.5a. From the figure, it is seen that thenfedmum for G -
CaT pairis at 4.2 A. The amplitude of the first maximum is highest for the RDF cporeding to

Ct - Car pair, and is least for GCaT pair. This indicates that the spatial correlation between the
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Figure 8.5: RDFs of (a) nonane ¢ around dfferent carbon atoms of C;Im] cation in the
ternary system with bromide anion. (b) nonang{Caround tail group (€) in ternary systems.

nonane and the butyl chain of cation decreases as we move towards theoimittaring (head
group) of the cation.

Figure 8.5b shows the RDFs of nonane{around the € atoms for the ternary systems. It
can be seen from the figure, that the first maxima are observed at 4.2lAha ternary systems.
The RDFs of nonane () - anion pair are shown in figure 8.6a. The amplitude of first maximum
is highest for the ternary system with €30O; anion and least for the system withBanion. It
is evident from the figure 8.6a, that the spatial correlation of nonandé.arfdllows the opposite
trend of the solubility of ILs in water [54, 55]. In other words, the spat@telation of nonane
and anions is highest for the IL that is least soluble in water and loweshéol_ that is most
soluble (among the ILs studied).

The RDFs for the water - nonane {g) pair in the binary nonane-water system and ternary
systems are shown in figure 8.6b. All four RDFs exhibit first maxima at 3.@difiast minima at

5.3 A. One can see that the amplitude of first maximum is highest in case ofrtheawovater bi-
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Figure 8.6: RDFs of (a) nonane ¢ around the central atoms of anions in ternary systems. (b)
nonane (Gr) around water in the binary and ternary systems.

nary system and decreases in the following order : bromiggrafluoroborate trifluoromethane-
sulfonate. Nonane being hydrophobic, water-nonane interactions evikkfulsive in nature. In
the absence of ILs, water molecules at the interface will be in contact withoih@ne molecules.
With addition of IL, the cations and anions are adsorbed onto the interfiace,reducing the
number of unfavorable interactions between water and nonane. Aisogs IL molecules at
the water-heptane interface has also been reported earlier [39]LThelécules at the interface
facilitates the presence of both water and nonane in the interfacial regioouvdirectly interact-
ing with each other. This can be observed in the reduction of the amplitudestofiiaximum of
water-nonane (&r) RDF in ternary systems with ILs. The reduction in the amplitude of RDF can
be related to the reduction of unfavorable interactions between nondneader. This reduction
follows the opposite trend as the solubility the ILs in water, that is, ILs thalessewater soluble

will cause greater reduction in the unfavorable interactions between aradaronane.
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8.3.4 Spatial Distribution

Spatial distribution provides three dimensional probability density of atomgowgp around an
atom or a group of interest. Figure 8.7 shows the spatial distribution of ani@ter and nonane
(Cat) around the cations that are present at the interface, in the ternaeynsgsntaining the IL,

[C4C1Im][Br]. From the figure, one can see that the anion density is highasthe ring hydrogen

(b)

Figure 8.7: (a) Spatial density of anions (in yellow), water (in cyan) amtane (Gr) (in red)
around the cations that are in the interfacial region, in the ternary systdmbmwmide anion.
Hydrogen atoms on the butyl chain are not shown for the ease of visiimizéb) Another view
of the same figure.

atoms, especially near the unique hydrogen atom (H-atom attached toltba etom between the
two nitrogen atoms). While in the bulk region, the anion density is higher nednglH-atoms, in
the interfacial region, anion density is lower near the H-atom that is closke toutyl chain. The
reason for this reduction in the density is due to the orientational prefesgrmvn by the cations
in the interfacial region which will be discussed later. Water molecules shgivehdensity above

and below the plane of the ring as well as near two of the ring hydrogen atblmsever, the
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density of water molecules is very less in the region directly above the unigireden atom, as
the density of bromide ions is high in that region. The density isosurfacersfar water and
anions are ten times greater than that for nonane molecules. It can béhaetdre nonane ()

density is highest around the butyl chain of the cation and is negligible in otgesns which

clearly shows that the nonane molecules interact with the butyl chain of tibasa
8.3.5 Oirientation of lons and Molecules

Distribution of the angle between the vector connecting the nitrogen atoms ohiti@zolium
ring (NN vector) and the interface normal, for the cations that are préséme interfacial region

of the ternary systems are shown in figure 8.8a. Itis evident from theefthat for the cations that
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Figure 8.8: Distribution of angle between (a) the vector connecting the mitragpms of the
imidazolium ring (NN vector) and the interface normal (z-axis), for the oatithat are present
in the interfacial region. (b) the butyl chain of cations present at thefagerand the interface
normal.

are in the interface region, the NN vector of the ring is more likely to be patalléie interface
normal. Figure 8.8b shows the distribution of angle between the butyl charetions at the

interface and the interface normal. From the figure, one can see thattifiechains are more
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likely to be oriented parallel to the interface normal. Angle distributions of Nbtareand the
butyl chain of the cations at the interface suggests that the cations at ttfadatare oriented in
such a way that the butyl tail is perpendicular to the interface, pointing ttsstae nonane phase,
whereas the imidazolium ring is pointing towards the aqueous phase of theytsgstem. Such
an orientation of the butyl chains at the interface, facilitates the interacticatioins with both the
nonane phase (van der Waals interaction between alkyl chains) amglibels phase (head-water
interaction). The orientational preference is slightly higher in case oditgisystem with CESO;
anion. Orientation of cation derived from our studies agrees with thequgWD studies [39].
Figure 8.9a shows the distribution of angle between the butyl chains (vemtoecting N

and G) of the cation, in the interfacial region and bulk that are within 8 A of eaclerotRrom
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Figure 8.9: Distribution of angle between (a) the butyl chains in the inteifeagigon and in the
bulk that are within 8 A of each other. (b) carbon-sulfur bond vectarthe interface normal, for

the anions that are present in the interfacial region.

the figure, we observe that the distribution is uniform for the cations pteésehe bulk region,
whereas for cations that are present at the interface, the butyl drainsore likely to be oriented

either parallel or antiparallel to each other. This suggests that the alidylschre organised in the
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interfacial region. The organization is also evident from their orientatiprederence along the
interface normal.

The orientation of the carbon-sulfur bond vector of the;&8; anion along the interface
normal, for the anions present at the interface in the ternary system vis shdigure 8.9b. The
bond vector is more likely to be aligned parallel to the z-axis. This suggestgsiiinity of the
CRSQ; anions for the interface due to favorable interaction between the trifludhghregion
of the anion with the oil phase. This is also the reason for the appearitite ligh amplitude
peak in the interfacial region, in the number density profile of that group.

Snapshot of the interfacial region in the ternary system containinG@][CF3SOs] IL is

shown in figure 8.10. From the figure, we can see that the butyl chaitteafations that are

Figure 8.10: Snapshot of the interfacial region in the ternary system WgB@; anion. Only the

atoms that are present in the interfacial region are shown. Carbon aterosane are shown in
pink color and oxygen atoms of water are shown in red color. Fluorinirand 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 interéaogal. The adsorp-
tion of cations and anions on to the interface and the orientational preéecéranions are also

evident from the figure.
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8.3.6 Interfacial Tension and Interface Composition

The interfacial tension between the aqueous phase and nonane was calculated from the diagona

components of pressure tengyrusing the formula [56]
'y = _bZ(PXX + Pyy - 2P22)/4

whereb; is the length of the simulation box along the interface normal (z-axis). Therfadas
been introduced in the denominator to account for the presence of twaksmi interfaces.

The interfacial tension is related to the composition of the interface. Theradation of
amphiphiles in the interfacial region reduces the interfacial tension. Tdrerdie adsorption of
the ILs at the interface leading to better mixing of aqueous and the oil phidead to lower
interfacial tension. The interfacial tension for the nonane - water bisgstem was calculated
to be 56.2 mNm!. This value is slightly higher than the experimentally reported value [57] of
48.8 mNm! at 60°C. In ternary systems, we observe a decrease in the interfacial tersioaenm
the aqueous and the nonane phase. The interfacial tension of teysteyns decrease in the
following order: Br > BF,; > CFSQ; (33.44 mNmt, 32.04 mNm* and 23.5 mNm! respec-
tively). The adsorption of ions at the interface was highest for the tgsystem with CESO;
anion, which is also evident from the reduction in the interfacial tensiopekmental studies [58]
have shown that the interfacial tension between ILs and alkanes desneéh the increase in the
length of the alkyl chain substituent on the imidazolium cation, when the aniamson among
the ILs. It is also observed that the interfacial tension between IL atahedecane is smaller
for [C4C1Im][NTf,] compared to [GC1Im][CF3SQs]. These observations suggests that the in-
terfacial tension between ILs and alkanes decreases with the dearahsewater solubility of
ILs. As the aqueous IL solution and oil interface is populated with IL molecoee can speculate
that, in general the amphiphilic ILs with low water solubility (higher amphiphilicityjuees the
interfacial tension to a greater extent. The number of nonane moleculesimetfacial region of
ternary systems is higher compared to that of water - nonane binary syBtenaddition of am-
phiphilic ILs facilitates the mixing of aqueous and nonane phases. Inegge substituent chain

length of ILs will increase the amphiphilicity and causes the reduction in thefantal 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. Th
systems diered from each other in terms of anions ((BBF, and CBSQO; ) associated with
the [G4Cq1Im] cation. The simulated systems are found to be biphasic. The ionic liquid quickly
disperses into aqueous phase to form a homogeneous solution which mereginlibrium with
the nonane phase. The amount of nonane solubilized in the aqueousipti@Eases with the
decrease in the interfacial tension between the oil and the aqueous pheselensity profiles
along the interface normal of fierent moieties in the ternary systems show that the amphiphilic
cations are adsorbed at the interface. The alkyl tails of the cations atténage are protruding
into the oil phase due to the favorable hydrocarbon tail-tail interaction leetwes cation and the
nonane.

Imidazolium rings were found to form H-bonds with both anions and watee. éixtent of H-
bonds formed depends on the the solubility of the ionic liquids in water. Thebkgestributions
show an enhanced density of anions and water near the ring hydrtayas @which also support
the formation of H-bonds. Nonanes are found to be located near thedhatiyl of the cations at
the interface.

The most probable orientation of cations at the interface is such that thiedhatys are
oriented parallel to interface normal, protruding into the nonane phase.NRNvector of the
imidazolium ring is also oriented parallel to the interface normal but with the beadg directed
towards the aqueous phase. This orientation minimizes the unfavorableimieral butyl chain
with water while maximizing the favorable interactions between the butyl chairatiddrc and
nonane as well as head group and water. Butyl tails in the interfacialregéomore 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-bonue by the imidazolium
rings with the anions and water molecules, the extent of solvation of ions im aradenteractions

of ions with the oil hydrocarbon chains. Solubility of ILs in water governs structure and
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composition of the interface. Ternary system containing the ILCH@M][CF3SOs] (with least
water solubility among the ILs studied) facilitates the mixing of oil and water ghtase greater

extent by reducing the interfacial tension.
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Figure G.1: Number density profiles offiirent moieties along interface normal (z-axis) in
nonane-[GC:iIm][BF 4]-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 offlirent moieties along interface normal (z-axis) in
nonane-[GC:1Im][CF3SOs]-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 accept@nions around the ring
hydrogen atoms (b) hydrogen bond acceptor on water (oxygen ataemaithe 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 hexaddrmgohets immersed in aque-
ous phase with and without emulsifiers (1-alkanols of varying chain lemgthtanol, heptanol,
decanol and dodecanol) have been studied using atomistic molecular dgrsimidations. The
nature of layering of alcohol molecules on the oil droplet is governed éyhjdrophobicity of
alkanols. Longer chain alkanols are more likely to penetrate into the oil droplee proba-
bility of tangential orientation of hexadecane molecules at the interfaceake=s with decreas-
ing hydrophobic environment around the droplet. The interfacial fepate molecules show
greater probability to obtain a puckered conformation in binary oil-watéesyghan in ternary
oil-water—alkanol systems. Decrease in hydrophobic interaction betwee@decane and water
molecules due to theflicient screening of oil surface by longer chain alkanols in ternary oil-
water—alkanol systems leads to greater survival probability of water mekem the oil-water
interfacial layer and enhancement in life time of H-bonds formed betweameall@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 membrantdseccell) [1].
Active emulsions exhibiting self-propelled motion mimic collective phenomenon itodpizal
populations [2]. So, understanding thffeet of emulsifier on an oil compartment floated in
aqueous media has long been an interest among the researchers [3Jughltbeveral experi-
mental [4, 5, 6, 7, 8] and computational studies [9, 10, 11, 12, 13] beee reported on planar
oil-water interfaces, the reports on the influence of surfactants orsocapic curved oil-water
interfaces are rare [14, 15, 16, 17, 18].

Aliphatic alkanols, particularly 1-alkanols have wide applications as anesth&@fand pen-
etration enhancer in transdermal drug delivery [20]. Recently, they be@en used as a component
in self evolvable droplet system in a chemraobotic platform [21]. SFS ar@ Stddies have been
performed to gain molecular level insights into the structural aspects of tigtioam from a hy-
drophobic to an agueous phase on hexadecane droplet by emploffargri chain length alka-
nols as emulsifiers [18]. The aforementioned study primarily focuses oriaoia alkyl chain
conformation of the oil and various alcohol molecules and the orientatidigaih@ent of water
molecules in a qualitative manner. Although computer simulation studies on plaedage of
n-alkane—methanol-water system have been performed [22], to theflmst knowledge, there
are no reports of computational studies exploring the structural trangitiond hydrophobic to an
aqueous environment around an oil droplet. So, we have carriedosoiséic molecular dynamics
simulations on a binary system consisting of hexadecane droplet immersextenag well as
on a series of ternary systems consisting of a hexadecane droplet irdnreesgieous solutions
of alkanols of varying chain length to get insights into structural transitiomfhydrophobic to
aqueous region around the droplet and the organization of the hexsgecater and alkanols near

the oil-water spherical interface.
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9.2. Methodology and We have carried out all-atom molecular dynamics simulations on a bi-
Simulation Details 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 tévagnh. The four
different hexadecane—water—alkanol ternary systems were constwititepentanol, heptanol,
decanol and dodecanol. The hexadecane droplet was construdtea steps. In the first step,
an isothermal-isobaric simulation (constant NPT) was carried out on ansystetaining 1000
uniformly distributed hexadecane molecules at 1 atmosphere press@redoo achieve the equi-
librated density at 300 K. In the second step, hexadecane molecules vérdsr of mass falls be-
yond a distance cufbof 20.0 A from the center of mass of the equilibrated central simulation cell
were removed to get a spherical hexadecane droplet of radius 20ltekexadecane droplet was
immersed in a water box with randomly oriented water molecules to form the bisaagdbcane—
water system. To construct the hexadecane—water—alkanol terrsteysyhe hexadecane droplet
was immersed into a pre equilibrated water—alkanol binary mixture, equilibfatet ns un-
der isothermal-isobaric condition (constant NPT) at 1 atmosphere peessd 300 K tempera-
ture. While constructing a binary system (e. g. hexadecane—waterter~atkanol), the water
molecules that were within 3.0 A of any of the atoms of hexadecane or ale@meldiscarded to
remove bad overlap of atom coordinates. The same protocol was appliadter and alcohol
molecules while constructing a ternary hexadecane—water—alkanoinsyBtetails of the simu-
lated systems have been presented in Table 9.1. The binary hexadeateresystem is mentioned
as “Binary" and the ternary systems are named after the alcohol in thewsystg., “Pentanol for
the ternary system containing pentanol. The binary hexadecane—wdtézraary hexadecane—
water—alkanol systems were subjected to a equilibration run under isoth&rofaric condition
(constant NPT) at 1 atmosphere pressure and 300 K temperatureddolfoved by a production
run of 30 ns under canonical ensemble condition (constant NVT), dthden the last configu-
ration of NPT simulation at the same temperature. The pressure and tempevatarcontrolled

by Nosé-Hoover barostat and thermostat with a pressure damping perarh®00 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(A)
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 simulationspsgiarmed using the
LAMMPS [23] MD package. The simple point charge model (#P)Gvas used to model water
molecules [24]. The OPLS-AA force field parameters for hexadecadakohol molecules are
adapted from the work of Siu et. al [25] and Jorgensen et. al [26]sTie¢ching of C—H bonds
of hexadecane and alkanols, O—H bonds of water molecules and thaden&éi—C—H angles of
alkane and alkanols as well as of H-O—H angle for water molecules wastramed using the
SHAKE [28] algorithm. The equations of motion were integrated using thetadderithm with
a time step of 1.0 fs. Three dimensional periodic boundary conditions vgekto simulate the
bulk behavior. The atomic coordinates were stored at an interval of. Ilhasreported properties
are calculated from the last 10 ns of trajectory. A schematic of the moledulatiges of hexade-

cane, water and fferent 1-alkanols mentioningftierent 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 emulsifiersrinrfg a layer on
an oil droplet. The pattern of layering as well as the ability to penetrate theaplet by the
alkanol depends on its hydrophobicity and can be determined from thi&digtn of its segments
across the oil droplet. Radial density profitg, of different moieties from the center of mass of

the hexadecane droplet gives an idea about the spatial arrangendffiei@Ent chemical species
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Figure 9.1: Schematic representation of the hexadecane, alkanols tandnetecule showing the
atom types used in the discussion.

across the oil droplep, is calculated by using the equation

1 a
o= Z«sari o EL)) (9.1)

wherer{ represents the distance of ilth species from the center of massy of the hexadecane
droplet. It is obvious that within short distance (e.g. 1.0 A) from the cesftenass of the oil
droplet, presence of fewer number of chemical species leads to ptisticta To overcome this
problem, the first spherical shell is constructed with 5.0 A of radius amddhward, the thickness
of the spherical shells are kept to be 1.0 A. Figure 9.2(a) comparesiiaédansity distribution of
different moieties from the center of mass of the oil droplet in binary hexadewater and ternary
hexadecane—dodecanol-water systems. As there are more numbéenimetecules compared
to that of hexadecane and alcohol molecules, the water number densdleid accordingly. Even
though the region of intersection of the density profiles of the terminal caabmm (Giyt) of the
hexadecane and oxygen atom (OW) of waterds0 A thick in both the binary and ternary systems
presented, the number of water and hexadecane molecules presenhiertiagial region is more
in the binary system than in the ternary systems. This observation sugggstisetipenetration
of water molecules into the oil phase is diminished in the presence of dodecahe ternary
system due to the screening of the oil droplet by the dodecanol moleculksyater molecules

preferring interaction with the hydroxyl group of the dodecanol molectheough H-bonding.
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Figure 9.2: Radial number density profiles of (afelient chemical species in binary hexadecane—

water and ternary hexadecane—dodecanol-water systems and (bateranbon atoms (CT) of

different alkanols in their respective ternary systems with hexadecanesaeid w

The area of the interfacial region (described above) is found to deeneith the chain length of

alcohols (Figure H.1, Appendix H). We see that the density profile of watggen (OW) atom

lies within the density profile of hydroxyl oxygen atom (OA) of dodecamolecule towards the

oil phase. The density profile of terminal carbon atom (CT) of doddaaontecule merges with

the density profile of terminal carbon atomAf} of hexadecane molecule near the interfacial

region. This comparative pattern in density profile dfetient chemical species is also observed

in rest of the systems with fierent chain length alcohols. Enhancement in the number density

of terminal carbon atom () of hexadecane molecule is observed at the interface in binary

hexadecane—water system only but not in ternary systems with alkanebss hlso observed that

the density of the hexadecane molecules decreases rapidly in binam sylségeas with increase

in the length of the chain of alcohols, the slope of this density profile near tiwddoe decreases.
Figure 9.2(b) represents the radial density distribution of terminal caatwon (CT) of difer-

ent alcohols from the center of mass of the hexadecane droplet in thp@atéve ternary systems
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studied. The maxima in the density profile for the terminal carbon atom (C@aaygt around
~19.0 A from the center of mass of the droplet for pentanol and heptaheteas it appears
at around~17.0 A for decanol and dodecanol. The peak intensity in the corresmpdensity
profiles decreases with increase in chain length of the alcohol molecules, wdssee that the
profiles show significant deviation from a gaussian type distribution as we nosvards dode-
canol. Longer chain alcohols, being more lipophilic, interacts strongly witloillghase leading
to greater penetration into the oil droplet. As a result, longer chain alcof®lialy to be found
in a wider range across the oil droplet leading to broadening of the detisitipution compared
to the shorter chain alcohols. We have also seen that the water molecudbgt@eaway from the
center of mass of the hexadecane droplet with increase in the chain létigghaécohol molecules.
This is due to the fact that the longer chain alkanols form bigger aggregatmg 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 amdhitee phase coexist.
We have taken the interfacial region along the radial vector from the rcehitaass of the oll
droplet between the spherical surfaces, where the radial numbsitydefhthe terminal carbon
atom of hexadecane moleculexf} 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 téicant®n atoms
(CaT) from the center of mass of the oil droplet falls within this region. If the distaof a water
oxygen atom (OW) from the center of mass of the oil droplet falls within thgsore the water
molecule is said to be present in the interfacial layer. For an alcohol mojétidehe terminal
carbon atom (CT) of the alkoxy chain whose distance from the center &6 ofathe oil droplet

determines whether it is in interfacial layer.
9.3.2 Interface Organization

The orientational profiles of hexadecane, alkanol and water molecitlesespect to the radial
vector joining the center of mass of the hexadecane droplet and the sgextiim of the corre-
sponding molecule (e.g. the eighth carbon atom of a hexadecane chagrntiveal carbon atom

(CT) of an alcohol molecule and oxygen (OW) atom of a water molecule)l@egned by calculat-
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ing the bivariate distribution of probability between the Legendre polynoniaisb kind (defined
asP;(cosf) = cosh) and the distance from the center of mass of the hexadecane dropleinglee
0 is computed between the aforementioned radial vector and the molecular (vepteisented by
the principal axis of hexadecane chain, the principal axis of alkoxinarad the dipole moment
vector of water molecule). We have also computed the probability distributidimeof.egendre
polynomial of second kind (defined &s(cosf) = (%)(3 cosy? — 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 probaPBiltyoss) for the
hexadecane chains and the distance from the center of mass of thepbdtdncall the systems

studied. We observe that the hexadecane molecules are randomly orieatdéte center of mass

(a) Pentanol (b) Heptanol

0 .20

10 .20 1
distance(A) distance(A)

(c) Decanol (d) Dodecanol
1

0.8
0.6
0.4
0.2
[}

10 20
distance(A)

20

J1o
distance(A)

Figure 9.3: Bivariate distribution of the probabiliBs(cosd) and the distance from the center of
mass of the oil droplet in ternary systems containing (a) pentanol (b) i@ decanol (d)
dodecanol and in (e) binary hexadecane—water systeimthe angle between the radial vector
and the principal axis of the hexadecane chain.

of the corresponding oil droplet irrespective of the systems studied. éAsawe away from the
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center of mass of the oil droplet, the hexadecane molecules begin to skeotatonal preference
to be aligned perpendicular to the radial vector. In the oil-water interfigiat, the hexadecane
molecules are most likely to be oriented tangential with respect to the droplatswvhich is in
good agreement with the experimental finding on SDS-stabilized nanosiibgiioplets in water,
where the oil molecules are preferentially orienting parallel to the plane [IBg probability
of being oriented perpendicular to the radial vector in the oil-water intetfeyer is maximum
in case of the binary hexadecane—water system and decreases watsean the chain length
of the alcohol molecules in ternary hexadecane—alkanol-water systamgPJ{(cosd)) profile
for the hexadecane chains along the radial vector from the center sfohése oil droplet also
confirms this observation (Figure H.2, Appendix H). Snapshots of temeask molecules near the
water rich phase (in magenta) and within the oil core (in yellow) shown in Ei§ut also proves

their tangential alignment at the droplet surface in all the systems. We gdinegdhe layering of

Figure 9.4. Hexadecane molecules in oil droplets of ternary systems dogtéa) pentanol (b)
heptanol (c) decanol and (d) dodecanol and in (e) binary heaagegvater system. The hex-
adecane molecules near the water rich side and oil rich core are showrgantaand yellow
respectively. Hydrogen atoms are not shown for clarity.
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longer chain alcohols at the surface of the hexadecane dropletselaxerientational preference
of alkane molecules in the oil-water interfacial layer.

The bivariate distribution of orientational probabiliB(cosd) and distance from the center
of mass of the oil droplet for alkanol molecules irffdrent hexadecane—alkanol-water ternary

systems are shown in figure 9.5. Unlike hexadecane molecules, alkaory alkains with their

(a) Pentanol (b) Heptanol

2
8 0 1
-0.5 0.5
- ’ 4]
20 go .20 . 30
distance(A) distance(A)
(c) Decanol (d) Dodecanol
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Figure 9.5: Bivariate distribution of the probabiliBs(cosd) and the distance from the center of
mass of the oil droplet in ternary systems containing (a) pentanol (b) @i decanol (d)
dodecanolf is the angle between the radial vector and the principal axis of the alkaig.ch

terminal carbon atoms penetrating into the hexadecane droplet tend totbaergelves radially
outward. We observe that alkanols with hydrocarbon chain length gribatie seven show very
high probability of their alkoxy chains orienting perpendicular to the radtatar as we move
away from the center of mass of the oil droplet towards the aqueou®.ph&s see that the
probability of the alkoxy chains of the alkanol molecules to be oriented taiadjan the droplet

surface increases with increase in carbon number in the alkyl chain afableol molecule. The
(P2(cosh)) for the alkoxy chains along the distance from the center of mass of theléexae

droplet also confirms this observation (Figure H.3, Appendix H). Figused@picts the alcohol

molecules with their terminal carbon atoms (CT) present near water richnrégionagenta) and
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near oil rich region (in yellow) for the ternary systems studied. We sealkeatol molecules with

Figure 9.6: Alcohol molecules present near water rich region (magemtaear oil rich region
(yellow) of the ternary systems containing (a) pentanol (b) heptandb@nol 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 ttf@csuof the oil droplet
near the water rich phase.

Figure 9.7 depicts the bivariate distribution of the orientational probalftlifgoso) of dipole
moment vectors of water molecules along the radial vector originating fromeher of mass
of the oil droplet in diferent systems studied. The water molecules near the hexadecane droplet
surface in binary hexadecane—water system show the highest pityb@borient their dipole
moment vectors perpendicular to the radial vector joining the center of nfidlse droplet and
the oxygen atom of water molecule. Layering of alcohol molecules on theaplet in ternary
hexadecane—alkanol-water system reduces the probability of the dipoiemhwectors of water
molecules to be oriented tangential to the the droplet surface which is in goeenaent with the
experimental result [18]. We have found that in ternary systems witheshainain alcohols (e.g.
pentanol and heptanol), decrease in this probability is more compared & [dregjn hydrophobic
alcohols (e. g. decanol and dodecanol). TRgcoss)) for the dipole moment vectors along the
radial vector from the center of mass of the hexadecane droplet alfoes our observation (Fig-

ure H.4, Appendix H). Snapshot of water molecules near the dropletceushown in Figure 9.8
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Figure 9.7: Bivariate distribution of the probabiliBs(cost) and the distance from the center of
mass of the oil droplet in ternary systems containing (a) pentanol (b) @@ decanol (d)
dodecanol and in (e) binary hexadecane—water systeisithe 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 tHetdsogace. In
this figure, the hexadecane molecules are shown in blue, the alcohol teslaceishown in green,
the oxygen atoms of water molecules are shown in red and hydrogen ateraseoimolecules are
shown in white. We observe that water molecules at the droplet surferg or such a way that
their dipole moment vectors are tangential to the droplet surface. Thocgh lite asserted that the
hydrophobicity of the droplet surface imposes selectivity on the orientafitime adjacent water

molecules, further experimental and computational studies are requirgditwesthe underlying

reasons for this orientational selectivity.
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Figure 9.8: Water molecules near the droplet surface in ternary systertaring (a) pentanol
(b) heptanol (¢) decanol and (d) dodecanol and in (e) binarydemene—water system. The hex-
adecane molecules are shown in blue, the alcohol molecules are shoverim tire oxygen and
hydrogen atoms of the water molecules are shown in red and white reggectiv

9.3.3 Conformational Analysis of Hydrocarbon Chains.

Gauche population for each dihedral along the hydrocarbon chagrs gividea about its departure
from fully stretched all-trans conformation in a heterogeneous aquewirsement. Figure 9.9(a)
presents the percentage of gauche population for each C-C-C-Craliladohg the hexadecane
chain from either of the termini () for the molecules present in the oil-water interfacial layer
in different systems studied. The percentage of gauche population is alexage¢he equivalent
dihedrals from both termini of the hexadecane molecule. We see that thehility of finding
gauche conformation in any of the C-C-C-C dihedral in hexadecane otelsc-1.5 times more

in binary hexadecane—water system than in ternary hexadecanestalkater systems. In the
ternary systems containing shorter chain alcohols (e.g. pentanol atehbBpC-C-C-C dihe-
drals along the hexadecane chains show slightly higher probability to beiagihgaonformation

than the ternary systems containing longer chain alcohols (e.g. decahdbdacanol). We have
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Figure 9.9: (a) Gauche population of C-C-C-C dihedrals of the hexsa#emolecules (averaged
over both termini (G7)) present in the interfacial layer. Dihedral around the bond conrgectin
2nd and 3rd carbon atoms of the hexadecane chain from the termindbtiesl ppetween 2 and
3 in the graph. (b) the average end to end distance of the hexadecarmilemlpresent at a
given distance from the center of mass of the oil droplet in binary heeae-water and ternary
hexadecane—alkanol-water systems.
also calculated the average end to end distance of hexadecane molecussréueas the dis-
tance between two terminal carbon atoms of hexadecagg)@s a function of the distance of
the molecule (8th carbon atom from the either of the termini) from the centers¥ aiail droplet
which is shown in Figure 9.9(b) in all the systems studied. We observe thanthé end dis-
tance in hexadecane molecules decreases gradually as we move famiéndé center of mass
of the oil droplet towards the aqueous phase in all the systems. Also, dh® emd distance in
the alkane molecules increases from the binary hexadecane—waten sységnary hexadecane—
alkanol-water systems with longer chain alcohols near the oil-water intéittasta. Combining
the trends observed in the gauche population among the C-C-C-C dihatinagsthe hexade-
cane chain and), we can say that layering of more hydrophobic longer chain alcohol mielec

on the hexadecane droplet results in less gauche defects in the alkamelg®lerhis observa-

tion is also consistent with the area under the intersection region of the nulabsity profiles
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of the terminal carbon atoms &) of hexadecane molecules and oxygen atoms (OW) of water
molecules (Figure H.1, Appendix H). Greater the volume of the oil-water iciatfayer, greater

will be the unfavorable hydrophobic interaction between oil and wateirigad folded structure

of hexadecane molecules.

In alcohol molecules of ternary hexadecane—alkanol-water systentsaweefound that the
percentage of gauche conformations for any of the C-C-C-C diheofalkanols along the hy-
drocarbon chain from the alkyl terminal end is slightly higher in the waterpiese compared to
the oil rich phase (Figure H.5, Appendix H). It was also observed tlatiitrease in the length
of the alkoxy chain{])) as we move away from the center of mass of the oil droplet towards the
agueous phase is more in longer chain hydrophobic alcohols (e. gaalesal dodecanol) than
shorter chain alcohols (e. g. pentanol and heptanol) (Figure H.6,sppél). Based on these
observations, we can say that longer chain alkanols are more probdideda folded structure

in agqueous 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 theaiiér interfacial
layer at timety andtp + 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 galrgirobability [33] and is
calculated by the equation,

L = = 30 - 1)

N4

whereli(t), the instantaneous survival probability operator takes the value 1iif-ttie molecule
is present in the interfacial layer at tirhand 0 otherwise.

L(t) for water molecules to be found in the oil-water interfacial layer of thatyihexadecane—
water and dierent ternary hexadecane—water—alkanol systems are shown ie Big0r We ob-
serve a rapid decay in the time correlation functions (TCFs)86% within a short period of
(~10 ps) elapsed time in all systems. After that, the rate of decay of TCF is higiné¢ise binary

hexadecane—water system and decreases as we move to the terreatychee—water—alkanol
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Figure 9.10: Survival probability of water molecules in the oil-water intéafdayer of binary
hexadecane—water andtérent ternary hexadecane—water—alkanol systems.
systems with longer chain alcohols. The decay of the TCFs is correlated avéhage num-
ber of hexadecane molecules present in the oil-water interfacial layiehate calculated to be
51, 42, 37, 36 and 33 for the binary hexadecane—water and tereaagécane—water—alkanol
systems consisting of pentanol, heptanol, decanol and dodecanol tasleespectively. A hex-
adecane molecule is said to be present in the oil-water interfacial layer dfatsyheavier atom
is found in the specified region. The extent of hexadecane moleculesexkpo the aqueous
phase increases with decrease in hydrocarbon chain length of atooleules in hexadecane—
water—alkanol ternary systems, which is also evident from the figure 9éat& the number of
hexadecane molecules in the interfacial layer, greater will be the uiafalednydrophobic interac-
tions experienced by the water molecules that will prevent the water moldooesemaining in
the interfacial layer for a longer time. Longer chain alkanols screen tighae moreféciently
from the water phase. As a result, the probability of the water molecules tanstiag oil-water
interfacial layer increases in the ternary systems with longer chain aloaietules.

The survival probability of water molecules in the oil-water interfacial ldges direct impact
on the fluctuations in hydrogen-bond populations between alcohol ated malecules with time.

The fluctuations in hydrogen-bond populations with time are charactenzéietltime correlation
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function (TCF) [34]
N
Cral®) = = > {hy () 1(0)
ij=1

whereh;;(t), an instantaneous hydrogen-bond operator takes the value 1 if msleantyj are H-
bonded at timé and O otherwise, assuming the intermittent approximation [33, 35]. The functio
Cug(t) gives the probability that the moleculesnd j are H-bonded at timg given that they
were H-bonded at time 0. We have adapted the geometric criteria [36] t@@efipdrogen bond.

In a strong H bond, the H atom and the acceptor are separated by a éiaadhan 2.2 A,
and the angle made by the donor, H atom, and the acceptor is within the raid8@3 The
corresponding distance and angular ranges are 2.0-3.0 A and 90xd§8ectively to form a weak
H-bond. The more electronegative alkoxy and water oxygen atoms thontaas H-bond donors
and H-bond acceptors in the H-bond interaction between alcohol andwaliecules. Figure 9.11
presents the time evolution @fg(t) for H-bond formed between alcohol and water molecules

in different hexadecane—water—alkanol ternary systems studied. Wedumckthat the rate of
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Figure 9.11: Survival autocorrelation functioByg(t) for H-bonds between alcohol and water
molecules in dferent ternary hexadecane—water—alkanol systems.

decay ofCyg(t) is almost identical in the systems containing pentanol and heptanol and #igo in
systems containing decanol and dodecanol. The TCFs for more hyneicohols (decanol and

dodecanol) decay slowly compared to less hydrophobic alcohols (mtrad heptanol) which
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contradicts the generally expected trend of increase in H-bond lifetime éetwater and alcohol
molecules with decrease in alkoxy chain length. This observation can beplzned based on
the survival probability of water molecules in the oil-water interfacial lay&fe have seen in
Figure 9.10 that the average lifetime of water molecules in the oil-water intdri@yga increase
as we move from shorter chain alkanols to longer chain alkanols. Morevérage life time of
water molecules in the oil-water interfacial layer, greater is the probabilitprofdtion of H-

bonds between water and alcohol molecules that are long lived leadinggeer IBRbond 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 (pentaaptahol, decanol and
dodecanol) as emulsifiers. Dependence of the pattern of layering dfchlomlecules on the
hexadecane droplet on the hydrophobicity of the alcohols employeddesisdibserved, with the
longer chain alkanols more likely to penetrate into the oil droplet compareditcstigater chain
homologues. With increase in the alkyl chain length, alkanols exhibit a gneateability to ori-
ent their alkoxy chains tangential to the droplet surface. On the othek, ath the decrease in
hydrophobic environment around the oil droplet, the hexadecaneschlaow greater probability
to be oriented perpendicular to the radial vector. Water molecules ard fouase their orienta-
tional alignment on the droplet surface in presence of alkanols comparezht oil-water binary
system.

The interfacial hexadecane molecules in binary oil-water system shategigauche defect
probability about any of their dihedrals than those in ternary oil-waterralksystems. The
interfacial hexadecane molecules are more distorted from all-transrowetfon in the binary
system compared to the ternary systems. The survival probability of wetieicules in the oil-
water interfacial layer is correlated with the number of hexadecane mateexpesed to the layer.

In the systems with longer chain alkanols, the hexadecane moleculeseerextirom the water
phase moreféectively leading to decrease in unfavorable hydrophobic interactioreeetwil and

water phase resulting in the greater probability of observing a water molecthe oil-water
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interfacial layer. The survival probability of water molecules in the oil-waigerfacial layer

determines the lifetime of H-bonds formed between alcohol and water molecules
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Chapter H

Appendix H
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Figure H.1: Radial number density profiles of terminal carbon atoms of tkeedleeane molecules
(Cat) and the oxygen atoms of the water molecules (OW) in the ternary systemandaaogizif-

ferent alkanols.
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Figure H.2: Distribution of P2(cos#)) with distance from the center of the mass of the oil droplet
in binary and ternary systems studiedlis the angle between the radial vector and the principal

axis of the hexadecane molecule.

303



o
Jes)
T

— Pentanol
—— Heptanol
—— Decanol b
—— Dodecanol 1

<P(cosb)>

©o o o
o N B (=2
e

o
[N
T

I
»
T

6....10....20....30....40
Distance (A)

Figure H.3: Distribution of P2(cos#)) with distance from the center of the mass of the oil droplet
in binary and ternary systems studietlis the angle between the radial vector and the principal
axis of the alkoxy chain.
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Figure H.4: Distribution of P2(cos#)) with distance from the center of the mass of the oil droplet
in binary and ternary systems studieél.is the angle between the radial vector and the dipole
moment vector of the water molecule.
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pentanol, heptanol, decanol and dodecanol molecules.
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Summary

For equimolar binary mixture of imidazolium based ionic liquids, the spatial lative
between ions, the liquid-vapor interface population and the pattern ofdntedrganisation

is governed by the hydrophobicity of the ions.

Composition variation in binary mixture of imidazolium based ionic liquids sets trands

surface population, surface roughness and dynamics in the liquid-vepdacial layer.

Increase in shorter alkyl chain length of double tailed imidazolium based ligoids con-
trols the intermolecular organisation, size and structures of the aggrégaes! in aqueous

solutions.

Introduction of hydroxyl group at the terminal carbon atom of varyikglachain in [HOCnC10Im]
cations leads to formation of aggregates having size and shépeedt than their non-

hydroxyl analogues in aqueous solutions.

Spacer chain length of [Cn(MIm)2] cations in their aqueous solutiondatssuthe intra-
cationic structure, bulk solution structure and dynamics as well as soluipornterface

organisation.

Enhanced intake of amino acids into the ionic liquid based reverse micelles ssliiz

shape of the reverse micelles, intermolecular H-bonds and slows down mobititylecules.

Hydrophobic ionic liquids facilitates removal of water from the vicinity of thepliase at

the planar interface of water-IL-nonane ternary systems.
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e The orientational ordering and conformation of alkane and alkanol mieteat the curved

oil-water interface is governed by the hydrophobicity of alkanols.
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