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Abstract

Ionic Liquids (ILs) are highly ionic compounds where its physical and chemical proper-
ties can be appropriately tuned by varying the choice of cations and anions. The complex
interactions of ILs with water or other solvents can also influence the structure and dynam-
ics of these mixtures and can determine its suitability in applications to gas absorption,
metal ion extraction, liquid extraction, electrochemistry, catalysis etc. Molecular Dynam-
ics simulations (using all atom forcefields) can provide enormous physical insights into
the structure and dynamics of ILs in neat and hydrated environments. For example, a
molecular understanding on the effect of anion on structural and dynamical properties in
neat imidazolium ILs shows the following trends: ILs with smaller anions like C1~, Br~,
BF, have relatively higher cation-anion interactions, unlike larger anions like PF, , OTf"
, NTf,. The cationic and anionic diffusion (ionic conductivity) are lowest in ILs with C1~
and Br~ anions, and highest with BF,, OTf™ and NTf, anions. While the magnitude of
diffusion coeflicients is primarily dependent on anionic size and shape, ion-pair lifetimes
will decisively provide a direct qualitative trend with diffusion coefficients (conductivity)
of ILs. The addition of water to a hydrophobic IL ([Hmim][NTf,]) shows the follow-
ing structural features: (a) At low water concentration, small regions of water molecules
are surrounded by several cation-anion pairs. (b) At medium water concentration, cation
tail aggregation starts, and phase separation between the IL. and water is observed. (c)
At high water concentration, increasing cationic tail aggregation leads to micelle forma-
tion. Further aggregates of cations and anions are solvated by large water channels. The
Radial Distribution Functions show that cation-anion, cation-cation, and anion-anion in-
teractions decrease and water-water interaction increases with water concentration. The
translational and rotational dynamics in hydrated [Hmim][Cl] ILs and [Hmim][NTf,] ILs
is also investigated. At low, intermediate, and high water concentration, dynamical prop-
erties (diffusion coeflicient) of hydrophobic/hydrophilic ILs shows the following trends:
ClI" > Hmim" ; CI” > NTf, ; Hmim" ( [Hmim][Cl]) > Hmim" ([Hmim] [NTf,]). At

ultra-low water concentration, hydrophilic ((Hmim][Cl]) IL shows several bridges like

— [ xviii | —



configurations between water molecules and C1™ anions which is supported by a complex
distribution of water clusters and positive value of water-water interaction energy. The ro-
tational relaxation time of Hmim™* cations is larger in neat [Hmim][CIl] compared to neat

[Hmim][NTHf,] IL with an opposite trend seen with hydration.
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Chapter 1

Introduction

1.1 Ionic Liquids

Ionic Liquids (ILs) are materials which exist as cations and anions with melting points

below 100 °C [1]. ILs are highly ionic species where at least one of the ions have larger
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Figure 1.1: Representative cations and anions of ILs.



size and are asymmetric which leads to reduced melting points [2]. Several ILs exist
as liquid at room temperature and hence are called as Room Temperature ILs [3]. The
interionic interaction in ILs can be classified as « - 7 [4], electrostatic and H-bonding [5,6].
These interactions in ILs leads to unique properties such as low vapor pressure [7], low
flammability [8], high thermal, chemical, and electrochemical stability [1]. A large body
of experimental work [1,9, 10] has been devoted to the synthesis and characterization of
ILs. The chemical structure of commonly investigated ILs with representative cations and
anions are shown in Figure 1.1. By varying the choice of cation and anion, a large number
of ILs can be synthesized and hence, they are called as ‘designer solvents’ [11] in the
scientific community. Among several families of ILs, the imidazolium class of ILs has

been extensively investigated from experiments and computer simulations [9, 12-20].

1.1.1 Imidazolium Ionic Liquids

One of the earliest reported imidazolium IL was the dialkylimidazolium chloroaluminate
IL [21]. This IL was investigated for its applications to electrochemistry, synthesis and
spectroscopy. Subsequently, several imidazolium ILs (with varying alkyl chain length on
the imidazolium cations and different anions) have been synthesized and characterized
for industrial and laboratory applications as solvent for organic synthesis [22—-26], nanos-
tructured materials [27-29], bio-selective catalysis [30,31]. Few examples of such ILs
are outlined below. Gonzalez-Miquel et al. [32] explored the CO, absorption capacity in
[C4mim[PF¢], [C;mim[FAP] and [C,;mim[NTf,] ILs using a Gravimetric High Pressure
Sorption Analyzer. Wang et al. [33] investigated [C;(C,oIM][BF,] IL as a solvent for syn-
thetic applications. Xu et al. [34] the cellulose dissolution in [C,,mim][CH;COQ] (n = 2,
4, 6, 8) ILs. The effect of alkyl chain length on the imidazolium cations, choice of anions
and co-solvents (e.g., water) are the key factors which can influence the physical, struc-
tural and dynamical properties of imidazolium ILs. A background of several experimental
and theoretical investigations on the properties of various imidazolium ILs are described

in the subsequent subsections.



1.2 Physical Properties

Rogers and co-workers [35] investigated the melting point (m.p.) of [C,mim][X] (n
1-4, X = AICI,, BF,, PF,, NO;, TfO~, NTf;) ILs by Differential Scanning Calorimetry

(DSC). The authors observed (see Figure 1.2a) that m.p. of ILs lowers with increasing
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Figure 1.2: Melting point of imidazolium IL with the effect of a) alkyl chain length on
the cations, b) anions.

alkyl chain length on the imidazolium cation. The authors observed (see Figure 1.2b) that
ILs containing bulkier anions (TfO™ and NTf)) have a lower melting point compared to
ILs containing symmetric and smaller size anions (NO5 and PFy).

The authors investigated the density of [C,mim][X] (n =4, 6, 8, X = CI", BF,, PF/
and NTf) ILs using gravimetric analysis. The authors observed (see Figure 1.3a) that

the density of ILs decrease with increasing alkyl chain length. The authors observed (see
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Figure 1.3: Density of imidazolium IL with the effect of a) alkyl chain length on the
cations, b) anions.

Figure 1.3b) the increase in density of these ILs with increase in anionic size (CI- < BF,



< PF; < NTf;). The authors examined the viscosity of [C,mim][X] (n =4, 6, 8, X =
I, BF}, PF, and NTf;) ILs by a viscometer. The authors observed (see Figure 1.4a) that
the viscosity increases with increasing alkyl chain on the imidazolium cation. The authors
also observed (see Figure 1.4b) that viscosity decreases with lower symmetry of the anion.

The authors characterized the thermal stability of [C,mim][X] (n = 2, 4, 6, 8§, X = CI",

700

a) [Cgmim][PFb]. b)

_ 650 — s 1200 - @ [C,mim][I]
A A
< 600~ ® [C.mim][PF ] < 900 -
> 6 6 >
7 550+ =
g & 600
§ 500 E [C,mim][PF,] @

450 - @ [C,mim][PE,] 300 [C,mim][BF,] @

400 0 [C,mim][NT{,] @

Figure 1.4: Viscosity of imidazolium IL with the effect of a) alkyl chain length on the
cations, b) anions.

I, BF,, and NTf)) ILs by thermogravimetric analysis (TGA). The authors observed (see
Figure 1.5a) that the decomposition temperature of ILs did not show any correlation with
the alkyl chain length of the imidazolium cation. The authors reported (see Figure 1.5b)
that ILs containing hydrophilic anions (Cl~, I") have lower decomposition temperature,

compared to ILs containing less hydrophilic (more hydrophobic) anions (BF,, NTf)).

420

450

a) [C,mim][PF,]@ b) [C,mim][NTf,] @

6 —
Oz; 03 400 |C4mim]|BF4].
5 400 - g

s <

g 2 350|-

£ 5

= 380 [Cymim][PE,] <

5 .l(‘,zmim]IPFh] smim ¢ ® E 300

k= Z

8 ]

g 360 - g‘ . @ [C,mim][I]

3 2 250 — [C,mim][C]]

o @ [C,mim][PF,] A

340 200

Figure 1.5: Decomposition temperature of imidazolium IL with the effect of a) alkyl
chain length on the cations, b) anions.
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1.3 Structure

1.3.1 Neat Imidazolium ILs

The structural properties of materials can be characterized by several spectroscopic tech-
niques such as Raman-induced Kerr effect, Small Angle Neutron Scattering (SANS),
Small Angle X-ray Scattering (SAXS), Small Wide Angle X-ray Scattering (SWAXS),
TEM and cryo-TEM, and X-ray, etc. Triolo et al. [36] employed X-ray on neat and su-
percooled [C,mim][BF;] (n = 2, 4, and 6) and [C,mim][CI] (n = 3, 4, 6, 8, and 10)
ILs and observed a nano segregated structure of ILs formed by the alkyl chain of im-
idazolium cations. The authors reported that the size of the structural heterogeneities
(formation of polar and nonpolar domains) was directly proportional to the alkyl chain
length of imidazolium cations. Russina et al. [37] employed SWAXS and Raman-induced
Kerr effect spectroscopy to characterize the structure of [C,mim][NTf,] (n = 1 - 10) ILs.
The authors observed the presence of chain aggregates where the alkyl chain length on
the imidazolium cation was found to be > 3. Xiao et. al. [38] observed similar structural
properties between [C,mim][NTf;] and [(C,),im][NTf,] (n = 2-5) ILs using SWAXS. The
authors also observed that symmetric cations [(C,),im]* were more compactly packed as
compared to asymmetric cations [C,mim]*. Hardacre et al. [39] studied the structure of
ILs composed of [C,mim]* cations (n = 12-20) with CI~, Br~, OTf", NTf; and tetra-
chloropalladate(Il) anions using SAXS. The authors observed that ILs containing a long
alkyl chain on the imidazolium cation showed a liquid crystalline phase (also known as
smectic A [40]). The smectic A shows an interlayer spacing to be dependent on the
choice of anions and the alkyl chain length of the imidazolium cation. Xiao et al. [41]
employed the Raman-induced Kerr and optical Kerr effect spectroscopy to study struc-
tural organization in [Csmim][Br], [Csmim][PFs] and [Csmim][NTf,] ILs. The authors
reported that solid-like domains exist in [Csmim][Br] IL and liquid like domains were
seen in [Csmim][NTf,] IL, which illustrates the role of an anion. In solid domains, two

similar charged anions which are geometrically close to each other results in a van der
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Figure 1.6: Schematic illustration of nanostructural organization in an ionic liquid show-
ing how thermal expansion can occur without affecting the local structure of the domains
in the ionic networks. Reprinted with permission from [41]. Copyright (2007) American
Chemical Society.
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Waals repulsion creating a gap called as a defect. The authors showed (see Figure 1.6)
that [Csmim][Br] IL form ionic networks separated by defects. Further, the authors re-
ported that temperature does not affect the local structure due to the persistent presence of
these defects.

Lopes and Padua [42] employed MD simulations to investigate the structural organi-
zation of [C,mim][PF] and [C,mim][NTf;] (n = 2 to 12) ILs. The authors observed polar
domains (imidazolium ring) and non-polar domains (alkyl chain of imidazolium cation).
The authors also observed the tri-dimensional arrangement of ionic channels in the polar
domains. However, non-polar domains form a dispersed microphase in ILs containing
a smaller cation ([emim]) and a continuous microphase in ILs containing a longer alkyl
chain (e.g., hexyl, octyl, or dodecyl). On the imidazolium cation, with increasing alkyl
chain length, the evolution of polar (red) and non-polar domains (green) occurs (see Figure
1.7). Jietal. [43] studied the structural properties of [C,mim][NOs] (n =6, 8, ...22) ILs us-
ing coarse-grained MD simulations. The authors observed that with increasing alkyl chain

length, van der Waals forces between the alkyl chains increase, leading to transformation



Figure 1.7: Snapshots of simulation boxes containing 700 ions of [C,mim][PF¢]. The
application of a coloring code enables clear identification of the charged and nonpo-
lar domains that form in ionic liquids. The lengths of the box sides are given: (a)
[Comim][PFs] CPK coloring; (b) [Comim][PFs] same configuration as in a with red/green
(charged/nonpolar) coloring; (¢) [C4mim][PFs] | = 49.8 A; (d) [Comim][PF¢] 1= 52.8 A;
(e) [Cgmim][PF¢] 1 = 54.8 A; (f) [Ciomim][PFg] 1 = 59.1 A. Reprinted with permission
from [42]. Copyright (2006) American Chemical Society.

of heterogeneous structure of ILs to an IL crystal structure. Kapoor and Shah [44] studied
the effect of alkyl chain length on structural properties of [C,mim][CgSO4] (n = 2, 4, 6,

8, 10, and 12) ILs using MD simulations. The authors observed that ILs with smaller
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Figure 1.8: Instantaneous snapshot of the equilibrated system for [C,mim][CgSO4] IL
homologous series. The snapshots are color-coded to reflect the polar and nonpolar com-
ponents on both cation and anion. (Cation-polar: red, Anion-polar: yellow, Cation-
nonpolar: green, and Anion-nonpolar: blue). Reprinted with permission from [44].
Copyright (2018) American Chemical Society.

alkyl chain length (n = 2, and 4) forms a “globular” and “sponge” like arrangement.
Upon further increase in alkyl chain length (n = 8, 10, and 12), ILs form a “layer” type
arrangement (see Figure 1.8). Raabe and Kohler [45] employed MD simulations on 1-
alkyl-3-methylimidazolium chloride ILs and 1-alkyl-3-methylimidazolium teterfluorobo-
rate ILs and observed that the probability of finding the CI™ and BF] anions were higher
in the following spatial regions: near the acidic hydrogen atom, between the non-acidic
hydrogen of imidazolium ring and near the alkyl chains (see Figure 1.9). However, the
spatial distribution density of CI” and BF, anions in these regions remain different. For
example, the authors found a lower probability of CI™ anions above and below the plane
of the imidazolium ring, but higher in front of the acidic hydrogen atom (see Figure 1.9a,
b). However, the probability of finding BF, anions was higher above and below the plane

of the imidazolium ring. (see Figure 1.9c, d).

1.3.2 Hydrated Imidazolium ILs

Blesic et al. [46] studied the structural properties in hydrated [C,mim][Cl] (n = 2-14),
[C,mim][PFs](n = 4 or 10), and [C;omim][NTf,] ILs. The authors concluded that im-
idazolium cations with Cl~ anions form aggregates for n > 8. The authors could not

observe any micelles in ILs containing the [C;omim]* cations with NTf;, or PF, anions.
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Figure 1.9: Spatial distribution functions (SDFs) of the anion around the cation at
363.15K as a function of the anion type and the size of the cation from molecular
simulations in this work: (a) [emim][Cl], (b) [hmim][Cl], (¢) [emim][BF4], and (d)
[hmim][BF4]. The surfaces are drawn at 14 (green, red) and eight (yellow, orange) times
of the average density, respectively. Reprinted from [45], with the permission of AIP
Publishing.

Wang et al. [47] employed the negative stain TEM and cryo-TEM techniques and observed
that depending on the water concentration, aggregates of [C,mim][Br] ILs exist either as
spherical micelles, rod-like micelles, and vesicles (see Figure 1.10). Gao and Wagner [48]
examined the structural properties of hydrated [Cymim][BF,] IL by SANS. The authors
concluded that IL can dissolve water up to a ~2:1 water/IL concentration. At higher water
concentration (mole fraction of water ~0.80), water percolate occurs. Further addition of
water (mole fraction of water = 0.925-0.985) to ILs leads to phase inversion with the for-

mation of IL aggregates. The mole fraction of water = 0.985 was reported as the Critical
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Figure 1.10: TEM images of the aggregates of [C;,mim]Br in aqueous solution at dif-
ferent concentrations of IL: (a) 0.06; (b) 0.56; and (c) 0.93 mol L™!; (a) negative stain
TEM; (b) and (c) Cryo-TEM. Reproduced from Ref. [47] with permission from the Royal
Society of Chemistry

Micelle Concentration (CMC) (see Figure 1.11). Tran et al. [49] studied the effect of water
on structural properties of imidazolium ILs with a common cation [Bmim]* with different
(BF,, PF, and NTf,) anions by Near-Infrared (NIR) spectroscopy. The authors observed
that the strength of the anion-water interaction shows the following trends: BF,...H,O >
NTf;...H;O > PF,...H,0, suggesting that [Bmim][BF,] IL can absorb more water com-
pared to [Bmim][PF¢] IL.

Palchowdhury and Bhargava [50] examined the structural properties of hydrated [C,,C -
im][Br] (n = 1, 4, 7 and 10) ILs by MD simulations. The authors observed the quasi-
spherical aggregates of [C;C,oim][Br] IL and spherical aggregates of comparatively larger
size for long chain [C;(C,oim][Br] IL (see Figure 1.12). Vicent-Luna et al. [51] studied
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Figure 1.11: Schematic illustration of structures in mixtures of [C4mim][BF4] and D,0.
Reprinted with permission from [48]. Copyright (2016) American Chemical Society.

the structural properties of hydrated [C,mim][CI] (n = 4, 6, 8, 10 and 12) ILs and calcu-
lated the CMC value for [Cgmim][Cl], [C;omim][Cl] and [C;,mim][Cl] ILs. The authors
also observed the formation of micelles at a particular water concentration. Nickerson
et al. [52] studied the structural properties of hydrated [Bmim][I] IL using experiments
and MD simulations. The authors observed that at lower water concentration, each water
molecule interacts with at least one I~ anion. With increase in water concentration, the I~
anions preferentially interact with water molecules compared to the imidazolium cations

leading to a disordered IL structure.

1.4 Dynamics

1.4.1 Neat Imidazolium ILs

Xu et al. [53] experimentally measured the conductivities of [Bmim][RCOQ] ILs with
varying alkyl chain length on the carboxylate anion. The authors concluded that the num-

ber of ionic aggregates increase with alkyl chain length on the carboxylate anion. This was
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Figure 1.12: Snapshot of the aqueous solution after a 25 ns simulation.
(@)[C1Ciolm][Br], (b) [C4CioIm][Br], (c) [C7CioIm][Br], and (d) [CioCioIm][Br]. The
hydrophilic region of the head group is shown in yellow, whereas atoms belonging to
hydrophobic alkyl chains are shown in magenta. Anions, water molecules, and H-atoms
on the cations are not shown for the ease of visualization. Reprinted with permission
from [50]. Copyright (2014) American Chemical Society.

attributed to an increase in the van der Waals forces between the alkyl chains, which leads
to an increase in the bulk viscosity and hence a decrease in electrical conductivity. Sippel
et al. [54] recorded the dielectric response of thirteen imidazolium ILs and observed that
ILs with low glass temperature and high fragility show the highest electrical conductivity.
Vila et al. [55] calculated the electrical conductivity of [C,mim][X] IL (n =2, 4, 6, 8 and
X =CI", Br, BF,, PF,, ethyl sulfate (ES™) and tosylate (TY™)) using a conductivimeter.
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The authors observed that the electrical conductivity of ILs decrease with an increase in
alkyl chain length of imidazolium cation. The order of electrical conductivity with in-
creasing anion size shows as follows: CI” < Br™ <BF, > PF, > ES™ >TY".

Kowsari and Fakhraee [56] studied the effect of alkyl chain and functional group on the
dynamical properties of imidazolium ILs with ([bmmim]*, 1-butyl-2,3-dimethylimidazoli-
um; [bmim]*; [apmim]*, 1-(3-aminopropyl)-3-methylimidazolium; [mim]*, 1-methyl-
imidazolium) cation and NTf, anion by MD simulations. The authors observed that the
motion of terminal carbon was higher than the motion of nitrogen and carbon atoms of the
imidazolium ring. The authors also observed the order of MSD of cations as: [bmim]*
> [apmim]* > [bmmim]* > [mim]*. The authors also reported the MSD of NTf; anions
follow the order: [bmim][NTf;] > [apmim][NTf,;] > [bmmim][NTf,] > [mim][NTf,].
Rey-Castro and Vega [57] employed MD simulations to study the transport properties
in [Emim][C]] IL. The authors observed that the diffusion of cation was higher than the
anion, though the size and mass of the [Emim]* cation were larger than the CI~ anion.
Mondal and Balasubramanian [58] studied the dynamical properties of [bmim][X] (X =
PF,, BF,, CF;S0O;, NTf;, and NO3) ILs by MD simulations. The authors observed the
following trends in electrical conductivity: [Bmim][PF4] > [Bmim][BF,] > [Bmim][NOj;]
> [Bmim][NTf,] > [Bmim][CF3S0O3]. Kowsari and co-workers [59] studied the structural
and dynamical properties of [Hmim][PF¢] IL by MD simulations. The authors observed

that diffusion of [Hmim]* cations was faster than [PFs]™ anions.

1.4.2 Hydrated Imidazolium ILs

Kaneko et al. [60] studied the effect of alkyl chain length on the diffusion coefficients of
hydrated [C,,mim][BF,] (n = 2, 4, 6, 8) ILs using NMR spectroscopy. The authors con-
cluded that the relative diffusion coefficient of water molecules increased with the alkyl
chain length of the imidazolium cations of the [C,mim][BF,] IL. Menjoge et al. [61]
studied the diffusion in hydrated [Emim][ES] IL and [Emim][OTf] IL using Pulsed Field

Gradient NMR spectroscopy. The authors concluded that in both ILs (with increasing
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water concentration) the diffusion coefficients of cation and anion increase, and the differ-
ence in the magnitude of diffusion coefficients between the cation and anion decreases.
Hegde et al. [62] investigated structural and dynamical properties of hydrated ([C,,mim]
[OAc], n = 2, 4, and 8) ILs with increasing alkyl chain length. The authors observed that
(at all IL concentration), the diffusion of cations, anions and water molecules decreases
exponentially. At IL concentration between 25% and 75%, diffusion of ions and water
molecules decreases very fast. Between 75% to 100% , the diffusion of ions and water
molecules decreases gradually. Méndez-Morales et al. [63] employed MD simulations
on hydrated [C,mim] (n = 2, 4, 6, and 8) ILs with hydrophilic anions (Cl” and Br™) and
hydrophobic anions (PF,). The authors observed that the diffusion of hydrophobic ILs
([C,mim][PF¢]) was higher than the diffusion of hydrophilic ILs ([C,mim][Cl]). Zhong
et al. [64] studied the local structure and transport properties of hydrated [Cymim][BF,]
IL. The authors observed that at low water concentration (mole fraction of water < 0.2),
the diffusion coefficient of cations and anions was similar to that seen in neat ILs. With
increasing water concentration (mole fraction of water > 0.4), the diffusion coefficient of

anions was faster than the diffusion coeflicient of cations.

1.5 Scope and outline of the thesis

The scope of the thesis is to systematically investigate the effect of anions and water con-
centration on the structure and dynamics of 1-hexyl-3-methylimidazolium ILs from MD
simulations. A concise description of forcefield and properties elucidated from MD sim-
ulations are discussed in the subsequent sections. The methodology and MD simulation
protocol for the construction of IL and IL-water mixtures precede the results from MD
simulation in subsequent chapters. The results from MD simulations are outlined in the
following chapters: Chapter 2 describes an MD simulation study on the effect of anions
on the structure and dynamics of neat ILs. Chapter 3 describes the structure in hydrated
[Hmim][NTf,] IL. Chapter 4 describes the translational and rotational dynamics in hy-
drated [Hmim][Cl] and [Hmim][NTf,] ILs. Chapter 5 summarizes the key findings of
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this thesis with a brief description of future directions in this research area.

1.6 Force Field

A force field is defined as a mathematical form of potential energy which depends on the
coordinates of its atoms/molecules of a chemical system. The potential energy [65] of a

chemical system is the sum of all bonded and non-bonded interactions, where

Uiotat = Ubonded + Unon—bonded (1.1)
n=0-5

Unondea = ) ko(r =100 + ) ko0 =607 + > Culcos@))" (1.2)
bonds angles torsions

where k;, and k, are the force constants corresponding to the bonds and angles, C,, are the
torsional coefficient. ¢ = ¢-180°, where ¢ is the dihedral angle. The non-bonded potential

energy is defined as:

12 6
(T Oij 1 qiq;
U, :54, ) (|« —2E 1.3
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where, o;; is the well depth of potential energy, r;; is the distance between the atoms i and
J» 0ijis the distance between the atom i and j. g; and g; are the atomic charges of the atoms,
€ 1s the permittivity of vacuum and ¢, is the dielectric constant. The harmonic terms in
the bonded interactions represent the classical nature of the force field. The commonly
used and most popular classical force fields are CHARMM [66], AMBER [67], OPLS-AA
[68], COMPASS [69], GROMOS [70], etc. Among them, the OPLS-AA force field has
been extremely popular and extensively used [71-77] to model interactions and examine
structure and dynamics in ILs in neat and hydrated environments. This has motivated
the use of OPLS-AA forcefield for MD simulations of IL and IL-water mixtures in this
thesis. A comprehensive description of force fields and MD simulations can be seen in

references [65, 78].
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Figure 1.13: a) Schematic representation of Radial Distribution Function, b) Oxygen-
Oxygen RDF (goo(1)).

1.6.1 Radial Distribution Function

The structure of a material can be calculated as a Radial Distribution Function (RDF) and

1s written as [78]:

a(rlj
= E E 1.4
gAB(r) < PB Zlocal NA 47Tr2 ( )

ieA ieB

where, < pg >, 1S the particle density of particle B averaged over all spheres around
a reference particle A. A schematic representation of RDFs in liquid water and the cal-

culated RDF (between oxygen atom of water molecules) is shown in Figure 1.13). The

—[16]—



Coordination Number of molecules can be calculated up to any particular distance r (e.g.,

first minima of solvation shell) and can be written as:
Coordination Number = 47p f g(r).rdr (1.5)
0

where, p is the number density.

1.6.2 Mean Square Displacement and Diffusion Coefficient

The Mean Square Displacement (MSD) can be written as [78]:

lim (lri(1) — ri0)|*)ica = 6Dat (1.6)
MSD

where r; are the positions (coordinates) of molecular systems extracted from the trajec-

Ballistic
; Linear

Sub diffusive

MSD

Time (t)

Figure 1.14: Schematic representation of diffusion.

tories of MD simulation runs. In general, the various possibilities of diffusion in any
chemical system can be seen in Figure 1.14. Using the Einstein relationship [78], the

diffusion coefficient (D4) of any molecule “A” can be calculated from the linear regime of
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the corresponding MSD. The linear regime is determined using a parameter, 3(t), defined

as:
_ dlog(MS D)

B(1) = dlog (D) (1.7)
1.6.3 Ionic Conductivity

The ionic conductivity (4;7) can be calculated using the Nernst-Einstein relationship [78]

and can be written as:

2
A= 72 (D + D) (1.8)
where, N, is Avogadro number, V,,,; = g:’f‘;;;, D, and D_ are the diffusion coeflicients of

the cations and anions, N is the number of ion pairs, T is the temperature, e is the charge

of an electron and kjp is the Boltzmann constant.

020 020 02
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Chapter 2

Anion and temperature dependence on
structure and dynamics of
1-hexyl-3-methylimidazolium ionic
liquids

2.1 Introduction

Room temperature ILs have low vapor pressure, large electrochemical window, and high
chemical and thermal stability and hence are suited for a variety of technological appli-
cations [7, 8,79, 80]. However, various physical and chemical properties of these ILs
can be tailored [81-83] by choosing combinations of cations (and its derivatives) and an-
ions. Gritzel and co-workers [84] investigated ILs containing the 1,3-dialkylimidazolium
cations with various hydrophobic anions. The authors concluded that ILs with smaller
cations and anions have high conductivity. Huddleston et al. [35] characterized the ef-
fect of anions on physical properties and thermal stability of several hydrophilic and hy-
drophobic imidazolium ILs. The authors observed that the thermal stability of ILs de-
crease with the following anions: PF, > NTf; ~ BF, > CI” ~I". Ngo et al. [85] observed

an exothermic thermal decomposition of ILs with organic anions, unlike ILs containing
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inorganic anions. Fredlake et al. [86] and Muhammad et al. [87] concluded that thermal
stability of ILs increases with anionic size. Katsyuba et al. [88] employed single crystal
X-Ray Diffraction (XRD) and infrared and Raman spectroscopy and found that hydrogen
bonding strength between the 1-(2'-hydroxylethyl)-3-methylimidazolium cation and an-
ions were: [PF¢] < [BF4] < [NTf;] << [OTf] << [TFA].

MD simulations have also been employed to characterize the effect of anions on nano
scale properties of ILs. Urahata and Ribeiro [89] used MD simulations and found that
at 400 K, the [Bmim][Cl] IL show higher mobility compared to [Bmim][PF¢] IL. Lee et
al. [90] observed that ionic conductivity of [Bmim] ILs increase with the following an-
ions: [C4FySO5] < [C3F,CO07] < [PF(] < [CF3COO07] < [CF3S0O5]. Deetlefs et al. [91]
examined hydrogen bonding interactions (from XRD and MD simulations) between the
1,3-dimethylimidazolium cation and CI~, PF; and NTf; anions. The authors concluded
that strength of hydrogen bonds between the cation and anion was dependent on charge
density of the anion and its size and increases as [NTf;] < [PF,] < [CI"]. Kowsari et
al. [92] concluded that diffusion coefficients are in the order of NO; > PF, > CI™ an-
ions in ILs with 1-alkyl-3-methylimidazolium (alkyl = methyl, ethyl, propyl and butyl)
cations. The authors argued that while anionic size of CI” is smallest and the PF; anion is
the largest, the higher value of diffusion coeflicients of NO3 anion was due to its shape.

Existing MD simulations have focused on the comparison of diffusion coefficients
(conductivity) of ILs with different anions. Tsuzuki et al. [76] reported that the magnitude
of diffusion coefficient of cations and anions depend on the size and shape of ions (cations
and anions) and the interaction strength between cations and anions. The authors also
examined interionic interactions and attempted to show a relationship between dynamics
of ILs with IE (calculated using quantum chemistry calculations). The conclusions from
their work have motivated further investigations to explore an in-depth understanding on
the effect of anions (using a common cation) and temperature on various interionic inter-
actions, diffusion coefficients, and ionic conductivities. In order to observe these effects,
the 1-hexyl-3-methylimidazolium cation (Hmim™) have been chosen with hydrophilic an-

ions (CI7, Br™, BF,) and hydrophobic anions (PF,, OTf", NTf,) in this study. The choice
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of the imidazolium cation and various anions stems from its wide variety of scientific
and technological applications such as dissolution of cellulose by [Hmim][Cl] [93] IL,
as solvent and catalysts in organic synthesis by [Hmim][Br] [94] IL, liquid separation by
[Hmim][BF,] [95] and [Hmim][OTf] [96] ILs, and CO, absorption by [Hmim][PF¢] [97]
and [Hmim][NTf,] [98] ILs. The influence of temperature is examined by MD simulations
performed at T = 300, 353, 403 and 435 K.

2.2 Computational details

All simulations were performed using the GROMACS 4.5.4 [99] program. The force-
field parameters of cations and anions were taken from the work of Tsuzuki et al. [76].
The long-range electrostatic interactions were calculated using the particle mesh Ewald
(PME) [100, 101] method. The nonbonded interactions were calculated within a cutoff of
12 A. The equations of motion were integrated by a leapfrog algorithm [78] using a 1 fs
time step. The chemical structure of the 1-hexyl-3-methylimidazolium cation and anions

(CI, Br7, BF,, PF,, OTf", NTf,) are shown in Figure 2.1. The input configurations of

. 9 J
[PFe] [OT1 NTL]
Figure 2.1: Chemical structure of 1-hexyl-3-methylimidazolium (Hmim™), Chloride

(CI"), Bromide (Br™), Tetrafluoroborate (BF), Hexafluorophosphate (PF,), Trifluo-
romethanesulfonate (OTf") and bis(trifluoromethylsulfonyl)imide (NTf,).

each IL (which have a common cation) are created as follows: A single IP was optimized
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using MP2/6-311G** basis set and replicated in a cubic box of 512 IPs. The replicated
IPs were energy-minimized using the steepest descent algorithm [102]. To randomly mix
these IPs, a simulated annealing (NPT ensemble) was performed as follows: The repli-
cated 512 IP system was warmed from 453 K to 703 K (steps of 50 K every 250 ps) and
equilibrated further for 500 ps at 703 K. The final configuration at 703 K was used and
cooled to 453 K (steps of 50 K every 250 ps) followed by an equilibration for 500 ps at
453 K. The simulated annealing procedure was repeated twice with a total annealing sim-
ulation time of 7.25 ns. The final configurations from annealing were chosen as input for a
5 ns equilibration runs at 453 K (NPT ensemble). The final configuration from equilibra-
tion at 453 K were used as inputs for independent 5 ns equilibration NPT simulation runs
performed at 300, 353 and 403 K. The v-rescale thermostat [103] and Berendsen baro-
stat [104] with a coupling constant of 0.1 and 1.0 ps, respectively, were used during the
equilibration. The average density (obtained from equilibration) shows good agreement
with experimental density (see Figure B2-1 of appendix B). A heterogeneous mixing of
cations and anions of various ILs is shown in Figure 2.2. Each equilibration run is fol-
lowed by NVT production runs for 200 ns (T = 300 K) and 50 ns (T = 353, 403 and 453
K). The Nosé-Hoover [105, 106] thermostat was used to keep temperature constant during
the production run with a coupling constant of 0.2 ps. The recorded trajectories from the
production run were used for calculation of structural (radial and spatial distribution func-
tions) and dynamical properties (diffusion coefficients, ionic conductivity, IP lifetimes) as

discussed in the next section.

2.3 Results and discussion

2.3.1 Structure

The size of the anion [107] which increases as CI” < Br™ < BF, < PF, < OTf™ < NTf,
is used as comparative measure for structural and dynamical properties. The structural

properties, which characterize various interionic interactions in these ILs, are examined
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Figure 2.2: Final snapshot from 5 ns equilibration at T = 303 K. Color scheme is as
follows: Black: Hmim+ cation; Red: CI~, Green: Br™, Blue: BFZ, Orange: PFg, Cyan:
OTf~, Purple: NTf;.

by RDFs (see section 1.6.1) and SDF [108]. The interionic interactions like cation-cation
and cation-anion RDFs are calculated using atomic sites on each ion. The cationic site is
represented by the carbon atom (denoted as atom type CR shown in Figure 2.1), which
is bonded to the acidic hydrogen atom of the imidazolium ring of the cation. The an-
ionic sites are represented by the most negatively charged atoms. The cation-cation RDFs
(see Figure 2.3) show the presence of two distinct peaks in [Hmim][Cl] IL, compared
to the [Hmim][Br] IL, thereby suggesting more ordered cation-cation interactions. The
cation-cation interactions in [Hmim][BF,] and [Hmim][PF¢] ILs show similar RDFs with
a more broad secondary peak from the [Hmim][PF¢] IL, again suggesting the role of an-
ionic size and shape in cation-cation interactions. In [Hmim][OTf] and [Hmim][NTf;]
ILs, a broader first hump is observed suggesting that large size anions lead to a much
bigger solvation shell to accommodate the cations. Almost similar intensities from all
cation-cation RDFs, suggests that the extent of cation-cation interaction is independent of

the choice of anion, as larger anions lead to bigger solvation shells. The larger solvation
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Figure 2.3: RDFs (T = 300 K) from Cation-Cation Interactions. The CR atom of the
imidazolium ring of the cation is used for Cation-Cation Interactions.

shell (with increase in anion size) seen from the first minima of the cation-cation RDFs is
6.2 Ain [Hmim][Cl] IL and 8.8 Ain [Hmim][NTTf,] IL. The number of interacting cations
is seen by the coordination numbers calculated at the first minima cutoff of each IL (see
Table A2-1 of Appendix A). An examination of the coordination numbers show 11-14
interacting cationic sites within the first solvation shell.

The cation-anion RDFs (see Figure 2.4) show a sharp first peak between 3.2 and 3.8 A
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and first minima between 4.3 and 4.6 A, where the exact peak position and minima depend

4.8
3.6
24
1.2

52
39
2.6
1.3

0.8
0.6
0.4
0.2

0.4
0.3
0.2
0.1

Cation (CR) - Anion RDF

0.8
0.6
0.4
0.2

24
1.8
1.2
0.6

)

. CR-Cl

b)

: CR - Br

c)

_ CR - F (BF))
d)

B CR - F (PF,)
©)

B CR - O (OTf)
D

- CR - N (NTf,)

|

2 7 8 9 10 11

r(A)

[ 2
A
“Pre

Q ’ w
-¢%9-<

. a ‘
&
2y
b5

by l ;

S £ 4

¢ S
¥y

) ol =
‘u :U.

« ¥
o [

v

[

P AT:

Figure 2.4: RDFs (T = 300 K) and SDFs from Cation-Anion Interactions. The CR
atom of the imidazolium ring of the cation is used for Cation-Anion Interactions. Colour
scheme for SDFs: Red: Cl~, Green: Br~, Blue: BF,, Orange: PF(", Cyan: OTf", Purple:
NTf;. Isovalue of SDFs (units of number of atoms per nm?) are: 8.15 [Cl], 6.60 [Br],
5.88 [BF,4], 5.39 [PF¢], 5.28 [OT{] and 4.40 [NTf;].

on the choice of the anion. For example, a first peak at 3.5 A with a corresponding mini-

mum at 4.3 A is observed for [Hmim][Cl] IL (see Figure 2.4a). Due to the larger size of
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the Br™ anion, the first peak and minima appears at 3.8 and 4.6 A, respectively (see Figure
2.4b), which shows a shift towards larger distances, compared to the C1™ anion. The RDF
intensities show reduced cation-Br interaction compared to cation-Cl interactions, thus
alluding that larger anions in ILs lead to reduced cation-anion interactions. The cation-
anion RDFs of [Hmim][BF,] and [Hmim][PF¢] IL show strikingly similar characteristics.
For the sake of comparison, the fluorine atoms in BF, and PF; anions are chosen as in-
teraction sites, where the RDFs are normalized by the number of fluorine atoms of the
anions. The first peak and minima in CR-F(BF,) RDFs (see Figure 2.4c) appear at 3.2
and 4.1 A, respectively. Due to the slightly larger size of the PF, anion, the first peak and
minima of this CR-F(PFs) RDF (see Figure 2.4d) appear at 3.3 and 4.2 A, respectively.
The cation-anion RDFs of [Hmim][OTf] and [Hmim][NTf,] ILs also resemble each other.
The oxygen atom of the OTf™ anions and nitrogen atom of the NTf; anions are chosen
as interaction sites for calculation of cation-anion RDFs in these ILs. In the case of OTf~
anion, the RDF is normalized by the number of oxygen atoms. The first peak and minima
from the CR-O(OTf) RDF (see Figure 2.4e) appear at 3.4 and 4.4 A, respectively. The
first peak and minima of CR-N(NTf,) RDF (see Figure 2.4f) appear at 3.5 and 4.5 A,
respectively. As expected, the enhanced intensity of the CR-N(NTf,) RDF compared to
the CR-O(OTTf) RDF is due to higher negative charge on the nitrogen atom of the NTf;
anion, leading to stronger cation-anion interaction. The cation-anion RDFs also show a
secondary solvation shell between 4.1 and 7.0 A, where anions can interact with cations
(though with lower intensity). The interaction between cations and anions in this solva-
tion shell follows the same trends seen from the primary solvation shell. The effect of
temperature shows no significant change in the cation-cation and cation-anion RDFs (see
Figure B2-2 and Figure B2-3 of Appendix B).

The local distribution of each anion around the reference imidazolium cation is char-
acterized by SDFs (see Figure 2.4) obtained from the TRAVIS [108] program. In order to
visualize the SDFs, appropriate isosurfaces are chosen such that the local densities of an-
ion around the reference cation are 2.2 - 2.7 times higher than the average bulk density. A

visual inspection of all SDFs shows three distinct spatial distributions of anionic density:

—[26]—



one cloud close to the acidic hydrogen atom (hydrogen atom attached to the carbon atom,
CR, of the imidazolium cation), which is relatively more bulkier and closer than the other
two clouds near the non-acidic hydrogen atoms. Specifically, the SDFs show that C1~, Br~
and BF; anions occupy a larger space along the CR-H bond vector. However, the density
of PF,, OTf™ and NTf; anions is less near the CR-H bond vector and preferentially seen
above and below the plane of imidazolium ring of the cation. In all SDFs, the presence of
secondary clouds of anions (at the vicinity of the two nonacidic hydrogen atoms) confirms

the dual peaks observed from cation-anion RDFs.

2.3.2 Dynamics

The mobility of ILs is seen from the MSD (see section 1.6.2) (see Figure B2-4 of Ap-
pendix B). A preliminary examination of MSD of cations and anions shows that at each
temperature, the lowest mobility arises in [Hmim][Cl] with the highest mobility from
[Hmim][NTf,] ILs. However, a quantitative measurement of mobility is derived by cal-
culation of diffusion coefficients from the linear diffusive regime (5(t) = 1) of the MSD
(see section 1.6.2). The value of S(t) for cations and anions at each IL and temperature is
shown in Figure B2-5 (Appendix B). At T = 300 and 353 K, the S(t) of cations and an-
ions is < 1, which suggests somewhat less diffusive behavior. This could be due to higher
viscosity [107] of these ILs. However, at T = 403 and 453 K, all ILs show more diffusive
behavior (5(t) ~ 1). By use of the Einstein relationship [78], the diffusion coefficients (see
Figure 2.5a,b) are calculated from the time interval, where £(t) fluctuates between 0.9 and
1.06. At T = 300 K, the diffusion coefficients of cations and anions are similar for all
ILs. At T = 353, 403, and 453 K, the diffusion coeflicients of Hmim™ cations and anions
show the following trends: [Hmim][Cl] < [Hmim][Br], which suggests that larger anions
lead to faster diffusion. Simliar trends are seen in diffusion of cations and hydrophobic
anions where [Hmim][PF¢] < [Hmim][OTf] ~ [Hmim][NTf,]. While in general larger
anions lead to higher diffusion, the intermediate size of the BF, anion does not follow this

trend. For example, the diffusion of cations and anions in [Hmim][BF,] IL resemble more
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Figure 2.5: Effect of temperature on: diffusion coefficients of a) Cations and b) Anions,
¢) Ionic conductivity.

closely that in [Hmim][NTf,] IL. This could also be due to the shape of the BF, anion
which plays a role in diffusion. A significant effect of temperature on the magnitude of
diffusion coefficients of cations and anions is seen between T = 353 K and 453 K. For
example, diffusion coefficients of Hmim™ cations are 10 - 30 times larger and anions are
15-55 times larger at 453 K compared to 353 K. The increase in diffusion coefficients of
cations and anions at 453 K is more significant in [Hmim][Cl] and [Hmim][Br] ILs, which
shows that mobility of smaller anions increases significantly at higher temperatures.
Tsuzuki et al. [76] reported the following trends in diffusion coefficients: NTf; > OTt™
> BF, ~ PF, at 353 K. Our calculated diffusion coeflicients shows that BF; > NTf, ~
OTf™ > PF, > Br™ > CI". The differences in trends in diffusion coefficients between the
two investigations can be due to the choice of cation, system size, and simulation time
scale used for calculation of dynamical properties. For example, the magnitude of diffu-
sion coefficients from our work using 512 IPs is ~ 1.5 times higher than that reported by
Tsuzuki et al. [76] using 125 IPs. The effect of system size and simulation time scales to
compute accurate diffusion coeflicients have been discussed previously by Bhargava and
Balasubramanian [109], Chaban et al. [110] and Gabl et al. [111]. For example, Gabl et
al. [111] studied the effect of size and simulation times on the structural and dynamical

properties on 1-ethyl-3-methylimidazolium triflate IL. The authors also concluded that
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increasing system size shows different values of diffusion coefficients. The authors con-
cluded that at least a system containing 500 IPs and simulation time scales of 20-30 ns
were required for accurate prediction of dynamical properties. Due to high viscosity of
these ILs [107], especially at room temperature, our results show that at least 200 nanosec-
onds of simulation time at 300 K, and 50 ns of simulation time at higher temperatures are
necessary to observe a linear diffusive regime.

By use of the diffusion coeflicients, the ionic conductivity is calculated (see section
1.6.3). The calculated ionic conductivities are shown in Figure 2.5c. Similar to diffusion
coeflicients, ionic conductivities are lower in [Hmim][Cl] and [Hmim][Br] ILs and higher
in [Hmim][NTf,] and [Hmim][BF,] ILs, where ionic conductivities of all ILs at 453 K
are 10-25 times higher compared to 353 K. Tokuda et al. [112] employed NMR spec-
troscopy at 300 and 353 K and reported that ionic conductivities increases: [Bmim][PFg]
< [Bmim][OTf] < [Bmim][NTf,] < [Bmim][BF,], which shows that trends from our cal-
culated ionic conductivities support their experimental observations.

Tokuda et al. [113] reported that the magnitude of IE calculated between a 1-ethyl-3-
methylimidazolium cation with anions exhibit the following trends: BF, > OTf™ > NTf;
~ PF,. The authors have compared the IE with diffusion coefficients of anions at 353
K. Subsequently, Bernard et al. [114] calculated IP binding energy of cations with few
anions to elucidate its relationship with transport properties. The authors concluded that
dispersion interactions are linearly related to viscosity (conductivity) for the three anions
used in their work. Matthews et al. [115] calculated dimer IP energies between the 1,3-
dimethylimidazolium cation with various anions. The authors choose several conformers
for each IP and attempted to examine the relationship between the IE and anionic size. The
authors concluded that interaction of cation with BF, anion leads to the lowest IE, though
larger and smaller size anions have higher IE. However, theoretical attempts to discern a
relationship between the magnitude of diffusion coefficients (or IE) with anionic size have
remained inconclusive. Also, IP binding energies (from quantum chemistry methods) and
nonbonded potential energies (from MD simulations) have been calculated though there

have been no systematic trends with diffusion coefficients nor could they explain the high-
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est diffusion (conductivity) seen in [Hmim][BF,] IL. Similarly, a comparison of hydrogen
bond lifetimes (calculated between the cation and various sites of anions from MD simu-
lations) could not correlate the magnitude of diffusion coefficients with anionic size.

To address this issue, IP lifetimes are characterized which is proposed by Zhang and
Maginn [116]. The algorithm used for calculation of IP lifetimes is discussed in the work
of Brehm and Kirchner [108]. The distance criteria chosen for calculation of IP lifetimes

are shown in Table A2-2 (Appendix A). Since these ILs exhibit slow dynamics at T = 300

Table 2.1: 1P Lifetimes.

Lifetime (ps)
T=353K T=403K T=453K
[Hmim][Cl] 6185.35 3114.48 777.95
[Hmim][Br] 4760.90 1286.74 386.32

[
[
[Hmim][BF,] 1600.41 514.12 198.87
[
[
[

IL

[Hmim][PF¢] 2908.32 944.30 314.56
[Hmim][OTf] 2220.71 693.71 272.54
[Hmim][NTf,] 2364.78 778.31 308.71

K (apparent from the very small diffusion coefficients), IP lifetimes are compared only at
T =353, 403, and 453 K. In order to obtain accurate IP lifetimes, trajectories correspond-
ing to 20-50 ns of the production run have been chosen. The IP lifetimes are shown in
Table 2.1. At each temperature, the [Hmim][Cl] IL shows the highest IP lifetime corre-
sponding to the slowest diffusion due to the high association of the Hmim* cation with
the CI™ anion. The highest diffusion (conductivity) of BF, anion is due to the lowest IP
lifetime in [Hmim][BF,] IL. The lower IP lifetime suggests that the Hmim™* cation and
BF, anions are in a more dissociated state compared to other ILs. A comparison of IP
lifetimes in all ILs shows consistent behavior with their respective diffusion coefficients

and conductivities.

020 02y 02
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Chapter 3

Interplay of phase separation, tail
aggregation, and micelle formation in
the nanostructured organization of
hydrated imidazolium ionic liquid

3.1 Introduction

In this chapter, the effect of water concentration on structural properties of hydrophobic
imidazolium IL ([Hmim][NTf;]) is examined. The effect of water on various properties
of IL has been a subject of several investigations due to their applications in electrochem-
istry [117], catalysis [118], CO, absorption [119], oil recovery [120] and biomass treat-
ment [121]. Several studies have focused on physical properties like density [122—-124],
viscosity [125], surface tension [126], molar excess volume [127] and structural proper-
ties [123], which change on the addition of water to or absorption of water by ILs. An
absorption of water [128, 129] by these ILs or mixtures with water leads to a change in
physicochemical properties such as viscosity, ionic conductivity, and solubility [122,130].
ILs containing a short alkyl chain (e.g., ethyl) on the imidazolium cation and small size

anions (Br~ or BF,) form a homogeneous solution when mixed with water and can be
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used in catalysis and electrochemical applications [131]. However, ILs with a longer alkyl
chain (e.g., hexyl, octyl, etc.) on the imidazolium cation with large size anions (CF;SO3,
bis(trifluoromethylsulfonyl)imide (NTf;)) show a phase separation when mixed with wa-
ter and show applications as green solvents, catalysis, and metal ion extraction [132—134].

Cammarata et al. [135] characterized the influence of water on interactions with ILs
with imidazolium cations and several inorganic and organic anions. The authors con-
cluded that water absorption by these ILs is influenced by hydrogen bonding interactions
between anions and water molecules. Rivera-Rubero et al. [136] investigated the influ-
ence of gas-hydrophilic and hydrophobic IL interface using surface-sensitive vibrational
spectroscopy. The authors concluded that orientations of cations (the imidazole cation)
of hydrophilic ILs were unaffected on interaction with water. However, the authors dis-
covered that the cations of hydrophobic ILs show a reorientation on interaction with water
molecules. Takamuku et al. [137] investigated the effect of water on structure of 1-ethyl-3-
methylimidazolium tetrafluoroborate ([Emim][BF,]) IL. The authors observed hydrogen
bonding interactions between anions and water molecules occur only at low water con-
centration. Saha et al. [138] characterized the effect of water on the molecular structure
of nitrile functionalized ILs using X-ray diffraction and infrared (IR) spectroscopy. The
authors observed conformational changes of the n-butyronitrile side chain of the cation
due to hydrogen bonding interactions between anions and water molecules. Freire et
al. [139] investigated the miscibility of water with [C,mim][NTf,] (n = 2-8) ILs using
calorimetry and UV spectroscopy. The authors observed that hydrophobicity of these ILs
increases with side chain length of the alkyl group of the imidazolium cation. Fazio et
al. [140] and Zhang et al. [141] employed Raman and far-IR spectroscopy to characterize
structural organization of 1-ethyl-3-methylimidazolium tetrafluoroborate ([Emim][BF,])
and 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim][BF,]) ILs at various water
concentrations. The authors observed at low water concentration hydrogen bonding in-
teractions exist between anions and water molecules. However, with increasing water
concentration, competing interactions between anion-water and water-water lead to a de-

crease in cohesion between cations and anions.
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Hanke et al. [142] performed MD simulations to characterize interactions of water
molecules with 1,3-dimethylimidazolium chloride ([Dmim][Cl]) and 1,3-dimethylimidaz-
olium hexafluorophosphate ([Dmim][PFs]) ILs. Similar to experimental observations,
the authors observed that at low water concentration hydrogen bonding exists between
anions and water molecules. However, at high water concentration, water-anion inter-
actions weaken, leading to the formation of water channels. Sieffert et al. [143] em-
ployed MD simulations to investigate interfacial properties between water and 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([Bmim][NTf;]) ILs. The authors
observed that water molecules interact preferentially with the oxygen atom of the NTf;
anion and the imidazolium ring of the Bmim™* cation. Bernardes et al. [144] also observed
the presence of water clusters at low water concentration and water channels at high water
concentration when mixed with 1-ethyl-3-methylimidazolium ethylsulfate ILs. Voth and
co-workers [145, 146] employed MD simulations to characterize structure and dynamics
of 1-octyl-3-methylimidazolium [Omim] ILs at various water concentrations. The authors
observed an order micelle structure at the ”turnover” region. The authors concluded that at
low water concentration water-anion interactions dominate over water-water interactions,
with a reverse trend observed at high water concentrations. Similar trends were observed
from the MD simulations of Niazi et al. [147] on hydrated [Emim][Cl], [Bmim][CI], and
1,3-dimethylimidazolium dimethylphosphate ([Dmim][DMP]) ILs. Voth and co-workers
[146] employed MD simulations on three hydrated imidazolium ILs to investigate the ef-
fect of alkyl side chain length (on the imidazolium cation) on structural and dynamical
properties. The authors observed that cationic tail aggregation increases with the length
of the alkyl side chain. Balasubramanian and co-workers [148, 149] performed MD sim-
ulations on hydrated [Bmim][PFg] ILs and observed the formation of cationic clusters at
high water concentration. Klein and co-workers [150-153] performed MD simulations
to investigate the effect of alkyl side chain length in [C,,mim][Br] (n = 2-8) IL at various
water concentrations. The authors observed less cationic tail aggregation in [Bmim][Br]
IL, whereas several cationic tail aggregates was observed in 1-hexyl-3-methylimidazolium

bromide ([Hmim][Br]) and 1-octyl-3-methylimidazolium bromide ([Omim][Br]) ILs. The
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authors also reported a micelle-like formation of imidazolium cations in [Hmim][Br] and
[Omim][Br] ILs. Maginn and co-workers [154] performed MD simulations to investi-
gate the effect of hydrophobic and hydrophilic anions on the structural properties of hy-
drated imidazolium-based ILs. The authors observed the dissociation of these ILs in wa-
ter shows the following trends: [Cemim][NTf;] < [C4ymim][NTf,] < [Comim][NTf;] <
[Comim][C,H5SO4] < [Comim][Cl]. The authors concluded that increasing alkyl chain
length on the cation (for the same anion) leads to lower dissociation of the IL.

To summarize, MD simulations performed so far have examined the effect of an-
ions, alkyl chain length of the imidazolium cation, and water concentrations on structural
properties of several imidazolium ILs. These studies have examined various interactions
between these ILs and water molecules and have supported observations from experi-
ments. However, existing MD simulations have focused predominantly on ILs with hy-
drophilic anions. The objective of the present work is to examine the effect of various
water concentrations on interactions in an IL containing hydrophobic anion. The 1-hexyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([Hmim][NTf;]) IL is chosen for
this investigation. The [Hmim][NTTf;] IL is known for applications in extraction of metal
ions from wastewater and CO, absorption [155]. The present work applies MD simula-
tions to examine the effect of water concentrations (from a dry to an extremely humidified
IL environment) on the following interactions: cation-anion, cation-cation, anion-anion,
cation-water, anion-water, and water-water. The phenomenon of phase separation be-
tween IL and water molecules, cationic tail aggregation, and micelle formation of IL is
also examined. The IE (from the nonbonded interactions of MD simulations) between

IL-IL, IL-water, and water-water is analyzed.

3.2 Computational details

MD simulations of [Hmim][NTf,] IL and its mixtures are performed using the GRO-
MACS 4.5.4 [99] program. The force field parameters of the [Hmim][NTf,] IL are taken
from the work of Tsuzuki et al. [76] The water molecules are modeled using a SPC/E [156]
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Figure 3.1: Chemical structure of 1-hexyl-3-methylimidazolium bis- (trifluoromethyl-
sulfonyl)imide ([Hmim][NTf;,]). Color scheme:nitrogen (blue), carbon (gray), hydrogen
(white), fluorine (cyan),oxygen (red), sulfur (yellow).

force field. The cutoff distance for non-bonded interactions is chosen as 12 A. The long-
range electrostatics is calculated using the particle mesh Ewald (PME) [100, 101] method.
The leapfrog algorithm [78] is chosen as an integrator with a 1 fs time step. Temperature
is maintained using the Nosé - Hoover [105, 106] thermostat with a coupling constant of
0.2 ps. The pressure of 1 bar is controlled using a Berendsen barostat [104] with a cou-
pling constant of 1.0 ps.

The chemical structure of a Hmim™ cation and NTf; anion is shown in Figure 3.1. The
input configurations of [Hmim][NTf,] IL-water mixtures are created as follows: Each IP
is solvated to mimic a very low to extremely humidified environment. For example, 1 = 5
(4 is defined as the number of water molecules per IP) is denoted as a single IP solvated
by five water molecules. A similar procedure is employed to create IL-water mixtures
with increasing amount of water molecules, where 4 = 200 is the highest water concen-
tration used in this study. A single IP solvated with water molecules is replicated in a
cubic box, where each IL-water mixture contains 125 IPs with varying A. Each configu-
ration of the replicated IL-water mixtures is energy minimized using the steepest descent
algorithm [102]. The energy minimized configuration is chosen as an input for a simu-
lated annealing performed in the following manner: Each configuration is warmed from
453 to 703 K (in steps of 50 K every 250 ps) and then equilibrated for 500 ps at 703 K.
The final configuration from the equilibration at 703 K is cooled to 453 K (steps of 50 K
every 250 ps) and equilibrated for 500 ps at 453 K. The simulated annealing procedure

performed using the NPT ensemble is repeated twice to achieve a random mixing of wa-
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Figure 3.2: Snapshots of IL-water mixtures from annealing. Color scheme: (green)
[Hmim*] cation; (red) [NTf, ] anion, and (blue) water.

ter molecules and IL for a total simulation time of 7.25 ns. The heterogeneous mixing
of water molecules with IL (for each A1) is seen by a comparison of initial and the final
configuration from annealing (see Figure 3.2). In order to ensure that configurations of
these IL-water mixtures are not trapped in local minima, each IL-water mixture (input
from the final configuration of annealing) was further equilibrated for a 5 ns NPT at 453
K. The final configuration from the equilibration at 453 K was chosen as an input for a
subsequent 5 ns NPT equilibration at 303 K. The instantaneous density with equilibration
time (see Figure B3-1 of Appendix B) shows these IL-water mixtures to be well equili-
brated. As a benchmark, the simulated density of 1.386 g cm™ of neat IL is in excellent
agreement with a previously reported density [76] of 1.366 g cm™ . The system sizes,
density, and box length of IL-water mixtures are shown in Table 3.1. The equilibration
run is followed by a 20 ns NVT production run at 303 K, where positions and veloci-
ties of IL-water mixtures are recorded every 5 ps to examine various interactions using

RDFs [78].
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Table 3.1: System Sizes, Density, and Box Length of [Hmim][NTf,] IL-Water Mixtures.

no. of ion  no. of water A water total no. density  box lf,ngth
pairs molecules (Wt %) of atoms (g cm™) (A)
125 0 0 0 5750 1.385 38.17
125 625 5 16.74 7625 1.302 44.07
125 1250 10 28.69 9500 1.245 47.08
125 3125 25 50.14 15125 1.156 54.38
125 6250 50 66.79 24500 1.095 63.48
125 12500 100 80.01 43250 1.051 76.29
125 18750 150 85.78 62000 1.037 85.73
125 25000 200 88.94 80750 0.989 93.58

3.3 Results and discussion

The RDFs (see section 1.6.1) and coordination numbers (calculated at the first minima)
from cation-anion, cation-cation, and anion-anion interactions are shown in Figure 3.3.
The RDFs from cation-anion interactions (cation: center of the imidazolium ring) show
increasing peak intensity with hydration. However, the cation-anion distributions of neat
and hydrated ILs show similar peak characteristics with a first minima at 8.8 A. The co-
ordination number shows a decrease with increase in water concentration due to reduced
electrostatic interactions between the cations and anions. The cation-cation RDFs show
the following features: At low water concentration (4 = 5 and 10), the RDFs show two
peaks at 7.9 and 10 A and resemble the characteristic features of cation-cation interactions
in neat [Hmim][NTf,] IL. With increase in water concentration, a single peak at 9.1 Ais
observed. Similar to cation-anion interactions, the coordination numbers show a decrease
with water concentration, which suggests water molecules introduce several competing
interactions. Similar features are observed in anion-anion RDFs and the respective coor-
dination numbers. A visual inspection of snapshots of IL at various concentrations (see

Figure 3.4) extracted from the production run shows the following features. At A =5,
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Figure 3.3: RDFs and coordination numbers of (a, d) cation-anion, (b, e) cation-cation,
and (c, f) anion-anion interactions.

water molecules are surrounded by cations and anions. At A = 10, a channel formation
of water molecules is seen. At A = 25 and 50, a distinct phase separation between water
molecules and IL is observed. At 4 = 100, aggregates of cation-anion pairs solvated by
large number of water molecules are seen. At A = 150 (and A = 200), aggregates of cation-
anion pairs, several free anions, and cations solvated by large number of water molecules
are observed. Further examination of various possible interactions using interaction sites
on cations, anions, and water molecules is seen from the RDFs discussed below.

The interaction between the acidic hydrogen (HN) of the positively charged imida-
zolium cation with various electronegative atoms of the anions is shown in Figure 3.5.
The RDFs are normalized by the number of similar atoms present in the anion. For each
water concentration, the following features are observed: The HN-N RDFs (see Figure

3.5a) show a strong interaction with a first sharp peak at 2.6 Aanda secondary peak at 4.7
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Figure 3.4: Snapshot (using periodic boundaries) from a 20 ns production run at various
water concentrations. Color scheme: (green) [Hmim™] cation, (red) [NTf;] anion, and
(blue) water.

A. The HN-OY RDFs (see Figure 3.5b) show a first sharp peak at 2.5 A and a broad sec-
ondary peak at 4.8 A. The coordination number from the HN-N RDFs (see Figure 3.5d)
shows the following trends: For neat IL, a coordination number of 0.36 is obtained. With
increasing water concentration, the coordination number decreases gradually to 0.17 (1 =
200). Similar trends are seen from HN-OY (see Figure 3.5¢) and HN-F (See Figure 3.5f)
RDFs. A comparison of the intensity (y-axis of RDFs) from these RDFs shows strong
hydrogen bonding with the nitrogen atom, compared to the oxygen atom for neat and hy-
drated ILs. This is due to the more negative charge on the nitrogen atom compared to the
oxygen atom of the NTf; anion. The HN-F RDFs (see Figure 3.5¢) show no peaks and
suggest that fluorine atom does not participate in hydrogen bonding interactions.

Voth and co-workers [145, 146] and Klein and co-workers [150—153] observed hy-
drogen bonding interactions between hydrophilic anions and water molecules. In order

to examine hydrogen bonding between cations/anions and water molecules, cation-water
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Figure 3.5: Hydrogen bonding interactions and coordination numbers (atoms on the
anions with the acidic hydrogen atom (HN) of imidazolium ring of cation).

and anion-water RDFs have been calculated (see Figure B3-2 of Appendix B). The cation-
water and anion-water RDFs illustrate the hydrophobic nature of the [Hmim][NTf,] IL. A
characterization of interactions of water molecules with atoms of the cations and anions
is shown in Figure B3-3 (Appendix B). The RDFs shows that water molecules do not
have hydrogen bonding with any atoms of the cations and anions due to the hydropho-
bic nature of this IL. The observed trends are consistent with the work of Maginn and
co-workers [154] where the authors reported weak hydrogen bonding in cation-water and
anion-water interactions. The water-water RDFs, coordination numbers (at the first min-
ima), and snapshots are presented in Figure 3.6. At A = 5, the water-water interactions
shows a definite structure with three peaks and a coordination number of 3.96. At A =
5, the first peak occurs at 2.8 A, which suggests the presence of nanoclusters of water
molecules. At A = 10, this peak show reduced intensity, with a coordination number of

4.23. With increasing water concentration (4 = 15 to 4 = 200), the intensity of the water-
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Figure 3.6: Snapshots of water aggregation from a 20 ns production run (blue color:
water). RDFs and coordination numbers from water-water interactions.

water peak further diminishes, which suggests that water molecules exist as bulk water as
seen from the coordination number of 4.65.

Voth and co-workers [145, 146] concluded that tail aggregation of cations occurs due
to competing nonbonded interactions between the cations. The authors concluded that
repulsion between the polar head (imidazolium cation) leads to alkyl tails to come closer
to form cationic tail aggregates. The authors observed cationic tail aggregation in hy-
drophilic ILs with a longer alkyl chain (1-octyl-3-methylimidazolim) on the imidazolium

cation at high water concentration. In order to understand the mechanism of cationic tail
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Figure 3.7: Snapshot of cationic tail aggregation at various water concentrations (green
color: terminal carbon atom (hexyl tail) of the imidazolium cation). RDFs and coordina-
tion numbers from cationic tail-tail interactions.

aggregation, the cationic tail-cationic tail RDFs (tail: terminal carbon atom) are charac-
terized with representative snapshots (see Figure 3.7). The neat IL does not show tail
aggregation due to the presence of strong electrostatic interaction between IPs. However,
at 4 =35, 10, and 25, few cationic tail aggregates are observed due to reduced electrostatic
interactions between cations and anions (as seen from snapshots in Figure 3.7). At A = 50,
more cationic tail aggregates are observed which further increases at 4 > 100. The obser-
vation of cationic tail aggregation is supported by a visual examination (see Figure 3.8) of

micelle of ILs. The micelles are formed where the polar head faces the anions and water
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Figure 3.8: Micelle formation at A = 100, 150, and 200 (green: imidazolium ring; purple:
hexyl group attached to imidazolium ring; anions and water molecules are not displayed).
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Figure 3.9: IE (calculated from nonbonded potential energies).

molecules, whereas nonpolar groups (alkyl side chain) face inward. At A = 100, a disor-
dered micelle structure is observed. At A = 150 and A = 200, ordered micelle structures
are observed. However, micelles of IL were observed by Voth and co-workers [145, 146]
at much higher water concentrations (90 wt %) on ILs containing hydrophilic anions and
long alkyl chain length on the cations. Similarly, Klein and co-workers [150-153] also
observed the formation of micelles of ILs containing hydrophilic anions at very high wa-
ter concentration. The snapshots (see Figure 3.8) that micelles can be observed even at
much lower water concentration on ILs with hydrophobic anions (NTf;) and cations with
long alkyl chain lengths.

In order to quantify the interactions at various water concentrations, the IE between
IL-IL, IL-water, and water-water interactions is calculated. The IE is derived from non-

bonded potential energies (MD simulations). The calculated IE and nonbonded potential
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energies are presented in the Appendix A (see Table A3-1 of Appendix A). The IE vs
A is shown in Figure 3.9. The IE show the following trends: The IL-IL IE decreases
with an increase in water concentration (see Figure 3.9a). For example, the IL-IL IE is
-97.15 kJ/mol (4 = 5) and drops significantly to -54.52 kJ/mol (1 = 25). Further increase
in water concentration shows a steady decrease in IE from -41.04 kJ/mol (1 = 50) to -
4.52 kJ/mol (A4 = 200). Similar trends are observed in IL-water interactions (see Figure
3.9b). For example, the IL-water IE is -9.12 kJ/mol (41 = 5). At A = 25, the IE is -5.77
kJ/mol and asymptotically reaches to -1.34 kJ/mol (1 = 200). However, water-water IE
increases with water concentration (see Figure 3.9c). At A = 5, the IE is -38.07 kJ/mol
and increases to -42.30 kJ/mol (1 = 50). Further, increase in water concentration shows
a water-water IE of -43.51 kJ/mol (1 = 200). The decrease in interactions between IL-IL
and IL-water is compensated by increasing water-water interactions. A comparison of IE
shows that the strength of IL-IL interactions is higher than water-water interactions and

IL-water interactions.

020 020 020
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Chapter 4

Translational and rotational dynamics
in hydrophilic/hydrophobic anions
based imidazolium ionic liquid-water
mixtures

4.1 Introduction

In this chapter, the effect of water concentration on translational and rotational dynamics
in hydrophilic/hydrophobic anions based imidazolium IL-water mixture is investigated.
Haberler et al. [157] investigated the effect of water on hydrated [Emim][NTf,] IL and
observed that water molecules form a network with anions. The authors calculated the
translational and rotational dynamics using a laboratory and body-fixed frame. Wong
et al. [158] examined the molar conductivities (at infinite dilution) of ILs with Emim™*
cations and various anions (BF,, C;HsSO,, and CF;S03). A finding from their study was
that a decrease of anionic mobility occurs with an increase in its effective hydrodynamic
radius [159]. Porter et al. [160] used MD simulations to characterize dynamics in hydrated
[Emim][BF,4] and [Emim][NTf,] ILs. The authors reported the presence of water clusters

of different sizes where hydrogen bonds are with two anions, where the role of cation was
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found to be insignificant. The authors concluded that longer simulation times were re-
quired to observe the diffusive behavior of ILs. Further, diffusion of BF; and NTf, anions
decrease significantly up to 1% molar amount of water, with an increase observed with
hydration. Spohr and Patey [161] examined interactions in model ILs and concluded that
replacement of counter-anions around the cation by water molecules lead to a decrease
in viscosity (increased ionic conductivity). The authors also observed the formation of
anion-water chains in the size disparate model of ILs. Heintz et al. [162] observed a larger
mobility of NTf; anions in neat [Bmim][NTf,] ILs compared to [Emim][NTf,] ILs. The
authors performed experiments (Taylor dispersion technique [163]) and MD simulations
and concluded that at a high water concentration, there was a significant presence of sol-
vated ions compared to few IPs. Also, the authors concluded that solvated ions have more
abundance in hydrated environments compared to in methanol solvent due to the influence
of polarity. Kashyap et al. [164] investigated ionic mobility in a salt solution and ILs using
impedance and NMR spectroscopy. The authors concluded that the cation-anion interac-
tions increase the conductivity in pure molten salts and RTILs, with an opposite behavior
observed under hydrated conditions. Migliorati, D’ Angelo and co-workers examined the
structure and dynamics in hydrated [Bmim][Br] IL using EXAFS spectroscopy [165] and
MD simulations [166]. The authors concluded that a complex interplay of interactions
exists between cations, anions and water molecules. The authors further observed the
presence of solvent-shared IPs, where water molecules mediate between cations and an-
ions. The authors also reported self-diffusion coefficients, and rotational relaxation times
of cations and water molecules. Salma et al. [167] examined the effect of water con-
centration on structural properties of butyl-ammonium butanoate IL using X-ray experi-
ments and MD simulations. The authors concluded that water molecules were hydrogen
bonded with cations and anions of the IL. However, preferential hydrogen bonding of the
water molecules with the anions was found to reduce the hydrogen bonding network in
the IL, especially with increasing water concentration. In a different IL [Bmim][PFs],
Sharma and Ghorai [168] investigated the influence of water concentration on its struc-

ture and dynamics using MD simulations. The authors concluded that water molecules
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do not influence cation-anion interactions even at a high water concentration. In addition,
at all water concentrations, the cations and anions were found to have a similar magni-
tude of diffusion coefficients. Higashi et al. [169] calculated the diffusion coeflicients
of [Bmim][TFSI] IL using MD simulations. The authors reported that the simulations
could qualitatively reproduce experimental observations, though the magnitude of diffu-
sion coeflicients was overestimated. Khabaz et al. [170] performed MD simulations on
neat methyl-imidazolium based ILs containing N'Tf; anions and concluded that diffusion
coefficients increase with temperature.

Ko6ddermann et al. [171] reported IP lifetimes in neat [Emim][NTf,] IL (using FTIR
spectroscopy and Density Functional Theory (DFT) calculations) and observed the for-
mation of stable IPs. Fumino et al. [172] reported from DFT calculations that the IP
formed between the anion and the acidic hydrogen atom (on the head of the imidazolium
cation) was more stable compared to the non-acidic hydrogen atoms. MD simulations
have also been used to examine the rotational correlation times in neat ILs [173, 174].
Tsuzuki et al. [173] reported that the translational diffusion coefficient of Emim* cations
and perfluoroalkyltrifluoroborate anion was strongly associated with the rotational mo-
tion of the Emim™ cation. Pal and Biswas [174] examined the rotational relaxation time
of neat [Bmim][PF¢] IL using MD simulations at T = 298 K and T = 450 K. The authors
concluded that a slow decay of the rotational correlation function of the Bmim™ cations
resembles a multi-exponential function. However, due to the limited time scale of the
simulation runs, the authors could only observe an incomplete decay of the rotational cor-
relation function, and hence reported qualitative trends of the rotational relaxation time.

While existing studies so far have characterized dynamical properties on several ILs,
there has been no computational investigation to examine the effect of various water con-
centrations and temperatures on the diffusion coefficients, IP lifetimes, ion-ion and ion-
water IE, and rotational correlation time of ions/water molecules in two imidazolium
ILs containing hydrophilic and hydrophobic anions respectively. To address this, the
([Hmim][CI] and [Hmim][NTf,]) ILs have been chosen for this study. Venkatnathan and

co-workers [175] characterized structural properties of hydrated [Hmim] [NTf,] IL and
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concluded that inter-ionic interactions and ion-water interactions play an important role
in ion aggregation and micelle formation. The authors also concluded that at low water
concentration, water molecules are surrounded by the IL molecules, a phase separated
state existed at the intermediate water concentration and solvated ions/IPs were present at
a higher water concentration. In a subsequent study, Venkatnathan and co-workers [176]
examined the effect of various anions on the structure and dynamics in ILs containing
a common Hmim™* cation. The authors concluded that diffusion coefficients of Hmim*
cations and anions depend on the size and shape of the anion, where C1~ and NTf, anions

along with several intermediate size anions were also investigated.

4.2 Computational details

All MD simulations were performed using the GROMACS 4.5.4 [99] program. The force-
field parameters for the [Hmim][Cl] IL (except for the Cl~ anion) and [Hmim][NTf,] IL
were obtained from the work of Tsuzuki et al. [76]. The force-field parameters of C1~
anion were obtained from the work of Lopes et al. [177]. The MD simulations on neat
ILs (using the force-field parameters) reproduced the properties reported in an earlier
study [176]. The cut-off distance for the calculation of non-bonded interactions was cho-
sentobe 12 A. The long-range electrostatic interactions were calculated using the Particle
Mesh Ewald (PME) [100, 101] method. The input configurations of IL-water mixtures
were generated in the following manner: A single IP corresponding to each IL (see Figure
4.1 for chemical structure) was optimized and replicated to create 125 IPs in a cubic box.
The replicated IPs were suitably solvated with different concentrations of water to mimic
IL-water mixtures. Water concentrations are defined as ultra-low (1 = 0.25, 0.5, 1 and
2), low (4 = 5), intermediate (1 = 10 and 25) and high (4 = 50, 100, 150 and 200). To
ensure a random mixing of the water molecules with ions, each solvated configuration
was annealed (for a total simulation time of 7.5 ns) as follows: (a) Heating from 453 K to
703 K under NPT ensemble over a simulation time of 1.75 ns (b) The final configuration

from step "a" was chosen as an initial configuration for subsequent MD simulations and
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Figure 4.1: Chemical structures of 1-hexyl-3-methylimidazolium (Hmim") cation, chlo-
ride anion and bis(trifluoromethylsulfonyl)imide (NTf,) anion.

cooled from 703 K to 453 K for a simulation time of 2.0 ns using the NPT ensemble.
Steps "a" and "b" were repeated once and the final configuration was chosen as an input
for NPT equilibration for 5 ns at T = 453 K. This was followed by MD simulations for
5 ns equilibration at T = 303 and 353 K. The temperature and pressure of the system
were maintained using the v-rescale thermostat [103] and a Berendsen barostat [104], re-
spectively, with a coupling constant of 0.1 ps and 1.0 ps. The system sizes of neat and
hydrated [Hmim][CI] and [Hmim][NTf,] ILs with densities (from equilibration) are pre-
sented in Table A4-1 and A4-2 of Appendix A.

The simulated density of hydrated [Hmim][Cl]] is in excellent agreement with a previ-
ously reported experimental density of Gémez et al [178]. For neat ILs and at ultra-low
water concentration, 500 IPs were used in simulations to eliminate finite size effects. The
dynamical properties were calculated using the trajectories recorded from a subsequent
production run (NVT ensemble) at T = 303 K and 353 K. Due to slow diffusion in neat
ILs and to obtain a converged rotational correlation function, production run simulations
on neat [Hmim][Cl] IL were performed up to one microsecond (T = 303 K) and 200
ns (T = 353 K), respectively. Similarly, for neat [Hmim][NTf,] IL a 50 ns production
run was performed at T = 303 K. For all other water concentrations in [Hmim][Cl] and
[Hmim][NTf,] ILs at T = 303 K and T = 353 K and neat [Hmim][NTf,] (T = 353K), a
20 ns production run was found to be very sufficient to calculate all dynamical properties.
Unless explicitly specified, the discussion on dynamical properties regards simulations

performed at T = 303 K. Since the trends in the dynamical properties at T = 353 K were
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Figure 4.2: Diffusion coefficients of Hmim* cations, anions and water molecules in
hydrated [Hmim][Cl] and [Hmim][NTf,] ILs at T = 303 K.

similar to those at T = 303 K, a brief quantitative comparison between T = 353 K and T

= 303 K is reported for each dynamical property.

4.3 Results and discussion

4.3.1 Mean Square Displacement

The mobility of cations, anions and water molecules is examined by the MSD (see section
1.6.2) calculated from the trajectories of the production run. The plots of log(MSD) vs.
log(t) for cation, anions and water molecules are provided in Figure B4-1 and Figure B4-2
of Appendix B. Since linear diffusion (slope of log(MSD) vs. log(t), 8 = 1) is extremely
difficult to observe in ILs, the diffusion coeflicients (see Figure 4.2) have been calculated

from the timescale regime of MSD, where 0.9 < <I1.1.
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4.3.2 Dynamics in low, intermediate and high water concentrations

of [Hmim][Cl] IL

The effect of water concentration on the mobility of ions and water molecules was char-
acterized by a comparison of the calculated diffusion coeflicients. For example, at 4 = 5,
the diffusion coeflicients of Hmim™ cations and CI~ anions are 63 and 456 times higher
than the corresponding diffusion coefficients of these ions in neat [176] [Hmim][CI] IL.
The effect of water leads to an increase in the diffusion coefficients of ions as the water
molecules solvate the cations and anions, disrupting the strong electrostatic cation-anion
interactions. The relative mobility of the ions and water molecules can also be seen by a
comparison of diffusion coefficients with an increase in water concentration. The diffu-
sion coefficients of Hmim™ cations, C1~ anions and water molecules increase by ~ 3.9, 7,
and 5 times (from A = 5to 4 = 10), ~ 5.4, 4.9, and 4 times (from A = 10 to A = 25), and
~3, 2.8, and 2.6 times (from A = 25 to 4 = 200). In neat (1 = 0) IL, the diffusion coeffi-
cient of C1~ anions was lower than that of the Hmim™ cations [176]. However, with the
addition of water, an opposite trend was observed, where the diffusion coefficients of C1~
anions are 1.1-1.8 times larger than those of Hmim™ cations. The diffusion coefficients
of ions and water molecules increase non-linearly up to 4 = 50 and then saturate with a
small increase up to 4 = 200. The saturation in diffusion coeflicients can be attributed to

the bulk behavior of water molecules at A > 50.

4.3.3 Dynamics in low, intermediate and high water concentrations

of [Hmim][NTf,] IL

The diffusion coefficients of ions and water molecules in hydrated [Hmim][NTf,] IL
show the following features: At A = 5, the diffusion coefficients of Hmim™ cations and
NTf; anions are 5 and 7.2 times higher compared to the corresponding ions in neat [176]
[Hmim][NTf,] IL. The diffusion coeflicients of Hmim" cations, NTf; anions and water

molecules increase by ~1.7, 1.7, and 2.2 times (from A = 5 to 4 = 10), ~ 3.2, 2.5, and
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1.6 times (from 4 = 10 to 4 = 25), and ~6, 6.1, and 1.9 times (from A = 25 to 4 = 200),
respectively. In neat and hydrated [Hmim][NTf;] IL, the mobility of Hmim* cations is
almost equivalent to the mobility of NTf; anions, which shows that water molecules do
not influence the correlated motion of Hmim™ cations and NTf, anions. The similar mag-
nitude of the diffusion coefficients of these ions is due to the equivalent molecular size
and symmetry (excluding the alkyl chains on the Hmim* cation and CF; groups of the
NTf; anion) of Hmim" cations and NTf; anions. The calculated diffusion coefficients of
water molecules (from this work) are also in good agreement with the results of Heintz et
al. [162] on [Emim][NTf,] and [Bmim][NTf,] ILs (1 = 200, T = 303 K). However, the
diffusion coefficients of Hmim™ cations and NTf anions are 3 - 4 times lower compared
to the diffusion coefficients reported by Heintz et al. [162]. These differences in diffusion

coeflicients could arise from the force-field parameters and the choice of the cation.

4.3.4 Comparative diffusion coefficients between [Hmim][Cl] and [Hm-

im][NTf,] ILs

The qualitative features of diffusion coefficients of water molecules in hydrated [Hmim]
[NTf,] IL are similar to those in hydrated [Hmim][CI] IL. The diffusion coefficients of
Hmim™ cations is lower [176] in neat [Hmim][Cl] IL compared to neat [Hmim][NTf,] IL.
On addition of water, the diffusion coefficient of Hmim* cations is 1.3 - 5.0 times higher
in [Hmim][Cl] compared to [Hmim][NTf,] IL, which illustrates that effect of water on the
mobility of Hmim™ cations is higher in the presence of Cl~ anions compared to the NTf;
anions. At low and intermediate water concentrations, the diffusion coeflicient of water is
1.4 - 8 times lower in [Hmim][Cl] IL compared to [Hmim][NTf,] IL, suggesting a higher
interaction of water molecules with the Cl™ anions. At a high water concentration, the
similarity in the magnitude of diffusion coeflicients of the water molecules in [Hmim][Cl]
and [Hmim][NTf,] ILs is due to the significant presence of bulk water molecules, as can
be seen from a comparison of diffusion coefficients. For example, the calculated diffusion

coefficient of water molecules (at A = 200) is 2.60 x 10~ cm? sec™! and 2.69 x 107> c¢cm?
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sec™! in [Hmim][Cl] and [Hmim][NTf,] ILs, respectively. These diffusion coefficients are
in close agreement with the diffusion coefficient in bulk water [179] (2.89 x 10~> cm?

sec™!) calculated using the SPC/E water force field.

4.3.5 Dynamics in ultra-low water concentrations of [Hmim][Cl] and

[Hmim][NTf,] ILs

Similar to the dynamics of ions and water molecules at other water concentrations, an
analysis of MSDs was performed at ultra-low concentrations of water. However, MSDs
show a largely sub-diffusive behavior, which suggests the incomplete solvation of ions
at such ultra-low water concentrations. A visual inspection of configurations extracted
from the trajectory of a MD simulation run is shown in Figure 4.3. At 4 = 0.25 and 0.5,
several bridge-like structures formed between a single water molecule and Cl~ anions can
be observed. At A =1 and 2, several such multi-bridges formed between multiple water
molecules and CI™ anions exist. Similar bridge type structures were also discovered from
various others configurations obtained from the simulation run. However, such bridge-
like structures were not detected at other water concentrations (4 > 5), suggesting that
there could be a threshold of water concentration required for the solvation of ions. The
water...anion...water bridges can be quantified using a geometric criterion. For example,
a water...anion...water bridge is considered to be formed when the distance between the
water oxygen atom and the acceptor site of the anion (Cl™ in [Hmim][Cl] and N atom in
[Hmim][NTf,]) is < 2.9 A and £0-H-Cl or /O-H-N > 135°. Using this geometric crite-
ria, the fraction of water molecules that participate in the bridge formation was calculated
for ultra-low water concentration of [Hmim][Cl] and [Hmim][NTf,] ILs at T = 303 K
and 353 K. The fraction of water bridges is shown in Table 4.1 (T = 303 K) and Table
A4-2 of Appendix A (T = 353 K). In [Hmim][Cl], at 4 = 0.25, 0.5 and 1, 50-54% of
water molecules form water...anion...water bridges (see Table 4.1). However, at 1 = 2,
21% of water molecules participate in the bridge formation, which implies that more wa-

ter molecules are available for ion-water and water-water interactions. Such bridge-like
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A=0.25

Figure 4.3: Snapshot of [Hmim][Cl] IL at ultra-low water concentrations at T = 303
K. Color scheme: blue color dots represent C1~ anion, red color line represents water
molecules, black color dotted lines represent water...anion... water/anion...water...anion
bridges, and green color dotted line represents water H-bonds. Hmim™ cations are not
displayed.

Table 4.1: Fraction of bridging water molecules at ultra-low water concentrations of
[Hmim][Cl] and [Hmim][NTf,] ILs at T = 303 K.

A [Hmim][Cl] [Hmim][NTf;]

0.25 0.530 0.056
0.50 0.540 0.055
1.0 0.500 0.050
2.0 0.210 0.041

structures have been reported previously (from MD simulations) by Ghoshdastidar and
Senapati [180] in Emim™* cation-acetate, tri-fluoroacetate, and tetra-fluoroborate ILs.

At ultra-low water concentrations of [Hmim][NTf,] IL, only a sub-diffusive behavior
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of MSDs could be observed. However, bridge-like structures between water molecules
and the NTf, anions could barely be observed due to the hydrophobic nature and large
size of the NTf; anion. The participation of only ~ 5% of water molecules in the forma-
tion of bridges with NTf; anion also support this contrasting behavior. Similar trends in
the fraction of water molecules participating in the bridge formation are observed at T =
353 K.

In order to understand the participation of local water clusters and bulk water, the num-
ber of water clusters is characterized in ultra-low water concentration of [Hmim][Cl] and
[Hmim][NTH,] IL (see Figure 4.4). Each water cluster is defined as the number of water
molecules that appear in a cluster where the distance between the pair of water oxygen
atoms < 3.5 A. The calculated water clusters were averaged over the production run time
of the simulations. In [Hmim][CI] IL, at A = 0.25 and 0.5, a large number of water clusters
contain a single water molecule (monomer) with relatively fewer water clusters contain-
ing dimers and a much lower number of water clusters with trimers. At A = 1, there is a
significant amount of water monomers and dimers, which form water clusters. However,
there are some contributions to water clusters from trimers and decreasing contributions
from water clusters containing higher order water molecules (tetramers etc.). At A = 2,
the number of water clusters formed from monomers and dimers decreases by an order
of magnitude compared to that at 4 = 1. However, the distribution of water clusters con-
sists of contributions from trimers, tetramers, pentamers and higher order water molecular
complexes.

In [Hmim][NTTf,] IL, at all ultra-low water concentrations (4 = 0.25 to A = 2), a signif-
icant amount of water clusters is formed using monomer water. At A = 2, the number of
water monomers that form clusters is ~ 25 % lower compared to that at 4 = 0.25, 0.5 and
1. The number of water clusters formed using water dimers is ~ 4 times lower compared
to that of water monomers. However, the contributions from these higher order water
clusters are very small compared to the water clusters formed using water monomer and
dimer (e.g., 4 = 2).

Similar trends in distribution of water clusters are also seen at T = 353 K (see Figure
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Figure 4.4: Water cluster distribution at ultra-low water concentrations in [Hmim][Cl]
IL and [Hmim][NTf,] IL at T = 303 K.

B4-3 of Appendix B).
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4.3.6 Effect of temperature on diffusion coefficients

For both ILs, the qualitative trends in diffusion coefficients of cations, anions and water
molecules at T = 353 K (see Figure B4-4 of Appendix B) are similar to the trends seen
at T = 303 K (see Figure 4.2). The magnitude of diffusion coefficients of cations, anions
and water molecules at T = 353 K increases by factor a of ~ 2 compared to that at T
= 303 K. The diffusion coefficient of Hmim™* cations (in this work) is 0.05 x 107 cm?
sec”! (T = 353 K) and it closely resembles the diffusion coefficient of the Bmim* cations
(0.06 x 107> cm? sec™!, T = 353 K) in hydrated [Bmim][Cl] reported by Niazi et al. [147].
Similarly, the diffusion coefficients of C1~ anions is 0.07 X 107> ¢cm? sec™! (1 = 5 or 83
% mole fraction of water, T = 353 K) and is in remarkable agreement with the diffusion
coefficient of 0.11 x 107> cm? sec™! reported by Niazi et al. [147] (80 % mole fraction of
water, T = 350 K). The trends in the diffusion coeflicients of ions and water molecules
in both ILs can be further examined by a characterization of inter-molecular interactions

obtained from IP Lifetimes and IE.

4.4 1P lifetimes

The IP lifetimes were calculated using a distance autocorrelation function based on the
work of Zhang and Maginn [116]. The cutoff distance was chosen as the first minima of
the cation-anion RDFs (see Figure B4-5 of Appendix B). For both ILs, the effect of water
concentration and temperature shows an insignificant change in the first minima of the
respective RDFs. The IP lifetimes were calculated between various sites on the Hmim™*
cations with the corresponding anions of each IL. The cationic sites are represented by
three hydrogen atoms (H1, H2, and H3) on the imidazolium ring. The Cl atom (in the C1~
anion) and the Nitrogen atom (in the NTf; anion) are the anionic sites in [Hmim][Cl] and
[Hmim] [NTf,] ILs, respectively. The IP lifetimes corresponding to each water concen-

tration for both ILs are shown in Table 4.2.

—[57]—



4.4.1 1P lifetimes in [Hmim][Cl] and [Hmim][NTf,] ILs

In [Hmim][CI] IL, the IP lifetimes (H1-Cl, H2-Cl and H3-Cl) are 30.0 - 50.1 ps when 4
= 5 and they decreases to 12.2 - 18.0 ps when A = 10. Further, an increase in hydration

causes the IP lifetimes to show a very marginal decrease from 8.1 - 10.3 ps (1 =25) to 6.8

Table 4.2: IP life-time (ps) in hydrated [Hmim][Cl] and [Hmim][NTf;] ILs at T = 303

K.
IP life-time (ps)
A [Hmim][Cl] [Hmim][NTf;]
HI..Cl H2..Cl] H3..Cl HI..N H2..N H3..N
Neat 0 5644 1115.6 1711.7 18.8 21.6 17.4
0.25 448.6 922.1 1703.8 18.7 22.8 16.5
Ultra-low 0.5 4393 780.7 1301.0 18.0 21.5 16.1

1 3169 4269  760.7 17.2 19.5 14.4
2 1955 1925 3712 16.5 18.1 13.4
Low 5 40.1 30.0 50.1 15.7 21.1 13.6
10 17.2 12.2 18.0 13.9 18.0 12.1

Intermediate
25 10.3 8.1 10.0 12.4 13.2 10.2
50 8.7 7.2 8.5 12.3 12.4 9.5
] 100 8.2 6.9 8.0 11.8 12.0 9.1
High

150 8.1 7.0 7.9 11.7 11.4 8.6
200 8.0 6.8 7.8 11.5 11.9 8.6

- 8.0 ps (4 = 200). The trend of IP lifetimes shows the following order: H2-Cl < H1-Cl <
H3-C1 which, indicates a lower probability of interaction between the CI™ anions and the
H2 site of the imidazolium ring of the Hmim* cations. In neat [Hmim][Cl] IL, very long
IP lifetimes times are observed. For example, the H1-Cl, H2-CI and H3-Cl IP lifetimes
are 564.4 ps, 1115.6 ps, and 1711.7 ps, respectively, which indicate strong electrostatic
interactions between the Hmim™ cations and the hydrophilic C1~ anions. Even with the

addition of few water molecules, the electrostatic interactions are significantly reduced,
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as can be seen from the lower IP lifetimes (between A4 = 0.25 and A = 2). Between A =0
and A = 1, the order of IP lifetimes is H1-Cl < H2-CI < H3-Cl, which indicates a lower
probability of interactions between the C1~ anions and the H1 site of the imidazolium ring
of the Hmim™ cations.

In [Hmim][NTf,] IL, the IP lifetimes (HI-N, H2-N, and H3-N) are 17.4 - 21.6 ps (4
= () and they show a gradual decrease to 8.6 - 11.9 ps (1 = 200). This again shows that
inclusion of water molecules does not significantly change the correlated motion of the
Hmim™ cations and NTf; anions, in contrast to the significant changes in the IP lifetimes
seen in [Hmim][Cl] IL. The order of IP lifetimes is: H3-N < H1-N < H2-N, which sug-
gests to the preferential interaction of NTf, anions with the H2 site of the imidazolium
ring of the Hmim* cations. The IP lifetimes in neat [Hmim][NTf,] IL are 50 - 100 times
lower compared to those in neat [Hmim][Cl] IL, due to lower electrostatic interactions be-
tween the Hmim™ cations and the NTf; anions. However, at intermediate and high water
concentrations, the IP lifetimes in [Hmim][Cl] IL and [Hmim][NTf,] IL are similar due

to a substantial presence of bulk water molecules.

4.4.2 Effect of temperature on IP lifetimes

The qualitative trends in IP lifetimes are similar at T = 353 K (See Table A4-4 of Appendix
A). At low, intermediate and high water concentrations, the magnitude of IP lifetimes in
[Hmim][Cl] IL at T = 353 K is 1.2 - 2.5 times lower compared to that at T = 303 K.
Similarly, the magnitude of IP lifetimes in [Hmim][NTf,] [L at T =353 Kis 1.2 - 2.1 times
lower compared to that at T = 303 K. At ultra-low water concentrations of [Hmim][Cl]
IL, the magnitude of IP lifetimes at T = 353 K is 2.1 - 4.6 times lower compared to
that at T = 303 K. At ultra-low water concentrations in [Hmim][NTf,] IL, the magnitude
of IP lifetimes at T = 353 K is 1.6 - 1.8 times lower compared to that at T = 303 K.
The difference in IP lifetime between different hydrogen atoms (H1, H2, and H3) of the
imidazolium ring of Hmim™ cation with the anions is further studied from the calculation

of IE (as discussed in the next section).
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4.5 1IEsin [Hmim][Cl] and [Hmim][NTf,] IL

The qualitative features of IP lifetimes are supported by calculation of site-specific cation-
anion IE, using the same sites used for calculation of IP lifetimes. The calculated IE is
a time and system averaged non-bonded potential energy obtained from the production
run simulations. The cation-anion IEs are obtained between various hydrogen atoms of
the imidazolium ring of the cation and the anionic sites (Cl in [Hmim][Cl] and N atom
in [Hmim] [NTf,] ILs, respectively). The cation-anion and water-water IE are shown in
Table 4.3 and 4.4 where increasing negative value of IE denotes the increasing strength
of the interactions. At A = 5, in [Hmim][CI] ILs, the cation-anion IE (corresponding to
H1-Cl, H2-Cl and H3-Cl interactions) are -21.5 kJ/mol to -27.9 kJ/mol, and water-water
IE are -11.2 kJ/mol respectively. However, at 4 = 10, cation-anion interactions are sig-
nificantly reduced as seen from relatively lower cation-anion IE (-12.7 kJ/mol to -17.4
kJ/mol). The lower cation-anion IE is primarily due to the disruption of ionic interactions
with increasing water concentration. The difference in cation-anion IE between 4 = 100
and A = 200 is ~ 1 kJ/mol, which confirms the presence of largely dissociated ions or
IPs. The water-water IE of ~ -42 kJ/mol resembles bulk water which again indicates com-
plete dissociation of ions and IPs. In neat [Hmim][CI] IL, the cation-anion IE vary from
-40.8 kJ/mol to -45.9 kJ/mol. As expected, the cation-anion IE is reduced at ultra-low
water concentrations. For example, the cation-anion IE are -40.3 kJ/mol to -44.9 kJ/mol
(4 = 0.25) and reduces to -34.5 kJ/mol to -37.2 kJ/mol (1 = 2). On the contrary, positive
water-water IE (between A = 0.25 and A = 2) are observed due to contributions of inter-
actions from very geometrically close water...anion...water or anion...water...anion bridge
structures (see Figure 4.3 and Table 4.3). The positive value of water-water IE increases
between A = 0.25 and A = 1, due to the presence of several such bridge structures with a
slight decrease in IE at A = 2. The trends in cation-anion and water-water IE between A =
1 and A = 2 are similar to that observed from IP lifetimes. In [Hmim][NTf,] IL, the cation-
anion IE (corresponding to H1-N, H2-N and H3-N) are -21.0 kJ/mol to -15.7 kJ/mol (4 =
0) and gradually decreases to -5.4 kJ/mol to -9.8 kJ/mol (1 = 200), which shows relatively
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Table 4.3: Site-specific Non-bonded IE (kJ/mol) in hydrated [Hmim][Cl] IL (deviations

in parentheses).

A HI1-Cl H2-Cl H3-Cl H,0..H,0 [Hmim][C]]
0 -41.0(0.2) -43.4(0.4) -46.0(0.5) -
025 -40.3(0.4) -425(0.5) -44.9(0.5) 1.6 (0.4)
0.5 -39.6(04) -42.0(0.5) -44.5(0.6) 3.2(0.2)
1 -38.4(0.4) -39.5(0.6) -42.0(0.5) 5.000.4)
2 -35.4(0.5) -345(0.6) -37.2(0.6) 4.0 (0.8)
5 -25.5(1.1) -21.5(1.3) -27.9(1.3) -11.2 (1.0)
10 -15.1(1.0) -12.7(1.0) -17.4(1.2) -23.2(0.7)
25 -6.4(0.7) -58(0.7) -7.7(0.9) -34.3 (0.4)
50 -3.3(0.6) -4.1(0.7) -12.6(1.0) -38.9(0.2)
100 -1.7(04) -1.604) -2.2(0.5) -41.5 (0.2)
150 -1.204) -1.1(04) -1.5(04) -42.4 (0.1)
200 -09(0.3) -09(0.3) -1.2(04) -42.8 (0.1)

less effect of water concentration on Hmim™ cation - NTf; anion interactions. The water-
water IE at 4 > 5 resembles the IE of bulk water due to reduced interactions between
the water molecules and the hydrophobic NTf; anions. At ultra-low water concentration,
the water-water IE shows the following features: At A = 0.25, the water-water IE is -7.5
kJ/mol and increases to -23.5 kJ/mol (1 = 0.25 to A = 2) indicating the complex distribu-
tion of local water clusters.

The calculated values of cation-water IE (see Table A4-5 of Appendix A) are con-
siderably smaller (< 2 kJ/mol) across all the concentrations of water for both ILs, which
suggests negligible interaction between the Hmim* cations and water molecules. The
anion-water IE shows the following trends: large negative values of Cl™-water IE at ultra-
low concentration suggests hydrogen bonding interactions (largest negative -142 kJ/mol
at A = 1) which supports presence of anion...water bridge structures. The values of NTf, -
water IE are much lower compared to Cl™-water IE which also supports the low probability

of anion-water bridge structures at ultra-low water concentration of [Hmim][NTf,] IL.
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Table 4.4: Site-specific Non-bonded IE (kJ/mol) in hydrated [Hmim][NTf,] IL (devia-

tions in parentheses).

2 HI-N H2-N H3-N  H,0..H,O [Hmim][NTf]
0  -20.0(04) -21.0(0.5) -15.7(0.4) -
0.25 -19.3(0.4) -20.5(0.5) -15.4(0.4) 7.5 (1.8)
0.5 -18.8(0.4) -20.0(0.5) -15.0(0.4) 11,6 (1.1)
1 -17.8(0.4) -18.8(0.5) -14.3(0.4) -17.1 (1.0)
2 -16.8(04) -17.8(0.5) -13.1(0.4) -23.5(0.9)
5 -159(0.7) -169(0.9) -11.9(0.7) -38.1 (0.9)
10 -152(0.8) -16.3(0.9) -11.0(0.7) -40.3 (0.6)
25 -135(1.0) -145(1.2) -9.3(0.8) -41.0 (0.5)
50  -12.6(1.0) -135(1.2) -7.9(0.8) -43.0 (0.3)
100 -11.1(1.0) -11.8(1.1) -6.9(0.7) -43.4(0.2)
150 -10.2(0.9) -10.6(1.0) -6.0(0.6) -43.4(0.1)
200 -92(1.0) -9.8(1.2) -5.4(0.8) -43.5 (0.1)

4.5.1 Effect of temperature on IEs

All qualitative trends in cation-anion and water-water IE at T = 353 K (See Table A4-
6 of Appendix A) is similar to that seen at T = 303 K. At all water concentrations (for
both ILs), the cation-anion IE at T = 353 K is lower by ~ 1 kJ/mol compared to T = 303
K. At low, intermediate and high water concentration (for both ILs), the water-water IE
at T = 353 K is lower by ~ 3 kJ/mol compared to T = 303 K. The water-water IE at T
= 353 K are similar to T = 303 K at ultra-low water concentration of [Hmim][Cl] and
[Hmim][NTf,][NTf,] IL. The cation-water and anion-water IE at T = 353 K are tabulated
in Table A4-7 of the Appendix A.
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4.6 Rotational auto-correlation functions

The rotational dynamics of a molecule is characterized using a Rotational Auto-Correlation

Function (RACF), defined as C(t), which can be written as [181]

C@ = fo Py cos £(p(é), p(& + 1)) 4.1

where, Z(p(&), p(€ + 1) is the angle formed between a vector normal to the reference vector
defining the axis of rotation at time t = £ and t = (¢ + t). P, is the nth order Legendre
polynomial and is chosen as first order for the calculation of the RACF based on a previous
study [182]. The choice of the first order Legendre polynomial is associated with IR
absorption and dielectric relaxation measurements [183]. Here, the C-HI1 vector of the
Hmim™ cation and the vector bisecting the H-O-H angle in water have been chosen as a

reference for calculation of RACFs.

4.6.1 Rotational dynamics in low, intermediate and high water con-

centrations of [Hmim][Cl] and [Hmim][NTf,] ILs

The RACFs (T = 303 K) corresponding to the rotation of Hmim* cations and water
molecules at low, intermediate and high water concentrations of [Hmim][Cl] and [Hmim]
[NTf,] ILs are shown in Figures B4-6 and B4-7 of Appendix B, respectively. The RACFs
decay rapidly to zero within the timescale of simulation runs. As expected, a faster decay
of the RACF of Hmim™ cations and water molecules is also seen with increasing water
concentration (T = 303 K and T = 353 K). A quantitative estimate of the rotational dy-
namics (which can be measured by experiments) was obtained by a calculation of the
rotational correlation time (7,,) from the RACF [184]. Here, the calculated RACF is
found to be best fitted using a single exponential function to obtain an analytical value
of 7,,;. The values of 7,,, obtained from the numerical integration of the RACF and the
analytical solution of the fitted function are almost identical. The 7,, value of Hmim*

cations and water molecules are shown in Table 4.5. A high value of 7,,, (1143.4 ps) of
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Hmim™ cations in [Hmim][CI] IL at A = 5 is due to slow rotational motion (diffusion).

Table 4.5: Rotational correlation time (7,,,) in low, intermediate and high water concen-
trations of [Hmim][Cl] and [Hmim][NTf,] ILs at T = 303 K.

Tror (PS)

[Hmim][Cl]  [Hmim][NTf;]
Cation H,O Cation H,O
5 11434 4244 11635 19.1
10 1444 66.8 7745 125
25 40.0 16.6 2695 11.2
50 28.5 9.7 2449 8.1
100 22.6 7.2 1658 6.5
150 21.2 6.5 1489 6.1
200 213 6.1 1534 59

With an increase in the water concentration, the 7,,; value of the Hmim* cations decreases
by ~ 8 times to 144.4 ps (1 = 10) and ~ 3.6 times to 40.0 ps (4 = 25). A Subsequent
increase in the water concentration changes the 7,,, value of Hmim™ cations to 28.5 ps (1
=50) and 21.3 ps (1 = 200). The 7,,, value of the water molecules is 424.4 ps (1 =5) and
it decreases by ~ 6 times to 66.8 ps (4 = 10) and ~ 4 times to 16.6 ps (4 = 25). The 7,
value of the water molecules is 9.7 ps (4 = 50) and 6.1 ps (4 = 200), which confirms again
the significant presence of bulk water at 4 > 50.

In [Hmim][NTf,] IL, the 7,,, of Hmim™ cations at 4 = 5 is 1163.5 ps, which decreases
by ~ 1.5 times to 774.5 ps (4 = 10) and ~ 3 times to 269.5 ps (4 = 25). A Further in-
crease in hydration change the 7,,, value to 244.9 ps at 4 = 50 and 153.4 ps at 4 = 200,
respectively. The 7,,, value of water in [Hmim][NTf,] IL does not vary significantly over
the entire range of water concentration. This is due to the reduced interaction between the
water molecules and the Hmim* cations/NTf; anions. However, similar trends in 7, are
observed at T = 353 K (See Table A4-8 of Appendix A), the RACFs decay more rapidly
compared to that at T = 303 K, resulting in a lower value of 7,,, of the Hmim" cations and

water molecules.

—[64]—



4.6.2 Rotational dynamics in neat [Hmim][Cl] and [Hmim][NTf,] ILs

The RACF (see Figure 4.5) in neat [Hmim][CI] and neat [Hmim][NTf,] ILs were found

to be best fitted with a biexponential function:
Ct)y=ae™" + (1 -a)e'™ (4.2)

where ’a’ is the normalization factor, and 7, and 7, are rotational autocorrelation times.
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Figure 4.5: RACFs of Hmim* cations in neat [Hmim][Cl] and neat [Hmim][NTf,] ILs
atT=303Kand T =353 K.

The values of the normalization factor ’a’ and normalized rotational relaxation times (7;
and 7,) are provided in Table 4.6. The integration of the RACFs produces two relaxation
times: a faster primary relaxation time (7;) and a slower secondary relaxation time (75).

The detection of two relaxation processes for a similar class of ILs have also been reported
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Table 4.6: Rotational dynamics in neat [Hmim][Cl] and [Hmim][NTf;] ILs.

Analytical
IL T(K) Trajectory Normal- T Ty Tror Numerical
length  ization (ns) (ns) (ns) Tror (NS)

(ns) factor a

[Hmim][Cl] 303 1000 0.3256 2.8 4032 406.0 350.0
[Hmim][Cl] 353 200 0.3697 0.134 8.106 8.240 9.539
[Hmim][NTf,] 303 50 0.6780 0.226 3.436 3.662 4.374
[Hmim][NTf,] 353 20 0.6677 0.029 0.342 0.371 0.655

previously by experiments [185]. A total relaxation time (7,,), Where 7,,; = 7| + 7, 1s used
for discussion in the following section.

Figure 4.5a shows the RACF (T = 303 K) of Hmim™ cations in neat [Hmim][Cl].
The RACF shows an extremely slow exponential decay due to a very slow rotational
motion of the Hmim™ cations, which arise from strong electrostatic interactions between
the Hmim* cations and Cl~ anions. In addition, the RACF for neat [Hmim][CI] at T =
303 K does not decay to zero even during long timescale simulations (1 microsecond);
the approximate value of 7,,, can still serve as a benchmark for any future experimental
investigation. The numerical integration of the RACF from the 1 microsecond trajectory
shows a 7,,, value of ~ 350 ns, whereas an analytical solution to the fitted biexponential
function shows a 7,,, value of ~ 406 ns. The RACFs of Hmim" cations at T = 353 K
(from a trajectory of 200 ns, see Figure 4.5b) shows a faster exponential decay compared
to that at T = 303 K, with a numerical and analytical value of 7,,, of ~ 9.5 ns and ~
8.2 ns, respectively. Figure 4.5¢ shows the RACF (T = 303 K) of the Hmim™ cations in
neat [Hmim][NTf,] IL from a trajectory of 50 ns. The RACF shows a steep exponential
decay due to fewer electrostatic interactions between the Hmim™ cations and the NTf;
anions with a numerical and analytic value of 7,,, of ~ 4.4 ns and ~ 3.7 ns respectively.
Similarly, the RACF of Hmim™ cations in neat [Hmim][NTf,] IL at T = 353 K (from a

trajectory of 20 ns, Figure 4.5d) shows a very fast decay compared to that at T = 303 K
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with a numerical and an analytic value of 7,,, of ~ 0.7 ns and ~ 0.4 ns, respectively. The
difference in the numerical and analytic values of 7,,, arises primarily from the sluggish

decay of the RACFs.

4.6.3 Rotational dynamics in ultra-low water concentrations of [Hm-

im][Cl] and [Hmim][NTf,] ILs

The RACFs of the Hmim™ cations and water molecules at ultra-low water concentrations
of [Hmim][Cl] and [Hmim][NTf,] IL are shown in Figure B4-8 and B4-9 of Appendix
B, respectively. Similar to the RACFs in the neat ILs, the biexponential function shown
in eqn (4.2) was found to be the best fit to the RACFs in ultra-low water concentration
environments. The decay of the RACF of the Hmim™ cations at T = 303 K is much slower
in [Hmim][CI] IL compared to [Hmim][NTf,] IL at all ultra-low water concentrations.
The expected correlation time for the Hmim™ cations with the CI™ anions at these ultra-
low concentrations is of the order of hundreds of nanoseconds. The analysis of local
water clusters explains the slower rotational motion of the Hmim™* cations in [Hmim][Cl]
IL. The RACF of the water molecules also decays slowly, which is consistent with the
local water cluster distribution and the existence of anion...water bridges in [Hmim][ClI]
IL. The relatively faster decay of the RACF of water molecules at ultra-low concentrations
of [Hmim][NTf,] IL is supported by the examination of the local water cluster distribution
and a minimal presence of anion...water bridges. At T = 353 K, the qualitative features of
the RACF of the Hmim* cations and water molecules are similar to those at T = 303 K,

though all the RACFs decay much faster due to thermal effects.

& 20 2
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Chapter 5

Summary

5.1 Conclusions
The salient features of this thesis are as follows:

e Chapter 1 of the thesis provides a background of ILs with literature on physical,
structural, and dynamical properties of imidazolium ILs. The properties calculated

from MD simulations are also presented.

o Chapter 2 of the thesis describes the effect of anion on structure and dynamics
of neat ILs containing the 1-hexyl-3-methylimidazolium cation. The simulations
show that the size of anions is an important factor that qualitatively and quantita-
tively influences various interionic interactions. The RDFs show that interactions
remain invariant to changes in temperature from 300 K to 453 K. [Hmim][Cl] and
[Hmim][Br] ILs have higher cation-anion interactions and hence result in lower
diffusion and conductivity. The SDFs show that large anionic distributions along
the CR-H bond vector of the imidazolium ring. In [Hmim][PF¢], [Hmim][OTf]
and [Hmim][NTf,] ILs, the anionic distribution are seen more above and below the
plane of the imidazolium ring of the cation, compared to anionic densities along the
CR-H bond vector. In all ILs, there are additional anionic densities in the neigh-
borhood of the nonacidic hydrogen atoms of the imidazolium ring of the cation. A

comparison of ILs containing a common cation shows that the diffusion and con-
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ductivity of the ILs depend only on the choice of anions (at each temperature). ILs
containing C1™ and Br~ show lower diffusion (conductivity), and IL with large size
anions like OTf™ and NTf; show higher diffusion coefficients (conductivity). Con-
sistent with previous investigations, while the magnitude of diffusion coefficients is
primarily dependent on anionic size and shape, IP lifetimes will decisively provide

a direct qualitative trend with diffusion coeflicients (conductivity) of ILs.

Chapter 3 of the thesis describes the structural properties of hydrated [Hmim][NTf;]
ILs. The cation-anion, cation-cation, and anion-anion interactions decrease with in-
crease in water concentration. At low water concentration, water molecules are
trapped by cations and anions. At intermediate water concentrations, phase separa-
tion between the IL and water is observed. At higher water concentration, aggre-
gates of cations and anions are solvated by water channels. At all water concentra-
tions, no hydrogen bonding interactions exist between water molecules and anions
due to hydrophobicity. The cationic tail aggregation leads to micelle formation at
high water concentration. The IE show that IL-IL and IL-water IE decreases and

water-water IE increases with water concentration.

Chapter 4 of the thesis describes translational and rotational dynamics in hydrated
[Hmim][Cl] and [Hmim][NTf,] ILs. The effect of water causes the diffusion coeffi-
cients of the Hmim™ cations to be higher in [Hmim][Cl] IL compared to [Hmim][NTf;]
IL, and the CI™ anions diffuse faster compared to the NTf, anions with an opposite
behavior of the diffusion coefficients compared to those seen in the neat ILs. The
effect of water leads to reduced inter-ionic interactions in [Hmim][Cl] IL, which fa-
cilitates faster diffusion of CI~ anions. The diffusion coefficients of the Hmim™"
cations and NTf; anions are similar in hydrated [Hmim][NTf,] IL due to their
similarity in size and symmetry. The diffusion coefficient of water molecules in
[Hmim][Cl] IL is lower compared to [Hmim][NTf,] IL due to interactions between
hydrophilic CI™ anions and water molecules, unlike the hydrophobic NTf; anions,

which do not interact with water molecules. At a low water concentration, the IP
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lifetimes in [Hmim][CI] IL are much higher compared to [Hmim][NTf,] IL due to
strong electrostatic interactions and supported by corresponding IE. However, com-
parable lifetimes are observed at intermediate and high water concentration. At
ultra-low water concentrations of [Hmim][CI] IL, multi-bridged structures formed
between CI™ anions and water molecules are observed and is supported by the pos-
itive water-water IE. However, at ultra-low water concentration of [Hmim][NTf;]
IL, multi-bridged structures are rarely seen and is supported by the negative values
of water-water IE. The simulations predict that very long simulation time scales are
required to observe converged RACFs in neat ILs (especially at T = 303 K), whereas
a 20 ns simulation run was sufficient for accurate characterization of the dynami-
cal properties under hydrated conditions. The calculated 7,,, suggests that the ro-
tational diffusion of Hmim™ cations is faster (lower 7,,,) in hydrated [Hmim][Cl]
compared to [Hmim][NTf,] IL and is strongly associated with the translational dif-
fusion coefficients. However, the 7,,, value of water is lower (higher 7,,,) in hydrated
[Hmim][Cl] compared to [Hmim][NTf,] IL, especially at low and intermediate wa-

ter concentrations.

5.2 Future directions

5.2.1 Modeling of Benzene Extraction from Benzene-Hexane Mix-

ture by Imidazolium IL

Aromatic hydrocarbons (e.g., benzene, pyridine) and alkanes (e.g., hexane, heptane) and
cyclohexane hydrocarbon mixtures have very similar boiling points which makes their
separation very difficult [186]. The commonly employed processes are liquid extraction
(20-65 wt% of aromatic compound), extractive distillation (65-90 wt% of aromatic com-
pound), and azeotropic distillation (>90 wt% of aromatic compound) [187]. Among these
methods, the liquid extraction is found to be the most effective and also have low energy
demands compared to azeotropic and extractive distillation techniques [187].

Polar organic solvents like sulfolane [188, 189], dimethylsulfoxide [190], ethylene
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glycols [191], N-methylpyrrolidone [192] etc. have been widely used for liquid extrac-
tion. However, these solvents do not satisfy the requirements of high thermal and chem-
ical stability, low toxicity, low dynamic viscosity, high solvent extraction selectivity, and
non-corrosivity [193]. ILs offer an excellent alternative to the traditional polar organic
solvents [194, 195]. The vapor pressure of ILs are negligible compared to the extracted
hydrocarbons, and hence can be recovered easily after extraction. Further, ILs do not
degrade even with repeated cycles of extraction and hence can be regenerated from the
extractant.

Arce et al. [196] examined benzene separation from a benzene-hexane mixture us-

e

MD Simulation

Figure 5.1: Model of liquid separation by MD simulation. Colour scheme: grey dots
represents IL, green vdW represents benzene and red licorice represents hexane.

ing the [Emim][NTf;] IL. The authors observed that selectivity and solute distribution
ratio in ILs was higher compared to conventional solvents like sulfolane. In a subsequent
study [197], the authors studied the effect of alkyl chain length in [C,,mim][NTf;] IL on
benzene separation from the benzene-hexane mixture. The authors observed that ILs with
a shorter alkyl chain on the imidazolium cation have higher selectivity towards benzene
separation. In another study, [198] the authors investigated the effect of cation ([A][NTf,],
A = 1-ethylpyridinium, (2-hydroxyethyl)trimethylammonium, and [N;;;(C,OH)]*) on
benzene separation from benzene-hexane mixture. The authors observed that ILs con-
taining the [N;;;(C,OH)]* cation showed higher benzene extraction selectivity compared

to ILs containing the NTf, anion and aromatic cations.
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MD simulations can offer detail mechanistic pathways and energies of benzene sepa-
ration in benzene-hexane mixtures. A molecular model of benzene separation is presented
in Figure 5.1. MD simulations can provide a quantitative measure of benzene extraction
at various composition of benzene-hexane mixtures and this can be one of the focus of fu-
ture activities. MD simulations can also provide physical insights into solvent separation
in various mixtures by a family of imidazolium ILs (by specifically tuning the alkyl chain
length of the imidazolium cation and different anions), which can serve as an excellent

benchmark for several experimental studies in this research area.
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Appendix A

Table A2-1: First minima from Cation-Cation and Cation-Anion RDFs.

IL Cation-Cation (A) Cation-Anion (A)
[Hmim][Cl] 9.7 4.3
[Hmim][Br] 10.3 4.6
[Hmim][BF,] 10.8 4.1
[Hmim][PFg] 11.1 4.2
[Hmim][OTf] 11.5 4.4
[Hmim][NTH;] 12.3 4.4

Table A2-2: Distance criteria (Derived from Cation-Anion RDFs) for calculation of IP

life times.

IL Distance (pm)
[Hmim][CI] 310-660
[Hmim][Br] 330-700
[Hmim][BF,] 320-730
[Hmim][PF] 360-760
[Hmim][OTI] 360-790
[Hmim][NTf,] 360-870
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Table A3-1: Non-bonded potential energies and IE (kJ/mol).

A IL-IL non-bonded  IL-Water non-bonded  Water-Water non-

potential energy potential energy bonded potential energy

(IE) (IE) (IE)
5 -121470.07 (-97.15) -6842.05 (-9.12) -23786.67 (-38.07)
10 -11062.96 (-88.49) -8962.80 (-6.53) -50317.08 (-40.25)
25 -6812.60 (-54.52) -18744.70 (-5.77) -128069.31 (-40.96)
50 -5131.13 (-41.04) -22071.48 (-3.47) -264418.21 (-42.30)
100 -2982.94(-23.85) -26530.00 (-2.34) -538386.28 (-43.05)
150  -1486.03 (-11.88) -29677.36 (-1.55) -813598.51 (-43.39)
200 -565.80 (-4.52) -33631.03 (-1.34) -1087471.81 (-43.51)

Table A4-1: System size, density of neat and hydrated [Hmim][CI] IL.

A Number Number [Hmim][ClI]
of IPs of water
molecules

Total H,O(wt%)  p(gcm™) p (g cm™)

number (303 K) (353 K)

of atoms
Neat 500 - 16000 - 1.010 0.983
0.25 500 125 16375 2.17 1.015 0.990
0.5 500 250 16750 4.25 1.023 0.995
1 500 500 17500 8.15 1.032 1.006
2 500 1000 19000 15.08 1.046 1.015
5 125 625 5875 30.74 1.056 1.018
10 125 1250 7750 47.02 1.049 1.009
25 125 3125 13375 68.94 1.033 0.992
50 125 6250 22750 81.61 1.017 0.978
100 125 12500 41500 89.87 1.005 0.968
150 125 18750 60250 93.01 1.001 0.964
200 125 25000 79000 94.67 0.998 0.962
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Table A4-2: System size, density of neat and hydrated [Hmim][NTf,] IL.

A Number Number [Hmim][NTf;]
of IPs of water
molecules
Total H,O(wt%) p(gcm™) p (gcm™)

number (303 K) (353 K)

of atoms
Neat 500 - 23000 - 1.428 1.377
0.25 500 125 23375 1.00 1.421 1.371
0.5 500 250 23750 1.97 1.416 1.365
1 500 500 24500 3.87 1.405 1.354
2 500 1000 26000 7.45 1.387 1.333
5 125 625 7625 16.74 1.302 1.256
10 125 1250 9500 28.69 1.245 1.199
25 125 3125 15125 50.14 1.156 1.114
50 125 6250 24500 66.79 1.095 1.055
100 125 12500 43250 80.01 1.051 1.012
150 125 18750 62000 85.78 1.037 0.999
200 125 25000 80750 88.94 0.989 0.979

Table A4-3: Fraction of bridging water molecules at ultra-low water concentrations of
[Hmim][Cl1] and [Hmim][NTf,] ILs at T = 353 K.

A [Hmim][Cl] [Hmim][NTf,]
0.25 0.495 0.054
0.50 0.500 0.051
1.0 0.470 0.047
2.0 0.200 0.039
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Table A4-4: IP life-time (ps) in hydrated [Hmim][CI] and [Hmim][NTf,] ILs at T = 353
K.

IP life-time (ps)

A [Hmim][Cl] [Hmim][NTf;]
H1..Cl1 H2..Cl H3..Cl H1..N H2..N H3..N
Neat 0 181.1 3942  639.0 11.6 12.4 10.0

0.25 1714 3065  481.7 11.7 12.5 9.9

0.5 1544 2548  380.7 11.4 12.1 9.5

1 1582  206.0 2975 11.0 11.4 9.1

2 66.1 55.8 80.5 10.4 10.6 8.5

Low 5 20.1 14.6 19.9 10.1 10.2 94
10 10.4 8.0 9.9 9.8 9.9 9.1

Ultra-low

Intermediate
25 7.4 6.3 7.1 8.4 8.4 7.4
50 6.8 5.9 6.6 8.7 8.2 7.2
) 100 6.5 5.8 6.4 8.6 8.1 7.2
High

150 6.4 5.7 6.3 8.6 8.2 7.2
200 6.4 5.8 6.2 8.2 7.6 6.7
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Table A4-5: Site-specific Non-bonded IE (kJ/mol) of cation-water and anion-water in
hydrated [Hmim][Cl] and [Hmim][NTf,] ILs at T = 303 K. Deviations in parentheses.

[Hmim][C]] [Hmim][NT]
2 HI- H2- H3- Clwater | HI- H2- H3- N-
water water water water water water water

025 | 2.2 0.6 0.6 -52.6 -1.1 -1.3 -0.8 -8.3
0.2) (©0.2) (0.2) (1.0) 0.3) (0.3) (©03) (0.6)

0.5 2.8 0.7 0.8 -75.0 -1.3 -1.6 -1.0 -109
0.3) (0.3) (©04 (1.1) 0.3) (0.3) (03) (0.6)

1 3.5 0.8 0.8 -145.0 -1.5 -1.9 -1.1 -13.7
0.2) (0.3) (0.3) (1.1 0.2) (0.3) (©0.2) (0.6)
2 3.1 0.3 0.3 -138.4 -1.5 -1.8 -1.3 -159
0.3) (0.3) (0.3) (1.5) 0.2) (0.3) (0.2) (0.6)
5 1.0 -1.4 0.1 -131.5 -0.6 0.7 -0.7 -1.7

0.4) (0.5) (0.5 (2.5) 0.2) (0.3) (©0.2) (0.7

10 -1.1 -1.9 -1.0 -119.8 -0.5 -0.6 -0.6 -7.0
03) (©0.3) (04 (1.0) 0.2) (0.2) (0.2) (0.5)

25 -1.8 -1.7 -1.5 -84.8 -0.7 -0.7 -0.7 9.1
0.2) (©0.2) (0.2 (1.2) 0.2) (0.2) (©0.2) (0.8)

50 -1.6 -14 -14 -62.4 -06 -06 -0.7 -7.6
0.1) (©0.1) (0.1) (0.8) 0.1 (0.1) (0.1) (0.7)

100 | -1.2  -1.1 -1.1 -45.1 -06 -06 -06 -63
0.1) (0.1) (0.1 0.5) 0.1) (0.1 (0.1) (04

150 | -1.0 -0.9 -1.0 -37.2 -0.6 -0.5 -0.5 -5.8
0.1) (©0.1) (0.1) 0.4) (0.1 (0.1) (0.1) (0.3)

200 | -0.9 -0.8 -0.8 -32.3 -06  -06 -05 -5.4
0.1) (0.1) (0.1 (0.3) 0.1) (0.1 (©0.1) (04
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Table A4-6: Site-specific Non-bonded IE (kJ/mol) of cation-water and anion-water in
hydrated [Hmim][Cl] and [Hmim][NTf,] ILs at T = 353 K. Deviations in parentheses.

[Hmim][C]] [Hmim][NT]
2 HI- H2- H3- Clwater | HI- H2- H3- N-
water water water water water water water

025 | 23 0.5 0.5 -51.4 -1.0 -1.3 -0.8 -8.3
0.3) (0.3) (0.3) (1.2) 0.3) (©4) (0.3) (0.7

0.5 3.0 0.6 0.5 -72.48 -1.3 -1.6  -1.0 -10.7
0.3) (0.3) (0.3) (1.2) 0.3) (04 (©03) (0.6)

1 3.4 0.7 0.7 -102.3 -1.6  -19 -1.3 -13.6
0.3) (0.3) (04 (1.3) 0.3) (0.3) (03) (0.6)
2 3.1 0.3 0.3 -131.4 -1.9 -2.1 -1.4  -16.1
0.3) (0.3) (0.3) (1.5) 0.2) (0.3) (0.2) (0.6)
5 0.6 -1.4 03 -133.6 -0.8 -0.9 -0.7 -7.8

0.4) (0.5) (0.6) (2.5) 0.2) (0.3) (©0.2) (0.7

10 -1.2 -1.9 -1.2 -114.6 -0.7 -0.7 -0.7 -6.8
03) (©0.3) (04 2.1 0.2) (0.2) (0.2) (0.5)

25 -1.8 -1.7 -1.6 -82.0 -1.0  -1.1 -09  -10.0
0.2) (©0.2) (0.2 (1.2) 0.2) (0.2) (©0.2) (0.8)

50 -1.6 -14 -14 -60.5 -0.9 -0.9 -0.8  -8.11
0.1) (©0.1) (0.1) (0.8) 0.1) (0.2) (0.1) (0.6)

100 | -1.2  -1.1 -1.1 -43.8 -0.8 -0.8 -06  -65
0.1) (0.1) (0.1 0.5) 0.1) (0.1) (0.1) (0.5)

150 | -1.0 -0.9 -0.9 -36.0 -0.7 -0.7 -0.5 -5.8
0.1) (©0.1) (0.1) 0.4) (0.1 (0.1) (0.1) (04

200 | -0.9 -0.8 -0.8 -31.4 -0.8 -0.7 -0.5 -5.9
0.1) (0.1) (0.1 (0.3) 0.1) (0.1 (©0.1) (04
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Table A4-7: Site-specific Non-bonded IE (kJ/mol) of cation-anion and water-water in
hydrated [Hmim][Cl] and [Hmim][NTf,] ILs at T = 353 K. Deviations in parentheses.

A HI1- H2- H3- HI- H2- H3- H,0.H,0O H,0.H,0
Cl Cl Cl N N N [Hmim][Cl] [Hmim][NTf;]

0 -40.0 -426 -452 -190 -203 -15.0 - -
0.5) (0.5 (©.5) (©4 (©5 (©4)

025 -394 -418 -440 -183 -194 -145 1.0(0.3) -5.0
0.5) (0.5 (0.6) (0.5 (0.5 (©04) (1.7)
05 -392 -41.1 -433 -17.8 -189 -14.1 2.6(0.4) -9.0
0.5) (0.5 (©.6) (©04 (05 (©4) (0.7)
1 -37.6  -39.0 413 -169 -179 -134 45(0.4) -13.8
0.5) (0.6) (0.6) (04 (@©5 (04 (1.0
2 -343  -338 -364 -155 -164 -122  4.0(0.6) -19.2
0.5) (0.7 (©.6) (©04 (0.5 (©4) (0.8)
5 243 -21.1 -264 -146 -156 -11.2 -99(1.0) -34.1
(1.1) (@1.3) (1.3) (0.8) (0.9 (0.7 (1.0
10 -145  -123 -163 -142 -150 -10.5 -21.2(0.7) -36.9
(1.o) (1.0 @d.2) (0.8) (0.7) (0.9) (1.2)
25 -6.1 56 -73  -134 -140 -96 -31.7(04) -39.2
0.7 (©.7) (0.9 (09 1.0 (0.8 (0.8)
50 -32 30 -39 -108 -11.3 -7.2 -36.1(0.3) -399
0.6) (0.5 (©7) (1.0 (1.0 (©0.7) (0.3)
100  -1.7 -16  -21 -96 -10.1 -63 -38.6(0.2) -40.0
04) (04 (©5) (1.1 (1.1) (0.8) (0.2)
50 -12 -12 -15 -87 -92 -58 -395(0.1) -403
04) (©4) ©O4) ©9 1.0 (O 0.2)
200  -0.9 -0.9 -1.2 68 72 44 -399(0.1) -404
03) (©3) ©04) (1.0 d.1 (0.8 (0.1)
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Table A4-8: Rotational correlation time (7,,,) in low, intermediate and high water con-
centrations of [Hmim][Cl] and [Hmim][NTf,] ILs at T = 353 K.

Tror (PS)

[Hmim][Cl] [Hmim][NTf,]
Cation H,O Cation H,0
5 1775 674 2258 5.7
10 282 144 1713 4.1
25 11.8 55 559 4.1
50 8.3 40 515 35
100 6.9 3.5 447 32
150 6.7 33  46.6 32
200 7.5 32 283 32
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Appendix B

Density (g cm-3)

1.4
5 ® [Hmim][CI] (This work)
B [Hmim][Br] (This work)
b A [Hmim][BF,] (This work)
1.3 v [Hmim][PF] (This work)
v [Hmim][OTf] (This work)
v [Hmim] [Nsz] (This work)
1.2+ @ [Hmim][C]] (Experiment)"
‘ B  [Hmim][Br] (Experiment)b
| | A [Hmim][BF,] (Experiment)’
1.1
N - [Hmim][PF,] (Experiment)*
- [Hmim][OTIf] (Experiment)C
L e 1 v [Hmim][Nsz] (Experiment)a
[
[ ]
0.9 | | | l.
300 350 400 450

Temperature (K)

Figure B2-1: Simulated density vs. Experiment.

“8S. Zhang, N. Sun, X. He, X. Lu, X. Zhang, J. Chem. Ref. Data, 35, 1475 (2006).

b J-G. Li, Y.-F. Hu, S.-F. Sun, Y.-S. Liu, Z.-C. Liu, J. Chem. Thermodynamics, 42,
904 (2010).

¢J. Klomfar; M. Souckova ; J. Patek, J. Chem. Eng. Data, 55, 4054 (2010).
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Figure B3-2: RDFs of a) Cation-Water and b) Anion-Water interactions.
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Figure B4-3: Water cluster distribution at ultra-low water concentration in [Hmim][Cl]
IL and [Hmim][NTf,] IL at T = 353 K.
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