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Abstract

The properties of liquids have been linked to the existence of the liquid-liquid transition
(LLT), a first-order thermodynamic transition from one liquid phase to another in a single-
component liquid. LLT is fundamental to the understanding of the liquid state and has
been theorized to manifest from a two-state feature of local order in the liquid. LLT has
been reported in a variety of liquids with computer simulations comprising the bulk of
the evidence. Experimental evidence for LLT remains controversial because it frequently
manifests in the supercooled state, obscured by crystallization. In this dissertation, evidence
is presented revealing LLT in ionic liquids (ILs) based on the trihexyltetradecylphosphonium
(Pges,14) cation.  These studies consist of ILs containing the Pggs14 cation with a
series of anions: borohydride (BH4), propionate (Prop), nonafluoropentanoate (NFP),
nonafluorobutanesulfonate (NFBS), bis(trifluoromethylsulfonyl)imide (TFSI), and camphor
sulfonate (CS). These ILs are glass-formers, allowing unambiguous interpretation of the
results in the supercooled state. The BHy, Prop, NFP, NFBS, and TFSI samples
display evidence of LLT, while the CS sample shows a continuous transformation without
LLT, suggesting the anions significantly influence the phase behavior of Pggs 14-based
ILs. A suite of complimentary methods was employed to investigate structure, dynamics,
thermodynamics, and macroscopic properties spanning a wide temperature range. Using
wide-angle X-ray scattering (WAXS), the local structures and ion coordination numbers
were deduced, showing abrupt changes at the LLT. Via broadband dielectric spectroscopy
(BDS), an increase in the static dielectric permittivity, ,, was observed at the LLT, arising
from local ion reorganization. A dynamic crossover was revealed at the LLT with an increase
in fragility. Differential scanning calorimetry (DSC) revealed a peak in heat capacity, C,(T'),

corresponding to LLT. Comparison of the dynamic crossover with configurational entropy,



Se(T), revealed the two are governed by the same underlying two-state feature. Experimental
access to the evolution of local order, dynamics, thermodynamics, and macroscopic properties
across the LLT opens up unprecedented pathways to understanding the liquid state. It
is argued that a two-state description of liquids is generally applicable, generating new
directions for the design of neoteric liquids with bespoke properties for a host of critical

applications.

M. A. Harris
Delhi, NY
January 2022

vi



Table of Contents

1 Introduction

1.1
1.2

Motivation . . . . . . . .

Outline . . . . . . o

2 Literature Review

2.1

2.2

The Liquid State . . . . . . . . . .
2.1.1 What is a liquid? . . . . . . . . ...
2.1.2  Liquid Structure . . . . .. .. ... ..
2.1.3 Dynamics in the liquid state and the dynamic glass transition
2.1.4  Liquid-liquid transition and the phenomenological two order parameter
model . ...
2.1.5  Examples of liquid-liquid transition in real liquid systems . . . . . . .
Tonic Liquids . . . . . . . .
2.2.1 Structure of Ionic Liquids . . . . . . ... ... ... .. .......
2.2.2  Dynamics and Charge Transport in Ionic Liquids . . . . . .. . . ..
2.2.3 Phase Behavior of Ionic Liquids . . . . . .. .. ... ... ... ...

2.2.4  Tonic liquids as candidates for studying liquid-liquid transition . . . .

3 Experimental Methods

3.1

Broadband Dielectric Spectroscopy . . . . . . . ... oL
3.1.1 Theoretical foundations . . . . . ... ... .. ... ... ... ..
3.1.2 Measuring the frequency dependent complex dielectric function

3.1.3  The stationary case . . . . . . .. ..o

vil

11
15

22
31
35
36
41
44
45

48
49
49
52



3.1.4 Time dependent dielectric relaxation . . . . . . ... ... ... ... 62

3.2 Wide-angle X-ray Scattering . . . . . . . .. .. ... L 69
3.2.1 Principles of X-ray scattering experiments . . . . . .. ... .. ... 72
3.2.2  Theory of X-ray scattering in liquids . . . . . . ... .. .. ... .. 75

3.3 Raman Spectroscopy . . . . . . ... 78

3.4 Differential Scanning Calorimetry . . . . . . . . .. ... ... ... L. 80

Structural aspects of the liquid-liquid transition in ionic liquids 86

4.1 Temperature dependent X-ray scattering of ionic liquids . . . . . . . .. .. 87
4.1.1 Polarity alternation . . . . . . .. ... oL 101
4.1.2 Charge alternation . . . . . . . . ... Lo 105
4.1.3 lon adjacency . . . . . . ... 111
4.1.4  Average ion coordination number . . . . ... ..o 115
4.1.5 The second diffraction peak in low temperature Pggs 14 TFSI . . . . . 121

4.2 Using Raman spectroscopy to probe conformational order of alkyl chains in

Pesspa BHy . 0 0 0 0 0o 122
4.3 Conclusions . . . . . . . . e 128
Dielectric aspects of the liquid-liquid transition in ionic liquids 130
5.1 Temperature dependence of the dielectric spectra . . . . . .. .. ... ... 131
5.2 Static dielectric permittivity and the dipole correlation environment . . . . . 134
5.3 Dynamics and dc ionic conductivity . . . . . .. ..o oo 145
54 Conclusions . . . . . . . . e 171
Thermodynamics of the liquid-liquid transition in ionic liquids 173

6.1 Calorimetric Investigations of the Phase Transition and the Glass Transition 174

6.2 Heat Capacity . . . . . . . . . 177
6.3 Configurational Entropy . . . . . . . ... ..o 183
6.4 Thermodynamics of the Liquid-Liquid Transition . . . . .. ... ... ... 189
6.5 Conclusions . . . . . . . .. L 193

viii



7 Conclusions

7.1 Outlook . . . .

Bibliography

List of Publications

List of Conference Proceedings

Vita

X

194
197

199

245

246

247



List of Tables

4.1

5.1

5.2

5.3

5.4

Tonic volumes, v+ and v~ [nm?], of the Pggg 14 cation and the six anions
along with molecular weights, MW [g/mol], estimated molar volumes, V"
[cm? /mol], and atomic number density, po [A~%], at a reference temperature
of 298.15 K. The magnitude of the error in the tabulated values corresponds
to the magnitude of the last reported digit. . . . . . . . ... ... ... ...

Effective dipole moments calculated from the Onsager equaton (Equation
3.29), p&F gager (D], and using the equation given in references [1, 2], ufizqr
[D], for the Pggg14 cation paired with the six anions along with estimated
ion pair number densities, N°* [nm ™3], at a reference temperature of 298.15
KI3]. The magnitude of the error in the tabulated values corresponds to the
magnitude of the last reported digit. . . . . . . ... ... ... .. ... ..
Parameters from VFT fits to 7,(7") and oo(7) including glass transition
temperatures, T,, and fragilities, m. The magnitude of the error in the
tabulated values corresponds to the magnitude of the last reported digit.

Parameters from TOP-VFET fits to o¢(7") and 7,(7). The magnitude of the

error in the tabulated values corresponds to the magnitude of the last reported

Parameters related to the dynamic crossover and the glass transition from
TOP-VEFT fits to 7,(7"). The magnitude of the error in the tabulated values

corresponds to the magnitude of the last reported digit. . . . . . . . ... ..

155



6.1

6.2

6.3

6.4

Thermodynamic data from DSC for Pggg 14-based ILs. A scan rate of 10 K/min
was used for all measurements. The magnitude of the error in the tabulated
values corresponds to the magnitude of the last reported digit. . . . . . . ..
Analysis of the number of dynamically correlated molecules at T, N, (7,),
and the size of the correlated regions, N,(T}) - (v4+ + v—). The magnitude
of the error in the tabulated values corresponds to the magnitude of the last
reported digit. . . . . . ..
Parameters from VFT-AG fits to S.(T). S. is given in units of [J/mol K],
T is given in units of [K], TS, is given in units of [kJ/mol]. The magnitude
of the error in the tabulated values corresponds to the magnitude of the last
reported digit. . . . . . ..
Parameters from TOP-VFT-AG fits to S.(7T"). S. is given in units of [J/mol
K], T is given in units of [K], T'S. is given in units of [kJ/mol]. The magnitude
of the error in the tabulated values corresponds to the magnitude of the last

reported digit. . . . . . ..

x1



List of Figures

2.1

2.2

2.3

24

2.5

Computationally derived S(q) data for a few small organic molecular
solvents. Reprinted (adapted) with permission from [4]. Copyright 2015
American Chemical Society. . . . . . . . . .. . ... ... ... .. ...
Schematic representation of a two-state liquid. The excited state
(higher energy) corresponds to the normal liquid structures (NSL) charac-
terized by energy [E,, volume v,, and degeneracy g,. The ground state (lower
energy) corresponds to locally favored structures characterized by energy Ey,
volume vy, and degeneracy gy. . . . . . . ...
Prototypical phase diagram of a two-state liquid near the liquid-
liquid critical point (LLCP). The top panel shows the phase diagram in
the T-1 plane at constant volume. The bottom panel shows the free-energy
surface of LLT in the p-i) plane. Reprinted from [5], with the permission of
AIP Publishing. . . . . . . . . . . .
Prototypical P — T phase diagram of a two-state liquid near the
liquid-liquid critical point (LLCP). . . ... ... ... ... ... ...
Computationally derived S(q) data for a variety of ionic liquids.
Reprinted (adapted) with permission from [4]. Copyright 2015 American
Chemical Society. . . . . . . . . ..

xil



2.6 Schematic representation of the structure of a Pgge14-based ionic
liquid in the high temperature liquid state (HTLS). The polar charge
network is described as a 3-D percolated network composed of alternating
positive and negative ions forming filamentous structures or strands. The
strands are separated by the non-polar regions composed of the 14-carbon
chains and decorated by the 6-carbon chains. The resulting polarity
alternation structure is described as a bicontinuous network of alternating
polar and non-polar domains or a sponge-like morphology. . . . . . . . . ..

2.7 The intersection of three subsets of liquid matter, glass-formers
(GF), liquids with a first order liquid-liquid transition (LLT), and

ionic liquids (ILs), forming the basis for the present work. . . . . . .

3.1 Schematic diagram of the dielectric measurement cell . . . . . . . ..

3.2 Plot of the Langevin function. fi,/p as a function of uFE/kgT (solid line).
The dashed line gives the linear approximation for low field strength.

3.3 Schematic diagram of the wide-angle X-ray scattering measure-
ments. Here, \ is the wavelength of the X-rays, k; is the incident momentum
vector, kg is the momentum vector of the scattered X-rays, 26 is the scattering

angle, and q = k; — k; is the scattering wavevector. . . . . . . . . ... ...

xiil

o8



3.4

3.5

4.1

4.2

4.3

Schematic diagram of the principle of Raman spectroscopy. Here,
E,;, represents the energy difference between two vibrational states. FEg
corresponds to the energy of the incident radiation in the process of Rayleigh
scattering, where the initial and final energy states of the molecule are the
same. Fg refers to the red-shifted Stokes radiation, resulting from excitation
of the molecule by the incident beam from its initial state to a higher-
energy virtual state and the subsequent relaxation to the higher vibrational
state. FE S refers to the blue-shifted anti-Stokes radiation, resulting from
excitation of the molecule by the incident beam from a higher vibrational
state to a higher-energy virtual state and the subsequent relaxation to a lower
vibrational state. The magnitude of the Raman shift in both Stokes and anti-
Stokes scattering is equal to the energy difference between the initial and final
vibrational states of the molecule, Ey;p. . . . . . . . . . .. . ... ... ..
Schematic diagram of the heat-flow differential scanning calorimetry

measurement cell . . . . . ..

Chemical structure of the trihexyltetradecylphosphonium (Pggg14)
cation and the six anions comprising the ionic liquid systems
studied. The anions are (left column from top to bottom) borohydride (BHy),
nonafluorobutanesulfonate (NFBS), bis(trifluoromethane)sulfonimide (TFSI),
(right column top to bottom) propionate (Prop), nonafluoropentanoate
(NFP), and camphor sulfonate (CS). . . . ... ... .. ... ... .....
Temperature dependence of structural data. (A) Structure factor, S(q),
of [Pegs.14] 7 [BH4] ™ at various temperatures. (B) Radial distribution function,

g(r), of [Pegs.14)7[BH4]™ at various temperatures calculated from fits to S(q)
Temperature dependence of structural data. (A) Structure factor, S(q),

of [Pggs.14] T [Prop]~ at various temperatures. (B) Radial distribution function,

g(r), of [Pges14) T [Prop]~ at various temperatures calculated from fits to S(q)

Xiv



4.4

4.5

4.6

4.7

4.8

4.9

4.10

Temperature dependence of structural data. (A) Structure factor, S(q),
of [Pees 14] T [NFP]~ at various temperatures. (B) Radial distribution function,

g(r), of [Pges14) T[NFP]™ at various temperatures calculated from fits to S(q)

Temperature dependence of structural data. (A) Structure factor,
S(q), of [Pees.14) T [NFBS]™ at various temperatures. (B) Radial distribution
function, g(r), of [Pess14] T[NFBS]™ at various temperatures calculated from
fits to S(q) data. . . . . ... 94
Temperature dependence of structural data. (A) Structure factor, S(q),
of [Pege.14] T[TFSI] ™ at various temperatures. (B) Radial distribution function,

g(r), of [Pegs.14] 7 [TFSI]~ at various temperatures calculated from fits to S(q)

Temperature dependence of structural data. (A) Structure factor, S(q),
of [Pees.14]7[CS]™ at various temperatures. (B) Radial distribution function,
g(r), of [Pees.14] T[CS]~ at various temperatures calculated from fits to S(q) data. 96
Temperature dependence of the polarity alternation periodicity.
Periodicity of polarity alternation, d,,;, versus 1000/ T for the six ILs studied.
Top row, from left to right: BHy, NFP, TFSI. Bottom row, from left to right:
Prop, NFBS, CS. . . . . . . e 102
Temperature dependence of the polarity alternation correlation
length. Correlation length of polarity alternation, ., versus 1000/ T for
the six ILs studied. Top row, from left to right: BH,, NFP, TFSI. Bottom
row, from left to right: Prop, NFBS, CS. . . . ... .. ... ... ... ... 104
Temperature dependence of the normalized polarity alternation
correlation length. Normalized correlation length of polarity alternation,
Epot [ dpor, versus 1000/ T for the six ILs studied. Top row, from left to right:
BH4, NFP, TFSI. Bottom row, from left to right: Prop, NFBS, CS. . . . .. 106

XV



4.11

4.12

4.13

4.14

4.15

4.16

4.17

Temperature dependence of the polarity alternation integrated peak
intensity. Integrated peak intensity of polarity alternation, (IopAzs)por, versus
1000/ T for the six ILs studied. Top row, from left to right: BH,, NFP, TFSI.
Bottom row, from left to right: Prop, NFBS, CS. . . ... ... ... ....
Temperature dependence of the charge alternation periodicity.
Periodicity of charge alternation, d.,, versus 1000/ T for the six ILs studied.
Top row, from left to right: BH4, NFP, TFSI. Bottom row, from left to right:
Prop, NFBS, CS. . . . . . . e
Temperature dependence of the charge alternation correlation
length. Correlation length of charge alternation, £.,, versus 1000/T for the
six ILs studied. Top row, from left to right: BH4, NFP, TFSI. Bottom row,
from left to right: Prop, NFBS, CS. . . . . ... .. .. .. ... ... ...
Temperature dependence of the normalized charge alternation
correlation length. Normalized correlation length of charge alternation,
Een/den, versus 1000/T for the six ILs studied. Top row, from left to right:
BH4, NFP, TFSI. Bottom row, from left to right: Prop, NFBS, CS. . . . ..
Temperature dependence of the charge alternation integrated peak
intensity. Integrated peak intensity of charge alternation, (IpArs)en, versus
1000/ T for the six ILs studied. Top row, from left to right: BH,, NFP, TFSI.
Bottom row, from left to right: Prop, NFBS, CS. . . . ... ... ... ...
Temperature dependence of the ion adjacency correlation length.
Correlation length of ion adjacency, duq5, versus 1000/T for the six ILs studied.
Top row, from left to right: BH,, NFP, TFSI. Bottom row, from left to right:
Prop, NFBS, CS. . . . . . .
Temperature dependence of the ion adjacency peak intensity. Peak
intensity of ion adjacency, (Iy)aqj, versus 1000/ T for the six ILs studied. Top
row, from left to right: BH,, NFP, TFSI. Bottom row, from left to right:
Prop, NEFBS, CS. . . . . . .

XVl



4.18

4.19

4.20

4.21

Temperature dependence of the ion coordination number. Ion
coordination number, n;, versus 1000/ T for the six ILs studied. Top row,
from left to right: BH,, NFP, TFSI. Bottom row, from left to right: Prop,
NEBS, CS. . . . .
Temperature dependence of the structural parameters correspond-
ing to the second diffraction peak in low-temperature Pgs14 TFSI.
(A) Periodicity, d,, of the second diffraction peak in low-temperature Pggg 14
TFSI. (B) Correlation length, &, of the second diffraction peak in low-
temperature Pggs14 TFSL. (C) Integrated peak intensity, (loArg)s, of the
second diffraction peak in low-temperature Pgg 14 TEFSL. (D) Normalized
correlation length, &,/d,, of the second diffraction peak in low-temperature
Pessaa TFSL . o o o oo
Ordering of alkyl chains across the LLT. (A) Raman spectra of Pgg 14
BH, at various temperatures from 1040 cm™! to 1530 em™'. (B) Raman
spectra of Pgg 14 BHy at various temperatures from 2835 cm~! to 2955 em ™.
(C) Normalized Raman spectra between 1040 cm™! and 1140 cm~!. (D) Ratio
of the intensity of the v(C — C)r peak at 1065 cm™! to the v(C — C)¢g peak
at 1079 ecm™!. (E) Peak frequency of the v(C' — C)7 mode around 1130 cm™!.
Solid and dotted lines represent linear fits to the data to serve as guides for
the eye. Vertical dashed black lines indicate the transition from liquid I to
liquid II to the glassy state. Reproduced from [6]. . . . . . .. ... ... ..
Detail of Raman spectra of Pggs14 BH4. (A) Raman spectra of Pegp 14
BH, between 1280 and 1340cm™! showing the 7(C'H,) (twisting) modes.
(B) Raman spectra of Pggs 14 BH4 between 1420 and 1485cm ™! showing the
d(CH,) (bending) modes. (C) Ratio of the integrated areas of the 6,(CHj)
and 6(C' Hy) modes. Reproduced from [6].. . . . . .. .. ... .. ... ...

xvii



5.1

5.2

5.3

5.4

5.5

5.6

Dielectric spectra of Pges14 BHy. (A) Real part of the complex
dielectric function, &' versus radial frequency, w at various temperatures.
(B) Real part of the complex conductivity, o’ versus radial frequency, w at
various temperatures. (C) Derivative representation of the imaginary part
of the complex dielectric function, €/, = (—n/2)[0¢’'/0In(w)] versus radial
frequency, w at various temperatures. Solid black lines show fits to the data
using a combination of Havriliak-Negami (HN) functions and the Random
Barrier Model (RBM) with a power law function to account for electrode
polarization (see Eqn. 5.1). Dashed lines show the individual HN functions
(see Equation 3.41) and RBM function (see Equation 3.43) used to fit the
210K data. Note that the sub-a relaxation only appears in the spectra at or
below 220K. Reproduced from [6]. . . . . .. ... ..o
Derivative representation of the imaginary part of the complex
dielectric function of Pggg 14-based ionic liquids. Top row, from left
to right: BH,, Prop. Middle row, from left to right: NFBS, NFP. Bottom
row, from left to right: TFSI, CS. Solid black lines represent fits to Equation
5.1 without including the f-relaxation term. . . . . . . .. .. ... .. ...
Static dielectric permittivity versus 1000/ T for Pgge14-based ionic
liquids. Top to bottom: BHy4, Prop, NFBS, NFP, TFSI, CS. . . . . . .. ..
Kirkwood-Frohlich dipole correlation factors versus 1000/T for
Pe66.14-based ionic liquids. Top to bottom: BHy, Prop, NFBS, NFP, TFSI,

Dimensionless dipole interaction strength, y, given by the DRGF
theory[l, 2] versus N/3cokgT normalized by the value at the
transition for Pggg14-based ionic liquids. Top to bottom: BH,, Prop,
NFBS, NFP, TFSI, CS. . . . . . . .
Fraction of LFS, ¢(T), determined by the method in [2] versus Ty /T
for Pges 14-based ionic liquids. Top to bottom: BH4, Prop, NFBS, NFP,
TFSI, CS. Lines show the logistic ansatz for (T") given by Equation 5.16,

discussed in Section 5.3. . . . . . ...



5.7

5.8

5.9

5.10

5.11

5.12

Arrhenius plot of the relaxation rates for Pggs14 BH4. The black
circles represent w, = 1/7,, the structural relaxation rate. The blue squares
correspond to w,, the characteristic charge transport rate from the RBM. The
brown stars show wg,;,_«, the rate of the emergent slow relaxation appearing at
the LLT. The green inverted triangles indicate wg, the secondary S-relaxation
rate associated with the librating alkyl chains on the Pggg 14 cation. . . . ..
Arrhenius plots of the relaxation rates for Pgge 14-based ionic liquids.
Top row, from left to right: BH,, Prop. Middle row, from left to right: NFBS,
NFP. Bottom row, from left to right: TFSI, CS. . . . . ... ... ... ...
BNN plots for Pgge14-based ionic liquids. Top row, from left to right:
BHy4, Prop. Middle row, from left to right: NFBS, NFP. Bottom row, from
left to right: TFSI, CS. . . . . . . . . . o
Stickel plots of dc ionic conductivity for Pgge 14-based ionic liquids.
Top row, from left to right: BHy, Prop. Middle row, from left to right:
NFBS, NFP. Bottom row, from left to right: TFSI, CS. Solid and dashed
lines represent VFT fits to the high temperature and low temperature regions
of the data, respectively. . . . . . . . . ...
Arrhenius plots of dc ionic conductivity for Pgge14-based ionic
liquids. Top row, from left to right: BH4, Prop. Middle row, from left to
right: NFBS, NFP. Bottom row, from left to right: TFSI, CS. Solid and dashed
lines matching the color of the symbols represent individual high and low
temperature VFT fits, respectively. The solid black lines are fits to Equation
5.17 based on the two order parameter model. . . . . . . . . ... ... ...
Arrhenius plots of the structural relaxation times for Pggg 14-based
ionic liquids. Top row, from left to right: BH4, Prop. Middle row, from
left to right: NFBS, NFP. Bottom row, from left to right: TFSI, CS. Solid
and dashed lines matching the color of the symbols represent individual high
and low temperature VFT fits, respectively. The solid black lines are fits to

Equation 5.17 based on the two order parameter model. . . . . . . . . . . ..

Xix

148



5.13

5.14

6.1

6.2

6.3

6.4

Fraction of locally favored states calculated from Equation 5.16.
Top panel: ¢(T') versus 1000/T[K~']. Bottom panel: 1 (T) versus Ty_qo-
normalized inverse temperature. . . . . . .. ... 165
Static dielectric permittivity, €5, versus log,o(7z/7a). Top to bottom:

BH,, Prop, NFBS, NFP, TFSL, CS. . . . o o oo 170

DSC thermograms for Pggg14-based ionic liquids. Top row, from left

to right: BH,, Prop. Middle row, from left to right: NFBS, NFP. Bottom

row, from left to right: TFSI, CS. . . . . . . . .. .. ... ... .. .. .. 176
Heat capacity of Pgge14-based ionic liquids measured on heating at

10K /min. Top to bottom: BH,, Prop, NFBS, NFP, TFSI, CS. . . ... .. 178
Configurational entropy for Pgeg 14-based ionic liquids. Top row, from

left to right: BHy, Prop. Middle row, from left to right: NFBS, NFP. Bottom

row, from left to right: TFSI, CS. . . . . . . . . ... ... ... .. ..... 185
The quantity T'S;' normalized by the crossover value plotted
against inverse structural relaxation times normalized by the crossover
time for Pgge14-based ionic liquids. Top row, from left to right: BH,,
Prop. Middle row, from left to right: NFBS, NFP. Bottom row, from left to
right: TFSI, CS. Dashed and dotted lines with shaded region in between serve

as guides for the eye. . . . . . . ... 190



Chapter 1

Introduction

1.1 Motivation

Liquids are a part of our day-to-day lives. They are necessary for a diverse array of chemical
processes and technological applications. Perhaps most importantly, the properties of the
liquid state are crucial to all life as we know it. Despite the ubiquity of liquids, they are
among the least well-understood of the different phases of matter. Liquids, in general, exhibit
densities comparable to that of solids and yet, they flow and change their shape. On the
molecular scale, this translates to a state where the constituent particles are close enough to
be influenced by their neighbors while remaining mobile enough to move past each other.
Liquids are conventionally thought of as disordered, homogeneous phases lacking a
well-defined internal structure, similar to a gas but with significantly higher density.
However, due to the condensed nature of the liquid phase, constituent molecules are
able to interact with neighboring molecules via non-covalent interactions such as hydrogen
bonding, Coulombic, and van der Waals interactions. These intermolecular forces impart
local order in liquids and define the so-called liquid structure. A liquid-liquid transition
(LLT) is a first-order phase transition from one type of local structure to another type of
local structure.[5, 7, 8, 9, 10, 11, 12, 13, 14, 15] This type of phase transition, sometimes
referred to as a polyamorphic transition, has been observed in various liquid systems,
including water[16, 17, 18, 19], silicon[20, 21, 22|, phosphorous[23, 24], and triphenyl
phosphite.[25, 26, 27, 28, 29, 30] This work will focus on the recent observations of a LLT in



ionic liquids (ILs) bearing the trihexyltetradecylphosphonium (Pggs14) cation. It is crucial
to understand the effect that the LLT has on the local structure, dynamics, and macroscopic
properties of these IL systems .

Ionic liquids are generally defined as materials composed entirely of ions, consisting of
positively-charged cations and negatively-charged anions in molar proportionality resulting in
a net neutral charge, which are in the liquid state at room temperature, i.e. salts which melt
at low temperatures.[31, 32, 33, 34, 35] As such, these materials are pure liquid electrolytes,
owing to their intrinsic ion conductivity in the liquid state without the need for a solvent
medium, that have desirable properties for a wide array of applications, including energy
storage[36, 37, 38, 39, 40], separations|[41, 42, 43, 44, 45, 46, 47, 48], solvents for bio-mass
processing[49, 50, 51, 52, 53, 54], catalysis[55, 56, 57, 58, 59], sensors[60, 61, 62], and solvent
chemistry[63, 64, 65], to name a few. Among the properties that make ILs so appealing is
their wide liquidus range, low vapor pressure, high ionic conductivity, wide electrochemical
stability window, thermal stability, and tunability of their chemical structure including
the capability of adding task-specific functionality.[66] With such vast variability in their
chemistry, fundamental research to understand the interplay between the chemical structure
of ILs and the properties of the resulting material is critically important for the development
of ILs that have practical and functional advantages over conventional materials used in
key technological sectors. One of the key properties of ILs that differentiates them from
conventional solvents is their ability to form nanoscale structures consisting of alternating
polar and apolar domains, which makes them capable of dissolving both polar and non-
polar substances.[67, 68, 69, 70] Despite the fact that ILs are composed of a combination
of cations and anions, imparting these materials with their unique properties, the strong
electrostatic interactions that bind together ions of opposite charge in ionic substances
result in associations between the cations and anions in an IL in order to achieve net charge
neutrality.[67, 71, 72] A consequence of these ionic associations is that the cations and anions
are inseparable; they are only stable when combined in a charge-neutralizing proportion.
One could argue that this constraint makes pure ILs single-component liquids, with the

fundamental liquid component consisting of the cation-anion combination possessing net



zero charge with the ionic associations between them taking the place of the covalent bond
that binds atoms in molecules, only in a much weaker form.[67, 72, 73, 74, 75]

Liquid-liquid transitions in single-component liquids have been identified in a variety of
materials, from atomic and metallic systems[23, 76, 77, 78, 79, 80, 81, 82, 83] to molecular
liquids.[84, 85, 86, 87, 88, 89] Despite significant investigation of LLT in these disparate
systems, the number of liquids that have been found to show compelling evidence of a
LLT remains small. One reason for this is that most known examples of LLT occur in the
supercooled liquid, meaning that in order to study the LLT one must measure the properties
of the liquid without the interference of crystallization. Furthermore, since LLT is so often
observed in the supercooled liquid state, it has been suggested that this phenomenon has a
close relationship with the process of vitrification. Thus, in the same way that a complete
understanding of the glass transition remains an open-ended problem, the precise nature of
the LLT remains elusive.

The fundamental question I hope to shed light on in the present work is, “What does
the liquid-liquid transition look like in glass-forming ionic liquid systems?” To begin to
understand how to answer that question, I employed complimentary experimental methods
to observe temperature driven changes in a series of quaternary phosphonium ionic liquids.
Some preliminary questions need to be considered that will put the foundations of this work
on firm ground. First of all, what type of ionic liquid chemical structures, specifically, would
result in a liquid-liquid transition in an observable temperature range? What type of cation
combined with what type of anion would lead to this type of thermodynamic phase behavior?
There are an intractable number of potential combinations of different cations and anions
that can be created to form ionic liquids making it a practical impossibility to experimentally
test the entire sample space to measure the properties of every ionic liquid. Thus, the goal
of fundamental ionic liquid research is to ascertain the range of ionic liquid behaviors and
to study the interplay between chemical structure and macroscopic properties in order to
develop methods to predict the properties of a new ionic liquid based on its chemical structure
and to design ionic liquids with desirable properties by tweaking the moieties present in the

cation and anion structures.



The ability to swap different anions, for example, paired with a given cation to generate
a new ionic liquid is advantageous for the purposes of studying the possibility of a liquid-
liquid transition in these systems. Once a single case is identified, a series of variations can
be examined to understand the role played by, say, the anion structure in determining the
presence of the liquid-liquid transition. The goal, then, is to establish a set of ILs that display
polyamorphic behavior in order to identify the general characteristics that typify the LLT
in a particular subset of IL systems. The cation of interest in this investigation is the Pggg 14
cation, due to its advantageous properties[65, 90, 91, 92, 93, 94, 95], potential technological
importance[42, 96, 97, 98, 99], and the filamentous morphology exhibited by this family of
ILs, as determined by molecular dynamics simulations.[4, 100, 101, 102, 103, 104, 105, 106,
107, 108] Of particular interest for this study is the filamentous nanostructure of Pggg 14-based
ILs, since this cation can only form a limited number of ionic associations in the normal,
high-temperature liquid state, resulting in a polar network typified by strands of alternating
positive and negative charge centers with sufficient branching to form a continuously-
percolating, 3-D charge network spanning the liquid.[4, 100, 101, 102, 103, 104, 107] Tt is
my hypothesis that ILs displaying this morphology have a propensity towards LLT behavior
manifesting through an increase in the number of ionic associations on the local level, leading
to a reorganization of the morphology of the bulk liquid across the transition. Pairing this
cation with different anions that vary in size, polarity, and charge density enables us to
establish common signatures of LT behavior in these systems as well as pinpoint aspects
of the transition that are anion specific. In this work, I have investigated a series of six
Pge6,14-based ILs with different anions, five of which exhibit a LLT and one which does not
for comparison. Using a set of complimentary experimental methods that can be used to
characterize the structural, dynamic, and thermodynamic properties of the samples, as well
as measure key macroscopic properties, this investigation will yield answers to fundamental
questions concerning the nature of the proposed LLT that is present in this class of ILs,

enumerated as follows:

1. How does the liquid structure change across the liquid-liquid transition in ionic liquids?



2. How do the structural changes correlate with the macroscopic dielectric properties of

ionic liquids?

3. How does the liquid-liquid transition affect the dynamics and transport properties of

ionic liquids?
4. How is the liquid-liquid transition related to the glass transition?
5. Is the liquid-liquid transition in these ionic liquids a true first-order phase transition?
6. What role does the anion play in the liquid-liquid transition?

7. Can we identify a structural descriptor corresponding to the locally favored structures

characterizing the low-temperature liquid state?

The primary aim of this fundamental scientific endeavor is to learn what defines a liquid-
liquid transition in this subset of ionic liquids with the purpose of illuminating aspects
of the liquid state in general that make this type of transition possible. By confirming
the existence of certain ionic liquids that display polyamorphic behavior, we can begin to
uncover the features of the liquid state that govern the relationship between structure and
properties. The existence of the liquid-liquid transition suggests that the properties of the
liquid depend strongly on highly localized interactions between the molecules that dictate
their arrangement over short distances and tells us that changes in the local molecular
environment can profoundly impact the bulk properties of the material. By studying the
aspects of the chemical structure of the liquid that determine how and where these changes
occur and what effect they have on the macroscopic properties of the system, we can gain

insights that will allow us to rationally engineer novel liquids for many critical applications.

1.2 Outline

The details of the work uncovering the liquid-liquid transition in a class of ionic liquids are
presented as follows. Chapter 2 gives an overview of the scientific literature pertaining to the

topics of liquids, glasses, the liquid-liquid transition, and ionic liquids. Chapter 3 explains the



experimental methods and analytical procedures employed in this work, providing details to
understand the results set forth in subsequent chapters. In the following chapters (Chapters
4,5, & 6), the results of this experimental study of ionic liquids are presented, covering the
structural characterization, dielectric response, and thermodynamics of the materials under
consideration. In the final chapter (Chapter 7), the key results are summarized and discussed
in regard to their significance and broader implications. Perspectives on the future outlook
for research in the fields of ionic liquids and the liquid state in general are also given.

Chapter 2 covers topics from the scientific literature pertinent to this study of the liquid-
liquid transition in ionic liquids. The relevant research discussed in this chapter includes the
general nature of the liquid state, the dynamic glass transition, liquid-liquid transition, the
phenomenological two order parameter model of the liquid state, and ionic liquids.

Chapter 3 outlines the experimental techniques used to study the set of ionic liquids
included in the this work. The methods are explained with a focus on the physical principles
underlying their operation. The techniques employed in this study include broadband
dielectric spectroscopy, wide-angle X-ray scattering, differential scanning calorimetry, and
Raman spectroscopy. Particular emphasis is given to the application of these methods to
the study of ionic liquids. In addition, details of the analysis of experimental data pertaining
to the temperature dependent behavior of ionic liquids across the liquid-liquid transition are
discussed.

Chapter 4 delves into characterization of the structure of ionic liquids. We begin by
revisiting the hierarchical nature of Pggs 14-based ionic liquid structure before moving on to a
discussion of the results obtained from temperature dependent wide-angle X-ray scattering
experiments revealing the sometimes subtle and sometimes dramatic structural changes
observed in a set of ionic liquids as they undergo a liquid-liquid transition. A discussion
of the use of Raman spectroscopy to characterize conformational order among the alkyl
chains attached to the phosphonium cation in these ionic liquids is also given.

Chapter 5 deals with the dielectric behavior of the ionic liquids in this study. We start
by presenting an overview of the temperature dependence of the measured dielectric spectra
of the ionic liquids in this work. The following section details the analysis of the static

dielectric permittivity to understand changes in local ordering of the charges and dipoles



resulting from the liquid-liquid transition in these ionic liquid systems. Next, we provide
a discussion of the charge transport properties and dynamics of the ionic liquids studied.
Dynamic parameters pertinent to the liquid-liquid transition are identified.

Chapter 6 gives a discussion of the thermodynamic properties and changes observed in
the set of ionic liquids under investigation starting from calorimetric data and comparing the
results to the findings from structural and dielectric characterization. In particular, a detailed
analysis of the configurational entropy in these systems is carried out, and a connection is
made to the changes observed in the dynamic quantities reported by dielectric spectroscopy.
Thermodynamic quantities relevant to the liquid-liquid transition and the glass transition
are identified.

Chapter 7 concludes this work by summarizing the key findings and discussing their
significance and implications for the greater scientific community. The major scientific
questions presented in the introduction are addressed and potential for future research is

outlined.



Chapter 2

Literature Review

In this chapter, an overview of the scientific literature will be provided in order to place
the results of this experimental investigation of LLT in the Pggg14-family of ILs in the
context of the broader effort to understand the physical phenomena of the liquid state, the
dynamic glass transition, the liquid-liquid transition, and the fundamental structure-property
relations governing ionic liquid behavior. We begin the discussion with an introduction to
the liquid state from the point of view of pair-wise interactions, an approach that draws an
analogy between the weakly-interacting, low-density gaseous state and the liquid state, in
which local pair interactions are amplified due to the reduced inter-particle distances in the
condensed phase. Next, we provide an overview of the dynamic glass transition focusing on
attempts to understand the physics of glasses in terms of the dynamics of the supercooled
liquid state. We then move on to the phenomenon of the liquid-liquid transition and present
the phenomenological two order parameter model of the liquid state to understand the origin
of the LLT and the associated liquid-liquid critical point (LLCP). Finally, we introduce the
topic of ionic liquids as a subset of liquids in general and discuss the structure, properties,

and phase behavior of ILs based on current understanding of these systems.



2.1 The Liquid State

2.1.1 What is a liquid?

Liquids are one of the three fundamental states of matter, along with gases and solids
(crystalline). For a pure substance, the equilibrium state will depend on the thermodynamic
conditions, temperature (7') and pressure (P), applied to the system. The gas, liquid, and
solid states of the system can be drawn as regions on a P — T phase diagram representing
the range of thermodynamic conditions under which a particular state exists in stable
equilibrium. Each of these states are separated by a first-order thermodynamic phase
transition. The line on the phase diagram separating two equilibrium states is referred
to as the coexistence line, which defines the thermodynamic conditions of the first-order
phase transition between the two phases. In general, the crystalline solid exists in the
low temperature region of the phase diagram and the gaseous state occurs on the high
temperature side. The liquid state exists in the region between the two extremes, and is
bounded on the low temperature side by the solid-liquid equilibrium line and on the high
temperature side by the vapor-liquid equilibrium line. In this simplified conception, the
liquid state occupies the intermediary position between the two extremes of normal matter.
The solid (crystal) state, at the low temperature extreme, is defined by long-range order
of the constituent particles arranged in a periodic lattice. The gaseous (vapor) phase, at
the high temperature extreme, is characterized by large inter-particle distances where the
only meaningful interactions occur through particle collisions. In between, we find the liquid
state, lacking long-range order but where the inter-particle distances are on the order of
the size of the particles. Liquids are therefore classified as a condensed phase of matter
in which the constituent particles have sufficient kinetic energy to rearrange and reorient,
possessing translational and rotational degrees of freedom, but not sufficient to overcome the
inter-particle potential holding the particles in the condensed liquid state. However, at the
gas-liquid interface, the kinetic energy of the liquid particles is sufficient for a fraction of the
particles to escape the inter-particle potential and enter the gas phase. In a closed, single-
component system where a gas-liquid interface exists, the loss of particles from the liquid to

the vapor phase is accompanied by gas particles colliding with the liquid surface, becoming



trapped by the liquid phase. When the system is in vapor-liquid equilibrium (VLE), the
transfer of particles from the liquid to the gas is balanced by the transfer of particles from
the gas to the liquid, resulting in zero net mass transfer between the two phases. The pressure
in the vapor phase above the liquid surface in a system under these conditions is termed
the vapor pressure, which is a fundamental property of liquids related to the strength of
their inter-particle potential. In this conception of the liquid state, the liquid and gas phases
resemble one another, in that they are both regarded as disordered and isotropic states of
matter, differing only in density, i.e. average distances between particles.[109, 110, 111, 112]

Liquids are classified as a fluid state of matter along with gases, in that they continuously
deform in response to an external shear stress applied to the material, i.e. they flow.
Liquids are largely considered to be nearly incompressible, i.e. their volume remains almost
constant when exposed to pressure changes; a feature that distinguishes them from gases,
which expand or contract in response to changes in pressure. Real liquids are not truly
incompressible, but their volume changes in response to a differential change in pressure are
typically so small as to to be negligible. The flow properties of liquids are determined by
their ability to resist deformation caused by an applied stress at a given rate. This property
of resistance to flow is defined as the viscosity, 1, of the liquid.[113] This property can be used
to distinguish between the solid and the liquid state. The difference between the crystalline
solid and the amorphous liquid is determined by the internal arrangement of the constituent
atoms or molecules. However, in the case of glasses, or amorphous solids, there is no point at
which the structure of the material drastically changes during the transition from the liquid
to the glass. However, the viscosity increases by more that 15 orders of magnitude between
the high temperature liquid and the glassy state.[114, 115, 116, 117, 118] That is to say, in
terms of the arrangement of their constituent particles, the glass is indistinguishable from
the liquid. And yet, the glassy state behaves like a solid in response to applied stress even
though it structurally resembles the liquid from which it was formed.

Liquids, by virtue of their status as the intermediary equilibrium state of matter, are
exceedingly rare in the universe. In most environments beyond Earth’s atmosphere, matter
will either vaporize or freeze when exposed to low pressure and extremely cold temperatures.

From our perspective on Earth, however, liquids are abundant, with water covering over
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70% of the planet’s surface and falling from the sky quite regularly. We take for granted the
relative scarcity of liquids in the universe and the uniqueness of our planet where liquids are
stable and plentiful. We even have a saying; something about water being everywhere. Of
course, our biology requires that we always have access to water, so one could say that, were
it not for the liquid-rich environment in which we exist, we would simply not. Liquids overall
have many fascinating and useful properties. Perhaps the most crucial for the existence of all
life everywhere is the ability to dissolve a variety of different substances. The solvent behavior
of liquids is important, not just for biological functions, but for many chemical processes as
well. Liquid matter is found in, or integral to, virtually every aspect of technology and
industry. The applications of these materials are practically limitless. And yet, at the
fundamental level, liquids remain the least well-understood among the common phases of

matter. But why is that the case?

2.1.2 Liquid Structure

Liquids of all types, including atomic, molecular, metallic, and ionic, are generally regarded
as disordered and isotropic phases that are condensed such that interparticle distances are
on the order of the particle sizes.[109, 111] The short distances between particles in the liquid
phase mean that the structure and properties of the liquid will depend on intermolecular
forces related to the chemical and electronic structures of the constituent particles, including
van der Waals interactions, Coulombic interactions, and hydrogen bonding. The simplest
model of a liquid, the hard sphere model, is defined by a single repulsive interaction that
approximates the overlap of valence electron states. This strong repulsive force manifests at
short distances, defined by the particle diameter. The strength of intermolecular forces and
their spatial influence can be described by a pair potential showing the potential energy, u(r),
between two particles as a function of their separation distance, r. Pair potentials contains
contributions from short-range repulsive forces as well as attractive forces with a longer range
of influence, such as electrostatic interactions.[109, 110, 111, 112] In real liquid systems, the
interplay between these two types of intermolecular forces give rise to the overall structure
and properties of the liquid. The simplest version of a pair potential that includes both

attractive and repulsive contributions is given by a repulsive, hard sphere potential with the
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addition of an attractive, square well potential which provides the necessary cohesive energy

to stabilize the liquid, defined by:

0 r<o

u(r) = (2.1)

where u(r) is the potential energy of interaction, r is the distance separating the two particles,
and o is the repulsive diameter or range in units of length.[112] In real systems, the exact
form of the pair potential will vary depending on the constituent particles that comprise
the system.[112] Another commonly-employed pair potential to describe simple liquids is the

well-known Lennard-Jones (LJ) potential, given by:

i =1e[(2)" - ()] o2

where o, again, gives the repulsive diameter and € is the depth of the minimum in potential
energy.[112] The first term in the LJ potential corresponds to short-range repulsion arising
from overlap of electronic shells, while the second terms describes the attractive van der
Waals interaction arising from induced dipole-dipole interactions caused by distortions in
the electronic structure around an atom in the presence of other atoms.[109, 112] In liquids
where ions are present, the Coulomb interaction must be accounted for with a pair potential
incorporating electrostatic contributions. A common form for the pair potential describing
Coulombic interactions between ions is the Tosi-Fumi potential, given by the equation:
u(ri;) = Aije_”f/““ + 445 (2.3)
Tij
where r;; is the separation distance between ions of charge ¢; and ¢;, with A;; and a;; param-
eterizing the electronic repulsive contribution, termed the Born-Mayer approximation.|[112]
An attractive van der Waals term can be included in this potential, depending on the system.
The use of a pair potential to describe the liquid state is a simplified approach based on the

assumptions of homogeneity and isotropy of the liquid to construct an effective two-body
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potential by explicitly ignoring specific many-body interactions in order to make the problem
tractable.[109, 112]

In general, for simple liquids, the structure arising from the combination of short-range
repulsion and long-range attraction can be characterized by a single correlation length
manifesting in the structure factor, S(q), as a single peak at q values between about 1 A~
and 2.5 A1 for small organic molecular liquids, with much weaker correlations decaying at
higher ¢ values (see the examples shown in Figure 2.1).[4, 119, 120, 121, 122] Liquids in the
bulk possess global translational and rotational symmetry. This is evident from the typical
X-ray diffraction pattern for a pure, simple liquid, be it water or mercury, showing a diffuse
halo or ring at a scattering angle related to the correlation length or interparticle distances
within the liquid. Naturally, the correlation length will vary depending on the size and
geometry of the liquid particles. Depending on the types of atoms present and how they are
arranged in a molecular form, different intermolecular forces will be present. Their relative
strength and directionality will determine how a localized cluster of molecules in the liquid
will arrange. By moving from the simplest liquid model composed of spherically symmetric
particles to more complex forms and interactions, we move from the single peak in the
structure factor to an asymmetric feature that may be composed of numerous overlapping
peaks or even separate, well-defined peaks total two or more. Whatever it is we see in the
X-ray diffraction pattern of a liquid corresponds to the local arrangement of the molecules
extending over a few molecular distances at most. At longer distances, the arrangement
of the molecules is completely random and disordered. Since liquids are a fluid state of
matter, the positions of the molecules and their orientations are in constant flux. The local
arrangement of molecules defined by molecular geometry and specific interactions will always
reemerge from the fluctuations and rearrangements that churn the system towards disorder.
That is because there is a particular set of local configurations that define the equilibrium
liquid structure. It is this set of configurations that produces the unique interference pattern
that emerges on the detector. The limited range of the forces that define the equilibrium
structures combined with the randomizing effect of fluctuations influence how broad and
diffuse the features of the diffraction pattern will be. This is what defines the structure of a

liquid, the set of localized configurations at equilibrium and the random fluctuations that
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disrupt them. The dynamics and properties of the liquid state at the macroscopic scale
stem from these local structures. The difficulty inherent in understanding the liquid state
lies in the interpretation of one from the other, macroscopic properties from microscopic

structure.[123]

2.1.3 Dynamics in the liquid state and the dynamic glass transi-
tion

The molecules in a liquid are not fixed relative to one another. They are in constant flux,
free to move, to rearrange and reorient. In a liquid at equilibrium, the particles in the system
will fluctuate, moving around and colliding in accordance with the average kinetic energy
of the particles corresponding to the thermal energy contained in the system at a given
temperature. This phenomena is known as Brownian motion, where the particles move in a
random path in their local region with no preferential direction, while the total linear and
angular momentum of the fluid remains zero over time. The fluctuation-dissipation theorem
of statistical mechanics states that the macroscopic response of a system to a small, external
perturbation within the linear response regime occurs by the same molecular mechanism
responsible for the random, thermal fluctuations that manifest at equilibrium. From this
correspondence, the structural relaxation time of the system is defined as the time required
for the system to return to its equilibrium state following an external perturbation. Since the
process that governs the relaxation from the perturbed state back to the equilibrium state
corresponds to the same process by which the particles spontaneously fluctuate at equilibrium
due to stochastic thermal motion, the structural relaxation time is an observable quantity
that describes the dynamics of the system on the molecular level at a given temperature.[117,
124]

In the liquid state, the temperature of the system corresponds to the rate of thermal
fluctuations of the system. In the high temperature limit, the particles fluctuate locally at
a rate corresponding to a relaxation time of about 10713 s.[117, 124] As the temperature is
decreased, the fluctuations become slower and the relaxation times become longer. Localized

vibrational motions of the particles in the liquid slow down with decreasing temperature
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according to an Arrhenius-type dependence with a single activation energy where the
logarithm of the relaxation time for the corresponding local motion depends linearly on
inverse temperature.[117, 124] These localized motions are referred to as secondary or (-
relaxations. Due to the condensed nature of the liquid state, the molecules do not reorient
independently from each other; to some extent, the molecules relax cooperatively with the
neighboring molecules. A central concept in the dynamics of liquids and the dynamic
glass transition is this cooperative motion on the molecular level governing the structural
relaxation of the system. A consequence of the cooperativity of molecular reorientation is
the non-Arrhenius temperature dependence of the structural or a-relaxation time of the
liquid. In the dynamic glass transition, the structural relaxation time, 7., of the liquid
increases strongly with decreasing temperature, 7', approximately following the empirical

Vogel-Fulcher-Tammann (VEFT) equation, given by:

(2.4)

To(T) = Too €XP { Do ]

T —"1Ty

where 7., is the high temperature limiting relaxation time (~ 107! s), D is a constant, and Ty
is the Vogel temperature, sometimes called the ideal glass transition temperature.[117, 125,
126, 127] Glass-forming liquids are often classified by the degree to which they deviate from
Arrhenius behavior, termed the fragility of the liquid, with systems that strongly deviate
from Arrhenius behavior classified as fragile and systems with close to Arrhenius behavior
classified as strong.[128, 129, 130, 131, 132, 133]

The dynamic glass transition is defined by the continuous slowing-down of the structural
relaxation of the liquid encapsulated by the non-Arrhenius behavior.[124] However, the final,
glassy state of the system in the process of vitrification is structurally indistinguishable from
the supercooled liquid from which it formed.[134] The glassy state is defined by its solid-like
response at normal timescales.[124] When the liquid is cooled far enough in the dynamic glass
transition, the relaxation time of the system becomes longer than the timescale on which we
observe its response to a perturbation. At that point, it is in a non-ergodic state because
the system has insufficient time to explore its configurational phase space and the timescale

required for it to relax back to equilibrium far exceeds the practicality of experimental
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observation.[134] For all intents and purposes, it is frozen into a solid, although, on the
molecular level, the particles of the system are arranged in a disordered, amorphous state
practically identical to the liquid from which it formed. Because the transition from liquid-
like behavior to solid-like behavior occurs continuously as the dynamics slow with decreasing
temperature, a calorimetric glass transition temperature, T, is assigned by convention as the
temperature at which the structural relaxation time reaches a value of 100 s.[134] Thus, the
dynamics of the liquid span 15 orders of magnitude in the process of vitrification. Defining
T, in this manner, we find that 7y from the VFT equation is typically around 40 K lower
than 7,.[117, 124]

The situation describing the dynamic glass transition seems simple enough to digest. The
molecular motions in the liquid are cooperative to some extent and so the dynamics slow
continuously to a point where the relaxation time of the system becomes too long to measure
by any practical means. The resulting state of the material behaves like a solid rather than a
liquid so we call it a glass. However, the glass problem is more complicated than it appears. It
remains a mystery why the dynamics slow so dramatically spanning 15 decades and the origin
of the cooperative motion is not well-understood from a theoretical perspective. The particles
in the liquid are arranged in a disordered manner and their motion is dictated by stochastic
laws. Thus far, every attempt to theoretically describe the phenomena of vitrification from
the liquid state on the molecular level from first principles has been flawed in one way or
another. The VF'T equation frequently employed to fit experimental dynamic data is a very
good empirical model that describes what we see rather well in most cases, but it has no
firm theoretical foundation despite numerous attempts to find one.[126, 127, 135, 136, 137,
138] Extrapolating the a-relaxation time below 7, using the VFT equation, we find that
it apparently diverges at T, a fact that is difficult to support using physical arguments.[5,
139, 140, 141, 142, 143] To further confound the situation regarding vitrification, the so-
called Kauzmann paradox would need to be accounted for by any successful theory of the
glass transition. The paradox, first raised by Walter Kauzmann in 1948[144], concerns
the excess entropy of the supercooled liquid over the crystalline solid. As the liquid is
supercooled, the difference in entropy between the liquid and the crystal phases decreases.

By extrapolating the heat capacity of the supercooled liquid to temperatures below T}, ones
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finds a finite temperature at which the difference in entropy between the liquid and the
crystal becomes zero, the eponymous Kauzmann temperature, Tx. The paradox arises from
the fact that further extrapolation to temperatures below Tk suggests the entropy of the
liquid would become lower than that of the crystal, a situation that, if it was realized in
an actual experiment, would be paradoxical resulting in a crisis in physics with far-reaching
consequences. The Kauzmann paradox has engendered copious debate and literature in
an effort to resolve it, lest it becomes real. In actuality, the chances of experimentally
confronting the crisis suggested by Kauzmann are infinitesimally remote, as the cooling rate
required to measure the heat capacity of the equilbrated liquid far below 7}, let alone below
Ty would correspond to geological or, quite possibly, cosmological timescales.[124]

Despite the fact that the Kauzmann paradox has never been realized in an actual liquid,
and doing so is quite likely impossible, it presents a conundrum that one is obliged to address
in attempting to solve the glass problem. In the second half of the 20" century, numerous
theoretical frameworks were proposed to account for the phenomena of the vitrification
process along with various schemes to resolve the entropy crisis.[114, 132, 145, 146, 147,
148, 149, 150, 151] None of the theories amount to a satisfactory description of all of the
experimental results regarding the dynamics of the liquid state on the way to becoming
a glass. A few are noteworthy in their ability to neatly account for some subset of the
experimental data while offering insight into the complexity of the problem from a molecular
perspective.

First, we mention the various energy landscape models, which broadly describe the
metastable states of the supercooled liquid in terms of local minima in a complex, spatially-
varying, fluctuating potential energy landscape with the dynamic arrest at 7, corresponding
to a locally minimal configuration being energetically cut-off from neighboring minimal
states preventing the system from exploring the surrounding landscape to achieve the
lowest possible energy configuration.[152, 153, 154, 155, 156] Next, we have the Adam-
Gibbs model, which accounts for the continuous slowing-down of the dynamics of the system
with the concept of expanding cooperatively rearranging regions, defined as the minimal
region capable of adopting a new configuration independent of the surrounding regions.[157]

In this model, it is assumed that the boundaries of the cooperative regions expand as
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the liquid is supercooled such that the number of liquid particles that react collectively
increases as the system approaches 7,. Donth developed a method based on temperature
fluctuations, 67", of the collective behavior at T} to calculate the volume of the cooperatively
rearranging regions from the step change in the heat capacity at 7, and the width of the
glass transition.[158, 159, 160] The concept of cooperative regions has garnered lasting appeal
to this day.[161, 162, 163] In addition, it offers an intuitive interpretation for the evidence
of dynamic heterogeneity, whereby the dynamics of the supercooled liquid state can vary
spatially by multiple orders of magnitude between regions of the material separated by
mere nanometers.[164, 165] Although it should be noted that the Adam-Gibbs model does
not directly address or explain the problem of dynamic heterogeneity, which is a complex
puzzle in its own right that has attracted a substantial amount of attention resulting in
a number of models devoted to explaining the mechanism by which these heterogeneities
emerge.[151, 165, 166, 167, 168, 169, 170, 171, 172, 173, 174]

Another approach, that has been expanded on and modified over the years since its
inception, is the free volume theory.[66, 175, 176, 177] In its early form, the free volume
approach assumed each liquid particle occupied its own local volume, with the excess
volume over some critical volume amounting to the local “free” volume. For molecular
transport to occur, a molecule has to jump over a discrete distance corresponding to the
size of the molecule, which is only allowed if the free volume available between the two sites
before and after the jump exceeds some minimum volume on the order of the molecular
volume. Additionally, the rearrangement of free volume has no energy cost. The exchange
of free volume and molecular rearrangement follows Boltzmann statistics normalized by the
total free volume of the system. This framework results in a VFT-like dependence for the
structural relaxation time. However, because this simple approach assumed only the jump
mechanism for molecular rearrangement, it describes all dynamic quantities by the same
temperature dependence. The extended framework of the free volume theory, developed
by Cohen and Grest[176], distinguished between two types of volume elements, solid-like
and liquid-like cells, and introduced percolation theory to describe the gradual development
of communal entropy in the amorphous phase in order to account for thermodynamic

behavior in addition to dynamic behavior. In their model, they imposed a sharp demarcation
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between their liquid-like and solid-like cells, in addition to only allowing exchange of free
volume among liquid-like cells in a cluster. With the set of assumptions employed in this
approach, the model predicts a first-order phase transition for the liquid-glass transition in
the limit of an infinitely slow cooling rate, with the characteristic temperature of the first-
order transition occurring below the calorimetric glass transition, 7y, where the supercooled
liquid falls out of metastable equilibrium forming the amorphous solid (glass) phase when
an experimentally feasible cooling rate is applied. Their theory predicts the equilibrium
liquid-glass transition to occur at a temperature greater than or equal the Kauzmann
temperature, thus dodging the entropy crisis by introducing the hypothetical “ideal” glass
state. Mathematically, the theory as developed by Cohen and Grest is a variation on the
two-state model of Stréssler and Kittel[178] from which Tanaka’s two order parameter model
of the liquid state is derived.[167, 179, 180, 181, 182] This mathematical similarity accounts
for the fact that this version of the free volume theory predicts a first-order transition for
the liquid-glass transition. This type of theory that endeavors to resolve the Kauzmann
paradox via a thermodynamic phase transition to an ideal glass state nearly arrives at
the concept of polyamorphism. However, they achieve their thermodynamic transition by
imposing unrealistic constraints on the dynamic evolution of the system. Despite the fact
that the physical interpretation of the glass transition offered by the Cohen-Grest theory is
unsubstantiated at best, and at worst, impossible to verify experimentally, the theory yields
equations that can describe empirical data above Ty, but, like the VFT equation obtained
from the earlier free volume theory, the theoretical basis for the equations is oversimplified
and lacking physical insight.

Finally, we will briefly mention the mode-coupling theory (MCT) of the glass transition,
which describes the dynamics in a liquid system using a hydrodynamic approach. The
basis of the MCT is the generalized non-linear oscillator equation for the normalized density
correlation function, ®(¢).[114, 117, 124, 139, 140, 183, 184, 185] The time evolution of the
density correlation function is modeled as a damped harmonic oscillator with an additional
term containing a memory function. The memory function effectively accounts for the
effects of correlated motion, which become significant at higher density corresponding to

the condensed liquid state. The dynamics associated with the type of correlated motion
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described by the MCT are referred to as the “cage effect,” which is summarized by two
timescales.[186] At shorter times, a particle is said to be enclosed by the cage formed by
the neighboring particles. In this regime, the correlated motion of the particle in the cage
incurs a steep frictional cost. This type of motion, sometimes referred to as cage rattling
motion, is localized and corresponds to the secondary (-relaxation. At longer times, the
cage dissolves due to diffusion of the particles from which it is formed, freeing the trapped
particle and reducing the frictional load. This diffusive motive involving the freeing of
the trapped particle corresponds to the structural a-relaxation. The form of the memory
function is not prescribed in the theory, so an ansatz is required to obtain a solution. A
simple approach is to employ a Taylor-expansion of the memory function in terms of the
density correlation function, which yields a result that resembles the relaxation process of
the dynamic glass transition. The structural relaxation time obtained from this idealized
version of the MCT has a non-Arrhenius temperature dependence that diverges at a critical
temperature, T., corresponding to the transition from an ergodic to a non-ergodic state.
The critical temperature of the MCT is higher than both the Vogel temperature and the
calorimetric glass transition temperature (7, > T, > Tj). This feature was appealing to
researchers who hoped to reframe the problem of the glass transition around a temperature
that was fixed for the system corresponding to a physical quantity that could be directly
measured by experiments. The critical behavior of the structural relaxation time given
by the MCT was found to agree reasonably well with the dynamic crossover observed
in a number of molecular glass-formers. The focus on the empirically-derived dynamic
crossover temperature, found to be close to T, for a number of glass-formers that exhibit
a fragile-to-strong crossover in their dynamics, would allow a description of the dynamic
glass transition without relying on a convention to define the glass transition temperature
and avoids the Kauzmann paradox by predicting a transition to a non-ergodic state well
above Tk. Unfortunately, dynamic crossover behavior is not observed prominently in all
glass-forming systems, so this application of the MCT is limited. Additionally, a number
of results from the MCT do not agree with experimental observations. Modified versions

of the MCT have been explored[187, 188, 189], however the general approach of the model
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appears to be invalid and insufficient to describe the universal features of the dynamic glass
transition.[114, 190]

In practice, when analyzing experimental dynamic data, many researchers rely on the
widely-applicable VFT equation, preferring a model-free approach to parameterize the
dynamic glass transition. The parameters of the VFT equation can be used to quantify
characteristics of the glass transition, including the calorimetric glass transition temperature,
fragility, and the Vogel temperature. Model-free analysis of dynamic crossover behavior can
be performed using derivative methods.[115, 117, 125, 191, 192] Additionally, the connection
of the Adam-Gibbs model to the VFT equation makes it possible to compare dynamic
quantities measured by dielectric or mechanical spectroscopy, for example, directly with
calormetric data measured by differential scanning calorimetry. Even though the Adam-
Gibbs model does not fully succeed in explaining the dynamic glass transition, it has shown
limited validity in describing certain data sets and offers a simple picture that accounts for
the role of cooperative motion in the dynamic glass transition.

No theory attempting to explain the glass transition has yet achieved success in
accounting for all observed phenomena or resolving all open questions. The glass transition
is among the greatest unsolved problems in condensed matter physics. There are some who
are working currently to develop a framework that can account for vitrification as well as
polyamorphic behavior by relying on a two-state description of liquid matter.[123, 124, 181,
182, 193, 194, 195, 196] This idea is intriguing, but it remains unresolved whether the two-
state description is generally applicable to all liquids or if it is only valid in a subset of
systems. On this note, we conclude our review of the dynamic glass transition and let the

mystery be.

2.1.4 Liquid-liquid transition and the phenomenological two order

parameter model

Having discussed some of the key features that define the liquid state in general and peered
into some of the complexities that make a general theory of the liquid state difficult to

construct, we now turn our discussion to the liquid-liquid transition (LLT). This strange and
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elusive phenomenon is the central topic of this dissertation. For those who are unfamiliar
with the concept, it may sound fanciful, or even impossible, for more than one liquid
phase to exist in a single component system. It seems counterintuitive only because we
are accustomed to imagining a liquid as a homogeneous medium composed of molecules
in a completely disordered and isotropic arrangement on the microscopic level. However,
this conception is oversimplified. A liquid is never entirely homogeneous nor completely
disordered nor even truly isotropic on the local level where individual molecules can be
discerned.[112, 190] From the perspective of a single molecule, its state is defined in relation
to the neighboring molecules that surround it. In order to conceptualize the LLT, we only
need to assume that the state of the molecule in relation to its neighbors can switch between
two fundamentally distinct ways of arranging the set of molecules in question, one where
the molecules minimize the average distances between their neighbors and another where
the molecules adopt a locally symmetric configuration with a preferred orientation of the
molecules by taking advantage of specific interactions between neighboring molecules. If we
allow this local switching between distinct states defined by two different ways of achieving
a locally minimal energy configuration, then all we need to have an LLT is a way to drive
the switching between local states in the system such that the liquid goes from having an
abundance of one state to having more of the other. The composition of the liquid does not
change, and the bulk liquids are both homogeneous, disordered, and isotropic, but the local
states of the molecules have changed in a definite way, which has implications for the bulk
properties of the liquid.

A liquid-liquid transition can be defined as a first-order phase transition from one
liquid state to another liquid state of the same composition. The existence of the LLT
was first hypothesized based on computational studies of liquid water suggesting that
water’s anomalous properties in the supercooled metastable liquid state originate from a
second critical point, similar to but other than the liquid-gas critical point.[197] Since the
existence of the second critical point, termed the liquid-liquid critical point (LLCP), was
first conjectured for the case of water, researchers began looking for evidence of LLT in
other systems as well. In the 30 years following the conception of the LLCP as the source

of water’s anomalous behavior, numerous examples of single-component liquid systems that
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apparently undergo LLT have been identified in the literature, ranging from simple atomic
liquids, like phosphorus[23, 24, 198], silicon[20, 21], carbon|[76], and sulfur[82], to molecular
liquids, including triphenyl phosphite (TPP)[25, 26, 27, 28, 29, 86, 124, 199, 200, 201],
n-butanol[84], and D-mannitol.[87, 124, 202] Despite the substantial and growing body of
literature supporting the existence of LLT in real liquid systems, along with model systems
suggesting a generic mechanism for the manifestation of LLT behavior[8, 10, 11, 12, 13,
77, 85, 150, 203, 204], the field remains plagued by controversy on the basis that the LLT
in pure water exists in the so-called “no man’s land” region of the phase diagram making
unambiguous experimental observation of LLT nearly impossible due to homogeneous crystal
formation in real water under the conditions where the LLT is to be found.[5, 205]

In an effort to provide a theoretical foundation for LLT phenomena, Tanaka introduced
the two order parameter (TOP) model of the liquid state as a framework to understand
the anomalous properties of liquids ascribed to the existence of the LLCP.[14, 179, 180,
190, 206, 207, 208] In the TOP model, the liquid state is fully specified by two scalar order
parameters, density p and the fraction of locally favored structures i). The density order
parameter, p, naturally describes the liquid-gas transition and is the single order parameter
given in the classical theory of the liquid state. The second order parameter, 1, is introduced
to account for local structural ordering in the liquid arising from many-body interactions.
In this conception, two competing types of ordering emerge in the local arrangement of
constituent particles. The distinction between the two types of local ordering is defined in
terms of possible states in the underlying liquid structure. The TOP model distinguishes
between two types of liquid states, p-states associated with the density order parameter
and 1-states associated with locally favored structures (LFS). The two-state description of
liquid matter forms the basis for the formulation of the TOP model. The two states are
defined by energy levels corresponding to the local configuration of liquid particles. The
higher energy p-states are associated with the “normal liquid structures” (NLS) described
by the pairwise interactions governed by the density order parameter p. The lower energy
1-states are related to the LF'S connected to the order parameter v defined as the fraction
of LFS. Figure 2.2 shows a schematic depiction of the two state description of liquid matter.

Each of these states are defined by three parameters, namely their energy E;, volume v;, and
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degeneracy g;, where © = p or 1. The phenomenological two-state description of the liquid
state, which forms the basis for Tanaka’s TOP model, was originally developed by Strassler
and Kittel[178], in which a system having two energy levels of the type represented in Figure
2.2 can be shown to undergo a phase transition of the first or second order depending on the
parameters used to specify the system.

In the two-state description of the liquid state, locally favored structures are sponta-
neously generated and destroyed in a sea of normal liquid structures. Assuming a finite
lifetime for the LFS, the order parameter ¢) can be defined as the equilibrium fraction of
LFS, that is the fraction of particles in the 1-state (ground state). We can parameterize the
system in terms of the differences in the energy (AF), specific volume (Awv), and entropy

(Ao) of the p- and 1)-states, given by Equations 2.5, 2.6, and 2.7, respectively.[5, 14]

AE=E,—E, (2.5)

Av =1, — vy (2.6)

Ao =kpln /2 (2.7)
G

where kp is the Boltzmann constant. The change in free energy associated with the formation

of LFS can then be written as:
AG = AFE —TAo + AvP (2.8)

where 7" and P are the temperature and pressure of the system, fully specifying the
thermodynamic state for the single-component liquid.
We can express the relevant part of the mean-field free energy of the liquid which describes

the LLT as a function of 1, given by the equation:

fW) =f,—AEY — AvPy+ JY(1 — ) + kgT (@blngE +(1—1)In 1;1’/}) (2.9)
P P
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Figure 2.2: Schematic representation of a two-state liquid. The excited state (higher
energy) corresponds to the normal liquid structures (NSL) characterized by energy E,,
volume v,, and degeneracy g,. The ground state (lower energy) corresponds to locally
favored structures characterized by energy E,,, volume vy, and degeneracy gy.
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where f, is the free energy corresponding to the NLS (p-states) and J represents the
cooperativity of the formation of LFS.[5, 14] The value of ¢ at equilibrium is defined by
df(¥)/d = 0. At the liquid-liquid critical point, the following conditions involving the
derivative of the free energy with respect to the order parameter ¢ governing the LLT must

be satisfied:
Fowe) = flWe) = £ (We) = 0 £ () > 0 (2.10)

with 1. being the equilibrium value of 1 at the critical point. From Equation 2.9, we obtain
the critical fraction of LFS, 1., the critical temperature, T., and the critical pressure, P,,

given by Equations 2.11, 2.12, and 2.13, respectively.

Ye=1/2 (2.11)
T, = J/2kp (2.12)
P.=(-AE+T.Ac)/Av (2.13)

It is clear that the only conditions that must be satisfied for the existence of the LLT are
the two-state feature and a non-zero J for the cooperative formation of LFS. The first-order
LLT is determined by two points in the 2D p-1¢) plane of the free energy of the liquid with
the following conditions on the values of ¥ at the points labeled 1 and 2:

fo(1) = fu(¥2); f&;(lbl) = ffp(%) =0; f{zf(%)afq/p/(%) >0 (2.14)

The pressure dependence of the transition temperature, T;(P), describes a line on the T-P

phase diagram given in terms of the parameters of the two-state feature:
T,(P) = (AE 4+ PAv)/Ac (2.15)

At all points on this line, we have AG = 0 and ¢ = 1. = 1/2. The first-order LLT only
occurs for Ty < T.. When T, > T, T;(P) gives the so-called Widom line.[5, 14]
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The top panel in Figure 2.3 shows a graphical depiction of the 7T-i) phase diagram for a
system with LLT.[5] Due to the scalar nature of the order parameter 1, the LLT is a transition
of the same type as the liquid-gas transition, in that it does not involve the breaking of
either translational or rotational symmetry. As a consequence, the LLT, like the liquid-gas
transition controlled by p, should belong to the 3D Ising universality class.[29, 209, 210, 211]
By way of analogy, we can imagine the LLT as a phase transition between a 1-gas and a
¥-liquid controlled by the fraction of LFS given by the order parameter v, in the same way
that the transition between the normal gas and the normal liquid is controlled by the density
p. Changes in the density between the two liquid states, liquid I and liquid II, arise as a
consequence of the coupling between p and 1, represented by the free-energy surface of the
p-1 plane depicted in the bottom panel of Figure 2.3.[5]

Figure 2.4 shows a representation of the P-T phase diagram for a liquid with LLT in the
vicinity of the LLCP. The positive slope of the coexistence line reflects the case where the
LFS are denser than the NLS, i.e. Av > 0. This scenario is seen in the cases of the molecular
liquids, TPP[26, 209] and n-butanol.[84] This is likely the case for the ionic liquids in this
study as well, as demonstrated by the evidence laid out in Chapters 4, 5, and 6 below. In
the situation depicted in Figure 2.4, we have AE, Av, and Ao > 0. In this case the LLT
corresponds to the transition between the less dense high-temperature liquid state (HTLS
or Liquid I) and the denser low-temperature liquid state (LTLS or liquid II). The LLT is
also accompanied by a change in the dynamics of the liquid reflected by the fragility of
the HTLS and LTLS. At temperatures above T,, the extension of the LLT coexistence line,
where ¢ = 1), = 1/2, gives the Widom line corresponding to thermodynamic and structural
anomalies in the liquid properties in the absence of a first-order transition. Beyond the
critical regime, this line is sometimes referred to as the Schottky line. Static anomalies are
predicted to arise at higher temperatures than dynamic anomalies, due to the hierarchical
nature of the two-state model. This is based on the fact that dynamic properties are not
determined locally, but depend on the interaction of particles in the surrounding liquid.
Thus, the dynamic behavior of a two-state liquid depends on the spatially coarse-grained
order parameter 1? < 1, in general. So the line where 1) = 1/2 gives the “static Schottky
line,” while the line where ¢)” = 1/2 gives the “dynamic Schottky line.”[5] In systems with
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Figure 2.3: Prototypical phase diagram of a two-state liquid near the liquid-
liquid critical point (LLCP). The top panel shows the phase diagram in the T-i¢ plane
at constant volume. The bottom panel shows the free-energy surface of LLT in the p-¢
plane. Reprinted from [5], with the permission of AIP Publishing.
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Figure 2.4: Prototypical P — T phase diagram of a two-state liquid near the
liquid-liquid critical point (LLCP).
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criticality, these two lines should intersect at the LLCP, offering a means to systematically

identify the location of the critical point.

2.1.5 Examples of liquid-liquid transition in real liquid systems

Numerous examples of LLT behavior have been identified in the literature for a range of
liquid systems including pure atomic systems[20, 21, 76, 77, 82], molecular systems[18, 26,
29, 84, 86, 87, 88,202, 212, 213, 214], oxides[211, 215], and multi-component atomic systems
like metallic liquids([78, 81, 216] and chalcogenides[217, 218, 219]. A few of these examples
will be presented in the following subsections. A related, but distinct, set of phenomena is
the critical-like behavior of multi-component systems, or mixtures, describing liquid-liquid
phase separation of the components of the mixture. Such behavior is well-studied in ionic
solutions involving salts dissolved in solvents, including water and organic liquids[220, 221,
222,223, 224, 225]. However, an example of LLT in a pure ionic liquid could not be found
in the literature prior to the case of trihexyltetradecylphosphonium borohydride (Pggg.14
BH,)[6], which is included in the present work, having been published in March 2021 by

yours truly and coworkers.

Atomic Systems

Among the more recent examples of LLT in a pure atomic system is that of sulfur. In
an article by Henry et al.[82] published in 2020, experimental evidence showing a density
discontinuity in liquid sulfur at the LLT line was reported. Furthermore, they demonstrated
that the LLT line in sulfur terminates at a second critical point (LLCP) in the equilibrium
liquid state, making it the first experimental identification of the LLCP. They found the
LLCP for sulfur to lie around 7, =1100 K-1200 K and P, =2.1 GPa-2.2 GPa. The LLT line
for sulfur has a positive slope in the T-P phase diagram, suggesting Av > 0, similar to the
case of TPP.[26, 209] The case for LLT in sulfur appears to be supported by incontrovertible
experimental evidence, but this finding is very recent and further research to understand the

nature of LLT in sulfur is necessary.
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A number of other pure atomic liquids that have been investigated on the basis of a
possible LLT remain rife with controversy with the existence of the first-order LLT in these
systems still being hotly debated. Controversial examples of LLT in atomic systems include
the cases of carbon[76, 79] and phosphorus.[23, 24] In the carbon case, the proposed LLT
manifests in the local coordination configuration of the atoms, which can have two-, three-,
or four-fold coordination states.[5] It has been established that the coordination number of
liquid carbon increases with increasing pressure, but studies have been unable to conclusively
show these changes transpire via a first-order LLT with at least one account describing a
gradual and continuous change from three-fold coordinated carbon to a diamond-like liquid
structure, suggesting another mechanism entirely.[226] The case for phosphorus is a curious
one. The initial study that reported it found that a first-order polyamorphic transition
manifests in the equilibirum state, rather than in the supercooled state below the melting
point, and it was therefore possible to study the coexistence of the two phases directly
using X-ray scattering methods.[23] The evidence of a first-order transition is clear, but it
is accompanied by a density change too large for LLT.[5] The controversial assignment of
a first-order LLT in phosphorus arises from the fact that the transition occurs above the
liquid-gas critical point, arising as a transformation between a dense molecular fluid and
a polymeric liquid state.[24] Fundamentally, the classification of the transition observed in
phosphorus hinges on establishing whether the relevant order parameter in this case is the
scalar parameter associated with LLT or the type of order parameter associated with the

classical A-transition characterizing the self-avoiding walk of polymers.[5]

Water

Water is the most abundant liquid on the planet and is necessary for all life as we know it.
It exhibits an unusual number of anomalous properties, many of which have been known for
centuries. And yet, despite the omnipresence of this critical substance, efforts to unravel the
mysterious origins of water’s peculiar properties remained largely unsuccessful in the history
of science, even as the sophistication of measurements techniques and our understanding of
the atomic substructure of chemical substances matured, especially following the quantum

revolution of the early 20" century.
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The hypothesis that water’s anomalous properties originate from the existence of a second
critical point similar to the liquid-gas critical point was proposed based on a computational
study put forth by Poole et al. in the early 1990s.[197] Controversy around the idea of LLT
exploded into debate concerning whether the second critical point was merely a feature of
the model used to perform the calculations or if it was, in fact, a property of real water. The
difficulty in settling this debate stems from the fact that the proposed liquid-liquid critical
point (LLCP) is to be found in the “no man’s land” region of water’s phase diagram, where
homogeneous crystal nucleation obfuscates experimental access to the bulk liquid properties
where the two phases, referred to as the high-density liquid (HDL) and low-density liquid
(LDL), are predicted to coexist.[5, 124]

Efforts to experimentally confirm LLT in water include ultra-fast pump-probe techniques
to examine the transition in the bulk liquid using X-rays prior to the onset of crystal
nucleation[227], as well as attempts to link behavior far from the critical point to Widom
line crossing and inferring the existence of two-state behavior based on changes observed
in certain dynamic and thermodynamic properties.[13, 18, 214, 228, 229] Recently, Shi and
coworkers[230] reported verification via X-ray diffraction of bimodality in the distribution
of molecular orientations, a fingerprint of the two-state feature in water’s liquid structure,

supporting the validity of the LLT hypothesis.

Triphenyl Phosphite

Triphenyl phosphite (TPP) is the earliest example of an organic molecular liquid demon-
strating LT behvaior found in the literature. To date, very few other compelling cases of
LLT in organic molecular liquids have even been identified. As a result, TTP has become
the de facto model system for research into the mechanisms and origins of LLT behavior in
liquids in general, partially owing to the relative ease with which it can be supercooled. The
low temperature phase of TPP was first identified as a amorphic solid differing from both
the normal glass and the crystalline form, and was dubbed the glacial phase.[25, 199]

Since this discovery, it was found that the glacial phase of TPP could be obtained as
a second, metastable liquid phase by quenching the high temperature equilibrium liquid

to a low temperature in the supercooled regime and annealing above 7T, resulting in LLT
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from the normal liquid to a second liquid phase with distinct local ordering.[26] The low-
temperature polyamorphic phase behavior of TPP became a testing ground for theories of
the LLT and fueled speculation of the LLT being a general feature of the liquid state.[84]
One consequence of the theory developed to explain LLT is the idea that the local ordering
responsible for the low-temperature liquid phase would either resemble a crystal polymorph,
enhancing the tendency toward crystallization, or exhibit symmetries incongruent with the
crystal structure, leading to enhanced frustration and better glass forming abilities. The
discovery of a second crystal polymorph in TPP suggested a link between local order in
the low-temperature liquid and an equilibrium crystal structure[30, 231, 232}, although the
frustration scenario is still considered a viable explanation for glass-forming behavior.[233]

The two-order parameter model of the LLT has been extensively tested using the case of
TPP.[27, 28, 209] The reversibility and first-order nature of the LLT has been investigated
with two possible mechanisms for the transition being observed, where, depending on the
annealing temperature at the onset of the transition, it can proceed either via nucleation and
growth or spinodal decomposition.[200, 201, 234] One of the most critical tests of the TOP
model is the identification of the order parameter governing the LL'T in TPP, which was found
to align with the concept of locally favored structures as a distinct state in the local ordering
of the liquid, in contrast with the normal liquid structures, supporting the hypothesis of a
two-state description underlying the LLT behavior in the molecular liquid, TPP.[29, 86, 235]
The LLT in TPP represents a case where the evidence for two liquid phases of a single-
component molecular liquid is incontrovertible. The extensive experimental studies devoted
to this system have made validation of the TOP model as a suitable theoretical framework
with which to explain LLT possible, lending credence to the generic nature of the two-state
description of the liquid state that forms the basis of the TOP model, where two-state
behavior is a prerequisite for the existence of LLT.[5, 14]

Interestingly, recent experiments into the formation of an ultra-stable glass through
physical vapor deposition onto a low-temperature substrate for the TPP system resulted in
the formation of the ordinary glass phase regardless of the temperature of the substrate.[230]
This process of creating ultra-stable glass films is thought to rely on a similar set of underlying

principles as the LLT[124, 237, 238, 239], so the result was unexpected. It was suggested
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that the preferred structure of the free surface determines which polyamorphic phase will

form in the as-deposited thin films.[236]

2.2 Ionic Liquids

Ionic liquids (ILs) are typically classified as salts that are liquid at or near room temperature.
The low melting points of these materials is generally ascribed to delocalization of the charge
on the constituent ions of the liquid, as well as asymmetries in the size and shape of the
cations and anions that lead to inefficient packing which frustrates crystal formation. Typical
ILs possess organic cations paired with anions ranging from simple halides to large, organic
bases or even organo-metallic complexes. Common anions found in ionic liquids include chlo-
ride, bromide, tetrafluoroborate, hexofluorophosphate, bis(trifluoromethylsulfonyl)imide,
triflate, carboxylates, sulfonates, dicyanimide, and thiocyanate.[35, 57, 66, 165, 240] Anions
containing metal centers, such as iron or lanthanide elements, impart magnetic properties
to the resulting IL, forming what are known as magnetic ionic liquids (MILs), which
have potential applications in the areas of analytical chemistry and separation/extraction
processes.[42, 47, 97, 98, 241, 242, 243, 244, 245 246, 247, 248, 249] The possible
variations of the cation and anion structures lead an innumerable quantity of different
ILs that could be created. Some of the most common cations used in ionic liquid
synthesis are imidazolium, pyrrolidinium, piperidinium, triazolium, tetraalkylammonium,
and tetraalkylphosphonium.[31, 35, 57, 66, 250] Each of the types of cations listed here
possess a side group that can be modified to change the properties of the resulting IL. In
many cases, the side groups are alkyl substituents, whose length can be changed to tune
the amphiphilic qualities of the cation, although substituents containing ether linkages are
also common. The general properties shared by ILs in general, combined with the tunability
of their cation and anion structures, make them suitable for a diverse array of potential
applications including electrochemical energy storage[36, 37, 38, 39, 40], catalysis[55, 56,
57, 58, 59|, extractions[63, 64|, separations[41, 42, 43, 44, 45, 46, 47, 48, 61], biomass

processing[49, 50, 51, 52, 53, 54], nanoparticle synthesis[58, 251, 252], tribological and heat
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transfer fluids[65, 108, 253, 254], and electrospray propellants[255, 256, 257, 258, 259], to

name a few.

2.2.1 Structure of Ionic Liquids

Ionic liquids are organic salts that are liquid at room temperature. As such, they are defined
not only by intermolecular forces arising from repulsive exclusion and attractive cohesion, but
also from charge alternation constraints. Ionic liquids are unique among liquids in general in
their structural features. Since ionic liquids are composed of individual cations and anions,
they possess a hierarchical structure governed by multiple correlation lengths.[68, 165, 260,
261] At the shortest lengths, adjacent ions encounter a minimum approach distance limited
by ionic size and geometry stemming from steric effects and repulsion of electronic orbitals.
At some intermediate length scale, ionic liquids are arranged according to charge alternation
arising from constraints of net neutrality. Finally, at the longest length scales of organization
identified in ionic liquids, a feature of polarity alternation is present in ionic liquids that
contain long alkyl chains in either their cation or anion structure, the former being the most
commonly studied. These structural features that manifest in ILs, corresponding to the three
regions of the static structure factor, S(q), highlighted in Figure 2.5, arise due to physical
constraints on the system, and therefore relate to dynamic and thermodynamic properties
of the system.

Even the simplest ionic liquids display alternating patterns in their structure on the
sub-nanoscale. The constraint of local electroneutrality results in alternation between the
positive and negative parts of the ionic liquid. When alkylated substituents are present on
the cation, the formation of a non-polar domain where the alkyl chains reside can result.
This is due to the fact that the positive and negative charges on the cations and anions,
respectively, interact very strongly via the Coulombic potential. Since the neutral alkyl side
groups do not interact strongly with the charged groups, they tend to be excluded from the
regions occupied by the ionic groups. This behavior has been called the solvophobic effect,
where molecular components with different solvent properties become spatially segregated

from one another.
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Figure 2.5: Computationally derived S(q) data for a variety of ionic liquids.
Reprinted (adapted) with permission from [4]. Copyright 2015 American Chemical Society.
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Ionic liquids can form a number of different morphologies in their polarity alternation
structure depending on the number and length of the alkyl substituents present on the cations
or anions, as well as on the relative sizes of the polar and non-polar parts of the ILs.[4, 101]
Most commonly, it is the cations that contain alkyl side chains. The resulting polarity
alternation structure can be experimentally observed using X-ray diffraction methods, where
the separation between regions of high charge density by the non-polar domains occupied by
the alkyl chains results in a sharp diffraction peak at low values of q, often referred to as the
first sharp diffraction peak (FSDP) or pre-peak. In homologous series of imidazolium-based
ILs with the same anion, where the length of a single alkyl chain is varied, the FSDP has
been observed to increase in intensity and shift to lower q values as the side chain length is
increased.[262, 263, 264, 265, 266] A similar effect has been observed in the case of 1-alkyl-
1-methylpyrrolidinium-based 1Ls.[267, 268, 269, 270]

Studies which focus on the role of the alkyl chain length present on one of the ions in
an IL, typically on the cation, point to a composition-dependent percolation transition in
the nanostructured morphology of the liquids corresponding to the polarity alternation level
in the hierarchical structure.[4, 101] When the alkyl chains are short, segregation of the
chains is found to be restricted to isolated islands of low charge density in a sea of strongly
interacting cations and anions which form a continuous polar network. As the lengths of
the alkyl side chains are increased, the sizes of the non-polar domains grow, and beyond a
certain percolation limit that depends on the relative size of polar network formed by the
charged groups, the morphology of the non-polar domains transitions from a dispersed phase
to a second continuous network that permeates the polar network of high charge density.

The variation in the nanostructure of ILs as a function alkyl side chain length in the
manner described above has been extensively studied in the 1-alkyl-3-methylimidazolium
family of ILs, making use of both computational and experimental approaches to arrive
at these conclusions.[101, 262, 263, 264, 265, 271, 272, 273, 274, 275, 276] In ILs of this
type, another percolation transition has been identified as the length of the alkyl chain is
further increased to lengths exceeding 14 carbon atoms. Not only do the resulting materials
exhibit higher melting temperatures, they tend to form liquid crystal mesophases of the

smectic variety.[266, 277, 278, 279, 280, 281, 282, 283] Examples of liquid crystal mesophases
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formed in IL systems, termed ionic liquid crystals, are interesting in their own right and
understanding how to control their formation and properties is the focus of considerable
concerted efforts for use in a number of potential applications. But the details of ionic liquid
crystal properties fall outside the scope of the topic at hand, so further discussion of these
systems will be limited.

The morphology of nanostructured ionic liquids has been further subdivided into
filamentous or globular sub-types, depending on the number of nearest neighbors, or
the average ion coordination number, allowed in a given IL, which affects the branch-
ing of the polar network.[101] Cations with a single long alkyl substituent, such as
1-alkyl-3-methylimidazolium and 1-alkyl-1-methylpyrrolidinium, are capable of forming
nearest-neighbor pairs with many (> 2) counter-ions simultaneously, which typifies the
globular morphology sub-types. In contrast, tetraalkylammonium|[284, 285, 286] and
tetraalkylphosphonium[100, 103, 105, 287] cations, having four carbon chain substituents
that hinder the ability of the central cation to interact with numerous counter-ions
simultaneously, form non-branching sequences of alternating charges, resulting in thread-like
structures in the polar network of ILs based on these cation types typical of the filamentous
sub-type. In ILs containing these cation types, the relative lengths of the four alkyl chains
will ultimately determine the morphology of the polar network. It has been shown that
triethylalkylphosphonium-based ILs, having three alkyl tails only 2 carbons long, will display
the globular-type morphology, while tributylalkylphosphonium-based ILs, with three of the
alkyl tails being 4 carbon atoms long, will exhibit the filamentous sub-type.[287] Further
extension of the alkyl chains on the tetraalkylphosphonium cation typically results in a
filamentous polar network in ILs based on this cation, the most well-studied example of
which are the trihexyltetradecylphosphonium-based IL systems.[100, 102, 103, 104, 106, 288]
The filamentous structure found in ILs bearing the trihexyltetradecylphosphonium (Pggs 14)
cation is schematically represented in Figure 2.6, with characteristic length scales indicated
by the double arrows indicating polarity alternation, charge alternation, and ion adjacency
corresponding to the first, second, and third features in the static structure factor, S(q),
respectively, in ascending order of peak position on the g-axis. Although temperature-

dependent studies of IL structure are uncommon, investigations of this nature have been
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Figure 2.6: Schematic representation of the structure of a Pggs14-based ionic
liquid in the high temperature liquid state (HTLS). The polar charge network is
described as a 3-D percolated network composed of alternating positive and negative ions
forming filamentous structures or strands. The strands are separated by the non-polar
regions composed of the 14-carbon chains and decorated by the 6-carbon chains. The
resulting polarity alternation structure is described as a bicontinuous network of alternating
polar and non-polar domains or a sponge-like morphology.
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undertaken. Most prescient for the topic of this dissertation is a study combining X-
ray scattering and computational techniques to elucidate the effect of temperature on
the structure of Pggg14-based ILs. [102, 103] The researchers highlight what appears to
be anomalous behavior in the pre-peak of S(gq) for the Pggs14 cation paired with the
bis(trifluoromethylsulfonyl)imide (TFSI) anion, suggestive of competing packing interactions
related to the polar and apolar sub-components of the polarity alternation structure
governing the intensity of the pre-peak.[103] These studies do not cover a wide enough
temperature range to uncover the LLT, which manifests much closer to the T, of these
systems, but this counter-intuitive result in the temperature dependence of the structure
offers a clue to the presence of an underlying two-state feature in the local ordering of the

ions in the Pggp 14-family of ILs.

2.2.2 Dynamics and Charge Transport in Ionic Liquids

In addition to solvent properties of ILs, which are known to be largely influenced by the liquid
structure on the nanoscale, the intrinsic ionic conductivity of these substances is an important
property for their potential use in a variety of applications. Since ionic liquids are pure
electrolytes, composed entirely of cations and anions, they exhibit high ionic conductivity,
making them materials of interest for a number of electrochemical technologies for energy
storage, analytical chemistry, and separation/deposition processes, to name a few. Ionic
conductivity results from the transport of free, mobile charge carriers in a material. The
charge carriers in an IL are the cations and anions, which also comprise the structural units
of the fluid. As a result, the structural relaxation is coupled to charge transport in room
temperature ionic liquids over a wide range of temperatures. However, this may not be the
case for all ILs at all temperatures.

The connection between structural relaxation and charge transport in ILs can be
studied using dielectric spectroscopy, which is capable of yielding accurate measurements
of relaxation times and dc ionic conductivity. However, separating the independent
contributions from structural relaxation and charge transport requires careful analysis.

Another approach is to use dielectric measurements to determine dc ionic conductivity
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combined with other experimental techniques capable of determining structural relaxation
times such as dynamic mechanical spectroscopy or dynamic light scattering.

Similar to other glass-forming liquids, ILs exhibit non-Arrhenius behavior in the tem-
perature dependence of their dynamic properties following a typical VFT-like dependence.
The various dynamic properties relevant to the understanding of charge transport in ILs
include dc ionic conductivity, oy, and the self-diffusion coefficient, D. The dynamic glass
transition in ILs can be characterized by the structural relaxation times, 7, and viscosity,
1. Viscosity and structural relaxation are linked in the dynamic glass transition according
to Maxwell’s relation, n o 7,.[289, 290] This suggests a means by which one could test the
coupling of charge transport in ILs to the dynamic glass transition by comparing timescales
corresponding to the onset of dc ionic conductivity from dielectric measurements to viscosity
data. In the classical theory of liquids, the diffusion of molecules in the liquid can be
related to the timescale of the structural relaxation of the liquid medium by the inverse
proportionality defined by the Stokes-Einstein relation, D o %.[289, 290, 291, 292] Another
relation of significance for the case of ILs is the Nernst-Einstein equation relating oo and D,
given by:

q
_ 2.16
70 = ey (2.16)

where n is the number density of free ions, q is the charge on the ions, k is the Boltzmann
constant, and 7T is the temperature.[289, 290, 291, 292] We can rewrite this equation,
replacing D with a term proportional to the timescale of ion diffusion, and we get the

Einstein-Smoluchowski equation:
Nw,
6kT

oo =n (2.17)

where ) is the characteristic diffusion length and w, is the characteristic rate of ion diffusion
related to the onset of dc conductivity.[289, 290, 291]

The relations between the various dynamic quantities relevant to charge transport and
glassy dynamics have been tested for a wide array of different ILs using a combination of
experimental methods including dielectric spectroscopy, dynamic mechanical spectroscopy,
dynamic light scattering, and pulsed field gradient nuclear magnetic resonance. Remarkably,

these relations hold for many of the IL systems that have been studied, which suggests the
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mechanism of charge transport in ILs is a diffusion process mediated by the dynamic glass
transition, and therefore the fragility of the liquid is an important quantity in determining the
charge transport properties in ILs.[287, 289, 290, 293, 294, 295, 296, 297, 298, 299, 300] The
dynamics of ILs vary considerably with changes in the cation and anion structures. Changing
the type of anion while keeping the cation structure constant can result in differences in
dynamic properties spanning in excess of 6 decades approaching 7;. However, variation is
present in the values of 7, as determined by differential scanning calorimetry as well. When
dynamic quantities are normalized by T}, they are found to coincide across the various anion
structures, further revealing the universal nature of the dynamic glass transition and charge
transport in 1Ls.[289, 296, 300, 301]

The number density of free ions, n, present in both the Nernst-Einstein and Einstein-
Smoluchowski equations plays an important role in the dc ionic conductivity. It turns out
that the diffusion coefficient, D, contains all of the non-Arrhenius behavior contributing to
the VFT-like temperature depedence of og. The temperature dependence of n has been
found to follow an Arrhenius activation law. This factor is determined by the formation and
dissociation of ion pairs in the liquid. It is important to recognize that only free, dissociated
ions can contribute to the dc ionic conductivity of a pure ionic liquid and in general, the
number of free ions in ionic liquids is less than the total number of ions. The fraction of
free ions is typically found to vary from about 0.5 to 0.8.[72] Determining the degree of ion
dissociation in an IL is crucial for developing technologies based on the electrolytic properties
of ILs.[T1, 72, 302]

Beyond the dynamics of the glass transition and charge transport, slow relaxation
behavior has been found in ionic liquids bearing long alkyl chains, indicating these
slow dynamics originate from the nanostructured morphology of the polarity alternation
structure.[287, 298, 299, 303, 304] The evidence for slow dynamics associated with the ionic
liquid nanostructure suggests the dielectric manifestation of this phenomenon is the result
of interfacial polarization of the polar-apolar domain boundaries and it is only observed in

ILs with a globular-type morphology of the polar network.[287]

43



2.2.3 Phase Behavior of Ionic Liquids

Any liquid that is cooled below its melting temperature will ultimately follow one of two
possible paths. One possibility is that it will crystallize into the solid state. However, the
formation of the crystalline phase is a kinetic transformation that generally proceeds in two
steps, nucleation and growth. Due to the time required for the liquid to transform into the
crystalline solid, most liquids are able to be cooled fast enough to remain in a metastable,
supercooled liquid state. As the temperature of the liquid is decreased below the melting
point, the kinetic processes necessary for the formation of stable crystals become slower.
When a liquid is cooled at a critical rate to avoid the formation of stable crystals, it will
ultimately form a glass at some temperature where the dynamic motion of the constituent
particles slows to the point that the structural relaxation time of the system exceeds the
experimental timescale. There are many examples in the literature of ionic liquids showing
glass-forming ability with relative ease.[92, 305, 306, 307] Even still, ILs exhibit the full
spectrum of supercooling behaviors, from excellent glass-forming ability to crystallization
kinetics fast enough to render supercooling to the glass a technical challenge.[308, 309, 310]
The intermediate behavior of cold crystallization is a common observation in many IL
systems. This phenomenon describes the case where the system, starting from above the
melting point, will supercool to a glassy state at nominal cooling rates, but upon reheating
from the glass to the liquid, the system spontaneously crystallizes at a temperature above
Ty, but below T,,,. Further heating results in the solid melting back to the liquid state at 7;,.

In addition to the glassy and crystalline forms obtained by cooling ionic liquids, other
examples of phase behavior in ionic liquid systems reported in the literature include crystal
polymorphic behavior[308, 311], ionic liquid crystal mesophases[266, 277, 278, 279, 280,
281, 282, 283], and liquid-liquid phase separation in binary mixtures of ILs with other
solvents.[220, 221, 222, 224, 225] Prior to the undertaking of the work reported in this
dissertation, part of which was published focusing on the trihexyltetradecylphosphonium
borohydride (Pggs.14 BHy) case[6], no examples had been given in the literature of LLT in a

pure IL system.
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2.2.4 TIonic liquids as candidates for studying liquid-liquid transi-
tion

Liquid-liquid transitions are a general feature of liquids that possess a two-state description
of their local structure. It has been hypothesized and demonstrated both experimentally and
by computational methods that even the simplest liquids can be described using the two-state
model, where both low-symmetry normal liquid structures and locally preferred structures
coexist. In the cases of monatomic and certain metallic liquids that can be described by a
spherically symmetric potential, the LFS exhibit icosahedral symmetry.[150, 179, 208, 312,
313, 314, 315] Molecular liquids have also been shown to align with a two-state description
with LLT being a consequence of this feature. The case of ionic liquids should, in principle,
be no different. However, for larger and more complex molecular structures, determining
the appropriate descriptor for the LF'S in not a trivial task. Nevertheless, it is reasonable to
assume that a two-state description can be applied to complex liquids, including ILs[71, 316],
and therefore we can expect that cases of LLT in ILs should exist. It is prudent to ask, why,
then, has a case of LLT in an IL not been found previously? The simple answer is no one
thought to look. But then we find ourselves with the question of what we should be looking
for.

First of all, since many examples of LLT in the literature occur somewhere in the
supercooled liquid state below T,,, it is reasonable to assume that a case of LLT in an
IL system would manifest in the supercooled regime as well. To avoid the ambiguities that
would arise in extracting evidence of LLT from data obscured by incipient crystallization, we
should prefer ILs with excellent glass-forming ability. Second, with foreknowledge concerning
particular morphological sub-types of various common IL systems, we can rationalize which
systems are most likely to manifest LLT. We are also able to rule out certain IL systems
that have been extensively studied down to the glass transition temperature, as it is unlikely
LLT would have gone unnoticed in such cases. Regarding the morphology required for a
potential candidate for LLT in an IL system, we can only speculate. However, if we take
a filamentous-type IL, we could rationalize a possible anion pairing where, at a reduced

temperature, the sequential arrangement of ions could become increasingly condensed and
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branched, taking on more of a globular-type arrangement in the polar network. If such a
change could manifest at a reduced temperature through a first-order transition, it would
represent a case of LLT in a pure IL system. This line of reasoning suggests we should
consider Pggp 14-based ILs paired with small, non-coordinating anions, which would increase
the likelihood of multiple anion associations with a central cation. This particular choice is
further justified by the anomalous behavior already observed in the temperature dependence
of the structure of Pggg 14-based ILs originating from competing interactions associated with
the polar and apolar sub-components, lending credence to the hypothesis of an underlying
two-state feature that may be lurking in cation-anion interactions in ILs. The rationale
for the choice of IL to look for the LLT described here is meant to clarify why we have
chosen the specific set of Pggs 14-based ILs studied in this dissertation. The Venn diagram
shown in Figure 2.7 is meant to represent how three subsets of liquid matter, namely glass-
formers (GF), ionic liquids (ILs), and polyamorphic systems (LLT), might intersect. The
six Pggs,14-based ionic liquids chosen for this study (see Figure 4.1 in Chapter 4 for details)
are represented by the regions occupied by the stars on the diagram. Five of the six show
all three of the attributes on the diagram, with the remaining sample, which is lacking LL'T
behavior, serving as a comparative example of normal glass-forming behavior in an IL.

A quote from Angell found in a monograph from a book published in 2012 on the subject
of supercooled liquids and glasses[140] reveals that the conspicuous lack of studies regarding
the existence of LLT in pure ILs did not go unnoticed. He states, “What is needed, now,
is a study of a fragile ionic liquid with a phase transition similar to that of triphenyl
phosphite...” [140] He, additionally, expressed his opinion that such a study “should...be
regarded as a matter of some urgency.” [140] The set of experiments described in the following
chapters of this dissertation represent the long-awaited study prescribed by Angell almost a

decade ago.
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Liquids

Figure 2.7: The intersection of three subsets of liquid matter, glass-formers (GF),
liquids with a first order liquid-liquid transition (LLT), and ionic liquids (ILs),
forming the basis for the present work.
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Chapter 3

Experimental Methods

In this chapter, the experimental techniques employed in this research and the physical
principles upon which they are founded are discussed. These methods include broadband
dielectric spectroscopy (Section 3.1), wide-angle X-ray scattering (Section 3.2), Raman
spectroscopy (Section 3.3), and differential scanning calorimetry (Section 3.4). Broadband
dielectric spectroscopy is the primary experimental tool in this work as it is capable of
providing accurate measurements of transport and dielectric properties yielding information
concerning dynamics from local molecular fluctuations, the structural relaxation, ion
transport, and mesoscopically correlated regions, as well as macroscopic properties including
the dc ionic conductivity and the static dielectric permittivity. The dielectric measurements
are complimented by differential scanning calorimetry, which provides information related
to dynamics in addition to thermodynamic properties related to phase transitions. Wide-
angle X-ray scattering is used to examine the local structure and organization of the ionic
liquids in this study and provide insight into the relation between dynamic and macroscopic
properties and the local structure in these systems. Raman spectroscopy is employed to
probe the local conformational order of the alkyl tails on the tetraalkylphosphonium cation,

which augments the structural information obtained via wide-angle X-ray scattering.
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3.1 Broadband Dielectric Spectroscopy

Dielectric spectroscopy is a powerful experimental technique that has been used to study
polarization phenomena for over a century. It has its historical roots in the scientific
discoveries of Henry Cavendish.[317, 318] Much of Cavendish’s research went unpublished
during his lifetime. Nevertheless, we know of many of his accomplishments thanks to James
Clerk Maxwell, who edited a considerable swath of Cavendish’s original manuscripts and
made them publicly accessible for the first time in 1879.[317, 318] Key among Cavendish’s
findings was his observation that the capacity of a condenser (an early term for a capacitor)
depended on the material used in its construction as well as being proportional to the
surface area of the foil electrodes and inversely proportional to the thickness separating
the conducting foil. These concepts were later developed by Michael Faraday, who defined
the property of a dielectric material or insulator as its specific inductive capacity.[318] In
modern terminology, this property is the relative dielectric permittivity, €. From these
early investigations on the dielectric properties of matter, it was the seminal work of Peter
Debye that would lay the theoretical groundwork for the molecular interpretation of dielectric
spectra.[319, 320, 321, 322, 323] Debye, for whom the unit of the dipole moment is named,
published his theory of dielectrics in a static electric field in 1912 followed by a treatment
for the case of a sinusoidal, time-varying electric field in 1913.[319, 323] These two papers
form the basis for modern molecular approaches to dielectric spectroscopy. The theoretical

approach he used will be described later on in this section.

3.1.1 Theoretical foundations

The theoretical foundation of dielectric spectroscopy is summarized in Maxwell’s unifying
set of equations, which relate the electric field (F) and magnetic flux density (B) to the
source terms, total charge density (p) and total current density (J).[117, 324]

v E=L (3.1)

49



V-B=0 (3.2)

0B
E=-2 .
V x oy (3.3)
V X B = Ho <J+€088_€> (34)

These equations, written in SI units, include the fundamental constants, €y and g, referred
to as the permittivity of free space and the permeability of free space, respectively, with
Eolly = Cig where c is the speed of light in vacuum. The form of Maxwell’s equation given
above is sometimes referred to as the differential formulation or “Maxwell’s equation in
vacuum.” To reformulate the equations to describe the behavior of the electric and magnetic
fields in bulk matter, auxiliary fields, the dielectric displacement (D) and the magnetizing
field (H), are introduced to account for the influence of bound charges and currents in the

material medium. Thus, the dielectric displacement, D), is defined as:
D=¢E+ P =c"¢E (3.5)

where P is the polarization of the material and €* is the complex dielectric permittivity
function. Note this definition is only valid in the linear regime at correspondingly small
electric field strengths. The polarization, P, is the portion of the dielectric displacement
that results from the response of the material to an external electric field. For small electric

field strengths, the polarization, P, is linearly related to the external field by the relation:
P=cxE=¢("—-1)E (3.6)

where x* is the complex dielectric susceptibility of the material.[117, 324]
In general, €* is time or, inversely, frequency dependent owing to time dependent
phenomena that occur within a dielectric medium. A number of types of time dependent

processes occur in ordinary matter, which is composed of atoms and molecules, which, in
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turn, are composed of negatively charged electrons and positively charged nuclei. At high
frequencies in the optical range of the electromagnetic spectrum, atomic and molecular
vibrations dominate the dielectric response, giving rise to resonance phenomena. At
the lower, sub-optical frequencies, relaxation phenomena manifest due to fluctuations of
molecular dipoles. If the material under investigation contains mobile charge carriers such
as ions, electrons, or holes, diffusion of these charges will result in conductive or dissipative
contributions to the response of the material to an applied external electric field. Essentially,
these internal dynamic processes give rise to a difference between the time dependence of
the external electric field, E(t), and time dependence of the resulting polarization response
function, P(t).[117]

Fundamentally, dielectric spectroscopy is concerned with understanding the polarization
response of materials in the presence of an applied periodic electric field, E(t) =

Ejexp (—iwt). This is achieved by measuring the complex dielectric permittivity:

" (w) = &' (w) —ie" (w) (3.7)

where €’(w) is the real part of the complex dielectric function accounting for the storage of
energy from the electric field, e”(w) is the imaginary part of the complex dielectric function
accounting for energy dissipated by the material, w is the radial frequency (in units of
[rad-s~!] with w = 27v where v is the frequency in [Hz]), and i = v/—1. Based on Maxwell’s
equations (Equations 3.1-3.4), the complex dielectric function is related to the complex index
of refraction:

e*(w) = (n"(w))? (3.8)

where n*(w) = n/(w) + in”(w), n'(w) is the real part of the complex index of refraction,
and n”(w) is the imaginary part of the complex index of refraction, suggesting that
dielectric spectroscopy is essentially an extension of optical spectroscopy into sub-optical

frequencies.[117]
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In regard to the motion of charges within a material, Ohm’s law relates the current

density, J, to the electric field, E, by the following equation, defined in the linear regime as:

J=0"FE (3.9)

where ¢*(w) is the complex conductivity function with ¢*(w) = o'(w) + ¢”(w) and o' (w)
and o”(w) corresponding to the real and imaginary parts, respectively. Based on Maxwell’s
equations (Equations 3.1-3.4) and the definition of dielectric displacement (Equation 3.5),
the derivative of the dielectric displacement with respect to time is equivalent to a current

density, meaning that the relation:

o (w) = iwepe™ (w) (3.10)

holds by definition. This relation implies that o'(w) = eqwe”(w) and 0" (w) = gqwe’ (w).

Thus, 0*(w) and *(w) contain equivalent information.[117]

3.1.2 Measuring the frequency dependent complex dielectric func-
tion

In the broad frequency range spanning 10~¢ Hz to 102 Hz, the complex dielectric function,
£*(w), can be measured by combining various measurement systems. In the high frequency
range from 107 Hz-10'2 Hz, the complex dielectric function can be determined from reflection
or transmission measurements of the complex propagation factor. These measurements
require waveguide or cavity based instruments using network analysis or quasi-optical
approaches. In the lower frequency range, 107 Hz-10" Hz, a lumped circuit method can
be employed by considering the sample as a parallel or series circuit of an ideal capacitor
and an ohmic resistor.[117] This is the frequency domain of the dielectric measurements
reported in Chapter 5.

The dielectric measurements in this work were performed in the frequency range of 107!
Hz-107 Hz using a Novocontrol High Resolution Dielectric Alpha Analyzer with a Quatro

liquid nitrogen temperature control system with +0.1K temperature stability. The samples
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for these measurements were first dried under vacuum (< 10~%bar) at 340K for 24 hours prior
to loading into the sample measurement chamber in the cryostat. The sample capacitors were
prepared by filling the gap between two gold-plated brass electrodes, 20 mm in diameter,
with the ionic liquids using Teflon spacers approximately 150 pym thick to maintain a uniform
distance between the electrodes. Once the samples were placed in the cryostat, they were
annealed at 340K for 2 hours to ensure the liquids were uniformly distributed within the
capacitor cell and thermally equilibrated by determining that the measured responses of
the samples were not changing over time. After the stability of the samples was confirmed,
isothermal measurements were performed by sweeping the frequency of the applied electric
field from 107 Hz to 10~! Hz with 10 data points per decade. This was done in 5K increments
on cooling from 340K down to 150K and on reheating back to 340K to ensure thermal
reproducibility. The same procedure was performed on a second, independently-prepared
sample to check the uniformity of the results.

A schematic representation of the experimental arrangement for performing the dielectric
measurements, corresponding to the Novocontrol High Resolution Dielectric Alpha Analyzer
employed, is shown in Figure 3.1. In these experiments, the lower part of the sample holder,
containing the upper and lower electrodes, the sample, and the thermocouple, is placed inside
of the cryostat and connected externally to the analyzer, which generates the alternating
signal and records the amplitude and phase of the applied voltage and the current response.

In this arrangement, the complex dielectric function of the sample can be measured in
the frequency range from 107%Hz to 10”Hz in the following manner. The sample, in between
the two metal electrodes, forms a simple, parallel-plate capacitor which is connected to the
analyzer in a two-wire configuration. The signal generator is used to apply a frequency-
dependent voltage, U*(w), to the sample capacitor and the current response of the sample,
I*(w), is measured by the analyzer. The complex impedance, Z*(w), is determined by the
ratio of the applied voltage to the current response, which is then inversely related to the

complex capacitance, C*(w), according to the relations:

U*(w) 1
I*(w)  iwC*(w)

Z*(w) = (3.11)
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Figure 3.1: Schematic diagram of the dielectric measurement cell
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where w is the radial frequency of the applied voltage in rad/s, and i is the imaginary
unit. The complex dielectric function, €*(w), of the capacitor containing the sample under

investigation is defined as:

_CW) _ I'w) (3.12)

FW) =T T LG

where (Y is the capacitance of the empty capacitor arrangement determined by the geometry
of the electrode set-up and the vacuum permittivity, £9. Modern dielectric equipment can
deliver measurements of £*(w) with an accuracy surpassing 107* in tand = £7.[117]

This technique allows us to experimentally access the complex dielectric function of a
material across a very broad frequency range over a wide range of temperatures. In order
to make use of this data, we must first understand how the polarization response of the
material on the molecular level contributes to the measured behavior of the complex dielectric
function. The remaining sections will provide a review of the static case and the time

dependent polarization response, respectively.

3.1.3 The stationary case

In general, a sample material can be viewed as being composed of microscopic dipoles
corresponding to the molecules (or particles) that make up the system. The macroscopic
polarization, P, is determined by the individual dipole moments, p;, of the constituent

molecules within a given volume V' of the material by:

P= %Zpi (3.13)

The simplest example of a dipole corresponds to two charges, +q and —¢q, equal in magnitude
with opposite signs, separated by a distance, d, resulting in a dipole moment of p = gd. The
dipoles composing the system can be of a permanent or induced nature. Permanent dipoles
in molecules arises when there exists a net separation of positive and negative charges in
the chemical structure of the molecule. Induced dipoles, on the other hand, result from the
distorting effects of the local electric field, E,., on neutral arrangements of charge, such as

the electronic cloud surrounding an atomic nucleus. In the linear regime, the induced dipole
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moment is proportional to the local electric field as:
P = aEree (314)

where « is the polarizability of the atom or molecule. Induced dipole effects can be lumped
together to give an induced polarization, P,. Similarly, we can account for the polarization
response from the orientation of permanent dipoles in a single term, P,. Thus, the total
polarization P, which is related to the electric field E by the permittivity € of the material,

is decomposed into two terms of differing molecular origins given by:
P=P,+P,=¢(-1)FE (3.15)
The polarization due to induced dipoles can be further defined as:
P, =Y ma(E), (3.16)
k

where ny, is the number density of molecules of type k, a4 is the polarizability of the molecules,

and E; is the local electric field. We can also define the orientational polarization as:
P,=) ngf (3.17)
k

where ny is the number density of dipoles of type k, and ja; is the average dipole moment
of dipoles of type k in the system. For systems containing only one type of dipole, this
expression can be simplified by removing the summation.[117]

Theoretical statistical mechanics demonstrates that the factors contributing to the
average value of the dipole moment are the interactions between neighboring dipoles and the
strength of the electric field in the location of the dipole. The scenario under consideration
can be simplified even further by assuming the interactions between neighboring dipoles are
negligible and that the local electric field strength is equal to that of the applied external
electric field. In this case, the mean value of the dipole moment is determined by the energy

of interaction between the dipoles and the electric field having a tendency to orient the
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dipoles parallel to the external field counterbalanced by the randomizing effect of thermal
fluctuations. The interaction energy, U, for an isolated dipole in an external electric field is
given by:

U=—p-E;=—|u||E4 cosb (3.18)

where 6 is the angle between the dipole moment vectors, p, and the electric field, E;. The
average dipole orientation can then be determined using Boltzmann statistics given by:

™

[ exp [”Ed—wse} 27 sin 6 cos Odf . [ e*xdx

kT 1
(cosf) = 21— =—— = cotha — — = L(a) (3.19)
[ exp ["%TC;SQ} 27 sin 0d6 @ [ erdx ¢
0 —a

where 7' is the temperature in K, and kg is the Boltzmann constant. Using the substitutions:

E,cos 6
T = % (3.20)
and
E
0= Z;—; (3.21)

the integration can be carried out, resulting in the average dipole orientation being given
by the Langevin function, L(a). If we plot L(a), as in Figure 3.2, we see that the average
dipole orientation can be approximately described by a linear dependence for small values
of a.[117]
This approximation, written as:
1

L(a) ~ 3¢ (3.22)

holds for electric field strengths much less than 10° Vm™!. Under the assumptions outlined
above and the approximation for low field strengths, the mean value of the dipole moment
for a collection of non-interacting dipoles in an external, directing electric field subject to
randomizing fluctuations originating from the thermal energy of the system can be written

as:
2

L
3kgT

o = p{cosb) ~ E, (3.23)
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Figure 3.2: Plot of the Langevin function. fi,;/u as a function of uE/kgT (solid line).
The dashed line gives the linear approximation for low field strength.
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where p is the magnitude of the permanent dipole moment of the molecules.[117]
This result, combined with the expressions in Equations 3.15, 3.16, and 3.17, yields the

following form for the total polarization response of a material to an external electric field:

P=P,+P,=c(c-1)E=) n [ak (E)), + “—i(Ed)k (3.24)

3kgT
where sum is taken over k types of molecules in the system. For a system with a single type
of molecule with number density n, permanent dipole moment p, and polarizability «, this
expression can be simplified by removing the summation.

We are left with an equation that relates the static dielectric permittivity e (sometimes
called the dielectric constant), which we can measure in a dielectric experiment, to the
microscopic properties of the molecules comprising the system, i.e. n, a, and pu, taking into
account the randomizing effect of thermal energy on the orientation of permanent dipoles in
response to an applied electric field. However, we are also left with three different electric
field terms in this expression. The external electric field E is the applied field used to measure
the dielectric constant of the sample. This is the macroscopic field determined by the design
of the experimental conditions. The other two fields, E; and E,4, are both local fields, which
are not equal to the macroscopic field in general. The local inducing electric field, E;, acts to
induce dipole moments in polarizable groups by distorting the electrons around the atomic
nuclei or displacing atoms from their equilibrium positions in molecules or crystals. The
effects of induced polarization take place on a timescale on the order of 107! s, much faster
than orientational polarization and other polarization phenomena such as charge transport
and space-charge polarization. Due to differing timescales of various polarization phenomena,
the static case we are considering here corresponds to the conditions at infinite time after
the application of the external electric field E such that all microscopic contributions to the
macroscopic polarization are in equilibrium. The contribution coming from orientational
polarization of the permanent dipoles in the system depends on the local directing electric
field, E;. We are left with the question as to how we should determine or define the local

electric fields, E; and E,.
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In one approach, introduced by Peter Debye, the inducing and directing fields are assumed

to be equal to each other and to the Lorentz field, E;, given by the expression:

2
E-F-FE—E+ 1Y

E (3.25)

The Lorentz field is itself derived by considering a spherical cavity inside a homogeneously
polarized material with dielectric constant €. An applied outer electric field polarizes the
surface of the spherical boundary separating the homogeneous dielectric medium from the
vacuum of the cavity. Thus, the internal electric field of the spherical cavity is determined
from the contributions of the outer electric field and the polarized surface of the dielectric,
yielding the expression in Equation 3.25. If we replace the local electric field terms in

Equation 3.24 with the Lorentz field, we obtain:

e—1 n 2
S 3.26
e+2 35 (O‘ - 3kBT> (3:26)

which is the famous Debye formula relating static dielectric permittivity € to number density
n, polarizability «, molecular dipole moment p, and temperature 7.[117]
Considering the case of non-polar dielectrics, with no permanent dipoles, Debye’s formula

can be simplified to:
o —1 N
o +2 3

(3.27)

referred to as the Clausius-Mossotti formula. This result can also be applied to polar
materials in the high frequency limit, hence the designation of ., as the high frequency
limiting value of the real part of the complex dielectric function.[117]

For polar molecules in the gas phase or dilute solutions of polar molecules in a non-
polar solvent, the Debye formula gives accurate estimates for the values of the molecular
dipole moment g or the static dielectric permittivity e. However, for polar liquids, this
simple approach fails due to the failure of the Lorentz cavity approach to accurately describe
the effective local electric field around a polar molecule. An extension of Debye’s theory
introduced by Onsager accounts for the additional polarization arising from the reaction

of the surrounding dielectric medium to a point dipole placed at the center of the Lorentz
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cavity.[325, 326] This gives a more accurate estimate for the local electric field, the so-called

reaction field (F'), expressed as derived by Onsager as:

Eol€s — 1) 2es— 1) p
F=(14+ ——F | E4+ ———F— 3.28
( +2€3+500)> * 2¢s+1 « (3.28)

where ¢, is the low frequency limit of the real part of the complex dielectric function, e, is
the high frequency limit of the real part of the complex dielectric function, E is the external
electric field, p is the molecular dipole moment vector of the dipole placed inside the spherical
cavity, and « is the polarizability of the molecular.[325, 326] The resulting Onsager equation

is gi by:
given by )
(6s — ) (286 +6x)  np

= 3.29
£s(E0o +2)? cokpT ( )

where g, is the low frequency limit of the real part of the complex dielectric function, £, is the
high frequency limit of the real part of the complex dielectric function, n is the molecular
number density, p is the molecular dipole moment, 7" is the absolute temperature, ¢y is
the vacuum permittivity, and kp is the Boltzmann constant.[117, 325, 326] The Onsager
approach yields accurate predictions for 4 or, alternatively, u for many pure, polar liquids
so long as interactions between neighboring dipolar molecules are negligible, meaning the
orientation of a dipole does not influence the orientation of its neighbors. When this is
not the case, as in so-called “associating” liquids which exhibit directional or anisotropic
intermolecular interactions such as hydrogen bonding, the Onsager equation fails to provide
accurate predictions of the molecular dipole moment p or, alternatively, the static dielectric
permittivity e,.[117, 327, 328, 329]

To account for the influence of neighboring dipoles on the local dipole orientation, a
correction factor was introduced by Kirkwood and Frohlich, g, which describes the degree
of correlation between neighboring dipoles. The Kirkwood-Frohlich form of the Onsager

equation is written as:
(6s — €00)(26s +6x)  npu

_ 3.30
es(eos + 2)2 9z kT (3:30)

In the case of g, > 1, the dipoles prefer to align parallel to their neighbors, resulting in higher

values for €4 than those predicted from the Onsager approach in Equation 3.29. When g, < 1,
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the dipoles align anti-parallel to their neighbors, resulting in a lower value for ¢, compared to
the predictions of the Onsager equation. Of course, if g, = 1 the Onsager result is recovered
and the dipoles in the system have zero tendency to preferentially align with their neighbors.
[117, 327, 328, 329]

The dipole correlation factor, gy, is defined in terms of the local coordination environment

around the molecules in the system as:
gr =1+ z(cos7) (3.31)

where z is the average number of nearest neighbor dipoles and v is the angle of orientation
between neighboring dipole moments. In this way, the influence of local structural ordering

can be seen to have an effect on the dielectric properties of polar liquids.[117, 327, 328, 329]

3.1.4 Time dependent dielectric relaxation

Until now, we have focused our attention on describing the polarization phenomena of
dielectric materials in the static case corresponding to placing the system in an external dc
electric field for a sufficiently long time that the equilibrium polarized state is developed. Now
let us consider what happens in a dielectric when the external electric field is suddenly turned
off. As soon as the external field is removed, the system begins to relax to a new equilibrium
as the energy stored in the polarized state is dissipated by the thermal motion of molecules
and the polarization diminishes. By measuring the time dependence of the polarization,
information about the dynamics of the system at the molecular level can be obtained. In the
regime of small electric field strengths under consideration, the polarization response depends
linearly on the external electric field. Thus, the theory of dielectric relaxation phenomena is
a particular case of linear response theory. Thus, the polarization response to a step change
in the applied electric field strength is given by:

P(t) = Po o+ | e

— 00

dt’ (3.32)
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where the contributions from induced polarization are lumped together in the term P.,. In
this equation, (%) is the time dependent dielectric function, which can be directly determined
by measuring the time dependent response to a step-like change in the applied electric field
strength. Due to the conditions of linearity and causality upon which the linear polarization
response is formulated in Equation 3.32, we can consider the response of the system under
the application of a stationary periodic disturbance, i.e. an alternating electric field of the
form:

E(t)(w) = Eyexp (—iwt) (3.33)

where w is the angular frequency of the periodic disturbance in rad/s. Thus, Equation 3.32

can be transformed into the following expression:
P(t)(w) = eo(e*(w) — 1) Ep exp (—iwt) (3.34)

where £*(w) = €'(w) — i€”"(w) is the complex dielectric function. The real part of the
complex dielectric function, £'(w), is related to the energy from the electric field that is
stored reversibly by the system during the period of the oscillation, while the imaginary
part of the complex dielectric function accounts for the dissipation of energy by the system.
The complex dielectric function is related to the time dependent dielectric function by the
expression:

< de(t)

(W) = () — i (w) = £ap — /0 0 oxp (it (3.35)

which is defined as a one-sided Fourier transform, or equivalently, a Laplace transform
with an imaginary argument. By virtue of the fact that the complex dielectric function
is given by a one-sided Fourier transform of a causal function, the real and imaginary parts
of e*(w) are related by the Kramers/Kronig relations, meaning that ¢'(w) and £”(w) contain
equivalent information. This relation forms the basis for the derivative representation of the
imaginary part of the complex dielectric function, defined as £/, = (—n/2)[0¢'/0In(w)],
which gives an approximation of ¢”(w) using €’(w) data. This approximation proves to be a
valuable tool in analyzing dielectric data of systems with a significant contribution from dc

conductivity including ionic liquids and other ion-conducting materials. The contribution
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from dc conductivity appears in the real part of the complex conductivity function ¢’(w) as a
frequency-independent plateau over a frequency range covering multiple (typically ~4) orders
of magnitude between the frequency corresponding to the hopping rate of charge carriers and
the frequency corresponding to the full development of electrode polarization effects caused
by the blocking and accumulation of charge carriers at the metallic electrode interfaces.
Based on the relation given in Equation 3.10, a strong contribution from dc¢ conductivity
appears in the imaginary part of the complex dielectric function &”(w) as a dispersion that
increases inversely in w, overshadowing any underlying dipolar relaxation processes that
occur at or below the onset frequency of long-range charge transport. In contrast, the
contribution from dc conductivity to the real part of the complex dielectric function &'(w)
is small, so the derivative representation is useful in uncovering dipolar relaxation processes
obscured by dc conductivity in ”(w) data.[117]

Thus far, we have only considered the macroscopic response of the system to a small
(linear) disturbance. In order to connect what we measure in a dielectric experiment to
the microscopic behavior of the system, we need a theoretical framework that explains how
processes on the molecular level give rise to the macroscopic response observed by dielectric
spectroscopy. In the framework of the linear response theory, the polarization P(t) of a
dielectric material is the response function y(t) corresponding to a disturbance function x(t)
defined by the application of an external electric field E(¢). Therefore, since polarization is an
intensive thermodynamic quantity defined in Equation 3.6 as a dipole moment density, £*(w)
is a generalized compliance J*(w), which is useful when comparing the results from dielectric
spectroscopy to other types of relaxation measurements, e.g. mechanical or calorimetric
techniques. At the same time, because polarization is a thermodynamic property describing
the macroscopic state of the system, it is necessarily an average quantity, where as the
stochastic nature of thermal motion on the molecular level causes the system to fluctuate
around the mean value. The Fluctuation-Dissipation Theorem states that the macroscopic
response of a system in the linear regime to an outer disturbance arises from the same
molecular mechanism that causes the system to stochastically fluctuate about its mean

value. If we write the fluctuation of the polarization at a time ¢ as AP(t), we can define the
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normalized correlation function ®(7) for the stationary state as:

(AP(7)){AP(0))

¢ = A

(3.36)

where 7 represents the variable in time. In the simplest approach to describe time dependent
relaxation behavior in a dielectric material, we assume that the polarization changes in

proportion to its value at time ¢, described by the ordinary differential equation:
dP(t) 1

= PO (3.37)

where 7p is the characteristic relaxation time of the system. This yields a correlation function

that decays exponentially in time according to:

B(r) = exp [—i} (3.38)

TD

The complex dielectric function £*(w) as determined by the exponential correlation, given

by:
Ae
14 inD

(W) = £oo + Ac /0 " exp(—iwt) [—%] dt = o0 +

- (3.39)

is referred to as the Debye relaxation, where w = 27 f is the oscillating frequency of the
external periodic electric field, Ae is the dielectric strength, e, is the high frequency limiting
value of the real part of the complex dielectric function, and 7p is characteristic relaxation
time of dipolar reorientation. The Debye formulation describes a relaxation process with
a single relaxation time. However, it turns out that most molecular relaxations display a
broad distribution of relaxation times. In the time domain, processes with a distribution of
relaxation times can be described using various stretched exponential correlating functions.
The empirical function introduced by Kohlrausch, Williams, and Watts, referred as the
KWW function, has been used to describe many cases of non-Debye relaxation behavior.[117,

130, 164, 330, 331, 332, 333, 334] The KWW function is given by:

®(7) = exp [— (TK;W)ﬂKWW] (3.40)
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where Txww is the characteristic relaxation time and Bgww is the stretching parameter
which takes values between 0 and 1 leading to asymmetric broadening at short times. In
the frequency domain, modifications to the Debye relaxation model have been introduced to
describe empirical results showing non-Debye behavior. The most general of these empirical

formulas is given by the Havriliak-Negami (HN) function written as:

Ag
(1 + (iWTHN)B>'Y

eun(W) = €o + (3.41)

where 7y is the characteristic time of the HN function, § (0 < f < 1) is the symmetric
shape parameter, and v (0 < fvy < 1) is the asymmetric shape parameter. It should be
noted that the characteristic time of the HN function, 7yx = 1/wpgy, does not correspond
to the frequency of maximum loss at the peak maximum in €”(w). In general, the frequency
of maximum loss, which is taken to be the characteristic relaxation rate, w,,q., depends on
the shape parameters, 5 and v by the expression:

1

Wimaz = sin
THN (

b )}1/5 [sin (f}i} o (3.42)

242y 2+ 27)

From the HN function, the empirical Cole-Cole (CC) function is obtained when = is set equal
to 1. Similarly, setting 5 equal to 1 yields the Cole-Davidson (CD) function. The HN model
can be used to describe dipolar relaxation phenomena in a vast number of materials.[117]
In addition to relaxations originating from the reorientation of molecular dipoles, ion-
conducting systems such as ionic liquids exhibit contributions from the diffusion of charge
carriers to their dielectric spectra. As mentioned previously, dc ionic conductivity due to
the long-range motion of ionic species in the material appears as a frequency independent
plateau in the real part of the complex conductivity function ¢’(w). The plateau value of ¢’
gives the dc ionic conductivity, og. The characteristics of the charge transport phenomena
observed in o’(w) are well-described in the theoretical framework introduced by Dyre. This
approach considers an isolated ion in a randomly varying potential energy landscape in which,
in order for the ion to move, it must overcome or hop over randomly distributed, spatially

varying potential energy barriers. The onset of dc ionic conductivity is characterized by the
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timescale, 7., which corresponds to the average time it takes the ion to overcome the largest
barrier and percolate through the system. This formulation is termed the Random Barrier
Model (RBM).[335, 336] By the use of appropriate assumptions, including the continuous
time random walk approximation, an analytical expression for the complex dielectric function

corresponding to this mode of charge transport can be given, shown here as:

o WTe

* — 3.43
Sren (@) iweg In (1 4 dwTe) ( )

depending only on the free parameters oy and 7..[335] Since the theory upon which this
formula is based considers the motion of an isolated ion with the surrounding molecules
replaced by the spatially-varying energy landscape, the charge transport process described
by the RBM is typically accompanied by dipolar-type relaxation resulting from the
rearrangement of the molecules in the vicinity of a mobile ion following a successful hopping
event.[337] An improved model of ion conduction via the hopping mechanism was introduced
by Schrgder and Dyre in 2008[338], in which they consider the role of the percolating cluster
and the percolation threshold in the determination of the activation energy for dc ionic
conductivity in the limit of extreme disorder. This approach using percolation theory to
provide an accurate model of universal ac conductivity in disordered systems yields a detailed
physical description of the phenomenon. They also concluded that the earlier iteration of the
RBM, given by Equation 3.43, is capable of providing accurate analytical results, so long as
the system under investigation is extremely disordered. Suffice to say, the approximate form
of the RBM given by Equation 3.43 can be employed to analyze charge transport in ionic
liquid systems without incurring significant error from the inaccuracies of the model.[339]
The systems under investigation in the present work all belong to the trihexyltetrade-
cylphosphonium class of ionic liquids. Dielectric spectra showing typical ionic liquid behavior
is often well-described by the combination of the RBM to account for charge transport
and the HN function to describe the structural relaxation of the molecular dipole units
comprising the system. In the case of ionic liquids in general, the cations and anions are
mobile and therefore can both contribute to the dc ionic conductivity. However, strong,

attractive Coulombic interactions between ions of opposite charge impose large energy
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barriers impeding ion motion, meaning the motion of cations and anions cannot be considered
to occur independently of each other. For this reason, every successful ion hopping event is
accompanied by the cooperative rearrangement of the surrounding ions. By way of explaining
the coupling between ion hopping motion and the rearrangement of the surrounding ions,
consider the simple example of 4 ions, 2 cations and 2 anions, initially arranged in an
alternating linear fashion, say starting with an anion (A1), followed by a cation (C1), then
the second anion (A2), then the second cation (C2). Now imagine the second anion, A2,
were to hop from its initial position between the two cations, C1 and C2, to a new position
at the end of the line. The new arrangement is then A1, C1, C2, A2 with a void region left
between C1 and C2. The tendency of the ions surrounding the void is too fill the gap, but
the like charges of the 2 cations repel each other. To simultaneously fill the space left by the
hopping anion and minimize the interaction potential between neighboring ions, the first 2
ions, Al and C1, will behave collectively by acting as a single dipole that reorients or flips
following the hopping event. The final arrangement of the ions following the hopping event
and the accompanying rearrangement will be C1, A1, C2, A2. One could argue that the
same result could be achieved if the first hopping event is followed by a second hopping event
involving A1 hopping to the position formerly occupied by A2. This would also represent
a valid sequence in this simplified scenario. The necessary distinction is made between ion
motion in the form of a percolating conduction path through the material and ion motion
that takes place locally to balance the electrostatic forces exerted by the remaining ions.
Thus, the ability of the ions to find percolated paths that traverse the system is intricately
linked to the local rearrangement of ions acting to restore and maintain balance in the forces
imposed by the interactions between neighboring ions. Since these two types of motion are
coupled in typical ionic liquids in which the only mechanism of charge transport is the ion
hopping motion, they occur at roughly the same timescale, with the ion hopping motion
proceeding at a slightly faster rate due to the fact that the charge network in such systems
typically form a continuously percolating, well-connected, three-dimensional cluster on which
conducting paths abound. Since the local reorientation of dipoles occurs often as a reaction
to a hopping event, these events proceed at a slightly slower rate on average. Due to the

mobility of the ions in an ionic liquid, the dominant process in the dielectric spectra is the
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dc ionic conductivity. Therefore, these systems can be classified as lossy materials since the
tendency of the ion motions is to dissipate the energy of the electric field by using it to
transport charges across the sample as opposed to using it to store energy in the orientation
of the dipole moments. Despite their lossy nature, ionic liquids still show a modest ability
to store the energy of the electric field in the arrangement and orientation of dipoles. Due
to the coupling between the ion conduction and the rearrangement of dipoles and their
similar characteristic timescales, the dipolar relaxation is not observable in the imaginary
part of the complex dielectric function £”(w) due to the overshadowing contribution from
dc ionic conductivity. Nevertheless, we can observe the dipolar relaxation in £'(w), since
dc ionic conductivity contributes only weakly in this representation. In this instance, we

can make use of the approximation based on the Kramers/Kronig relations given by the

"
der

derivative representation, €/, = (—7n/2)[0¢'/0In(w)], to uncover the loss peak associated
with the reorientation of dipoles.[117] This representation also proves useful in uncovering
slower relaxation processes that can arise in ionic liquids attributed to mesoscale organization
in the liquid structure.[287, 299, 303] For a graphical representation of the dielectric spectra

of ionic liquids described here, refer to Figure 5.1 in Chapter 5.

3.2 Wide-angle X-ray Scattering

The discovery of X-rays is credited to Wilhelm Rontgen, who first noted this “new kind
of ray” while experimenting with electrical discharge tubes. On December 28, 1895, he
published his first manuscript on what he referred to as X-rays to designate the phenomenon
as an unknown type of radiation.[340] Rontgen recognized the medical applications of his
discovery early on, which he demonstrated by making photographic images of his wife’s hand
using X-rays revealing the internal skeletal structure. However, the application of X-rays to
study the internal structures of matter would not be developed until 1912 in the work of
Max von Laue on the diffraction of X-rays by crystalline matter.[321, 323, 341, 342] This
work confirmed that X-rays are, in fact, a type of electromagnetic radiation as described
by Maxwell’s theory of electricity and magnetism (see Equations 3.1-3.4). The following

year, Lawrence and William Henry Bragg proposed an interpretation of X-ray diffraction
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in terms of the reflection of waves from different crystalline planes.[323, 341, 343] They
observed intense peaks in diffraction patterns for certain wavelengths and incident angles
of the radiation and interpreted these findings as a result of constructive interference when
the difference in path length of reflected X-rays from different crystal planes is equal to an

integer multiple of the wavelength. Bragg’s law is given by:

nA = 2dsin 6 (3.44)

where A in the wavelength, d is the spacing between crystalline planes, 6 is the incident
angle, and n is an integer.[343] Bragg’s law identified for the first time the relation
between the scattering of X-rays and the internal structure of matter.[344] As the theory
of X-ray scattering progressed and improvements were made to the instrumentation, X-
ray scattering techniques were developed to study not only crystalline solids, but liquids,
gases, amorphous solids, polymers, and complex materials as well. Pioneering work on the
application of X-ray scattering techniques to study non-crystalline matter resulted from the
research of Peter Debye, whose work laid the foundations of the theory and application of
dielectric spectroscopy to the study of materials was highlighted previously in Section 3.1.
Debye’s earliest contributions to the field of X-ray scattering included the introduction and
quantitative description of thermal effects on the scattering amplitude in 1914 and the atomic
scattering factor in 1915.[323] It was also in 1915 that Debye first wrote down his assertion
that all matter, regardless of its thermodynamic state, is never in a completely disordered and
random arrangement, and thus all forms of matter, not just perfectly crystalline materials,
should show X-ray diffraction patterns to some degree corresponding to the internal structure
of the material, even in the gaseous state.[323] He further concluded that in disordered
systems such as gases, liquids, and amorphous solids, the diffraction intensity with respect
to diffraction angle would show broad maxima and minima, in contrast to the sharp, narrow
peaks appearing in the diffraction patterns of crystalline solids.[321, 323] Thus began an
intense period of experimental efforts to quantitatively describe the diffraction of X-rays
by disordered materials. In one of the early experiments along this line of research, Debye

along with Scherrer (1916) measured a finely powdered sample of lithium fluoride, expecting
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the diffraction of the X-rays by the randomly oriented, nearly microscopic particles to show
broad features. Instead, they observed the unanticipated result of sharply defined, bright
spots resembling the diffraction pattern for a crystal lattice. They were able to explain their
results as being due to the intersection of scattered beams from randomly oriented crystals
and demonstrated for the first time the valuable technique of X-ray powder diffraction.[323]

It would take almost a whole decade (1925) before Debye published his refined arguments
concerning the interpretation of X-ray diffraction in disordered states of matter relating to
the structure of the atoms or molecules.[323] In this work, he reiterated his assertion that
certain configurations of atoms or molecules would be more probable than others, regardless
of state, and information related to these configurations should be found in the analysis of
the scattering intensity. X-ray scattering experiments on liquids showed a number of broad,
diffuse rings, which Debye referred to as “outer” and “inner” interferences. He ascribed the
“outer” rings to interference caused by intermolecular scattering sources, while the “inner”
were assigned to scattering between atoms on the same molecule. It is not generally the case
that the halos observed upon exposure of liquid matter to X-rays can be distinguished in this
manner, but Debye’s reasoning led him to the conclusion that upon dilution, the “outer”
contributions should vanish as the intermolecular distances increase by orders of magnitude
on going from the liquid state to that of the dilute gas. He determined that in the absence
of an intermolecular source of scattering, the scattered intensity of a dilute gas should only
contain information concerning the structure of the molecules, i.e. the arrangement and
distances between atoms in the chemical structure. To provide a mathematical foundation
for this work, Debye developed the well-known formula for the scattering intensity, written

here for a molecule containing n atoms in the dilute gas state given by:

=Yy gy (3.45)

x. .
i=1 j=1 t

where f; is the atomic form factor of atom ¢ and x;; is proportional to the distance /;; between

atoms ¢ and j given by:
sin 0

3 (3.46)

Tij = 47Tlij
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Here, X is the wavelength of the incident X-ray beam and the 26 is the scattering angle. The
summation is taken to include the case where ¢ = j.[323]

Around the same time that he was working on the use of X-rays to determine molecular
structure in gaseous systems, Debye was conducting experiments to understand the internal
structure of liquid matter based on X-ray analysis. X-ray scattering from liquid matter was
known to contain contributions from both intra- and intermolecular origins in superposition.
The reasoning was, if one could separate the two sources of interference then one could
obtain information concerning the structure of the liquid. To test this hypothesis, monatomic
liquid mercury was used. Separation of the two types of contributions for this system could
be accomplished and analysis based on the earlier method of Zernicke and Prins could be
carried out to obtain a distribution function related to the probability of the particles in
the liquid being separated by some distance.[321, 323] The results for mercury showed that
molecules in the liquid tend to arrange in a preferentially ordered configuration on the local
scale bearing some symmetry resembling a quasi-crystalline state. The short-range ordering
observed in the liquid state was referred to as “clustering”, a concept Debye also employed
in his theory of electrolytes and the critical state. This “clustering” behavior in the local
liquid structure bears some resemblance to the concept of the coordination environment in
liquid matter while simultaneously foreshadowing the idea of locally favored structures in
the liquid state described by short-range ordering bearing crystal-like motifs as distinct from
the normal liquid structures where this type of order is lacking.

With the groundwork laid by the work of pioneers including Wilhlem Rontgen, Max von
Laue, Lawrence and William Henry Bragg, and Peter Debye among many others, we turn
our attention in the following sections to the modern techniques of X-ray scattering and their

application to the study of the structure of liquids, glasses, and other soft matter.

3.2.1 Principles of X-ray scattering experiments

Modern X-ray scattering techniques for studying structures of amorphous, semi-crystalline,
and heterogeneous materials typically employ a CuKa X-ray source with a wavelength of
1.54 A. The typical spacing between atoms or molecules in crystals and liquids is on the

order of a few angstroms, so the scattering angles of the radiation from a CuKa source is
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large, hence the term wide-angle X-ray scattering. Larger structures, like those found in
colloids, emulsions, self-assembled block copolymers, and biological matter, on the order of
tens of nanometers, are studied using small-angle X-ray scattering since these structures
scatter the incident X-rays at smaller angles. In principle, however, these techniques are the
same and experiments covering the small- and wide-angle ranges can be performed on the
same instrument.[109]

The typical X-ray scattering instrumentation is shown schematically in Figure 3.3. This
schematic shows the basic set-up of the Xenocs Xeuss 3.0 SAXS instrument at the Joint
Institute for Advanced Materials (JIAM) at the University of Tennessee, which was used to
perform the wide-angle X-ray scattering measurements presented in Chapter 4.

In a typical X-ray scattering experiment, a collimated X-ray beam of wavelength A is
directed at a sample with the momentum vector of the incident beam defined as k;. When the
incident X-rays strike the sample, some of the radiation is transmitted while a portion of the
radiation is scattered with a momentum vector of ks. The difference between the scattering
momentum vector and the incident momentum vector defines the scattering wavevector, g,

in reciprocal space defined by the wavelength of the X-rays and the scattering angle, 26.[341]

4
q=k,— k= Tﬂ sin 0 (3.47)

According to the conditions for constructive interference in the scattering intensity, stated in
Bragg’s law, peaks that appear in the scattering profile at a particular value of ¢ correspond

to real-space distances of correlated (periodic) structures, d, defined by the relation[287]:

¢=— (3.48)

Thus, information regarding the static structure of the material can be obtained via X-ray
scattering experiments as described herein.

The ionic liquid samples studied in this work were dried under vacuum (< 107% bar) at
340K for 24 hours prior to preparation for wide-angle X-ray scattering measurements. Each
liquid was then loaded into a fused silica capillary tube with 1.5mm outside diameter and

0.01lmm wall thickness. The capillary tube was sealed with a clear epoxy prior to the meas-

73



ki
X-ray A —

Source

Incident Beam Transmitted Beam

Sample

Figure 3.3: Schematic diagram of the wide-angle X-ray scattering measurements.
Here, X is the wavelength of the X-rays, k; is the incident momentum vector, kg is the
momentum vector of the scattered X-rays, 26 is the scattering angle, and q = ks — k; is the
scattering wavevector.
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urement. The sample temperature was controlled with a Linkam HFSX350 stage to within
+0.1K using liquid nitrogen as a coolant. The scattering intensity, /(q), was measured under
vacuum in the g-range from 0.13 to 3.9 A~'. Each sample was initially measured at room
temperature and then cooled down below the T}, of the the sample at 10K/min. The samples
were held at the set temperature for 60s before collecting data over a 120s integration time.
Measurements were taken at a series of temperatures upon heating the sample from below

T, back to room temperature.[6]

3.2.2 Theory of X-ray scattering in liquids

The portion of the electromagnetic spectrum encompassing all radiation with wavelength
A ranging from about 10 pm to 10 nm is classified as the domain of X-rays. The
range of wavelengths defining the X-ray regime is on the order of typical interatomic and
intermolecular distances in chemical bonds, crystal lattices, liquids, glasses, and other forms
of matter. This makes X-rays well-suited to studying structure in a vast number of materials
on the microscopic level. X-ray radiation directed at a sample is primarily scattered by the
electronic shell surrounding the atomic nuclei. If the electron density within a region of
the sample is given by p(x), the scattering intensity in reciprocal space as a function of the

wavevector, q = kg — k;, is given by the Fourier transform:[341]

I(q) = /p(m)e_iq"”dw (3.49)

In a typical small- or wide-angle X-ray scattering experimental set-up to study structural
characteristics in soft condensed matter, the scattering of the radiation by the electron
density in the material is elastic, meaning there is no energy exchanged during the scattering
event and the incident photon energy is equal to the scattered photon energy. In the elastic
case, only the direction of propagation of the radiation is altered in the scattering event
corresponding to a transfer of momentum. In addition, the scattering intensity measured in
these experiments corresponds to the total coherent intensity /.,,(q). The coherent scattering

condition requires that the relative phases of the radiation scattered from different regions
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of the sample remain unaltered leading to constructive and destructive interference in the
total scattering intensity.

The relevant structural information collected in an X-ray scattering experiment is
contained the structure factor, S(q), which can be computed from the total coherent

scattering intensity, I.on(q), by the equation:[4]

Icoh(Q) - Z xlff(Q)
S(q) = Z (3.50)

b xifi<q>]2

where ¢ is the magnitude of the scattering wavevector related to the momentum transfer, x;
is the mole fraction of atoms of type ¢ and f; is atomic form factor for atoms of type . The
structure factor can be readily computed from molecular dynamics simulation data for a given
system in a number of ways. The methods for obtaining S(g) from simulations can be divided
into two types of methods, by either computing a sum in real space involving the Fourier
transform of each atomic pair radial distribution function g¢;;(r) or by direct computation
in reciprocal space. S(q) determined experimentally using Equation 3.50 can be directly
compared to results obtained from simulation data. The combination of experimental
and computational results can provide crucial insights regarding structure in disordered
materials that would be otherwise unobtainable by only employing one technique or the
other. Experimental results provide computational researchers with model-free information
about the systems they are studying in order to check the accuracy and predictive capabilities
of their models and inform them how to improve and refine their models. On the other
side, computational studies provide experimentalists with insight into how the structural
components of the system, i.e. pair-wise atomic correlations, contribute to the features of
the total structure factor.

In the case of liquids, some degree of short-range order is expected to contribute to the
static structure factor while at long distances, the system appears isotropic. This type of
short-range ordering found in the bulk, isotropic liquid state can be expressed in real space
as a radial distribution function, g(r), describing the deviation from ideal uniformity in the

local distribution of particles in the liquid. For liquids, since the particles can interact with
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each other only in their local neighborhood extending at most a few molecular distance, g(r)
relates to the probability of finding a particle at a distance r from a particle at the origin.
Since the interaction between particles goes to zero at long distances, g(r) decays to unity
at large r. The radial distribution function of a liquid has the general form of a damped,
spatially-varying periodic function in r. The radial distribution function (g(r)) of a liquid
can be calculated from structure factor (S(q)) data obtained experimentally by the following
equation:[112]

gr) =14 — / " 41S(g) — 1sin(gr)dg (3.51)

27021 po

where pg is the atomic number density of the liquid. The relation between g(r) and S(q) is
defined by the Fourier transform. Since the distance r between a particle at the origin and
its closest neighbor can never be smaller than the minimum approach distance defined by
the particle sizes, g(r) must be identically zero for distances r smaller than the minimum
approach distance between the particles. Above this distance, there is a broad peak in
g(r) corresponding to the probability of particles occupying a range of distances in direct
proximity to the particle at the origin. By analogy to the concept for crystals, we can
define a coordination number, ny, for particles in a liquid representing the number of nearest
neighbor particles occupying the first coordination shell. By defining the first shell as the
region from ry corresponding to the minimum approach of the particles to r; cut off at the

first local minimum in g(r), the coordination number for the liquid can be defined as:[112]

ny = 47Tp0/ g(r)ridr (3.52)

To

representing the area under the first peak in g(r). Higher order coordination numbers can
be defined by integrating subsequent peaks in g(r). The average coordination number for
particles in a liquid defined in this way is a useful quantity to identify changes in the local

liquid structure.
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3.3 Raman Spectroscopy

Raman spectroscopy is a vibrational spectroscopic technique that uses a monochromatic light
source to induce molecular vibrations, phonon modes and other excitations in a sample.
The principle of Raman spectroscopy is based on the inelastic scattering of the incident
radiation, where the energy of the scattered photons is shifted by an amount equal to the
difference in energy between the excited vibrational state and the initial unexcited (ground)
state. This type of inelastic scattering, resulting from absorption of photonic energy by the
electronic parts of the molecules promoting them to a higher energy, virtual state and the
subsequent emission of a photon differing in energy from the initial excitation is termed
Raman scattering. The final state of a molecule following a Raman scattering event is
in a different vibrational-rotational-electronic state from the initial state and the energy
difference between the initial and final states is accounted for by the Raman shift of the
photonic energy. This is distinguished from the elastic scattering resulting from absorption
and emission of photons of equal energy, referred to as Rayleigh scattering, in which the
initial and final states of the molecules are identical. A schematic view of the principle of
Raman spectroscopy is given by Figure 3.4. The set-up depicted in this diagram represents
the back scattering configuration corresponding to the Raman measurements reported in
this work in Section 3.3.

The Raman measurements were made using the Horiba LabRAM HR Evolution confocal
Raman microscope with a 532nm excitation laser at 50% power using a 50x LWD objective.
Data collection was taken over three 15s accumulations filtered by a grating of 1800 lines

! resolution. The sample was first dried under vacuum (< 107°

per mm to achieve 0.5cm™
bar) at 340K for 24 hours. A drop of the sample was then loaded into a Linkam THMS600
temperature stage with silica windows to control the temperature to within +0.1K using
liquid nitrogen as the coolant, and the sample thickness was maintained at approximately
150pum using Teflon spacers. The samples were measured in the temperature range from
183K to 253K on cooling at 5K/min and heating at 10K/min pausing at each temperature

for the duration of the measurement. Variations between the data obtained on cooling and

heating were minimal, indicating thermal reproducibility of the results.|6]
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Figure 3.4: Schematic diagram of the principle of Raman spectroscopy. Here,
E,;, represents the energy difference between two vibrational states. FEpg corresponds to
the energy of the incident radiation in the process of Rayleigh scattering, where the initial
and final energy states of the molecule are the same. FEg refers to the red-shifted Stokes
radiation, resulting from excitation of the molecule by the incident beam from its initial
state to a higher-energy virtual state and the subsequent relaxation to the higher vibrational
state. E4S refers to the blue-shifted anti-Stokes radiation, resulting from excitation of the
molecule by the incident beam from a higher vibrational state to a higher-energy virtual state
and the subsequent relaxation to a lower vibrational state. The magnitude of the Raman
shift in both Stokes and anti-Stokes scattering is equal to the energy difference between the
initial and final vibrational states of the molecule, E, ;.
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3.4 Differential Scanning Calorimetry

Calorimetry, as a field of science, is the sets of techniques used to measure heat flow into
and out of a system in order to study thermodynamic changes associated with physical
processes such as crystallization, melting, mixing, vaporization, vitrification, etc., as well
as chemical processes, namely chemical reactions. Differential scanning calorimetry (DSC)
is a specific thermal analysis technique used to accurately study heat flow that was first
developed in 1962.[345] Since its invention, DSC has become the most widely used thermal
analysis method employed in a broad range of research areas. The reason it has become so
ubiquitous is that it delivers rapid and accurate measurements of heat flow and heat capacity
changes associated with phase transitions and other physical and chemical processes.

The basic premise of DSC is to measure the amount of heat absorbed or released by
the sample and the reference in order to change the temperature of the system (or hold
it constant as in isothermal measurments) over a period of time. Essentially, energy is
transferred between the system, including the sample, the reference, and the temperature
sensors, and the external environment, which includes the rest of the apparatus surrounding
the sample chamber, in order to the affect a temperature path defined over a period of time.
Since physical and chemical processes that occur within the temperature path will either
consume (endothermic) or generate (exothermic) excess heat within the sample, the heat
flow signal measured by DSC provides thermodynamic and kinetic information about the
processes occurring in the sample. While this premise is the basis for all DSC techniques,
we will focus our discussion on the operating principles and capabilities of the heat flux type
of DSC using a disk-type sample holder environment to exchange heat between the sample
and the surroundings.[134]

In heat flux DSC, heat is exchanged between the sample and its surroundings via a
specified heat conduction path with a known thermal resistance. The amount of heat
transferred between the sample and its surroundings is well-defined by the thermal circuit
and as such, it can be measured accurately and rapidly by monitoring specific quantities in

the heat conduction path. The key component of the thermal circuit is the sample chamber
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where the heat exchange between sample and surroundings takes place. A schematic diagram
of the sample chamber for a typical disk-type, heat flux DSC is given in Figure 3.5.

In this set-up heat flows from the furnace surrounding the sample chamber to the sample
and reference crucibles by passing through the disk which acts as a solid support for the
crucibles and as a conductor in the exchange of heat. Temperature sensors for the reference
and the sample are integrated directly into the disk with the sample, the reference, and
their associated temperature sensors arranged symmetrically with respect to the center of
the disk in a precise way so the heat path is the same for both the sample and the reference.
Fourier’s law of heat conduction defines the driving force for heat flow as the difference in
temperature. By measuring the temperature of the sample and the reference simultaneously,
the heat flow to the sample can be deduced from the difference in heat flow into the sample
chamber as a whole and into the reference itself.

Using Fourier’s law, we can define the DSC signal, ®, which is proportional to the heat

flow rate to the sample in J g™ s71, as:[134]

Tg —1Tg AT
D=0 — Pp = = 3.53
5 f Ry Ry (3:53)

where &g and Py are the heat flux to the sample and the reference, respectively. The
difference between the heat fluxes is proportional to the temperature difference between
that of the sample, Ts, and that of the reference, Tx, by the thermal resistance, Ry, of the
sensor. The temperature differential is measured using two thermocouples, whose sensitivity
S is defined as the ratio between the thermoelectric voltage signal V' to the temperature
difference AT. Thus, we can define the heat flux as:

ATV

b= — —
Ry, RyS

(3.54)

Relating this heat flux to the actual heat flow rate into or out of the sample, ®;,.,. requires
proper calibration of the instrument.
DSC calibration is carried out by two independent steps to determine the proportionality

Kg between the measured heat flow ¢ and the true heat flow ®;,,. as well as the proportion-
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Figure 3.5: Schematic diagram of the heat-flow differential scanning calorimetry
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ality Ko between the measured heat exchanged Q)¢5 and the actual heat exchanged Qrye-
The determination of K¢ is performed by measuring the heat flow to a sample of known
heat capacity C, subject to a constant scan rate ¢ = dT'/dt. Then the actual heat flow rate
is ®ypye = C) - ¢ = Ko ® giving Ko as:

Ko(T) = (3.55)

The calibration for the amount of heat exchanged is accomplished by comparing the signal
from a sample with a known heat of transition to a baseline signal obtained by measuring
two empty crucibles of the same type. Integrating over the transition peak of the standard

sample gives (i, Which can be defined as:
Qtrue — KQQmeas - KQ /((I)[T<t)] - q)bl[T(t>])dt (356>

Once the calibrations are performed to determine Kg and K, the actual heat flow rate
and quantity of heat exchanged can be computed from the measured signal for a sample of
unknown heat capacity.

DSC is a useful tool in the study of ionic liquids because it can provide information about
phase changes taking place with the liquid and concerning the calorimetric glass transition
observed in a variety of ionic liquid systems. The process of a liquid transforming into a
crystalline solid (crystallization or freezing), or the reverse of a solid transforming to a liquid
(melting) is a first-order thermodynamic transition, meaning a certain quantity of heat per
amount of substance is consumed (endothermic process) to convert from the more-ordered
crystal to the less-ordered liquid on melting with an equivalent amount of heat generated
(exothermic process) during the reverse process. The signature of this type of transition
appears in the DSC signal plotted as specific heat flow rate () as a function of temperature
T as a peak whose width in temperature for a given scan rate d1'/dt is related to the kinetics
of the transition with the integrated peak area giving the enthalpy change associated with the
transition. The temperature at which this transition occurs for a pure substance is defined
as the melting temperature, 7T,,,. Since the process of crystal formation from the liquid state

proceeds in two steps, nucleation whereby stable clusters of molecules form with the requisite
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symmetries characteristic of the periodic crystal structure and crystal growth in which the
size of the nucleated clusters increases as molecules from the liquid phase precipitate on the
surface of the growing crystal. Both of these steps occur over a certain timescale dependent
on the temperature, pressure, and composition of the system. Formation of stable clusters
of a critical size via nucleation occurs on a timescale dictated by the size and frequency of
fluctuations in the system. The process of crystal growth proceeds after critical stable nuclei
have formed. The growth mechanism is a dynamic process occurring at equilibrium involving
the deposition of molecules from the liquid phase onto the crystal surface in conjunction with
the dissolution of molecules from the crystal phase back into the liquid. The relative rate
of deposition to dissolution determines the direction and the kinetics of the transformation.
A well-designed DSC experiment defined by moving the system under investigation along a
prescribed temperature path by cooling or heating the sample at some constant scan rate
q = dT'/dt can be used to determine the melting point 7}, the enthalpy of melting AH,,,
and information related to the kinetics of the solid-liquid phase transition.

Since crystallization is an activated process, the rate of crystal formation depends strongly
on the temperature of the crystallizing system, in our case, the pure liquid form. Therefore,
if one where to cool the liquid below T,, faster than the nucleation rate of stable cluster
formation, the molecules would not have enough time to rearrange to form crystalline regions
of critical size to overcome the activation barrier and the entire system will remain in the
metastable, supercooled liquid state. Given enough time, the supercooled liquid eventually
transitions to the equilibrium crystal phase. However, if the system is cooled further before
it has time to crystallize, it reaches a point where the timescale of the relaxation dynamics
associated with the liquid state exceeds the observational timescale of the experiment and
the liquid becomes “frozen” in a nonequilibrium, nonergodic solid-like state lacking the long-
range, periodic order of the crystal. The phenomena associated with the dynamic arrest of
the supercooled liquid is known as the dynamic glass transition, with the glassy state defined
by a solid-like response as short timescales, that is nevertheless in a nonequilibrium state
that continuously relaxes toward the liquid state on very long timescales. The point at which
the relaxation timescale exceeds the observational timescale given by the constant scan rate

q determines the calorimetric glass transition temperature, 7,. As a supercooled liquid is

84



cooled at a rate sufficient to approach T, before crystallization sets in, a step-like decrease
in the heat capacity of the substance is observed as the material becomes frozen in the
glassy state. The drop in C), is associated with the reduction in the number of microscopic
configurations accessible by the system. The value of T, varies depending on the scan rate.
By convention, a standardized method of determining 7}, is defined by measuring the increase
in heat capacity upon reheating the sample at a rate of 10K /min which had been previously
cooled to the glassy state at a high enough rate to avoid crystal formation. The point at
which T}, is defined corresponds to the inflection point in the C), curve during the upscan,
which appears as a maximum in the derivative of the heat flow with respect to temperature.

While crystallization /melting phenomena and the glass transition are just two examples
out of many physical and chemical processes that can be studied using DSC, they are
generally the most commonly observed in the ionic liquid family of materials. In addition,
certain systems exhibit polymorphic behavior defined by a first-order phase transition from
one crystal structure to another, i.e. a solid-solid transition. By analogy, another type
of phase behavior known as polyamorphism involves a first-order phase transition from
one amorphous (noncrystalline) phase to another. The liquid-liquid transition (LLT) is
a type of polyamorphic transition between two liquid states, which in theory would appear
as a reversible enthalpic peak in the DSC signal similar to the liquid-solid and solid-solid
transition peaks. For a system that undergoes LLT in the supercooled liquid state, the
feature would appear between T}, and T, when the system is cooled fast enough to avoid

crystal formation.
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Chapter 4

Structural aspects of the liquid-liquid

transition in ionic liquids

In this chapter, the temperature dependence of the structural features of ionic liquids as
reported by wide-angle X-ray scattering is investigated covering the temperature range from
300K to below T},. In order to elucidate the structural changes that occur at the liquid-liquid
transition, refer to Section 2.2 for a discussion on the hierarchical nature of ionic liquid
structure. In the first section of this chapter (Section 4.1), the experimental results from
WAXS on the set of ILs studied are reported and a discussion of the structural changes that
occur at the LLT is given. The next section (Section 4.2) deals with the conformational order
of the alkyl chains present on the Pggs14 cation as reported by Raman spectroscopy. It is
determined, for the case of the borohydride anion, that the alkyl chains become increasingly
dominated by the trans-conformer corresponding to the expansion of the apolar region of
the liquid structure. This chapter concludes (Section 4.3) with a summary of the results
presented from WAXS and Raman studies, along with a discussion of the implications for

the existence of a LLT in Pggs14-based ILs.
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4.1 Temperature dependent X-ray scattering of ionic
liquids

In general, a liquid-liquid transition, similarly to other types of phases transitions, is expected
to manifest a discontinuous structural reorganization at the transition temperature where the
high temperature liquid state (HTLS) and the low temperature liquid state (LTLS) coexist.
Above this characteristic temperature, 17, the HTLS is stable and behaves as the normal,
high-temperature, equilibrated liquid. Below T}, the LTLS becomes stable and manifests
distinct properties compared to the normal HTLS, which have been attributed to the
dominance of locally favored states described by the generic bond orientation order parameter
of Tanaka’s two order parameter model[5]. In an effort to characterize the structural
reorganization that manifests in the LLT of Pggg 14-based ILs, temperature dependent wide-
angle X-ray scattering studies were carried out for the six ILs shown in Figure 4.1.

The ILs in this study are members of the particular class or family of ILs that bear the
[Pees.14) 7 cation, and as such they all exhibit the tri-fold hierarchical structure defined by
the structure factors shown in Figure 2.5. This class of ILs is often described as exhibiting
a filamentous morphology[101] where the cations and anions are arranged in an alternating
fashion in polar strands forming a branched, connected charge network. The strands or
filaments of the charge network are separated from each other by the long alkyl tails attached
to the central phosphonium cation. The three regions in the structure factor correspond to
the correlation lengths that define this type of charge network. The highest q feature,
between about 1 and 1.75 A~!, corresponds to ion adjacency and defines the correlation
length associated with nearest neighbor ions. In the intermediate q region, from about
0.5 to 1 A=', charge alternation correlations dominate. The correlation length associated
with this region describes the distance separating ions of the same charge. This feature can
sometimes appear as a weak shoulder or be absent from the structure factor resulting from
cancellation of positive and negative contributions of correlations between ions of the same
charge and opposite charge respectively.[4] The lowest ¢ feature, around 0.2 to 0.5 A1 in
the structure factor, is attributed to polar alternation contributions being defined by the

distance separating polar regions across the apolar, alkyl-rich domains. These three regions
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Figure 4.1: Chemical structure of the trihexyltetradecylphosphonium (Pggs14)
cation and the six anions comprising the ionic liquid systems studied. The anions
are (left column from top to bottom) borohydride (BHy4), nonafluorobutanesulfonate (NFBS),
bis(trifluoromethane)sulfonimide (TFSI), (right column top to bottom) propionate (Prop),
nonafluoropentanoate (NFP), and camphor sulfonate (CS).
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can be identified in the experimental structure factor, S(g), of the Pggs14-containing ILs.
What is of interest here is the identification of temperature dependent changes in S(q).

Figure 4.2A shows the structure factor measured for the borohydride (BH,4) sample across
the temperature range spanning from room temperature to below the glass transition of the
material. The S(g) data at each temperature are vertically offset for clarity. Notably,
the ion adjacency peak shifts to progressively higher q values with decreasing temperature.
This behavior is evidence of increased packing density of the ions as the liquid is cooled.
Interestingly, the low q peak associated with the alternation of polar and apolar structures
shifts to lower q values at the temperature of the sample is decreased. Additionally, the
charge alternation feature is largely absent in the BH, sample except as a weak shoulder
apparent only at low temperatures.

This general temperature dependence of S(g) is similarly borne out in the case of the
propionate (Prop) anion, shown in Figure 4.3A. Here, the polarity alternation peak appears
around 0.3 A~' shifting to slightly lower ¢ with decreasing temperature. As in the case of
BH,, the charge alternation structure appears as a shoulder around 0.4 A~', only becoming
prominent at low temperatures. The feature corresponding to ion adjacency shows up around
1.3 A=!, again shifting to higher values of ¢ as the sample is cooled.

The cases of the BH; and Prop samples indeed show the same general trends. In order
of the sizes of the anions, these two are the smallest. Proceeding then to the next size up,
the nonafluoropentanoate (NFP) and nonafluorobutanesulfonate (NFBS) samples, a distinct
difference in structure as reported by wide-angle X-ray scattering is observed. Figure 4.4A
shows the measured S(gq) data at various temperatures for the NFP sample. In a similar
manner to the BH, and Prop samples, the polarity alternation peak is observed around 0.3
A-1 shifting to slightly lower ¢ at lower temperatures, while the ion adjacency peak around
1.3 A1 shifts to slightly higher ¢ with decreasing temperature. The distinction from the
cases of the smaller anions is immediately obvious in the prominence of the charge alternation
structure, here appearing as a shoulder around just above 0.5 A~!. This may appear to be
simply due to the larger size of the anion contributing to a larger charge alternation distance,

but that would contradict the fact that this shoulder is observed at higher ¢ in the NFP case

89



g/

6 - A o 190K o 210K e 223K o 240K 280K]
o 195K o 215K e 225K o 250K 290K]

o 200K o 218K e 230K 260K 300K]

/‘ \—/ o 205K e 220K e 235K 270K === fits

P666,14 BH4

4 -
G
(0)]
o
0
0.0 0.5 2.5
+ —+ - - h
2.0 4 — 190K ' : '
— 195K \& ﬂ _——
— 200K
— 208K
— 210
1 SR e
— 220K 10 12
— — 223K
S =i .~
© — 235K
— 240K
— 250& H
0.5 2705 Heuill
280K S~H
B S00K H
0.0 . y
0 10 15

Figure 4.2: Temperature dependence of structural data. (A) Structure factor,

S(q), of [P666,14]+[BH4]_
[Pees,14) " [BHa] ™

90

at various temperatures. (B) Radial distribution function, g(r), of
at various temperatures calculated from fits to S(q) data.



P666,14 Prop

A o 195K o 210K e 225K 270K
o 200K o 215K o 230K 300K
6 - o 205K o 220K 250K == fits

Sal A
’ ’\/\
0, : : : .
0.0 0.5 1.0 1.5 2.0 2.5
2 -1
qlA’]
1.5 : : n
N
- 195K (6]
= 200K
= 205K
=2 \ —~
1.0- : - SRS
7 /
— — 230K 1 M M
= 250K ' . '
(@] 270K
300K 1.0+
0.5+
0.9+
B } } }
0.04, , 8 10 12|
0 5 o 10 15
r[A]

Figure 4.3: Temperature dependence of structural data. (A) Structure factor,
S(q), of [Pees,14)T[Prop]~ at various temperatures. (B) Radial distribution function, g(r), of
[Pees.14) T [Prop] ™ at various temperatures calculated from fits to S(q) data.



3
T
P666,14 NFP

e 225K
e 230K
e 235K
o 240K
o 245K
e 250K

t
255K
260K 290K
265K 295K
270K 300K
275K mmm fits
280K

285K

T
B 4-
2.
0, : : : : :
0.0 0.5 1.0 1.5 2.0 2.5
2 -1
qlA]
i } } h
1.5+ —;gsﬁ—gsoﬁ A 0 F F F F
) S N
— 210K = 265K \ / | | ’ |
—— 215K = 270K o
— 220K — 275K F F F F
1.0 556K Ses
= — 235K - 290K
= — 240K 295K }
o — 245K 300K
0.54
B L] L] :
0.0 4 8 , 10 12 J
0 5 10 15

Figure 4.4: Temperature dependence of structural data. (A) Structure factor,
S(q), of [Pees14] T[NFP]™ at various temperatures. (B) Radial distribution function, g(r), of
[Pess.14) T [NFP]~ at various temperatures calculated from fits to S(q) data.

92



compared to BH; and Prop, corresponding to a shorter charge alternation distance. It
appears that the complex nature of the structure of these ionic liquids leads to seemingly
counterintuitive results. However, as the details of the structural analysis are further
elaborated in this discussion, these observations will be met with satisfactory explanation in
terms of the current understanding of ionic liquid structures.

Proceeding to the case of NFBS, the S(¢) data at various temperatures shown in Figure
4.5A show similarities to the previous NFP case. Again, a clear shoulder in the intermediate
charge alternation region is manifest just above 0.5 A~1. Yet again, as in the previous cases,
the polarity alternation peak is observed around 0.3 A~ shifting to slightly lower ¢ with
decreasing temperature, while the ion adjacency peak around 1.3 A~ shifts to slightly higher
q as the temperature is lowered.

The S(q) data measured at various temperatures for the bis(trifluoromethane)sulfonimide
(TFSI) sample are shown in Figure 4.6A. At the higher temperatures, this sample definitely
fits the profile of an archetypal ionic liquid displaying the hierarchical structure from
adjacency to charge alternation to polarity alternation. The polarity alternation is positioned
around 0.4 A~', followed by a shoulder in the charge alternation region around 0.75 A~!.
Then there is the ion adjacency peak around 1.4 A=!. As the TFSI sample is cooled
below 200K, an additional shoulder emerges right around 0.5 A~! in between the polarity
alternation and charge alternation features, in contradistinction to the behavior of the ionic
liquid systems shown above. The emergence of this peak is a clear and dramatic indication
of changes to the structural organization of this ionic liquid occurring at a particular
temperature.

In contrast to the conspicuous structural reorganization manifesting in the TFSI case
below 200K, Figure 4.7A shows that the measured S(gq) data for the camphor sulfonate
(CS) sample does not change in any perceptible way as the temperature of the sample
is lowered aside from the slight shifts in the positions of the polarity alternation and ion
adjacency peaks to lower and higher ¢ values, respectively. In addition, the absence of
any discernible shoulder in the charge alternation region should be noted. As previously
mentioned, the absence of a peak or shoulder in this region does not indicate an absence of

a charge alternation component to the structure, but merely results from the cancellation of
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positive contributions to the structure factor from the correlation of ions of like charge with
negative contributions from correlations between ions of opposite charge.

In order to understand the effect of temperature on the internal structure of the six
Pges 14-based ionic liquids in this work, a detailed analysis of the measured S(g) data is
necessary. This is carried out by fitting the main features of the structural data with a set
of model functions that account for the position, width, and amplitude of the peaks. A
commonly utilized function to fit peaks such as those appearing in the S(q) data of a wide

variety of materials is the three-parameter Lorentzian function:

,.YQ

S, (q) = [p—F
19) "2+ (g — )

(4.1)

where ¢ is the position of the peak in reciprocal space, v is the half-width at half-maximum
related to the width of the peak, and I is the intensity or amplitude of the peak. Modelling
of peaks appearing in the measured S(g) can be performed by fitting each individual feature
with a Lorentzian function. This way of quantitatively fitting the data can only be done
if the peaks are sufficiently separated from one another such that they do not overlap in
reciprocal space. This is certainly possible for non-associating molecular liquids that have
only one peak in S(q) corresponding to the adjacency of nearest neighbor molecules. The
average distance, d between the correlated components of the sample, also referred to as the
periodicity of the structure, can be determined from the fitting parameters of the Lorentzian

model from the expression:
27

qo

d (4.2)

In general, for any liquid that exhibits structural order on multiple length scales in the
wide-angle X-ray scattering range covering about 0.1 to 4 A~! including the ionic liquids in
this work, the peaks in S(q) corresponding to the ordered domains will have some overlap
in the measured data. To fit this data, it is necessary to simultaneously fit the full range of
the data with a linear combination of model functions.

Other models besides the Lorenztian have been proposed to describe structural data
from X-ray scattering. The model proposed by Teubner and Strey was developed expressly

to account for two known features of the structure of microemulsions, i.e. the alternation of
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aqueous and organic domains and the decay of the periodic order over longer distances.[346]
In the generalized Teubner-Strey (TS) model, the liquid structure associated with the
alternation of spatial regions occupied by different types of molecules or molecular parts

can be described using a damped, oscillatory correlation function, Grg(r), given by:

Grs(r) = %exp (—g) sin (277 . ) (4.3)

where d is the periodicity of the alternating structure, £ is the correlation length
corresponding to the exponential decay of the periodic ordering. An additional parameter,
¢, accounts for the phase of the oscillations corresponding to asymmetry of the peak.[347]
Grs(r) can be used to describe the alternation between polar and apolar regions in ionic
liquids. Similarly, the charge alternation structure in ionic liquids can also be described as
a periodic ordering of alternating positively and negatively charged moieties and thus, can
be modelled using Grg(r). The structure factor, Srg(q), in reciprocal space can be obtained
from Grg(r) by the Fourier transform, yielding:

A’cosp — (¢° — q5)sing
At (g2 = q5)?

STS(Q) == ]0471' (44)

where ¢2 is the peak position in ¢?, A? is the width (half-width at half-maximum) of the
peak in ¢%, ¢ is the phase of the oscillation, and Iy is the height of the peak.

The real space distances of the TS model, the periodicity, d, and the decay length, &,
are related to the parameters in the structure factor representation by the following two

equations.
47

R

or\> 1
i=(%) - & (46)

Inverting these equation to get d and & yields:

V8T
Bt

A? (4.5)

d:
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V26,
2

$= A

a = /At + gl (4.9)
By =/a? % ¢ (4.10)

In addition, the integrated area under the TS peak can be calculated from the fitting

(4.8)

where:

parameters by the equation:

o A%cosp — 3% sinp

IyArs = Iy o2

(4.11)

The method utilized to fit the structural data given in Figures 4.2A-4.7A is as follows. The
raw I(q) data as measured by wide-angle X-ray scattering was first corrected by subtraction
of a blank measurement. The subtracted I(q) data were fit using a linear combination of two
Sts(q) functions to account for the polarity and charge alternation features and one Sp(q)
function to describe the ion adjacency peak. For the Prop and CS samples, one additional
Lorentzian function was included to account for broad baseline features. In the cases of
BH,4, NFP, and NFBS, two additional Lorentzians were needed to fully describe the data. In
addition, for the TFSI sample, the emergence of an additional peak intermediary between
the polarity and charge alternation peaks required the addition of a third Srg(g) function
to fit the data at temperature below 200K. Once suitable fits were obtained describing the
full range of the wide-angle X-ray scattering data, the fitting data was used to calculate
the radial distribution function using Equation 3.51. The atomic number density factors,
po, appearing in this equation were estimated based on correlations relating ionic volumes
to molar volumes in ionic liquids.[3] Ionic volumes for the ions in this study were obtained
from group contributions given in the same reference except for the BH; and CS anion
volumes, which were calculated using the Marvin software package from ChemAxon. The
ionic volumes and resulting densities are given in Table 4.1. In an iterative fashion, the 1(q)

data was normalized such that the calculated g(r) functions decayed asymptotically to unity,
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Table 4.1: Tonic volumes, v and v~ [nm?], of the Pges,14 cation and the six anions along
with molecular weights, MW [g/mol], estimated molar volumes, V' [cm®/mol], and atomic
number density, pg [A_?’], at a reference temperature of 298.15 K. The magnitude of the

error in the tabulated values corresponds to the magnitude of the last reported digit.

IL MW vt v- o yest 00

Pe66,14 BHy 498.707 0.805 0.037 580.5 0.110
Pes6,14 Prop 556.927 0.805 0.105 6274 0.107
Pess,14 NFP 746.899 0.805 0.259 733.6 0.096
Pees,14 NFBS 782.949 0.805 0.288 753.5 0.094
Pee6,14 TFSI 763.997 0.805 0.230 713.6 0.098
Pge6,14 CS 715.147 0.805 0.204 6954 0.113

100



ie. g(r) — 1 as r — oo. The structural data normalized in this way is therefore renamed
S(q). In addition to the parameters describing the three primary regions of the structure
factor of these ionic liquids, the average coordination number in the first solvation shell, nq,
was calculated by integrating g(r) according to Equation 3.52. The results of this analytical
procedure, yielding the temperature dependence of the structural parameters, are given in
the following sections along with a discussion of their relationship to the possible liquid-liquid

transition that is proposed to occur in this family of ionic liquids.

4.1.1 Polarity alternation

We begin by examining the temperature dependence of the polarity alternation structure
corresponding to the first sharp diffraction peak in the S(q) data. This feature arises due
to the alternation of polar, ion-rich regions and apolar, alkyl-rich regions present in the
ionic liquid structure. These regions form due to strong Coulombic interactions tending to
pack the ions into a network of alternating charges excluding the weakly interacting alkyl
chains via solvophobic effects. In the Pggs14-based ionic liquids this results in a percolated,
bicontinuous network of alternating polar and apolar domains in the normal liquid state. This
type of structure can be well-described using the TS model, with the periodicity of polarity
alternation, d,,;, corresponding to the average distance separating two polar domains across
the apolar domain and the correlation length, &, describing the decay distance of the
periodic structure.

Figure 4.8 shows the temperature dependence of d,, for the six Pggp14-based ionic
liquids in this study. As observed in the S(¢q) data (Figures 4.2A-4.7A), the size of the
polarity alternation structure tends to increase with decreasing temperature. Furthermore,
a discontinuous change in d,; is observed for the BH,, Prop, NFP, NFBS, and TFSI samples
at some characteristic temperature. The changes seen in the BHy, Prop, and NFP samples
show a discontinuous increase in d,, on the order of about 0.5 A as the samples are cooled
below the transition temperature. Close inspection of the NFBS sample (bottom row, center
in Figure 4.8) reveals that d,, increases by roughly 0.5 A at a temperature of 220 K as the
sample is cooled. Compare these results to the plot for the CS sample (bottom row, right in

Figure 4.8), which appears to show only a continuous increase in d,,; with no sudden changes
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on the order of 0.5 A as the temperature is decreased down to 205 K, where the data
plateaus corresponding to the formation of the glassy state. Note that in the TFSI case
(top row, right in Figure 4.8), the discontinuity appearing in the temperature dependence
in d,, shows a sharp decrease on the order of 0.5 A as the sample is cooled below 200 K in
contradistinction to the BHy, Prop, NFP, and NFBS samples. This first set of results tells
us that a structural reorganization occurs for certain anions paired with the Pggg 14 cation
at some characteristic transition temperature. Whether these structural changes correspond
to a first order liquid-liquid transition will be addressed as the details of the behavior of the
systems are borne out in later sections. For now, we can define a characteristic temperature
corresponding to discontinuities in the temperature dependence of the structural quantities
describing these ionic liquids and attempt to understand how the overall structure is changing
at the characteristic temperature, 7T,.

From the data presented in Figure 4.8, we observe the general tendency of the length
of the polarity alternation periodic structure to increase as the samples are cooled from
300 K down to below 200 K with the five samples, BH,, Prop, NFP, NFBS, and TFSI
showing a large discontinuity in this length scale. Let us now examine the temperature
dependence of the correlation lengths, §,,;, associated with the decay distance of the periodic
polarity alternation structure given in Figure 4.9. Generally, the correlation length, ¢ is
related to the long range order of the periodic structure. Larger £ values correspond to
more ordered structures over a longer range. When ¢ is smaller than the periodic length, d,
this indicates the presence of large fluctuations in the structure on local scales. The data
in Figure 4.9 shows an interesting trend between the correlation length associated with the
polarity alternation and the anion sizes. In terms of the anion volumes given in Table 4.1,
we have BH; <Prop<CS<TFSI<NFP<NFBS. Comparing this to the range of &,, for each
anion, &y, tends to larger values with decreasing anion size, indicating that the long-range
order of the periodic polarity alternation structure is inversely related to the size of the
anion. The TFSI case presents an exception to this trend, showing significantly lower values
for &, than the other samples. This is likely due to a trade-off with charge ordering in these

systems, as will be discussed in the next section.
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Considering the trends in the temperature dependence of &, for each anion in Figure 4.9,
at higher temperatures far above the characteristic temperature defining the reorganization
of the ionic liquid structure, §,, increases as the sample is cooled indicating an increase in
order of the polarity alternation structure. As the temperature approaches the structural
transition temperature, T,, &, diverges drastically for the BH, sample (top row, left in
Figure 4.9) increasing by over 2 A at T}, ~220 K. A similar trend is also seen in the Prop
case (bottom row, left in Figure 4.9), only the increase in &, is less than 1 A occurring at
T, ~215 K. The increase in {,y at T} is not seen in the other samples. Instead, &,y for the
NFP and NFBS samples (top and bottom respectively, center in Figure 4.9) increases before
dramatically dropping off as the samples vitrify. In the TFSI case (top row, right in Figure
4.9), &y dramatically decreases at T, ~200 K. For the CS sample (bottom row, right in
Figure 4.9), &, is essentially constant in the supercooled liquid above Tj,.

Figure 4.10 shows the temperature dependence of the normalized correlation length,
Epot/dpor, for the six anions studied. This ratio reports the relative order of the periodic
structure independently from the size of the structure.[347] For the case of &p/dpe <1,
large local fluctuations in the distance separating the polar regions are present. As &,/ dpor
approaches unity, the size of the local fluctuations are diminished. When &,o/dpa >1,
mesoscopic order beyond the local scale is present. The same trend in overall order of the
polarity alternation structure with anion size is evident from Figure 4.10, again with the
exception of the TFSI sample (top row, right in Figure 4.10).

Figure 4.11 shows the integrated peak area of the polarity alternation structure,
(LoA75)polar, With respect to inverse temperature for the six ionic liquids studied. These plots
show essentially the inverse of the trends observed in &, (Figure 4.9). This is because the
correlation length is inversely related to the peak width.[347] Hence, the quantity (1o Ars)potar
is also a reporter of the overall order of the periodic structure, with smaller (IoArs)polar

corresponding to a more ordered state.

4.1.2 Charge alternation

Here we discuss the temperature dependence of the charge alternation structure correspond-

ing to the intermediate range in the S(q) data. This structure corresponds to the ordering
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of alternating positive and negative charges that comprise the 3-dimensional, percolated
charge network in the normal liquid state of Pggg,14-based ionic liquids. Figure 4.12 shows the
temperature dependence of the periodicity of charge alternation, d.,, for the six ionic liquids
in this study. Since anions are the main reporters of structure in ionic liquids due to their
higher electron density, d., can be thought of as the distance between two anions separated by
a cation head group, although contributions from cation-cation and cation-anion correlations
are also present in the total scattering function. It is due to the negative contributions from
cation-anion correlations resulting in antipeaks that the charge alternation peak is often
observed as a weak shoulder or not at all in the measured S(gq) data.[4] Despite this fact,
the charge alternation structure is still present in all ionic liquids, but fits to this region
carry larger error in the parameters when the charge alternation peak is extremely weak.
For the BH, sample (top row, left in Figure 4.12), d,;, decreases discontinuously by about 0.5
A at T,. In the Prop sample (bottom row, left in Figure 4.12), d., shows a non-monotonic
change in its temperature dependence around 7} and is lower in the low temperature liquid
state compared with the high temperature, normal liquid state. In both the NFP and NFBS
samples (top and bottom respectively, center in Figure 4.12), d., is roughly constant at just
below 11 A in the high temperature liquid state. However, at T, ~215 K for both of these
samples, their behavior diverges. NFP shows a dramatic decrease in d., of about 1 A at T},
before increasing again as the sample approaches the glass transition. The NFBS case does
not show a sudden change in d., at T}, but it begins to rise sharply below T, increasing by
over 1.5 A as the sample is cooled to the glassy state. TFSI (top row, right in Figure 4.12)
shows yet another behavior where d., decreases monotonically with decreasing temperature
before plateauing and remaining essentially constant below 7,. For the CS sample (bottom
row, right in Figure 4.12), d., increases slightly with decreasing temperature reaching a
constant value in the glassy state.

Figure 4.13 shows the temperature dependence of the correlation length of the charge
alternation structure, &, for the six ionic liquids. It appears that, for all of the ions except
for CS, &, tends to increase in the low temperature state. To clarify, the BH, sample shows
a statistically significant jump in &, at T).. The same behavior is observed in the TFSI case,

but to a larger extent.
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Figure 4.12: Temperature dependence of the charge alternation periodicity.
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To better understand the changes in charge ordering, we can look at the normalized
correlation length of charge alternation, &, /d.;, shown with respect to inverse temperature in
Figure 4.14. A discontinuous increase in ., /d, occurs in the BHy, NFP, and TFSI samples
(top row, left, center, and right, respectively, in Figure 4.14) indicative of an increase in
charge ordering. The Prop sample (bottom row, left in Figure 4.14) shows a non-monotonic
increase in &, /d., with decreasing temperature, also reflective of increased charge ordering.
In contrast, both the NFBS and CS samples (bottom row, center and right, respectively, in
Figure 4.14) show a decrease in charge ordering as the temperature in lowered. Note that
for all of the ionic liquids expect the TFSI case, £, /d.p, is less than unity. The TFSI case is
unique, showing &, /d., greater than one, indicating charge ordering on the scale of multiple
ion pairs.

Figure 4.15 shows the integrated area of the charge alternation feature, (1o Azrs)charge, With
respect to inverse temperature for the six ionic liquids studied. As in the case of polarity
alternation, these plots largely show the inverse of the trends observed for the correlation
lengths, &, in Figure 4.13. Non-monotonic changes in the temperature dependence of
(LoATS)charge are observed in the BH4, Prop, NFP, NFBS, and TFSI samples occurring

around 7, in each system.

4.1.3 Ion adjacency

Next, we move to the ion adjacency region. The peak in this region, around 1.3 A~! for the
ionic liquids studied here, manifests from numerable different contributions from correlations
between adjacent atoms, reflecting both intra- and intermolecular interactions. The ion
adjacency peak in ionic liquids can be thought of as nearest neighbor ion correlations. Figure
4.16 shows the temperature dependence of the ion adjacency distances, dqq;, for the six ionic
liquids studied. In general, d,q decreases linearly as the sample is cooled reflecting an
increase in local density as thermal motions of the molecules slow down and fluctuations due
to the thermal kinetic energy of the molecules diminish. The data in Figure 4.16 shows a
slight shift towards larger d,q near the characteristic transition temperature, 75, in the BHy,
Prop, NFP, NFBS, and TFSI samples. This suggests a slight decrease in local density near

T,. For the TFSI case, there is a drop in d,q; below T}, indicative of a sudden increase in lo-
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Figure 4.14: Temperature dependence of the normalized charge alternation
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from left to right: Prop, NFBS, CS.
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cal density across the transition in this sample. A change in the temperature dependence of
dqq; is also observed in the CS sample, occurring at the glass transition.

Figure 4.17 shows the temperature dependence of the intensity of the ion adjacency
peak, (Io)aq;, for the six ionic liquids in this work. The intensity of this peak increases with
decreasing temperature in the high temperature liquid state for the BH,, Prop, NFP, NFBS,
and TFSI samples. The opposite trend is observed in the CS case. Changes in the peak
intensity are reflective of changes in the local electron density of the correlated structures.
Therefore, it makes sense that a decrease in the average distance between adjacent ions
would be correlated to an increase in local electron density. The anticorrelation for the CS
case suggests additional interactions affecting the local charge density. A slight shift in the
temperature dependence of (Iy).q is observed in the Prop, NFP, and NFBS samples near
T,. In stark contrast, the BH, and TFSI samples show large changes in (/). at 7. For
the BH, case, a large decrease in (I)aq; occurs at T,. However, (1j)qq; shows a discontinuous
jump below T.

In a sense, the changes in the ion adjacency peak are the most difficult to understand
owing to the large number of intra- and intermolecular contributions to this feature in the
scattering data. Nevertheless, the adjacency peak is the reporter of extremely localized
structure so even small deviations from continuous, monotonic temperature dependence of
the position or intensity of this peak reflect reorganization of the liquid structure on the local

scale.

4.1.4 Average ion coordination number

Finally, we discuss the temperature dependence of the average ion coordination number,
ny, which represents, for instance, the average number of anions coordinated to a central
cationic center in the first coordination shell or nearest neighbor radius. The size of the first
coordination shell corresponds to the first minimum in g(r) or between 6 and 8 A in this set
of ionic liquids (see Figures 4.2B-4.7B). The number of ions of one type that can coordinate
to a central, oppositely charged ion depends on the strength of the electrostatic interactions
between the ions as well as steric effects related to the geometry of the ions. Coulombic

attraction can tightly bind oppositely charged ions together, forming an ionic bond. How-
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ever, geometric constraints limit the distance of approach and impose volumetric constraints
on the number of ions that can access the minimum approach distance. In ionic liquids,
the strength of the electrostatic attraction is sufficient to hold the ions in a dense state,
but geometric factors such as size, asymmetry, and charge distribution maintain the ion
separation distance resulting in weakly coordinated states or ionic associations that are not
true ionic bonds. This scenario of geometric frustration offers a simple explanation for the
tendency of certain pairings of cations and anions to form ionic liquids with low melting
temperatures as opposed to crystalline ionic solids, e.g. salt, with extremely high binding
energies and melting temperatures. This also suggests an explanation for the excellent
glass-forming ability of many ionic liquids. Ionic liquids are liquids precisely because the
individual ions possess sufficient thermal kinetic energy to randomly overcome the attractive
electrostatic potential acting to bind them together. Thus, the ions are mobile and can
respond to an external field gradient giving rise to fluid flow in response to a shear stress
or momentum gradient and ionic conduction in response to an electric field or potential
gradient.

Due to the constraints of geometric frustration as well as net charge neutrality, the cations
and anions in ionic liquids form local structures that are arranged in bulk morphologies
depending on the relative sizes of the ions and especially on the presence and length of
apolar alkyl chains attached to the ion species, which do not experience strong electrostatic
interactions. In ionic liquids with short alkyl chains (n. <~6), typically on the cation,
the ions are arranged in a dense charge network dotted with isolated apolar islands in a
continuous polar sea.[101] As the length of the alkyl chain is increased beyond the percolation
limit, ionic liquids experience a morphology change from isolated islands to a bicontinuous
structure exhibiting a continuous polar network segregated from a continuous apolar domain.
Further increasing the alkyl chain length can lead to the formation of ionic liquid crystal
phases.[283] Depending on the number of alkyl chains attached to the central cation, which
affects the number of allowed nearest neighbor interactions, the branching of the polar
network defines its morphology as either globular or filamentous, the latter of which defines

the polar network of the normal liquid state in Pggg 14-based ionic liquids.[101]
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The morphology of the polar network depends directly on the average coordination of the
ions. In the filamentous structure exhibited by quaternary cation systems with all long alkyl
chains including Pggs 14-based ionic liquids, the ions are arranged in strands of alternating
charge corresponding to a typical coordination number of 2 with each cation, say, sandwiched
by two anions. Based on this simplified approach, assuming the ions in the filamentous
polar network are typically coordinated to two other ions forming the local strand, one can
hypothesize primitive ion coordination states defined by integer values of the ion coordination
number. In this scheme, ny=1 corresponds to an ion pair, n;=2 corresponds to a triplet,
n1=3 corresponds to a quartet, and so on. Geometric and electronic constraints impose
a certain maximum coordination number for a given combination of ion species, however
this exact value is not important for describing the majority of ionic liquid morphologies.
In the filamentous case, the structural components that make up the polar network can
be assigned to the primitive coordination states, with n;=1 defining a terminating strand,
n1=2 related to the continuation of the strand, n,=3 corresponding to branches, and n;=4
assigned to the crossing of two strands. In describing the ion coordination numbers in a
real ionic liquid, n; can take on fractional (non-interger) values depending on the relative
distances of the ions occupying the first coordination shell because the boundary of the shell
is diffuse due to thermal fluctuations. The situation is further complicated by partial and
transient occupation of the coordination sphere. The complex nature of ion coordination
in ionic liquid systems can be simplified by regarding the coordination state of an ion as
a linear combination of the primitive integer states weighted by the probability associated
with the ion occupying a given state. Summing over all ions in the system and taking the
average yields the average ion coordination number defined in Equation 3.52. In this way
we can define a link between the local structure and the global behavior of the ionic liquid
system.

Defining the local ion coordination number as a probability-weighted linear combination
of primitive coordination states allows us to define the normal liquid structure and the
locally favorable structures of Tanaka’s phenomenological two order parameter model of the
liquid state as distinct subsets of the total set of possible allowed linear combinations of

the primitive states. Each combination in the subsets defining the normal liquid structure
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and the locally favored structures relates to a particular arrangement of the ions defining a
degenerate state, with the total number of allowed combinations in each subset determining
its degeneracy. Then, the normal liquid structure is described by a linear combination of
degenerate states. The locally favored structures are defined in a similar way. An average
coordination number can be defined for both the normal and locally favored structures. We
can then express the average ion coordination of the system under specific thermodynamic

conditions as a function of the fraction of locally favored structures, :

m () = ¢ny + (1= P)n, (4.12)

where ny, is the average coordination number of locally favored structures, n, is the average
coordination number of the normal liquid structure. A first order liquid-liquid transition is
defined by a discontinuity in v at the transition temperature, T;, which would correspond
to a discontinuity in n; at a liquid-liquid transition in an ionic liquid system described in
this way. Figure 4.18 shows the temperature dependence of the average ion coordination
number for each of the ionic liquids in this work as calculated from the X-ray scattering
data. There are clearly discontinuities in n; at the characteristic temperature, 7T, associated
with the structural changes observed in the previous sections in the BH4, NFBS, and TFSI
samples. Thus, we can immediately make the claim that these systems undergo a true, first
order liquid-liquid transition at 7; = T,. The situation is less clear in the other systems.
In the Prop sample, n; increases at T,, but the jump is on the order of the experimental
error, so concluding that there is a discontinuity here is a tenuous assertion. Similarly, in
the NFP sample, n; appears to continuously increase from a high temperature value to a
low temperature value. There is a slight increase in n; at T, but again the change is smaller
than the experimental error. If we compared the situations of the Prop and NFP samples to
the plots of g(r) for these two samples (Figures 4.3B and 4.4B, respectively), it is clear that
the first minimum in g(r) shifts to higher r at 7,,. This, along with discontinuities observed
in other structural parameters for these two systems, suggests that they also undergo a first
order liquid-liquid transition at T; = T,,. As to why n; for the Prop and NFP systems appear

to change continuously, there are a number of possible scenarios that could lead to this result
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while still having a discontinuous change in ). The most probable explanation is that, since
n, and ny are averages over degenerate states each of which is composed of probability-
weighted combinations of primitive states, n, and n, could be similar quantities, leading
to smaller changes in n; at T;, so the changes appear continuous within experimental
error. This situation will be resolved in the following chapter on the dielectric behavior
of these ionic liquids (see Chapter 5, Section 5.2). In contrast, the CS sample, which
also shows a continuous increase in n; up to a limiting value around n;=2.9, showed no
clear discontinuities in the other structural parameters that were discussed previously that
would allow us to define a characteristic temperature associated with some kind of structural
reorganization. Since there is also no clear shift in the first minimum in g(r) (Figure 4.7B), we
conclude that the CS sample does not undergo a liquid-liquid transition at ambient pressure

at a temperature above the glass transition temperature of this system.

4.1.5 The second diffraction peak in low temperature Pggg,14 TFSI

Referring to the S(q) data for the Pggs 14 TFSI sample shown in Figure 4.6, the emergence
of an additional peak slightly above 0.5 A~! is evident at temperatures below 200 K. The
second diffraction peak in the TFSI sample appears at an intermediate g-value between the
features of the polarity alternation structure on the low ¢ side and the charge alternation
structure on the high ¢ side. In the absence of computational simulations to reveal the
specific sub-components of the ionic liquid structure contributing to the emergence of the
second diffraction peak, we can only speculate as to its origin. Due to similarities in
apparent intensity and relative proximity of the two features, it appears as though the first
diffraction peak associated with the polarity alternation structure splits into two distinct
levels of ordering, suggesting the second peak would originate from a new type of order in
the alternation of polar and non-polar domains not present in the high temperature liquid
state. The apparent splitting of the first diffraction peak at the characteristic temperature
of the LLT in this IL suggests a direct signature of two-state behavior in the local ordering
of the liquid structure, unequivocally pointing to a true first-order LLT. Despite this strong

evidence for the LLT, without knowledge of the molecular level associations responsible for
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its origins, we cannot definitively assign the two-state feature corresponding to the LLT as
an explanation for the emergence of the second peak.

The temperature dependence of the structural parameters obtained from fits to the S(q)
data are shown in Figure 4.19. The periodicity, d,, of this feature, given in panel A in the
upper, left quadrant, is smaller than the periodicity of the polarity alternation structure
of the TFSI sample, but it is on the order of the charge alternation periodicity seen in
the BHy, Prop, NFP, and NFBS systems. Most telling is the fact that the normalized
correlation length, &,/d,, of the second diffraction peak, seen in panel D in the lower, right
quadrant, is greater than unity. Comparing this fact with the normalized correlation lengths
of the polarity alternation structure (,0;/dys < 1) and the charge alternation structure
(&en/den, > 1) for this sample, it more closely matches the organization of the charge
alternation structure. Is this second diffraction peak, perhaps, a reflection of charge ordering
extending across an additional link in a chain of sequential ion pairs? Could it represent a
second level of charge ordering with a distinct ion spacing? Again, without clear molecular
level information concerning the contributions of the sub-components of the IL, no definitive
assignment can be made. Determination of the origins of the second diffraction peak in
Pges.14 TFSI should be regarded as a matter of urgency for future investigations of LLT in
this system. For now, it can be taken to represent a clear indication of two-state behavior

and a first-order LT manifesting in this particular sample.

4.2 Using Raman spectroscopy to probe conforma-
tional order of alkyl chains in Pggs,14 BHy

Raman spectroscopy can be used to study the conformational states of alkyl chains by
examining the Raman modes associated with C-C and C-H motions. As a way of determining
the conformations of the alkyl chains in a Pggs14-based ionic liquid that exhibits a liquid-
liquid transition to see how the conformations change between the high- and low-temperature
liquid states, temperature dependent Raman measurements were performed on Pggg 14 BHy.

This system was specifically chosen for this study because the only carbon atoms in this sys-
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Figure 4.19: Temperature dependence of the structural parameters correspond-
ing to the second diffraction peak in low-temperature Pggs 14 TFSI. (A) Periodicity,
d,, of the second diffraction peak in low-temperature Pggs14 TFSI. (B) Correlation length, &,,
of the second diffraction peak in low-temperature Pggs 14 TFSI. (C) Integrated peak intensity,
(IpArs)., of the second diffraction peak in low-temperature Pggs14 TEFSL (D) Normalized
correlation length, &, /d,, of the second diffraction peak in low-temperature Pggs 14 TFSI.
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tem are in the alkyl chains attached to the Pggg 14 cation. Furthermore, the Pggs 14 BHy shows
clear evidence of a liquid-liquid transition occurring around 7;=220 K based on analysis of
the wide-angle X-ray scattering data presented in the previous section.

The Raman measurements were performed using the Horiba LabRAM HR Evolution
confocal Raman microscope with a 532nm excitation laser at 50% power, a 50x LWD
objective, over three 15s accumulations, and 1800 gratings per mm filter to achieve 0.5cm™!
resolution. The Pggg14 BH4 sample was first dried under vacuum (< 107 bar) at 340 K for
24 hours. A drop of the sample was then loaded into a Linkam THMS600 temperature stage
with silica windows to control the temperature to within £0.1K using liquid nitrogen as
the coolant, and the sample thickness was maintained at approximately 150um using Teflon
spacers. The sample was measured in the temperature range from 183K to 253K on cooling
at 5K /min and heating at 10K/min pausing at each temperature for the duration of the
measurement. Variations between the cooling and heating data were minimal.[6]

Particular regimes of the Raman spectra identified as reflective of the configuration of
alkyl chains[348] were fit using a series of Gaussian peaks in order to quantify peak positions,
intensities, and widths. Regions of interest included the v(C — ') region between 1065 and
1130cm™?, the 7(C'Hy) region around 1300cm™!, the 6(C'H,) and 6,(C Hs) region between
1440 and 1458cm™", and the v(C'Hy/3) region between 2800 and 3000cm™'. The v(C — C)
region was normalized to the height of the peak at 1050cm ™' prior to peak fitting. Peak
fitting of the 0(C Hy/3) region was performed without prior normalization.

Regarding the extension and ordering of the polarity alternation structure which is
dependent on the configuration of the alkyl chains on the [Pggs14]T cation, the Raman
spectra (Figure 4.20) exhibit features associated with the structural transition stemming
from changes in the aliphatic groups attached to the phosphonium cations[348, 349, 350].
Three distinct regions associated with vibrational modes of the alkyl chains are present in
the Raman spectra between 1050 cm™! and 1500 cm™! (Figure 4.20A). The C-C stretching
modes denoted v(C' — C) appear as three peaks around 1065 cm™!, 1079 cm™!, and 1130
cm~![348]. These modes provide information about the conformational order of the alkyl
chains where the peaks at 1065 cm ™! and 1130 cm ™! indicate trans conformers (v(C' — C)r)

and the peak at 1079 cm™~! corresponds to the gauche conformation. In Figure 4.20C, the
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Figure 4.20: Ordering of alkyl chains across the LLT. (A) Raman spectra of Pggs 14
BH, at various temperatures from 1040 cm™' to 1530 ecm~!. (B) Raman spectra of Pggg 14
BH, at various temperatures from 2835 cm™! to 2955 cm™!. (C) Normalized Raman spectra
between 1040 cm™! and 1140 cm™!. (D) Ratio of the intensity of the v(C — C)r peak at
1065 cm™! to the v(C' — )¢ peak at 1079 cm™!. (E) Peak frequency of the v(C' — C)r mode
around 1130 cm~!. Solid and dotted lines represent linear fits to the data to serve as guides
for the eye. Vertical dashed black lines indicate the transition from liquid I to liquid II to
the glassy state. Reproduced from [6].
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region between 1040 cm™! and 1140 cm™! is zoomed in to show the changes in intensity
and peak frequency of the v(C' — (') modes with temperature more clearly. The intensity
ratio of the v(C' — C)r peak at 1065 cm™ to the v(C' — C)g peak at 1079 ecm™' yields the
relative number of trans to gauche conformers (Figure 4.20D). The trend of this ratio with
respect to temperature shows a change in slope at the liquid-liquid transition corresponding
to an increase in the number of trans conformers in the low temperature liquid II state.
Likewise, the intensity and the peak frequency of the v(C' — C)r peak around 1130 cm™!
is sensitive to the number of trans conformers in the liquid. The intensity of this peak
increases as the liquid is cooled (Figure 4.20C) and the peak shifts to higher frequency
(Figure 4.20E). The increase in the peak frequency of this mode (Fig 4.20E) exhibits a
non-monotonic trend similar to the intensity ratio in Figure 4.20D with a change in slope
observed at the liquid-liquid transition temperature, T, corresponding to an increase in
the number of trans conformers and increased ordering of the alkyl chains. Spectral bands
around 1300 cm™! (Figure 4.20A) correspond to CH, twisting modes, denoted as 7(C' Hy),
are superimposed on other modes corresponding to methylene deformation[348]. The relative
intensities and positions of these modes correspond to the degree of coupling between alkyl
chains and the relative number of trans to gauche conformers. The shift in the dominance
from the mode at 1305 cm™' to the 7(C'Hz) mode at 1300 cm™' as the liquid is cooled
reflects an increase in both chain coupling and the relative number of trans conformers.
The peaks at 1440 cm™! and 1457 em™! (Figure 4.20A) correlate to CHy bending denoted
d(CH,y) and antisymmetric CH3 bending denoted 6,(C' Hj), respectively[348]. A decrease
in the ratio of the integrated areas of these peaks A[d,(C'Hs)]/A[6(CHy)] (Figure 4.21C) is
linked to reduced intramolecular motion of methylene and methyl groups and increased chain
coupling. This quantity decreases monotonically with temperature down to T, indicating
the slowing down of local motions in the alkyl chains accompanying the dynamic glass
transition. Due to the localized origins of these spectral bands, they are not sensitive to
the structural reorganization associated with the LLT. The spectral region between 2800
cm~! and 3000 ecm™! (Figure 4.20B) includes numerous overlapping peaks dominated by
C-H stretching modes around 2852 cm™! (v,(CH,)), 2883 cm™! (v,(CHy)), and 2935 cm ™!

(vs(CHs)rr)[348]. The temperature evolution of these modes indicates increased chain coup-
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ling and conformational order. It is evident from Figure 4.20B that while the v,(CH,)
and vs(CHs)rr envelopes increase in intensity as the liquid is cooled, the v4(C'Hy) mode
diminishes which suggests the development of a more ordered arrangement of the alkyl
chains. [0]

The regions of the Raman spectra around 1300cm ™! and 1440-1458cm ™! along with the
ratio of the integrated areas of the 6,(C Hjs) to §(C' Hs) peaks are given in Figure 4.21. Note
in Figure 4.21C, the ratio A(6,(C'H3))/Ad(C Hy) decreases monotonically with temperature
down to the glass transition reflecting the slowing of local motions in the alkyl chains. The

v(C'Hy3) region was normalized based on the integrated area between 2800 and 3000cm ™. [6]

4.3 Conclusions

The family of ionic liquids bearing the Pggs 14 cation have been relatively well studied in
terms of their structures in the high temperature liquid state. The bulk of these structural
studies have been carried out using computational methods, specifically atomistic molecular
dynamics simulations. These studies have revealed a wealth of information concerning the
contributions from the cationic, anionic, polar, and apolar components of these liquids to the
total structure factor. As a result, a comprehensive picture of the overall structures of these
ionic liquids can be understood in terms of the contributions from individual parts of the
molecular structures generating competing types of order due to the influence of competing
local interactions. In the normal high temperature liquid state, Pggs 14-based ionic liquids
are arranged in a continuously percolating, 3-dimensional, alternating charge network. The
polar part of the network is comprised of strands or filaments of alternating charged groups,
the cation head group and the anion. The filaments are dispersed throughout the liquid,
separated and surrounded by apolar regions composed of the 14 carbon long alkyl tails on
the quaternary phosphonium center and decorated by the shorter, 6 carbon long, alkyl tails.

The results of temperature dependent X-ray scattering measurements described in this
chapter reveal discontinuities in the structural parameters characterizing the IL structure for
the samples bearing the BHy, Prop, NFP, NFBS, and TFSI samples. These discontinuities

appear in multiple structural quantities of each of the ILs where they are present, always
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at the same characteristic temperature for a given IL system. These results suggest a
temperature driven structural reorganization in each of the ILs that could be linked to
the existence of a first-order liquid-liquid transition in these ILs. In contrast, discontinuities
do not appear in the structural data for the CS sample, indicating LLT is not present.
The general trend for the average ion coordination numbers across the LLT in these IL
systems shows a dramatic increase in the number of ion associations. In addition, Raman
spectroscopy was used to probe conformational order in the alkyl chains on the cation in
the BHy system, revealing an increase in the number of trans conformers, an indication of

enhanced order in the apolar domain of this IL system.
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Chapter 5

Dielectric aspects of the liquid-liquid

transition in ionic liquids

In this chapter, the temperature dependence of the dynamic and dielectric properties of the
six ionic liquids in this study as reported by broadband dielectric spectroscopy (BDS) are
presented covering a temperature range from 370 K to the glass transition temperature of
these materials near 200 K. In order to understand the results presented here within the
context of our current understanding of the application of dielectric spectroscopy to the
study of ionic liquid systems, refer to Section 2.2. For details pertaining to the principles of
dielectric spectroscopy and the measurement of ionic liquids and other glass-forming systems
using BDS, see Chapter 3. The frequency dependent dielectric spectra measured under
isothermal conditions during cooling and reheating of the samples will be presented in Section
5.1. Here, we will identify the different dynamic processes reported by dielectric spectroscopy
in a series of Pggg 14-containing ionic liquid systems corresponding to the six anions shown
in Figure 4.1, i.e. borohydride (BH,), propionate (Prop), nonafluoropentanoate (NFP),
nonafluorobutanesulfonate (NFBS), bis(trifluoromethane)sulfonimide (TFSI), and camphor
sulfonate (CS). In the subsequent section (Section 5.2), the static dielectric permittivity
of the ionic liquids in this work will be discussed. The fourth section (Section 5.3) will
be devoted to dynamic properties as reported by dielectric spectroscopy. Finally, we will
conclude (Section 5.4) with a summary of the key findings from these dielectric studies as

they relate to the liquid-liquid transition and the glass transition in these systems.
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5.1 Temperature dependence of the dielectric spectra

Dielectric spectroscopy provides detailed information related to the dynamics of materials
across a range of timescales. In addition, it can be used to measure macroscopic dielectric
properties of the system, namely dc ionic conductivity and the static dielectric permittivity,
also known as the dielectric constant of the material. This information is encapsulated in
the frequency dependent complex dielectric function, £*(w) = ¢’'(w) —e”(w). As mentioned in
Section 3.1, e*(w) is related to the complex conductivity function, o*(w) = iggwe*(w). Based
on this relation, a complete representation of the dielectric spectra is contained in the real
part of the complex dielectric function, ¢’(w), and the real part of the complex conductivity
function, o’(w). To further clarify the relaxation processes occurring in the sample, the
derivative representation of the imaginary part of the complex dielectric function, defined as
el = (—m/2)[0¢'/0In(w)], proves useful. In this representation the individual relaxation
phenomena appear as peaks near the characteristic frequency of the relaxation process.
Since the contributions from dc ionic conductivity are relatively weak in ¢’(w), the derivative
representation allows access to the relaxation peaks that are overshadowed by the dc ionic
conductivity response that dominates in the imaginary part of the complex dielectric function
in ion-containing systems.

Figure 5.1 shows the frequency dependent dielectric spectra for the Pggs 14 BH4 sample at
various temperatures above and below the liquid-liquid transition temperature, T}, identified
in the X-ray scattering data (see Chapter 4). The dielectric spectra is shown in as £'(w)
(Figure 5.1A), o'(w) (Figure 5.1B), and €/, (w) (Figure 5.1C). The main feature appearing
in the £ (w) representation at high temperatures in the BH, sample is a step-like increase
corresponding to the primary a-relaxation of the liquid. The high frequency portion of &
contains contributions from localized molecular fluctuations as a secondary S-relaxation as
well as electronic and atomic polarization contained in the high frequency limiting value, .
The low frequency side of the a-relaxation shows a plateau value corresponding to the static
dielectric permittivity of the material. At lower frequencies, the parasitic effects of electrode
polarization contribute an immense frequency dispersion resulting from the accumulation of

charges at the liquid-electrode interface. In addition, since these materials are composed of
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Figure 5.1: Dielectric spectra of Pggs14 BHs. (A) Real part of the complex
dielectric function, & versus radial frequency, w at various temperatures. (B) Real
part of the complex conductivity, ¢’ versus radial frequency, w at various temperatures.
(C) Derivative representation of the imaginary part of the complex dielectric function,
el = (—m/2) [0’ /0 In(w)] versus radial frequency, w at various temperatures. Solid black
lines show fits to the data using a combination of Havriliak-Negami (HN) functions and
the Random Barrier Model (RBM) with a power law function to account for electrode
polarization (see Eqn. 5.1). Dashed lines show the individual HN functions (see Equation
3.41) and RBM function (see Equation 3.43) used to fit the 210K data. Note that the sub-«
relaxation only appears in the spectra at or below 220K. Reproduced from [6].
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mobile ions, they exhibit relatively high dc ionic conductivity, oy. Contributions from oy
are relatively weak in the &’ representation, but appear prominently in the ¢’ representation,
where oy shows up as a frequency independent plateau. The change from the frequency
dependent ac conductivity response at higher frequencies above the plateau in ¢’ to the dc
conductivity response occurs at a characteristic frequency defined as the ion diffusion rate,
we. As will be demonstrated later in this chapter, the a-relaxation is coupled to the ion
diffusion in these ionic liquids.

These contributions are sufficient to describe the high temperature dielectric response
of the ionic liquids studied here. However, below the transition temperature (7, =~ 220K
for the BHy case), an additional sub-a relaxation process emerges, clearly observed in the
derivative representation in Figure 5.1C as an additional peak at a lower frequency than the
a-relaxation. Slow relaxations, with respect to the a-relaxation, are observed in liquids where
supermolecular structures collectively reorient in the response to the applied alternating
electric field[351] or in the presence of internal polarizable interfaces where charges can
accumulate at the boundary between regions of dissimilar dielectric properties.[287, 299, 303]
The origin of the sub-a-relaxation below the transition temperature will be discussed in the
next section.

Having identified the relaxation and polarization phenomena that appear in the dielectric
spectra of Pggs14 BHa, we can employ a set of model functions to fit the complex dielectric
function. The following equation contains the functions used to obtain the fits (solid black

line in Figure 5.1).

n
TE

+ 2
< [[1+ (iwr 5%] i go |In(1 + iwr)

} + Aw™ + s (5.1)
i—

Here, we use a set of Havriliak-Negami (HN)functions to describe the a-, -, and sub-
a-relaxations. These contributions are described by the following parameters: Ag; is the
dielectric strength, 7; is the HN relaxation time, (; is the symmetric stretching parameter,
and 7; is the asymmetric stretching parameter. The second term in Equation 5.1 is the
random barrier model used to account for the long-range ion diffusion, where oy is the

dc ionic conductivity and 7. is the characteristic ion diffusion time. The next term is a
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frequency dependent power law accounting for the effects of electrode polarization where
A is a prefactor and A is the exponent describing the fractal nature of the phenomena.
Finally, the £, term accounts for the limiting high frequency contributions from electronic
and atomic polarization. Modelling the individual contributions to the complex dielectric
function is the way produces fits in good agreement with the data, as seen in Figure 5.1.
Application of this analytical procedure to the other ionic liquid systems studied allows
us to ascertain the dynamic behavior and dielectric properties of these materials across

a wide temperature range. Shown in Figure 5.2 are the dielectric data in the derivative

Z

lers for the six ionic liquids in this work at various temperatures. In the BH,,

representation, €
Prop, NFP, and NFBS samples, an emergent sub-a-relaxation is observed at temperatures
below the transition temperatures, 7T}, identified in the structural data suggesting that the
slow process is related to the low temperature liquid state described by the dominance of

locally favorable structures. The TFSI sample however, does not appear to show a slow

relaxation below T,, but rather the breadth and strength of the a-relaxtion apparently

"

ler Shifts to lower frequencies below T,. In

increase and the position of the maximum in ¢
contrast, the CS sample, which showed no discontinuities in the structural parameters, shows

only a progressive shift of the a-relaxation to lower frequencies as the sample is cooled.

5.2 Static dielectric permittivity and the dipole corre-
lation environment

The static dielectric permittivity, €, is a property of a material related to its ability to store
energy from an imposed electric field. It is defined as the dielectric response of the material in
the static limit (w —0) and as such, contains contributions from the dielectric relaxation and
polarization phenomena observed in the frequency dependent complex dielectric function.
Values of £, can be determined from the parameters obtained from fits to the dielectric data

contained in the expression:

00Te
€s = Degup—o + DNy + Acp + 2— + €00 (5.2)
0
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Figure 5.2: Derivative representation of the imaginary part of the complex
dielectric function of Pgge 14-based ionic liquids. Top row, from left to right: BHy,
Prop. Middle row, from left to right: NFBS, NFP. Bottom row, from left to right: TFSI,
CS. Solid black lines represent fits to Equation 5.1 without including the S-relaxation term.
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where Aegyp—o, Ac,, and Acg are the dielectric strengths of the slow relaxation, the a-
relaxation, and the [-relaxation respectively, og is the dc ionic conductivity, 7. is the
timescale of ion diffusion, and ¢( is the vacuum permittivity. The final term, .., contains
the contributions from electronic and atomic polarization.

Figure 5.3 shows the static dielectric permittivity, €,, for the six ionic liquids in this
study as a function of 1000/T". A step-like increase in ¢ is observed for the BHy, Prop, NFP,
NFBS, and TFSI samples occurring at the transition temperature, T;. Note that in the case
of the CS sample, €, remains roughly constant across the range of temperatures for which it
could be determined, showing only a slight increase with decreasing temperature.

We can use the Onsager equation (Equation 3.29) to relate the temperature dependence
of €, to the effective dipole moment of the constituent liquid particles, i.e. a cation-anion pair.
The Onsager equation is valid if the dipole moments of neighboring particles are randomly
oriented and cross-correlations in the dipole moment correlation function are negligible,
meaning there is no preferential alignment of the dipole moments. This case corresponds to
gr=1 in the Kirkwood-Frohlich equation (Equation 3.30). In this version of the equation, the
Kirkwood-Frohlich correlation factor, gx, accounts for preferential alignment of neighboring
dipoles, with g >1 describing the tendency of the dipoles to align in parallel resulting in an
increase in the observed €5 and g5 <1 corresponding to anti-parallel alignment of neighboring
dipoles resulting in a decrease in €,. Since g is related to the average number of nearest
neighbor dipoles, z, and the average of the cosine of the angle between the neighboring dipole
moments, (cosvy), by the relation g, = (1 + z(cos<)), the degree of correlation between
neighboring dipoles will be related to the local coordination environment of the ions in
the liquid. Thus, in a manner similar to the description of the average ion coordination
number (see Section 4.1.4), we can assert that the normal liquid structures and the locally
favored structures of the phenomenological two order parameter model of the liquid state
would correspond to unique dipole correlation states defined by g, and g4, where g, is
the Kirkwood-Frohlich correlation factor associated with the normal liquid structures and
gy is the Kirkwood-Frohlich correlation factor describing the locally favorable structures.

Furthermore, since the normal liquid structures are defined by two-body pair correlations
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with the density, p, as the governing order parameter, we expect the value of g, to be close to
unity in ionic liquids. However, the value of g, would likely differ from unity since the locally
favored structures are defined by many-body interactions. Based on this interpretation, a
discontinuous jump in the fraction of locally favored states corresponding to the first order

liquid-liquid transition at 7} would result in a discontinuity in &;.

ge(Y) =Ygy + (1 —1)g, (5.3)

If we assume that the high temperature liquid state is defined by g, ~ g,=1, then we
can use the Onsager equation to calculate the effective dipole moment of the system, ucf,
which is a constant for a given cation-anion pair. In this way, we can lump changes to the
“real” dipole moment into gy describing the dipole correlation environment. The values of
1% calculated from the Onsager equation, given in Table 5.1, can then be used to determine
the temperature dependence of g.

Figure 5.4 shows the temperature dependence of g, for the six ionic liquids in this study.
The dashed black lines on the plots indicate gy=1 corresponding to random orientation of
neighboring dipoles. A clear discontinuity is observed in g, at the transition temperature,
T;, in the BHy, Prop, NFP, NFBS, and TFSI samples, while g, remains relatively constant
close to unity in the CS case. This finding represents independent and complimentary
corroboration for the identification of a first order liquid-liquid transition in these five Pggg 14-
based ionic liquids based on structural changes observed via wide-angle X-ray scattering.

Analysis of the static dielectric permittivity can be extended further by employing a
recently developed model that attempts to refine the predictive capability of the Onsager
approach using a statistical field theoretic treatment of polar fluid systems in the construction
of the dipolar renormalized gaussian fluctuation (DRGF) theory.[1, 2] The approach of the
DRGF theory arrives at the following equation linking the static dielectric permittivity, €, to
the average dipole moments of the species in the system, ji;, with the index i corresponding

to each molecular species present:

(e~ DRt ) _ g (M) (5.4)

s (y + 3)?
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Table 5.1: Effective dipole moments calculated from the Onsager equaton (Equation 3.29),
[ hsager [D]; and using the equation given in references [1, 2], ufiggr (D], for the Pegg, 14 cation
paired with the six anions along with estimated ion pair number densities, N°* [nm~3], at
a reference temperature of 298.15 K[3]. The magnitude of the error in the tabulated values
corresponds to the magnitude of the last reported digit.

Cation-Anion ,u%fflsager ,u%f{{GF Nest
Pges.14 BHy 5.43 6.53  1.04
P666,14 PI‘Op 5.21 6.57 0.96
Pggs,14 NFP 5.21 6.55 0.82
Pe66,14 NFBS 5.06 6.94 0.80
Pe66,14 TEFSI 4.53 6.81 0.84
Pees.14 CS 473 732 0.87
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where the expression of the right-hand side of Equation 5.4 is given in terms of the
dimensionless dipole interaction strength, y, which is determined as the sum over individual

molecular species ¢ in the system by the expression:
Bii; N
y— Y O (55)

where N; is the number density of species i, 8 = 1/kgT is the inverse of the temperature
scaled by the Boltzmann constant, and ¢j is the vacuum permittivity. Using Equation
5.4, we can compute the temperature dependence of the dimensionless parameter y from
the measured values of €5. Figure 5.5 shows the dimensionless dipole interaction strength, y,
plotted as a function of N/3eokpT normalized by the value at the transition for the six Pggg 14-
based ILs studied. Note that, for the CS case, the first-order LLT is not present, but a marked
change in the temperature dependence of the dimensionless dipole interaction strength is
observed here; indicated by a crossover from a characteristic high-temperature dependence,
showing y increasing with decreasing 7', to distinct low-temperature behavior, with y
remaining roughly constant with decreasing T, signaling the identification a characteristic
temperature where the properties of this system shift. Quantitative determination of the
crossover temperature, T, for the case of Pggs14 CS by analyzing the dynamic data is detailed
in Section 5.3. The other IL systems show a sharp increase in the dimensionless dipole
interaction strength at 7T, indicative of LLT. Note the use of T, to refer to the characteristic
crossover temperature for both the cases of first-order LLT and the continuous changes seen
in the CS sample. This is done deliberately to highlight the fact that the underlying physical
origin of the phenomena is the same in both instances. The primary difference is that, in
the BH4, Prop, NFP, NFBS, and TFSI cases where a first-order LLT is present, T, = T;
corresponding to the first-order transition line emanating from the liquid-liquid critical point.
For each IL system, with a single dipolar species comprised of the Pggs 14 cation paired with
each of the six anions, we can compute an effective dipole moment for the system based on
the high-temperature data using Equation 5.5. The effective dipole moments based on the
DRGF theory computed for each cation-anion pair are tabulated in Table 5.1, along side the

values based on the Onsager equation. Comparing the values from the two approaches, it is
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apparent that the effective dipole moments obtained from the DRGF theory are larger than
those based on the Onsager equation. Note that the Onsager equation employed in these
calculations takes into account the high frequency limiting permittivity value, €., in addition
to €, to estimate the effective dipole moment. The DRGF theory does not depend on e,
which explains the large discrepancy in the tabulated values.

The DRGF theory has been developed specifically to take multiple types of dipoles into
account to describe the static dielectric permittivity of mixtures.[2] By assuming that we
can describe the IL systems under consideration as mixtures of p-states (NLS) and i-states
(LFS), we can write Equation 5.5 in terms of the order parameter ¢ corresponding to the
fraction of LFS:

BNy
3€0

y = —— i, + (1 — ¥)ji] (5.6)

where i, and fi, are the average dipole moments of the LFS and NLS, respectively, and
Ny is the number density of dipoles, assuming the difference in the density between the two

states is negligible. We can rewrite Equation 5.6 to get an expression for v, given by:

3eo0 —2
_ YsNg — Mo

where A = fi7, — fi2. In order to compute values for ¢, we make the assumptions that i)
above the characteristic transition temperature, ¢ varies between a lower limit of 0 and an
upper limit of 0.5 and ii) below the characteristic transition temperature, 1 varies between
a lower limit of 0.5 and an upper limit of 1. The assumptions allow us to determine suitable
values for ﬂi and ﬁf, to restrict v to fit the constraints given by the TOP model. The values
of 1 calculated using Equation 5.7 for each IL system are plotted in Figure 5.6 as a function
of transition temperature normalized inverse temperature, T,./T. Solid curves in each panel
represent the logistic ansatz for ¢(T") given by Equation 5.16, discussed in Section 5.3 below.
While this approximation relies on the above assumptions to define the limits imposed on
the values of 1, the DRGF theory for mixtures effectively yields the temperature dependence
of ¥ from measured values of €; by imposing only the constraints defined by the TOP model
and the definition of the order parameter ¢». Based on this model, it is obvious that the

Prop sample shows the closest to a logistic dependence for 1. For the other ILs that show a
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first-order LLT, 1 shows a strong increase with decreasing temperature approaching the
transition. All cases showing LLT, i.e. BHy, Prop, NFBS, NFP, and TFSI, show a stark
increase in 1 following the transition. In contrast, the Pggs14 CS sample shows a steady,
continuous increase in 1 with decreasing T crossing through ¥ = 0.5 at the crossover
temperature corresponding to a shift in temperature dependent behavior for this system.
The data in Figure 5.6 represents reasonable behavior for systems showing a first-order LLT,
or a continuous crossover between high-temperature and low-temperature liquid behavior
corresponding to an increase in LF'S in the CS case, in agreement with the predictions of the
TOP model. It should be noted that this reasonable agreement with the model was not a
given based on the DRGF theory for mixtures and the constraints from the TOP model, but
was also manifested by the measured values of €, obtained from the analysis of the BDS data
for these six Pggp 14-based IL systems, suggesting the two-state description of these fragile

ILs is congruent with the physical nature of the liquids themselves.

5.3 Dynamics and dc ionic conductivity

Fitting the experimental dielectric data using Equation 5.1 provides information related
to the dynamics of the underlying dipole reorientation and ion transport processes that
contribute to the complex dielectric function. We can calculate the frequency of maximum
loss of the reorientation processes from the HN parameters by Equation 3.42. This gives the
relaxation rate for the structural () and secondary (3) processes, as well as the slow (sub-«)
process if it is present, for each temperature measured with the shape parameters, 8 and -,
accounting for the distribution of relaxation times of the underlying reorientation process.
Simultaneously, the quantities related to ion transport, dc ionic conductivity (og) and the
characteristic ion diffusion rate (w. = 1/7.), are obtained from the RBM term (Equation 3.43)
in Equation 5.1 for each temperature. Figure 5.7 shows the Arrhenius plot of the dielectric
rates, w, (black circles), w, (blue squares), wgup—qo (brown stars), and wg (green triangles), as
a function of 1000/T [K '] for the Pggs 14 BHy sample. The S-relaxation rate shows typical
Arrhenius-like temperature dependence corresponding to a single activation energy. This

process manifests in the dielectric data at higher frequency than the ion transport and struc-
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tural relaxation processes and is attributed to local fluctuations of the cationic alkyl
chains.[298, 300] Since the f-relaxation is only observed prominently within the frequency
window of the dielectric measurements at low temperatures close to and below the glass
transition temperature, we will not consider it further in the discussion of dynamics across
the transition from the high-temperature liquid state (HTLS) to the low-temperature liquid
state (LTLS).

It is evident from the w, and w, data shown in Figure 5.7 for the BH4 sample and in Figure
5.8 for all six ionic liquids in this work that the dynamics of the structural relaxation and ion
transport cannot be described by a single activation energy. Rather, we see critical slowing
of the structural and ion transport rates as the liquids are cooled from room temperature
down to the glass transition temperature of the material. This behavior is common in many

glass-formers and is often well-described by the empirical Vogel-Fulcher-Tammann (VFT)

equation:
EDTO
X(T) = X4 .
(1) = X | 7200 ] (5.5)
DTyl
logo X (T) = log;y Xoo + £/ 070810¢ (5.9)

T-1T,
where X is a dynamic observable, e.g. viscosity (n), diffusivity (D), structural relaxation
time (7,=1/w,), and dc ionic conductivity (0g), X« is the high temperature limiting value
of X, D is a parameter related to the fragility of the material, and 7Tj is the so-called Vogel
temperature, sometimes referred to as the ideal glass transition temperature based on its
association with the Kauzmann temperature, Ty, where the configurational entropy of the
supercooled liquid is thought to vanish.[95, 125, 127, 138, 293, 333, 352] The coefficient, e, is
equal to 1 for X =nor 7, and -1 for X = D, w,, or gg. The data in Figure 5.8 show that the
temperature dependence of the rate of ion transport and the structural relaxation rate are
similar. In addition, the dynamics of the slow sub-a-relaxation, when present, follows the
same VF'T-like behavior as the structural and ion diffusion processes at a rate approximately

1 order of magnitude slower than that of the a-relaxation.
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Figure 5.8: Arrhenius plots of the relaxation rates for Pggg 14-based ionic liquids.
Top row, from left to right: BH4, Prop. Middle row, from left to right: NFBS, NFP. Bottom
row, from left to right: TFSI, CS.
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Regarding the similar temperature dependence of w. and w,, an empirical relation
between long-range ion transport and the reorientation of ionic dipoles has been observed
for many ion-containing systems including ionic liquids. Named for Barton, Nakajima, and

Namikawa, who first introduced it, the BNN relation can be stated as:
0o = peoAcw, (5.10)

where oy is the dc ionic conductivity, Ae is the dielectric strength of the dipole reorientation
process, w, is the rate corresponding to the onset of dc ionic conductivity, ¢q is the vacuum
permittivity, and p is a parameter typically close to unity which depends on the coupling
between ac and dc conductivity.[337, 353, 354] The BNN relation has been found to hold for
numerous ion-containing systems, notably the aprotic ionic liquids[289, 294, 296, 300, 304],
where it indicates a coupling between long-range ion motion and local ion reorientation
associated with structural dynamics. For the ionic liquids in this work, the coupling between
dc ionic conductivity and the structural relaxation can be checked by invoking the BNN
relation demonstrating the proportionality between oy and w,. Figure 5.9 showing o versus
we on a log —log scale indicates that the BNN relation holds for these ionic liquids and
validates the assumption that oy is coupled to the structural relaxation in these systems
across the entire temperature range of the measurements.

The validity of the BNN relation for the six ionic liquids in this study suggests that the
temperature dependence of charge transport and structural dynamics can both be described
by the VFT equation and should have common values for the fragility index, D, and the
Vogel temperature, Ty. We can evaluate what those parameters are using a method proposed
by Stickel et al.[125] based on the derivative of the logarithm of the dynamic quantity with
respect to inverse temperature. Application of this differential analysis to the VFT equation

yields:
d(log;y X)

T\ 2
a01/T) = (eDTy) (1 - T) log,, e (5.11)
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The Stickel function is then defined by:

O(T) = [e‘iili‘gf—}gp))g] o = (DTplog, )~ '/? (1 - %) (5.12)

giving a linear dependence in inverse temperature with negative slope for dynamics following
VFT-like behavior. This differential analysis is commonly used as a model-free method of
determining changes in dynamic behavior with regard to temperature. It also proves to be
a useful method to accurately determine the VFT parameters, D and Tj, in cases where the
dynamics can be described by the VFT equation. Figure 5.10 shows ®(T") as a function of
inverse temperature, computed from oy for the six ionic liquids studied. It is immediately
clear from the plots that the temperature dependence of og is well-described by the VFT
equation based on the inverse linear dependence of the differential quantity with respect to
inverse temperature. Furthermore, a dynamic shift in these ionic liquids is evident from
a kink in the differential quantity corresponding to a change in slope. We conclude that
the full temperature range of the conductivity data requires two sets of VFT parameters
to accurately describe the dynamic behavior in these systems. Similar dynamic crossover
behavior has been observed in a variety of glass-forming liquids, including other ionic liquid
systems.[160, 188, 192, 196, 355, 356, 357]

Based on the Stickel method, the crossover temperature, T, can be determined by the
intersection of the two VFT fit lines. For measurements carried out at ambient pressure
(~0.1 MPa), the crossover temperature, T, corresponds to a specific value of oy, which,
in turn, is related to a particular structural relaxation time based on the BNN relation.
The universality of crossover behavior in the dynamics of glass-forming systems has been
debated for decades. Goldstein proposed a crossover from liquid-like to viscous flow where
the height of barriers in the potential energy landscape of the liquid exceeds the thermal
energy of the constituent particles and predicted the crossover at a structural relaxation time
of 7, ~ 10795.[358] The ensuing decades led to more refined experimental data suggesting the
universality of the dynamic crossover in glass-forming systems. The mode-coupling theory

of the dynamic glass transition, introduced in the 1980s, identified a critical-like temperature,
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Figure 5.10: Stickel plots of dc ionic conductivity for Pgee 14-based ionic liquids.
Top row, from left to right: BH4, Prop. Middle row, from left to right: NFBS, NFP. Bottom
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temperature and low temperature regions of the data, respectively.
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T. > T,, apparently related to the dynamic crossover. This approach held the crossover
temperature as more fundamental to the glass transition than T}.[183, 184] Detailed analysis
of experimental data for a wide variety of glass-forming systems, including covalently-bonded
glasses, hydrogen-bonded liquids, polymeric systems, ionic glasses, and molecular liquids,
led to the conclusion that the structural relaxation time corresponding to dynamic crossover
adopted a universal value of 7,(7T,) ~ 1077s.[355] In fact, the data revealed a range of times
for the crossover, while still indicating the significance of the timescale at which the dynamic
crossover occurs. The crossover phenomena in supercooled liquids has been described as
a transition from liquid-like dynamics at high temperature to solid-like dynamics at low
temperatures. In studies of the pressure dependence of the dynamic crossover behavior,
the characteristic timescale was found to be invariant to changes in the thermodynamic
conditions.[356] This further reveals the importance of the characteristic timescale associated
with the dynamic crossover, while also suggesting that rather than a universal value of the
characteristic time for all glass-forming systems, the value of 7,(7,) is a unique descriptor of
the dynamic glass transition for a particular system that varies depending on intermolecular
interactions between the constituent particles of the liquid. Thus, the dynamic crossover
represents the transition from weakly coupled motion of neighboring liquid particles to highly
cooperative motion governed by the interaction of many liquid particles spanning regions
larger than the size of the constituent particles.

The dynamic crossover is closely related to the concept of liquid fragility. The fragility,

m, of a glass-former is defined as:

B d(elog,y X)

a(T,/T) T, T,

9 g

T, o\ 2

P, T=T,

which can be calculated from the VFT parameters describing the temperature dependence
of the liquid dynamics. Since the parameters of the VFT description of the temperature
dependence of liquid dynamics change in the vicinity of the characteristic timescale of
dynamic crossover, the fragility of the liquid also changes. Defining the fragility for the
high temperature liquid behavior requires extrapolation to a hypothetical glass transition

temperature at 7,(7,) = 100s. This allows us to draw a qualitative distinction between
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glass-formers depending on whether the low temperature fragility is higher or lower than the
high temperature fragility.[192] The slopes corresponding to the high and low temperature
VFT behavior observed in the Stickel plots (Figure 5.10) crossing at Ts indicate that these
Pg66,14-based ionic liquids exhibit a dynamic shift from lower fragility in the high temperature
regime to higher fragility in the low temperature regime. This can also be verified from the
calculated fragility values based on the VFT fitting parameters, given in Table 5.2.

Having identified a crossover in the dynamics for these Pggs14-based ionic liquids, the
question becomes, “How is the change in dynamic behavior related to the structural (static)
changes observed in a subset of Pggs 14-based ionic liquids corresponding to a first-order
liquid-liquid transition?” In an effort to attempt a satisfactory answer to this question, we
shall again invoke the two order parameter model of the liquid state to explain the observed
dynamic crossover in these ionic liquids based on the order parameter of the liquid-liquid
transition, i.e. the fraction of locally favored states, 1.

The Stickel analysis shown in Figure 5.10 gives the VFT parameters, D and Tj, for both
the high and low temperature dynamics for each of the six ionic liquids in this work (see
Table 5.2). Those parameters can then be transferred to fit the actual o((7T") data, shown
for the six ionic liquids in Figure 5.11. Based on the validity of the BNN relation for these
ionic liquids, we can transfer the VF'T parameters from the Stickel analysis to fit the actual
To(T') data (shown in Figure 5.12), as well.

It is evident from these plots that using two separate VFT functions provides a reasonable
description of the full temperature range of the dynamic data and that the method of
transferring the VF'T parameters from the Stickel analysis is a valid procedure to obtain
the VF'T fitting parameters for both the oy and 7, data. What follows, then, is a discussion
of the dynamic crossover behavior as a reflection of the two state description of local structure
in the Pggg,14-based ionic liquids.

We begin by reviewing the two state model as applied to the liquid state. In the two
state description of the liquid state, there exist two competing types of local ordering on the
molecular level corresponding to two coupled order parameters, the density order parameter,
p, and the bond orientation order parameter, 1, defined by the fraction of locally favored

structures. Energetically (or entropically) favorable interactions correlated across multiple
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Table 5.2: Parameters from VFT fits to 7,(7) and o0¢(7T) including glass transition
temperatures, T,, and fragilities, m. The magnitude of the error in the tabulated values
corresponds to the magnitude of the last reported digit.

Anion log 7o logowe D T(K) T/"T(K) m Ts(K)  Tg/T,
High Temperature Liquid State
BH,4 -12.1 -0.34 14.5 128.1 185.2 46 229.7 1.24
Prop -12.8 -0.40 12.8 130.9 180.2 54 224.9 1.25
NFP -12.0 -0.41 10.0 140.6 184.2 59 225.5 1.22
NFBS -12.2 -0.08 13.0 132.0 184.5 50 220.4 1.19
TFSI -12.4 0.12 12.8 127.7 176.7 52 212.9 1.20
CS -11.7 -0.52 11.0 146.9 198.3 53 247.0 1.25
Low Temperature Liquid State
BH,4 -8.3 -4.0 2.9 176.8 198.4 95 229.7 1.16
Prop -8.1 -4.4 2.1 179.8 196.2 121 224.9 1.15
NFP -9.6 -2.6 4.0 166.9 192.2 88 225.5 1.17
NFBS -8.3 -3.8 3.2 170.1 193.3 85 220.4 1.14
TFSI -7.9 -4.3 1.7 177.6 190.7 145 212.9 1.12
CS -10.5 -1.6 7.2 162.1 202.5 63 247.0 1.22
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Figure 5.11: Arrhenius plots of dc ionic conductivity for Pgge14-based ionic
liquids. Top row, from left to right: BH,, Prop. Middle row, from left to right: NFBS,
NFP. Bottom row, from left to right: TFSI, CS. Solid and dashed lines matching the color
of the symbols represent individual high and low temperature VF'T fits, respectively. The
solid black lines are fits to Equation 5.17 based on the two order parameter model.
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Figure 5.12: Arrhenius plots of the structural relaxation times for Pgge 14-based
ionic liquids. Top row, from left to right: BHy, Prop. Middle row, from left to right:
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color of the symbols represent individual high and low temperature VF'T fits, respectively.
The solid black lines are fits to Equation 5.17 based on the two order parameter model.
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molecules leads to short-range ordering resulting in the emergence of locally favored
structures (LFS) in the ground state forming and annihilating in a disordered sea of normal
liquid structures (NLS) in the excited state. The conventional view of the liquid state as
an isotropic, disordered collection of molecules (particles) is described by just one order
parameter, namely the density order parameter (p), which successfully describes the gas-
liquid phase transition. Density ordering is driven by maximizing local density, but in the
condensed liquid state the matter is not so simple because of the complexity of many-
body interactions which become increasingly important as density increases. Molecules or
liquid particles will tend to favor certain local packing symmetries differing from the packing
preferred by density ordering. For the simplest case of spherical particles, competition
between hard-sphere repulsion and attractive interactions leads to the distinction between
different types of local ordering: density which acts to minimize the distance between
nearest-neighbors and locally favored icosahedral structures, thought to be the preferred
ordering in atomic and metallic liquids, with five-fold axes, acting to generate a high
degree of local symmetry while simultaneously frustrating crystal nucleation.[5, 14, 150,
153, 179, 181, 195, 219, 313, 315, 359, 360, 361, 362, 363, 364, 365] In the case of water
and other tetrahedral liquids that prefer tetrahedral coordination, molecules conforming to
local tetrahedral symmetry, which minimizes intermolecular (hydrogen bonding) interaction
energy, are spaced further apart than in the normal liquid structure controlled by density
ordering. In these cases, as in any physical description of a liquid based on this type
of two-state feature, we propose a minimal structural element corresponding to the local
packing symmetry stabilized by short-range bond ordering that maximizes the quality of
intermolecular bond-like interactions. This unique minimal structural element defines the
locally favored structures assigned to the ground state of the two-state model. The excited
state is then defined by the higher energy packing structures of the normal liquid state
controlled by density ordering. In this scenario, owing to the uniqueness of the local favored
structures, the liquid state is described by a disordered, normal liquid structure in which
the molecules adopt the higher energy, excited state configurations with unique locally
favored structures having a finite lifetime being randomly created and annihilated, due

to their energetic favorability and disordering effects of thermal fluctuations, respectively.
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Thus, as the liquid is cooled and thermal energy removed, the fraction of locally favored
structures increases. It is the fraction of these locally favored structures that defines the
order parameter, v, associated with short-range bond ordering.

In the case of ionic liquids, we propose the existence of uniquely-defined local packing
symmetries corresponding to the arrangement of charges and correlation of dipoles that
specify the ground state of the LFS in contradistinction to the disordered normal liquid
structures of the excited state. The validity of such a two-state description of ionic liquid
structure is not fully tested, but it is supported by the current state of knowledge regarding
intermolecular interactions and resulting liquid structures in neat ionic liquids in which
charge ordering and steric effects compete for dominance. In fact, it appears very reasonable
to expect that local constraints of charge ordering should compete with density ordering
leading to the existence of unique LFS with well-defined local packing symmetry. What is
lacking is a uniquely-defined structural descriptor of the LFS in ionic liquids that can be
probed experimentally and computationally. We have no doubt that such a descriptor can
be defined for a variety of ionic liquids, but a priori knowledge of the structural descriptor
defining the LFS is not essential to test the overall predictions of the two-state model,
including dynamic and thermodynamic anomalies and the existence of the first-order liquid-
liquid transition.

If we assume a priori the existence of such uniquely-defined LF'S for ionic liquids, then the
state of the liquid can be described by the two order parameters, density (p) and the fraction
of LFS (¢). As described above, 1 is inversely related to the temperature of the system. We
can therefore imagine a situation in which, at sufficiently high temperature, v is practically
zero and the liquid is dominated by the NLS controlled by density ordering. Even when 1) is
non-zero but very small, LFS will be randomly distributed throughout the liquid and isolated
so their contributions to the dynamics of the system will be minimal. So the dynamics of the
high temperature liquid state (HTSL) will be exclusively based on the behavior of the NLS,
which may exhibit some degree of cooperative motion resulting in non-Arrhenius behavior.
As the fraction of LFS increases as the liquid is cooled, some threshold may be reached at
which point regions or clusters of LFS begin behaving cooperatively resulting in dynamic

heterogeneity and dynamic crossover where the dynamics of the system becomes dominated
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by the behavior of the LFS. At sufficiently low temperatures, ¢ approaches unity, at which
point the dynamics of the system are fully described by the behavior of the LFS typifying
the low temperature liquid state (LTLS). As discussed in Chapter 2, the threshold value for
¥ corresponds to the critical value of 1. = 1/2. Thus, in the two-state model of the liquid
state, the dynamic crossover arises in the vicinity of maximal change in ¢ (7") centered at
T, where ¢(T,) = 1/2. Tanaka proposed the generalized two-state Arrhenius equation to
account for non-Arrhenius behavior and the fragile-strong dynamic crossover in water, given

by:

(5.14)

EO’X AEX'
X(T):Xooexp[ o o0 w}

kgT
where X is a dynamic quantity, e.g. 7., X is a prefactor, E>¥ is the background activation
energy without LFS, AEX = EX¥ — FX:7 is the difference in activation energy of the LFS
and the NLS, respectively, and kg is the Boltzmann constant. The apparent activation energy
depends on the order parameter, v, which is temperature dependent.[5, 14, 16, 213, 366]
This simple model is based on the assumption that, at high temperature, the dynamics of
the system obey the Arrhenius law and behave as though the LFS have no impact. The
apparent non-Arrhenius behavior is observed when v is changing rapidly close to the critical
value. Upon crossing the line where ¢ = 1/2, the influence of 1) on the apparent activation
diminishes as 1 approaches a constant value, presumably close to unity. Thus, the non-
Arrhenius behavior, embodied by the liquid fragility, diminishes, giving rise to the fragile-
strong crossover. This simple model may be appropriate for some systems under specific
conditions. However, in the case of Pggp14-based ILs, which exhibit fragile (non-Arrhenius)
behavior in their dynamics across a wide range of temperatures where accurate measurements
can be made, a more suitable model for the mixture of the two states is desired. Various
methods of generalizing dynamic behavior in terms of the two-order parameter model have
been proposed.[167, 214, 367] An appropriate function to model the dynamic behavior of
fragile ionic liquids would need to account for non-Arrhenius behavior across the entire
accessible temperature range of the data. Furthermore, we require a suitable ansatz to
approximate the temperature dependence of 1 in lieu of a proper structural descriptor that

could tell us what ¥(7T') looks like for each IL. The ansantz should behave similarly to the
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approximate behavior predicted by the two-state model, which gives the following expression

for the equilibrium value of ¥(7'):

B(T) = !

1+ exp <—AE_7;;§;+PAU>

(5.15)

Here, AE = E,— Ey is the energy difference between the NLS and the LFS, Av = v, — vy, is

9p

the difference in volume between the two states, Ao = kg In (@

) is the entropy difference
between the p-states and the i-states given by the degeneracy, g;, of each state, and kg is the
Boltzmann constant.[5, 213] Note that this equation specifically neglects the cooperativity
term in the mean free energy, J in Equation 2.9, which is necessary for the first-order liquid-
liquid transition, so this approximation is only valid for systems far from the critical point
of the LLT or in cases where the critical point and likewise the first-order LLT are absent.
Nevertheless, we will assume the general form of the temperature dependence of ¢ will
resemble the logistic function centered at ¢» = 1/2 with a maximum value of unity and a
minimum of zero. We are certainly lacking the specificity of the behavior of ¢(7T") at the
first-order transition and in the critical region, but we can approach the singularity at the
LLT by varying the steepness of the logistic function with a free parameter, 7', which gives
the width in temperature over which ¢ (T") changes from 0.1 to 0.9. The logistic ¥-ansatz is

given by:

(5.16)

(4.394(57;— Tx))] ) -

o(r) = (14|

where T}, is the temperature corresponding to ) = 1/2.[214] The t-ansatz allows for switching
from high temperature (“pure” p-state) to low temperature (“pure” -state) behavior across
an arbitrary temperature range, so we can approach a singularity in ¢(7") for the case where
0T — 0. With this form for ¢(7T'), we can describe the full temperature range of dynamics

for the Pggg 14-based ILs studied. We write the dynamic equation as:
logio X(T') = ¢(T) logyy Xy(T) + (1 — (7)) logy X,(T) (5.17)

where X can be either o or 7,. Assuming a VF'T dependence for the “pure” p- and 1-states,

corresponding to the high temperature liquid state (HTLS) and low temperature liquid state
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LTLS) behavior, respectively, X,(T") and X, (T") are given by:
p P

DiTo,

Xi(T) = Xooiexp [ﬁ

} L=, p (5.18)

where the dynamics of the two states are described by a unique set of VFT parameters.
Whereas above we described the dynamics of the ILs by two separate VFT equations, with
6 free parameters total plus the crossover temperature, here we have introduced a single
additional parameter, 07", that describes the temperature range in which the two dynamic
behaviors are mixed, i.e. the width of the transition. Furthermore, we assume that the
VFT parameters obtained from the Stickel analysis and subsequent fitting of separate VF'T
functions to the high and low temperature data above and below T (see Table 5.2) should
be partly transferrable to the two-state VF'T equation with the -ansatz. We can use the
parameters from Table 5.2 as initial estimates for the new set of parameters as a test of how
well they describe the data with the mixing of states around the transition. The solid black
lines in Figures 5.11 and 5.12 represent fits to the 0o(7") and 7,(T") data, respectively, with
the fitting parameters given in Table 5.3.

The first thing to note is that values of T}, obtained from the application of the two-order
parameter (TOP) model to the dynamics of this set of fragile ILs are generally lower than
the Tp values obtained from the Stickel analysis and they agree reasonably well with the
emergence of the structural and static anomalies for the BH,, Prop, NFP, NFBS, and TFSI
samples discussed in the previous sections (see Chapter 4 for the discussion of structural
anomalies and Section 5.2 for the anomalies in the static dielectric permittivity). The values
for 0T are somewhat broad for the BH4, Prop, NFP, and NFBS anions, around 30K, and
they are slightly larger for the o fits compared to the 7, fits. The width of the transition for
the TFSI sample is significantly smaller, ~10K for both o and 7, while the crossover in the
CS sample spans 75K, about three-quarters of the range of the measured data. Note that
the widths of the transition region obtained from these fits are on par with the width of the
enthalpic peaks measured by DSC (see Chapter 6 below). Better fits using this model were
obtained by fixing the T values for the two states to the values obtained from the Stickel

analysis and letting the other parameters fit freely. Fitting in this manner gave values for
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Table 5.3: Parameters from TOP-VFT fits to 0¢(7) and 7,(7"). The magnitude of the error
in the tabulated values corresponds to the magnitude of the last reported digit.

Anion T, (K) 0T(K) log X, Dy, To, (K) log Xoo, D, T, p(K)

X = ao
BH,4 2184 34 -3.7 3.1 176.8 -0.32 14.5 128.1
Prop 213.5 30 -4.1 2.3 179.8 -0.38 12.9 130.9
NFP 219.1 37 -2.5 4.1 166.9 -0.41 10.0 140.6
NFBS 219.1 35 -3.6 3.3 170.0 -0.08 13.1 131.9
TFSI 204.2 10 -4.2 1.7 177.7 0.09 12.7 128.0
CS 246.5 75 -1.6 7.3 162.0 -0.54 11.0 146.9

X =7,
BH4 218.4 31 -10.7 3.9 176.8 -12.9 16.5 128.1
Prop 213.5 30 -8.9 2.7 179.8 -12.8 15.0 130.9
NFP 219.1 26 -9.9 4.2 166.9 -13.0 11.7 140.6
NFBS 219.1 20 -8.5 3.3 170.0 -12.6 13.9 131.9
TFSI 204.2 9 -7.2 1.5 177.7 -12.5 12.8 128.0
CS 246.5 75 -9.8 6.9 162.0 -10.7 8.7 146.9
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the prefactors, log X ;, and the strength parameters, D;, differing slightly from the previous
analysis and gave slightly different values for the oy and 7, fits.

The values of T, and 07 obtained from the TOP-VFT model allow us to calculate the
temperature dependence of 1 for the ILs in this study, in so far as the -ansatz describes the
switching from the HTLS behavior to the LTLS behavior. Figure 5.13 shows ¢(T") calculated
from Equation 5.16 for each IL in this study using the parameters from Table 5.3. The top
panel in Figure 5.13 showing 1(T") with respect to 1000/T" reveals a trend in the crossover
temperatures across the ILs studied, showing that T, is positively correlated with the width
of the crossover. The CS sample, having the widest crossover with no detection of static
structural anomalies indicative of a first-order LLT exhibits the highest T, ~245K. The BHy,
Prop, NFP and NFBS samples are clustered together at a lower T, ~220K. These samples
also exhibited similar values of 67" ~30K, suggesting a weak first-order (almost second-order)
transition. With the lowest T, ~205K, the TFSI sample shows the sharpest transition,
0T ~10K, indicating a sudden and dramatic transition from the dynamics of the HTLS to
that of the LTLS. Coupled with the structural data (see Figure 4.6 in Chapter 4, Section
4.1) showing the emergence of a second diffraction peak at low ¢ among other discontinuities
in the structural parameters, notably the average coordination number (n;, see Figure 4.18)
and the normalized charge ordering correlation length (., /dc, see Figure 4.14), the sharp
dynamic transition in TFSI supports the conclusion that Pggs 14 TFSI undergoes a true,
first-order liquid-liquid transition at T, 200K at ambient pressure.

In the bottom panel of Figure 5.13, the calculated ¢(7T) data is plotted against T,-
normalized inverse temperature, with 7, corresponding to the condition ¥ (7,) = 1/2. In
this representation, a comparison of the steepness of the crossover behavior is readily made.
Of particular interest is the observation of the clustering of the BH4, Prop, NFP, and NFBS
samples. This may be reflective of the superficial similarities between the anions in this
set; the BH; and Prop samples are the smallest in this study, the Prop and NFP samples
share the carboxylate moiety, the NFP and NFBS share the perfluorinated butyl tail. A
satisfactory explanation for similar transition behavior that captures the disparities in the
static structural anomalies based on the identification of a unique structural descriptor for

each of these four Pggg 14-based ILs is critical to understanding the seemingly subtle nature
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of the LLT in these systems.

By way of wrapping up the discussion regarding the analysis of the dynamic crossover
behavior observed in the six ILs in this work, we turn our attention to the values tabulated
in Table 5.4, which collects the arguably most significant quantities describing the switching
from the NLS dynamics to the LFS dynamics and the dynamic glass transition. In general,
the cases of LLT show lower T}, values and higher fragilities. The quantity, T, /T, is reflective
of the fragility of the liquid, as well, and is correlated to the width of the crossover region. The
value of the ¢-ansatz at T} is also listed, more as a curiosity than anything. The significance
of the variation in these values, from 0.9 to 0.99, is not fully understood. However, within
the framework of the two state description of the liquid state, the transition (be it first-
order, second-order, or a continuous crossover) from the p-state characterized by the NLS
at high temperatures to the i-state of LF'S at low temperatures, the dynamic arrest at the
calorimetric glass transition is a consequence of frustration or competition between the NLS,
the LFS, and the equilibrium crystal structures. In a sense, if the formation of LFS inhibits
the growth of the crystal structure by erecting a higher energy barrier toward the formation
of the prototypical crystalline states, which can only form by diffusion of liquid particles to
the lattice boundary, then an increase in LFS as the liquid is cooled will favor vitrification.
However, if the LFS share commonalities in density and symmetry with the equilibrium
crystal structures, an increase in LFS with decreasing temperature will favor the fall into
the low entropy crystal state.

Largely absent from the discussion thus far, although its significance was highlighted
at the beginning, is any mention of the characteristic timescale of the dynamic crossover,
ie. 74(T,) = 7a(p = 1/2), which we may refer to as 7,. As mentioned previously,
early attempts to lay a theoretical foundation for the dynamic glass transition predicted
a crossover from “liquid-like” diffusive dynamics to a viscous flow regime characterized by
“solid-like” behavior typified by cage-rattling motion where particles become spatially bound
to neighboring molecules and the particles relax cooperatively.[116, 139, 142, 143, 164, 177,
183, 184, 185, 355, 368, 369, 370] The frameworks developed to describe the dynamic glass

transition predicted this crossover should happen at a particular timescale of the relaxation
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Table 5.4: Parameters related to the dynamic crossover and the glass transition from TOP-
VFT fits to 7,(7"). The magnitude of the error in the tabulated values corresponds to the
magnitude of the last reported digit.

Anion log 7, TgTOP(K) m T, /T, Y(T,)

BH4 -3.1 199.8 107 1.09 0.92
Prop -2.6 198.4 113 1.08 0.90
NFP -4.0 192.3 89 1.14 0.96
NFBS -3.5 193.4 86 1.13 0.96
TFESI -3.0 190.5 137 1.07 0.99
CS -4.6 202.3 59 1.22 0.93
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dynamics. As the quantity and quality of experimental evidence for crossover behavior
amassed, the threshold relaxation time at which the dynamic crossover should occur shifted
to longer timescales.[191, 355] With the wealth of literature data related to this phenomena
that abounds, we can be confident in stating that the dynamic crossover does not occur
at some universal timescale for glass-forming systems as a whole, but the value of 7, is a
unique property of a particular system. Furthermore, pressure dependent measurements of
the dynamic glass transition indicate that the value of 7, is invariant to the thermodynamic
conditions of its measurement, i.e. the temperature, T, varies with pressure, while the
measured value of 7, remains constant.[356] This behavior is exactly what is predicted by

the two order parameter model, which gives the pressure dependence of T:

(AE + PAv)

To(P) = Ao

(5.19)

in terms of the difference between the p-states and the i-states. This temperature
corresponds to AG = AE — TAo + AvP = 0 and an equilibrium value of ¢y = 1/2. In
liquids where a liquid-liquid critical point (LLCP) exists, this equation gives the coexistence
line of the first-order LLT for T' < T,., where T, = J/2kp with J accounting for the
cooperative formation of LFS. For T' > T, T,(P) is the so-called Widom line associated
with the thermodynamic and dynamic anomalies observed in the vicinity of the critical point.
Further still, far from the elusive LLCP, the equilibrium line accounts for static and dynamic
Schottky-like anomalies. Indeed, cases where a liquid exhibits an underlying two state feature
despite the absence of the LLCP or first-order LL'T are possibly the norm, yet even in cases
such as these, the two order parameter predicts crossover behavior at the equilibrium line.
In the same way that the parameters describing the two state feature of a particular liquid
are uniquely defined by the pair potential and many-body correlations describing intra- and
intermolecular interactions that define the liquid structures, the parameter describing the
crossover in dynamic behavior, i.e. 7., is uniquely defined for a particular liquid arising
from time dependent correlations of the same underlying two state feature. If we step back
and look at the values in Table 5.4 corresponding to log 7, for the six ILs in this study,

we notice the obvious fact that the anions that show LLT when paired with the Pggg 14
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cation exhibit the longest timescales corresponding to the dynamic transition. The CS case,
representing the only IL included in this study that does not exhibit anomalous structural
changes that would suggest LLT, is characterized by the fastest crossover timescale, which
falls into the slower range of 7, reported in the literature for typically molecular glass-
formers.[13, 186, 188, 191, 192, 196, 355, 356, 357, 371, 372, 373] A curious comparison can
be made between the anomalies found in the family of ILs containing the Pggg 14 cation, which
show up in cases having 7,, > 100us, and a unique molecular liquid that has the distinction of
being the most definitive example of LLT in a molecular liquid to date. We are speaking, of
course, about triphenyl phosphite (TPP), which has received a copious amount of attention
as a prototypical example of LLT.[27, 28, 29, 30, 84, 86, 199, 209, 232, 235, 236, 374] The
curiosity arises from the values of 7, observed in these ILs compared to that of TPP. In
a paper from R. Richert and C.A. Angell[191], a table is presented which lists values of
(—log 7,,) for a variety of molecular glass-formers. The typical range of values for (— log 7, [s])
is between 6.6 and 9 with the exception of BMPC, for which (—log7,) =4.4, close to the
value reported here for Pggs 14 CS. But the true outlier is TPP, with a —log 7, =3.6, squarely
in the range of the Pggp 14-based ILs showing a LLT. This observation is, as stated above,
more of a curiosity than a revelation. Still, it begs the question, “Is there a connection
between the magnitude of 7, for a given system and the existence of anomalous properties
indicative of the LLT?” Further, careful study of anomalous LLT-like behavior in these ILs
and others of various cation-anion composition may lead the way toward answering this
question. For now, we marvel at the peculiarity of this connection and shift focus to a more
concrete connection between the static anomalies arising in the Pggg 14-family of ILs and the
crossover in the dynamic behavior.

Figure 5.14 shows the correlation between the static dielectric permittivity (g5, discussed
in Section 5.2) and the crossover in dynamic behavior occurring at 7,. It is evident that
a dramatic change in the dipole correlation environment manifests at the timescale of the
dynamic shift in the ILs shown in the top five panels corresponding to the BH,, Prop, NFP,
NFBS, and TFSI anions which is linked to the proposed LLT in this set of fragile ILs.
Somewhat surprisingly, but at the same time a result that would otherwise be expected of a

glass-forming liquid with evidence of a corresponding dynamic shift, the CS sample shows a
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marked change in the behavior of the of ¢, at timescales longer than the value of 7, for
this system. This provides evidence of an underlying structural change corresponding to the
change in dynamic behavior that manifests at the crossover timescale, suggesting that, even
though no signatures of a first-order LLT are observed in the data for Pggs 14 CS, a change
in local structural ordering corresponding to an increase in the fraction of LFS occurs in
this sample as it is cooled from the HTLS down to the glass transition through a smooth
transition from the HTLS dominated by NLS (p-states) to the LTLS in which local structural
ordering is dominated by LFS (¢-states). Thus, we understand the shift in dynamic behavior
as an emergent property of the liquid with its origin in the two state feature characterizing

local structural ordering.

5.4 Conclusions

We conclude this chapter by summarizing the key findings related to the evidence for liquid-
liquid transition in a set of fragile ionic liquids bearing the trihexyltetradecylphosphonium
cation as reported by broadband dielectric spectroscopy. First, an additional slow relaxation
was observed in the ILs containing the BHy, Prop, NFP, and NFBS anions. While the slow
relaxation is not present in the dielectric spectra for the TFSI case, the primary structural
relaxation shifts to much lower frequencies and the width and intensity of the structural
relaxation both increase below the characteristic temperature corresponding to structural
reorganization. In contrast, no significant changes are identifiable in the CS sample by
visual inspection of the dielectric spectra. The static dielectric permittivity, e, determined
by fitting the frequency dependent dielectric spectra measured under isothermal conditions
at different temperatures ranging from above room temperature to low temperatures
approaching the glass transition, revealed a step-like increase at temperatures corresponding
the characteristic temperatures of structural reorganization observed for the BHy4, Prop, NFP,
NFBS, and TFSI anions. Analysis of 5 was performed using the Onsager equation with the
Kirkwood-Frohlich dipole correlation factor, indicating a change in the local coordination
environment is the underlying cause for the increase in e,. This analysis was also carried

out using an equation derived using renormalized Gaussian fluctuation theory with specific
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applicability in determining the contributions to &5 from components of the liquid with
different effective dipole moments. This equation was employed as a method of estimating
the temperature dependence of the order parameter, 1, corresponding to the fraction of
LFS, revealing that the increase in €4 can be attributed to a discontinuous change in 1 at
the characteristic temperature. This analysis can also explain the temperature dependence
of g, in the CS sample, indicating two state behavior in the absence of LLT. In the following
section, the dynamic behavior of the Pggp 14-based ILs included in this study was analyzed
by fitting the temperature dependence of the dc ionic conductivity, oy, and the structural
relaxation times, 7, using the VF'T equation. A dynamic crossover was observed in all of the
samples studied, necessitating two sets of VF'T parameters to describe the full temperature
range of the measurements. An ansatz was introduced to approximate the temperature
dependence of the order parameter, ¥. By incorporating this ansatz into a single equation
which includes two sets of VFT parameters to account for the two state behavior of the
liquids, fits of the full temperature range of the dynamic data were achieved. It was observed
that the relaxation times corresponding to the transition or crossover temperatures suggest
a distinction between types of liquids with fast crossover times being observed in systems
where no LLT is observed and slow crossover times corresponding to liquids exhibiting LL'T
behavior with an idiosyncratic relaxation time distinguishing the two regimes on the order of
100ps. Finally, the changes observed in €, are found to correspond to the crossover relaxation

time, 7,.
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Chapter 6

Thermodynamics of the liquid-liquid

transition in ionic liquids

In this chapter, thermodynamic data as reported by differential scanning calorimetry is
presented for the ionic liquids (IL) in this study. In the first section (Section 6.1),
the calorimetric data obtained from heating and cooling cycles is discussed for the six
ILs, focusing on evidence of a thermodynamic phase transition in the supercooled liquid
and analysis of the glass transition. The second section (Section 6.2) deals with the
experimentally measured isobaric heat capacity, C,(T), and discussion of the anomalous
peak associated with the liquid-liquid transition (LLT) is given. An attempt is made to link
the heat capacity at the glass transition to the structural (Chapter 4) and dynamic (Chapter
5) anomalies outlined in the previous chapters. In the third section (Section 6.3, calculations
of the configurational entropy, S.(T'), from the C,(T") data are presented. A discussion of the
relation between S.(7T") and dynamics is given with a focus on the changes associated with
the LLT. Section 6.4 outlines the connections between the results from this chapter with the
results discussed in the earlier chapters (Chapters 4 & 5) with an emphasis on understanding
the data in terms of the phenomenological two order parameter model of the liquid state.

The key findings are then summarized in Section 6.5.
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6.1 Calorimetric Investigations of the Phase Transition

and the Glass Transition

We begin the discussion of the thermodynamics of the liquid-liquid transition in Pggs 14-based
ionic liquids by examining the thermograms obtained via thermal cycling using differential
scanning calorimetry (DSC) experiments. DSC is the most common technique used to study
the phase behavior and the glass transition in liquids, including organic molecular liquids,
inorganic glass-formers, metallic glass-formers, water, atomic liquids, and ionic liquids to
name a few.[83, 95, 129, 131, 134, 282, 305, 310, 332, 334, 375, 376, 377, 378, 379, 380,
381, 382, 383, 384] DSC is a simple and reliable technique that can accurately measure the
heat flow into and out of a sample and the corresponding temperature change over time
as the sample is either heated or cooled. Since physical or chemical processes occurring
within a sample involve an associated generation or consumption of heat, these processes
can be readily measured via DSC. Phase transitions, including crystallization, melting, and
polymorphic transitions, involving the evolution or absorption of latent heat, manifest as
exothermic or endothermic peaks depending on the temperature path of the measurements.

The glass transition, to the best of our current understanding, is not a first-order
thermodynamic phase transition, but rather a change from an equilibrium, metastable
supercooled liquid to a kinetically-arrested, configurationally-frozen, non-equilibrium state
where the particles of the system have insufficient time to rearrange to the metastable
equilibrium configuration of the supercooled liquid.[115, 134, 156, 185, 385, 386, 387]
However, an underlying thermodynamic origin of the glass transition cannot be ruled
out.[116, 151, 193, 377, 388, 389, 390] The glass transition is closely related to the concept of
ergodicity, denoted by the equivalence between the time and ensemble averages of the system
implying that the system has sufficient time to explore its configurational phase space. Thus,
the glass transition corresponds to a breakdown of ergodicity when the relaxation time of
the system exceeds the timescale of the measurement. Based on this definition, the glass
transition depends on both the internal relaxation time and the external observation time.
The conventional approach to define a particular glass transition temperature, T}, is to assign

it to a standard relaxation time, typically taken at 100s. The corresponding calorimetric
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glass transition temperature is established by the change in heat flow (or heat capacity) as
measured by DSC that occurs as the sample in the glassy state is reheated back the the
equilibrium supercooled liquid at a standard scan rate of 10K /min.

In order to study the phase behavior and the glass transition in the set of six Pggg 14 ILs
in this study, DSC measurements were performed by thermally cycling the samples between
a high temperature, where the liquid is the stable equilibrium phase (7" > T, +100K), and a
low temperature in the glassy state of the system (T" < T, —40K) at a scan rate of 10K/min
on both cooling and heating in heremetically-sealed aluminum Tzero DSC pans using a TA
Instruments Discovery DSC system calibrated using a sapphire disk standard. The resulting
thermograms showing normalized heat flow, @@ [W/g], as a function of temperature, 7' [K],
for the second cooling and heating cycle are shown in Figure 6.1. We note that the step-like
change in heat flow corresponding to the glass transition is observed in all of the ILs studied,
occurring at around 200K. In addition, the BH,, Prop, NFP, NFBS, and TFSI samples show
an enthalpic peak, appearing at a temperature 7' > T,. This feature is observed on both
heating and cooling, suggesting it is not simply the result of enthalpy recovery (overshoot)
often observed on reheating the glass back to the liquid state.[83, 129, 134, 334, 384, 391].
The reversibility of the peak and its appearance above T} indicates that it corresponds to a
type of phase transition. Since no other peaks are observed at higher temperatures in these
scans, crystallization or a crystalline polymorphic transition can be ruled out considering
that the structural characterization based on wide-angle X-ray scattering (see Chapter 4)
revealed no sharp diffraction peaks corresponding to long-range ordering. The peaks observed
in these Pgge14-based ILs are therefore assigned to a polyamorphic transition between two
supercooled liquid phases, i.e. a liquid-liquid transition.

The absence of crystallization at the scan rate of 10K/min is an indication that these
fragile IL systems are good glass-formers and therefore, ideally suited for studying the
phenomena of the LLT, which occurs in the metastable supercooled liquid state for many
systems in which LLT is observed where crystal formation hampers the unambiguous
assignment of features related to LLT. Note that the reversible peak is not present in the
CS sample, which only shows the step-like change in heat flow corresponding to the glass

transition at this scan rate in the temperature range measured.

175



_ o_4-J
1.—'—0.2- H\IB{EH BH, '.—'_' 0.2+ o} Prop
o exoup %
= 0.0 = cooling 10K/min | =< 0.0 S
=, - . S, S
0.02. heating 10K/min 0_0_2_
\ﬁ 0.4+
T T T T T T T .+ 1 r T T T 7
200 240 280 160 200 240 280
T[K] T [K]
— 0.2-/ NFP [ — 0'2'/ NFBS
o F F F F O (@) o PeoRor
. || .
= 0.0+ F«*—'—Hjsl*o < 0.0+ ,} FTT )
O F F F F O O
T T | I T T T T T T | I T T T T
160 200 240 280 160 200 240 280
TIK] T[K]
0.2 0.2 —
"o TN AL — cs
@ ' N >
2004 7 2 0.0- %
@] C "
-0.24 !
\f 0.24 \
' 1 ' 1 ' 1 ' ' 1 1 1 '
200 240 280 200 240 280
TIK] T[K]
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6.2 Heat Capacity

In this section, we examine the features associated with the glass transition and the LLT
in the heat capacity representation as reported by DSC. The heat capacity, C,, is a
thermodynamic property of a material corresponding to the amount of energy that must
be supplied to or removed from the system in order to affect a temperature change of 1K
per unit (mass or mole) of substance. This quantity is directly related to how the material
stores thermal energy at the molecular level. As such, changes in heat capacity are reflective
of changes in degrees of freedom associated with molecular mobility. Heat capacity is readily
determined from the DSC measurements given by the heat flow, the corresponding scan rate,
and the amount of sample measured.

The heat capacities, C, [J/mol K], of the ionic liquids were determined by the ratio
between the heat flow, @, to the scan rate, dT'/dt, using a sapphire disk standard.
The samples were measured at a scan rate of 10K/min on both cooling and heating in
heremetically-sealed aluminum Tzero DSC pans using a TA Instruments Discovery DSC
system. The measured C, data are shown in Figure 6.2, plotted with respect to 17" [K] on
heating at 10K/min, for the six ILs studied. The enthalpic peak observed for the BHy,
Prop, NFP, NFBS, and TFSI samples presumably arises due the additional energy cost
associated with the sudden change in the number of locally favored structures, which occurs
upon heating when the amount of thermal energy contained in the system is sufficient to
overcome the energy (or entropy) barrier between the ground state of the LFS and the excited
state of the NLS. It is clear that the peaks associated with the LLT in these ILs appear broad,
spanning 10-30K, and asymmetric, indicative of a time-dependent (kinetic) attribute of the
LLT. Furthermore, the asymmetry of the peaks suggests a possible metastable coexistence
region where the two liquid states are mixed ending at a spinodal instability on the low
temperature side of the LLT. Due to the proximity of the LLT feature to the change in C,
corresponding to dynamic arrest of the glass transition, it is difficult to characterize the heat
capacity of the low temperature liquid state, also referred to as liquid II. This proximity is,
in some respect, superficial because the glass transition temperature is partially determined

by the observation timescale, meaning that, in theory, we can separate the LLT feature from
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the glass transition feature by extending the timescale of the measurements, i.e. measuring
at a slower scan rate. In practice, reducing the scan rate by an order of magnitude only shifts
the measured T} a few degrees lower since the dynamics of these fragile ILs slow rapidly with
decreasing temperature below the LLT, as observed via dielectric spectroscopy (see Chapter
5).

Nevertheless, we can analyze the C), data to determine the parameters associated with
the LLT and the glass transition in these samples. The glass transition can be analyzed
by extrapolating the heat capacity of the high temperature liquid state (liquid I) and the
glassy state to determine the change in heat capacity, AC),, at the glass transition. The
calorimetric glass transition temperature is then determined at the midpoint along the C,
curve. To characterize the LLT feature, we can integrate the peak in C, to determine the
enthalpy change, AHy, associated with the transition and identify the peak temperature,
T,, at the maximum point in C,. We also obtain the onset temperature of the LLT as the
point where C), returns to the baseline of the high temperature liquid state. These values,
determined for both the heating and cooling sides of the thermal cycle, are compiled in Table
6.1. The disparity between the values obtained on heating and cooling reflects the kinetic
nature of the transition.

A number of theoretical models of the glass transition ascribe the slowing down of the
dynamics approaching the dynamic arrest at T, to the onset of cooperative motion among the
particles of the liquid. As the temperature is decreased, the number of dynamically correlated
molecules increases as does the size of the corresponding cooperatively rearranging regions
(CRR). A method described by Donth to calculate the number of dynamically correlated
molecules at T, N, (1), provides an approach to determine the magnitude of the cooperative
motion associated with the glass transition.[158, 392] In this approach, the width of the glass
transition is related to the size of temperature fluctuations and the change in heat capacity
relates to entropy fluctuations associated with the cooperative motion. We can calculate the
number of dynamically correlated molecules using the equation:

kT, 1 1
)= ittt (o ~ ) .
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Table 6.1: Thermodynamic data from DSC for Pggsi4-based ILs. A scan rate of 10
K/min was used for all measurements. The magnitude of the error in the tabulated values
corresponds to the magnitude of the last reported digit.

Anion T, (K) AC, (J/molK) T, (K) T, (K) AHrz (kJ/mol)

Heating
BH4 197.0 248 205.7 229.2 2.97
Prop 200.7 280 208.2 229.1 5.26
NFP 198.3 403 204.8 231.6 3.66
NFBS 199.1 290 206.2 231.5 3.32
TFSI 190.5 177 200.7 205.0 3.51
CS 207.9 306 — — —

Cooling
BH4 195.8 124 202.6 214.3 2.10
Prop 196.6 195 205.1 214.2 3.22
NFP 195.3 225 199.9 215.3 1.97
NFBS 194.5 128 200.1 215.2 1.01
TFSI 188.9 124 195.5 201.4 2.08
CS 204.5 188 — — —
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where M is the molar mass of the material, T, is the glass transition temperature, kp is
the Boltzmann constant, N4 is Avogadro’s number, and C’gl and C’Zlfq correspond to the
extrapolated values of C), for the glass and liquid states at 7}, respectively. The parameter,
0T, is related to the width of the glass transition, i.e. the temperature range over which C,
changes from the liquid behavior to the glassy behavior. Details of this analytic procedure are
described by Grzybowska et al.[159] Application of this method to the Pggs 14-based ILs in this
work yields the values compiled in Table 6.2. Note that any discrepancy between the values
given by this method and those reported earlier are due to differing methods of extrapolation
of C,. The results of these calculations give values for N,(7}) in the range of 8 to 30 molecules
corresponding to the cooperative regions on the order of 8 to 30nm?. This seems reasonable
considering the size of the Pggg 14 cation and degrees of freedom corresponding to the long
akyl chains. The value for N,(T}) calculated for the CS sample is 16.5, falling in the middle
of the range of values computed for this limited set of samples, suggesting this value is not
directly connected to the presence or absence of the LLT. In a recent article by Musiat et
al.[160], where they analyzed C, data for over 30 ILs, they concluded that a direct connection
between the observation of a dynamic crossover and the value of N,(7}) could be drawn.
Based on the ILs analyzed in their article, they determined that the dynamic crossover is
only observed in ILs having a value of N,(T,) >~100. Clearly, this is contradicted by the
analysis given here, where even the CS sample, which does not exhibit LL'T behavior, shows a
dynamic crossover. This analysis reveals that the size of the cooperative regions at T} reflect
the relative sizes and interaction strengths of the constituent ions, while having little bearing
on the presence of the dynamic crossover or the LLT. Furthermore, the values computed for
the volume of the cooperative region fall in a range from about 8 to 55nm?® according to
their data. The corresponding values for the ILs in this work are within that range. It
may be concluded that this represents a typical range for glass-forming ILs, however, any
connection between the value of N,(T}) and the presence of a dynamic crossover appears
dubious. Failure to establish a connection between the behavior of C), at T, and the observed
dynamic crossover in cases where LLT is present as well as in its absence means we must
search elsewhere for a thermodynamic connection to the dynamic changes that take place

above T,.
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Table 6.2: Analysis of the number of dynamically correlated molecules at T,, N,(7},), and
the size of the correlated regions, N,(Ty) - (v4 + v_). The magnitude of the error in the
tabulated values corresponds to the magnitude of the last reported digit.

Anion T, (K) AC, (J/mol K) 6T (K) Nu(T,) Na(T,): (v4+v_) (nm?)

BH4 195.1 243.5 3.64 12.4 9.76
Prop 197.3 205.0 2.55 18.9 16.04
NFP 196.9 250.2 1.83 29.9 29.65
NFBS 195.9 168.4 3.50 8.3 8.42
TFSI 187.8 238.8 3.17 8.2 7.83
CS 205.5 216.4 3.70 16.5 15.65
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6.3 Configurational Entropy

In this section, we employ the Adam-Gibbs (AG) model of the dynamic glass transition to
understand the crossover phenomena in terms of the two order parameter (TOP) model of
the liquid state. The Adam-Gibbs model is an approach to understanding the glass transition
in terms of the cooperative rearrangement of liquid particles. The AG model predicts that
the relaxation time of the system is inversely related to the configurational entropy, S.(T'),
more specifically stated as logyy(7,) o< (S.T)~1.[157]

Firstly, we define the configurational entropy as the portion of the entropy associated with
the number of accessible configurational microstates of the liquid.[393] At high temperatures,
where the dynamics of the liquid are relatively fast and the local structures are governed
predominately by the density ordering, the number of accessible configurational states is
high. As the temperature of the liquid is decreased, the dynamics slow down accordingly
and, in the TOP model, the local arrangement of the ions is increasingly governed by the
short-range ordering associated with bond orientation as reflected in the order parameter
1, corresponding to the fraction of LFS. Thus, the configurational entropy of the system
necessarily decreases in accordance with the changes in local structure governed by the
presence of LFS. Based on the Adam-Gibbs approach and the predictions of the TOP model,
we propose that a direct link can be drawn between the relaxation dynamics reported by
dielectric spectroscopy and the configurational entropy, S.(7), which is readily determined
from C), data as reported by DSC.

We can calculate S.(T") by the following equation:

s =sos [ G1(T) - G(T)

dr 6.2
T (62)

where T;, denotes the calorimetric glass transition temperature, 7" is the variable temperature
of the system, C]lfq is the measured heat capacity of the liquid state above Ty, Cgl is the
extrapolated heat capacity of the glassy state to temperatures above 7,, and Sy is the
residual configurational entropy of the glass.[162, 163, 191] The heat capacity of the glass,
C’gl, is extrapolated to high temperatures using a quadratic expansion in 7'. The value of .S is

determined by the constraint that the Vogel temperatures, Tj, obtained from the VFT fits to
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the dynamic quantities in Chapter 5 agree with the Kauzmann temperatures determined by
extrapolation of S.(7") to the temperature where S.(T%) =0. The temperature dependence
of the relaxation times, 7, in the AG model is given by:

logo(7a) = 10810 Too + (6.3)

S.T)-T

where 7. is the high temperature limiting value of 7,, C' is a constant parameter, and
Se(T') is the configurational entropy at temperature T.[162, 163, 191] By equating 7., to
the corresponding VFT parameter and assuming the Kauzmann temperature, Tk, where
Se(T') vanishes is equal to the Vogel temperature, Ty, we can write an expression for the

temperature dependence of S.(7T") as:

S.(T) = S.. (1 - %) (6.4)

referred to as the VET-AG equation where S, is the high temperature limit of S.(7") and
Tk denotes the Kauzmann temperature.[162, 163, 191] Since this expression is obtained
by the assumption that the VFT equation (Equation 5.8) and the AG equation (Equation
6.3) provide equivalent descriptions of the temperature dependence of the relaxation times,
it follows as a consequence that the VFT-AG equation is only valid for a given range of
temperatures which can be sufficiently described by a single VF'T fit. Hence, we immediately
conclude that if the VFT-AG equation suffices to fit the S.(T") data, we will require two
separate fits covering the temperature ranges 7' > T, and T, < T < T}.

Figure 6.3 shows the temperature dependence of S, for the six Pggg,14-based ILs included
in this work. In these plots, high (above T,) and low (between T, and T}) temperature fits
to Equation 6.4 are shown by the dashed and dotted lines, respectively. The fit parameters
are compiled in Table 6.3. On the basis of the Adam-Gibbs equation given by Equation 6.3
and the relation log,o(7) oc (S.T)~! along with the assumption that the VFT description
can be equated to the AG description providing the basis for the functional form for S.(T)

given by Equation 6.4, values for S.(7") can be calculated from the relaxation time data and
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Figure 6.3: Configurational entropy for Pgeg 14-based ionic liquids. Top row, from
left to right: BH4, Prop. Middle row, from left to right: NFBS, NFP. Bottom row, from left

to right: TFSI, CS.

185



Table 6.3: Parameters from VFT-AG fits to S.(7). S, is given in units of [J/mol K], T is
given in units of [K], TS, is given in units of [kJ/mol|. The magnitude of the error in the
tabulated values corresponds to the magnitude of the last reported digit.

Anion S TH Sk TEL T, (TS,  S./SH  S,/SL
BH,4 329.9 128.1 723.7 176.8 218.4 29.8 0.41 0.19
Prop 493.5 130.9 1210.1 179.7 213.5 40.8 0.39 0.16
NFP 455.0 140.7 684.0 166.9 219.1 35.7 0.36 0.24
NFBS 353.1 131.9 628.6 170.0 219.1 30.8 0.40 0.22
TFSI 270.8 128.0 772.5 177.7 204.2 20.6 0.37 0.13
CS 454.2 146.9 535.2 162.0 246.5 45.3 0.40 0.34
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the parameters corresponding to the VFT and VFT-AG fits using the expression:

DTyS - logy e
S.(T) = 6.5
1) [(log1g T — l0g1o Too) - 7] (6.5)

The values computed from this expression are plotted in Figure 6.3 where the values
corresponding to the high temperature fits are represented by the red circles and those
computed based on the low temperature fits are represented by the blue squares. From
these plots, it is evident that the VFT-AG form of S.(T") given by Equation 6.4 provides a
quantitative description of the S.(7") determined from the DSC results of the heat capacity.
Similarly, the corresponding S. values computed from the relaxation times reported by
dielectric spectroscopy are in agreement with the S.(T") data obtained from the DSC
measurements. These results lead to the conclusion that the thermodynamic link to the
dynamic crossover is readily obtained from the analysis of the configurational entropy
calculated from the heat capacity data. By extension, in the cases that show a LLT at
the corresponding crossover temperature, analysis of the change in configurational entropy
provides a means of understanding the connection between the structural, dynamic, and
thermodynamic behavior related to the LLT.

By analogy to the description of the dynamic behavior in terms of the TOP model given
by Equation 5.17, we can write a similar expression for S.(7") by incorporating the order
parameter, . Thus, we propose the following expression to describe the full range of the

temperature dependence of S, from Tj to high temperatures far above T}
T Ty
Se(T) = (1 — )85~ (1 — %) + 9 SY (1 - ?K) (6.6)

where S2 and T% are the parameters corresponding to the purely NLS and S¥ and T ;ﬁ are
the parameters describing the LFS, with ¢ given by the logistic ansatz defined by Equation
5.16. Fits to the data using this equation are shown in the plots in Figure 6.3 by the dash-
dot-dot lines. The parameters from these fits are given in Table 6.4. This model is found to
yield a quantitative description of the data, and the fit parameters are in close agreement

with the fits of the relaxation times. A notable exception to this correspondence is seen in
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Table 6.4: Parameters from TOP-VEFT-AG fits to S.(T). S, is given in units of [J/mol K],
T is given in units of [K], TS, is given in units of [kJ/mol|. The magnitude of the error in
the tabulated values corresponds to the magnitude of the last reported digit.

Anion SY, Ty S, Iy T, ST (TS.a S:/S%  S./SL
BH, 6778  176.0  336.7 1312 2184 330 289 020  0.39
Prop 11209 1789 5094 1354 2135 295 392 016  0.36
NFP 670.5 166.9 464.5 143.4 219.1 22.2 34.5 0.23 0.34
NFBS  603.8  169.0  363.3 1358  219.1 220 297 022 037
TFSI 7385 1769 2934 1369 2042 9.8 199 013 033
CS 469.1  162.0 4917 1469 2465 1500 442 038  0.37

188



the CS sample. Fitting of the S.(7") data using Equation 6.6 for this case gives a width of
the crossover more than one order of magnitude greater than what was found from fits to the
dynamic quantities obtained via dielectric spectroscopy. The width of the crossover in the
dynamics for the CS sample was ~75K, while the value corresponding to the configurational
entropy was determined to be on the order of ~1500K. This suggests that the S, data for
the Pggs 14 CS sample is best described by a much narrower range for the fraction of LF'S,
switching from values of ¢ just below the critical value (¢, = 1/2) to values just above
the critical value. This discrepancy suggests that, for cases where the LLT is absent, the
switching from the normal liquid behavior to the behavior characteristic of the LFS may not
be well-defined in the thermodynamic quantities, appearing almost as an average between
the two states. This type of mixing behavior in the thermodynamic data may explain why
a corresponding thermodynamic signature of the dynamic crossover observed in a variety of
glass-forming systems has not been found and is likely related to the absence of the LLT in
these systems.

Since the dynamic crossover behavior, in cases exhibiting the LLT and in its absence, is
found to be reflected in the configurational entropy of these systems, it is natural to assume
a uniqueness of the quantity (7'S.), defined in relation to the timescale of the crossover, 7,.
To test the Adam-Gibbs prediction of the proportionality between the relaxation times and
the configurational entropy, we plot the inverse of (7'S.) normalized by the crossover value
against log,(7:/7,) in Figure 6.4. These plots show the expected inverse proportionality
of these quantities and, by normalizing the data by the crossover values, we see that the
slopes change at the crossover reflecting the two state behavior of the Pggg14-based ionic
liquids while validating the predictions of the Adam-Gibbs approach to the dynamic glass

transition.

6.4 Thermodynamics of the Liquid-Liquid Transition

We are now at a point where the thermodynamic description given by the two order

parameter model of the liquid state can be assessed in light of the results obtained from
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the structural analysis (see Chapter 4), the dielectric permittivity and dynamic behavior
(see Chapter 5), and the thermodynamic properties described earlier in this chapter. The
expression for the mean-field free energy as a function of the fraction of LFS encapsulated
in the order parameter, v, which is given by Equation 2.9, is defined by the difference in
energy, volume, and degeneracy between the two states corresponding to the NLS and LFS.
However, in order to describe the liquid state in general, we also need to account for the
free energy contributions solely arising from the density order parameter, p, contained in the
term f, as well as the coupling between the order parameters. The coupling between p and ¢
is the origin of the density anomaly corresponding to the LLT. However, the most important
term in the description of the free energy that gives rise to the phenomena of LLT and the
associated liquid-liquid critical point (LLCP) is the cooperative formation of locally favored
structures parameterized by the term J in the free energy expression. A prerequisite for the
existence of the LLCP and the LLT is a non-zero value of J. We have previously neglected
the role of the cooperative formation of LFS in order to simplify the expressions derived from
the TOP model for use in the analysis of the experimental data. However, in a complete
description of the liquid state in terms of the two order parameters, the influence of the
cooperativity term J must be accounted for. We must therefore concede that the analysis of
the experimental data presented in this work only amounts to an approximation of the two
state behavior exhibited by the Pggg 14-family of ionic liquids. Despite the explicit absence
of the J term in our analysis, its influence is noted by the discontinuities in the structural
parameters and the static dielectric permittivities observed for the five ILs included in this
work which show undeniable evidence of a transition occurring between amorphous states
in the supercooled liquid. It should also be emphasized that the absence of LLT behavior in
the case of the CS anion does not prove outright that the cooperativity term J related to
this sample is zero. Cases where the cooperative formation of LFS is very weak, but non-
zero, correspond to a scenario where the LLCP is hidden below the glass transition, making
experimental determination of the LLT a practical impossibility. Even still, since the CS
sample exhibits a dynamic crossover above T, with a concomitant change in the temperature
dependence of the effective dipole moment, it is reasonable to conclude that this system does

not have a LLCP or LLT. This situation can be accounted for by the parameters associated
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with the difference in energy, volume, and entropy of the two states corresponding to differing
types of local ordering in the liquid structure. Specifically, the entropy difference of the two
states, which is determined by the degeneracies of the corresponding states plays a crucial
role in determining the phase behavior of a liquid described by the TOP model. The ground
state of the LF'S is assumed to have a degeneracy g, < g,. However, according to the two
state model of Strassler and Kittel[178] upon which the TOP model of the liquid state is
built, if the degeneracy of the excited state is not sufficiently larger than that of the ground
state, no thermodynamic phase transition can occur, only a continuous crossover between
the two states is possible. This scenario is likely what is occurring in the CS case, and is
probably quite common for a variety of molecular glass-formers which can be described by
the TOP model but show no experimental evidence for the existence of a LLT. In summary,
we emphasize that the two state feature related to the formation of LFS is a phenomena
that is generalizable to describe local ordering in the condensed liquid and associated glassy
states of matter, but the manifestation of the two state behavior in a first-order LLT with
an associated LLCP is not assumed to be the norm. It is the authors opinion based on the
results contained within this dissertation that the cases where the LLT is present are special
cases where the differences between the NLS and the LFS are finely tuned to manifest the
second critical point. In addition, these cases are further classified based on the cooperativity
term J, where depending on the magnitude of J and the energy difference, AE, the LLCP
may lie below the glass transition for cases of small J and AFE. For cases with intermediate
values for J and AFE, the LLT occurs in the supercooled liquid where crystallization may
hinder experimental determination of the LLT behavior. Finally, for liquids having large J
and AFE, which may be the case for carbon and phosphorous, the LLT can manifest in the
stable liquid state above T),.[14]

To summarize the key points, the necessary conditions for the LLT are the existence of
LFS and the cooperativity of their formation. The TOP model predicts structural changes,
including density changes, as the fraction of LFS increases. These changes appear abruptly
in cases of first order LLT as well as in the critical region crossing the Widom line. These
changes appear smooth and continuous far from the LLCP in the Boltzmann regime as well

as in cases where no LLCP exists. In general, the TOP model predicts the existence of

192



LLT and the LLCP, but only for particular values of the parameters AE, Av, Ao, and J
describing the distinction between the two states, i.e. NLS and LFS. For the vast majority
of liquids, the NLS and LFS are possibly close enough leading to the case where no LLT
occurs. Additionally, if J is very low, LLT may be possible, but only below Tg. In the Pggs 14-
based ILs in this work, structural and permittivity analysis provide evidence of changes in
local coordination and orientational order associated with changes in the relative abundance
of the NLS and LFS. This leads to the hypothesis that changes in dynamics are related
to the relative abundance of these two types of local structures. This is reflected in the
configurational entropy, providing the link between dynamics and thermodynamics. The
glass transition itself remains a mystery, but may arise due to frustration resulting from

competition between NLS, LFS, and equilibrium crystal structures.

6.5 Conclusions

To conclude this chapter, we summarize the main findings related to the measurement of
thermodynamic quantities in Pggg 14-based ILs as reported by DSC. First and foremost, a
reversible enthalpic peak attributed to the LLT was observed in the DSC data above T} for
the ILs containing the BH,, Prop, NFP, NFBS, and TFSI anions. A similar peak was not
observed in the CS sample. This set of fragile ILs shows only evidence of the LLT and the
glass transition in the temperature range of the DSC measurements, indicating good glass-
forming behavior in contrast with other ILs where crystallization is an important factor.
No direct correlation between the presence of the dynamic crossover and the number of
dynamically correlated molecules at T, could be established. However, the configurational
entropy, S., reflects the switching observed in dynamic behavior and the relation between
the relaxation times and the configurational entropy predicted by the Adam-Gibbs model
holds with a change in proportionality at the dynamic crossover in these fragile IL systems.
Following a discussion of the general thermodynamic behavior predicted by the two order
parameter model of the liquid state, it is argued that LLT can only occur in a subset of liquids

despite the two state description being generally applicable to all liquids to an extent.
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Chapter 7

Conclusions

The goal of this dissertation is to develop an understanding of the molecular details relevant
to the liquid-liquid transition that occurs in certain trihexyltetradecylphosphonium-based
ionic liquids. To that aim, I posed a set of questions at the outset whose purpose was
to motivate the work in its appropriate context and to focus the scope of the project. In
pursuing this matter, I have set out to find answers to these questions and endeavored to
uncover further lines of questioning that will surely lead to new discoveries and deeper insight
into the fundamental nature of the liquid state. At the conclusion of this dissertation, we
can revisit those initial questions and summarize the answers obtained through the studies
that were laid out in detail in the previous chapters. Some of the questions we can answer
definitively, while others leave us with some insight into future efforts that will help us

unravel the complex mysteries of the liquid state.

1. How does the liquid structure change across the liquid-liquid transition in ionic liquids?

The general trend in the structural characteristics corresponding to the observed LLT in
Pge6,14-based ILs is manifested in the polarity alternation structure showing a tendency
to increase in extension of the apolar domain, while changes in the degree of order in
the apolar structure vary with the size of the anion. For the smaller anions, BHy
and Prop, the order of the apolar domains see an increase across the LLT, while a
decrease in order of the apolar is observed for the larger anions, NFP, NFBS, and

TFSI. Aspects of the charge alternation structure show a notable trend at the point of
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the LLT, specifically showing an overall increase in the degree of charge ordering, with
the exception of the NFBS anion. However, the structural parameter that displays the
most significant effect emerging from the LLT is the average ion coordination, which
increases in dramatic fashion at the LLT for the ILs bearing the BH,, Prop, NFP,
NFBS, and TFSI anions.

. How do the structural changes correlate with the macroscopic dielectric properties of

the ionic liquids?

The key macroscopic property affected by the LLT is the static dielectric permittivity,
g5, showing a step-like increase accompanying the transition, by more than 100% in the
Pess14 BHy system. The correspondence between ¢4 and the local ordering of dipoles
reflects a direct link between the emergence of increased local order accompanying
the increase in the average ion coordination number at the LLT and the macroscopic

increase in the static permittivity of the system.

. How does the liquid-liquid transition affect the dynamics and transport properties of
tonic liquids?
The dynamics of the Pggg 14-based ILs that exhibit LLT shift towards slower timescales

as evidenced by a crossover from moderately fragile dynamics above the LLT to more

fragile dynamics at the transition.

. How 1s the liquid-liquid transition related to the glass transition?

The effect of the LLT on the dynamics of the fragile ILs studied results in an apparent
increase in the 7}, in these systems compared to the values predicted in the absence of

LLT.

. Is the liquid-liquid transition in these tonic liquids a true first-order phase transition?

The evidence suggests the LLT in the Pggg14-based ILs in this study is a first-
order thermodynamic phase transition. This conclusion is supported by the apparent
discontinuous changes in properties with a direct dependence on the order parameter

1 governing LLT behavior, including the average ion coordination number and the
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static dielectric permittivity. In addition, a reversible enthalpic peak appears in the
heat capacity of the ILs corresponding to the latent heat associated with a first-order

phase transition.

. What role does the anion play in the liquid-liquid transition?

The existence of the LLT in Pggg 14-based ILs is entirely anion-dependent, in that the
cation has the ability to display LLT behavior, but will only do so with certain anion
pairings. So the characteristics of the anion structure will play the deciding role in
the manifestation of LLT behavior in Pggg 14-based ILs. The types of anions that show
evidence of the LLT are typically small in size and very weakly coordinating. No
quantitative diagnostic criteria were established from this limited subset of anions
demonstrating LLT behavior. More extensive, systematic investigation would be
needed. However, the types of anions studied here vary considerably in size and
coordination strength, suggesting other anions that lie within the range of properties

spanned by this series would display LLT behavior when paired with the Pggg 14 cation.

. Can we identify a structural descriptor corresponding to the locally favored structures

characterizing the low-temperature liquid state?

The most we can determine based on the set of experiments performed to study
the LLT in this series of Pggs14-based ILs is revealed by the trends in the average
ion coordination number. The family of Pggs 14-based ILs are known to possess a
filamentous morphology in the high temperature liquid state, which corresponds to a
sequential arrangement of alternating charges. This would correspond to a typical ion
coordination number of 2. In fact, we see coordination numbers larger than 2 in the
high temperature liquid states, an indication of branching in the 3-D, continuously-
percolating charge network. The increases in the average ion coordination numbers
observed at the LLT indicates a characteristic of the locally favored structures in these
fragile ILs is a tendency to maximize the number of ion associations. A more detailed
understanding of the symmetries and spatial arrangements adopted by the LFS in
Pgg6,14-based ILs would require ab initio or atomistic molecular dynamics simulations

to parse out the structural descriptor corresponding to the LFS in these systems.
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7.1 Outlook

The work presented in this dissertation demonstrates the capability of fragile ionic liquid
systems to exist in two distinct liquid phases differing by the type of ordering of the ions on
the local level separated by a first-order thermodynamic transition with implications for the
macroscopic properties, dynamic behavior, and the glass transition. These relative ease of
synthesizing new ionic liquids based on the same cation by swapping the anions means there
is a lot of low hanging fruit to be plucked by simply playing with the anion structures and
coming up with new systems to study the liquid-liquid transition in ionic liquids. Likewise, it
stands to reason, given the exceptionally vast tunability of ionic liquid structures, the there
should also be other cation systems with a hidden propensity for two-state behavior, waiting
to be discovered. If liquid-liquid transitions are possible in trihexyltetradecylphosphonium
ionic liquids, why not other quaternary phosphonium systems or, similarly, quaternary
ammonium systems?

But if we want to get a deeper understanding of the mechanisms underlying the liquid-
liquid transition, it will be necessary to push the boundaries of experimentation to unlock the
key to the specific interactions responsible for locally ordered structures that, in turn, fuel
the dynamic and macroscopic changes that emerge between the two liquid phases across the
transition. Incorporating more powerful techniques, such as Flash DSC to probe kinetics of
the phase transition, syncrotron X-ray and neutron scattering techniques to more accurately
elucidate structure in finer detail, Raman and Infrared spectroscopy to probe vibrational
states sensitive to the local environment, and the advantages of studying dynamics using a
combination of techniques that compliment the results of dielectric measurements, will serve
to place the confirmation of the liquid-liquid transition in these fragile ionic liquid system
on firmer ground and further our understanding of the underlying mechanisms.

Probing deeper in the liquid-liquid transition, demonstrated here for the first time in pure
ionic liquid systems, will, for sure, require the use of a wider array of experimental techniques
capable of accurately capturing subtleties in the structural, dynamic, and thermodynamic
aspects of these systems. Sophisticated computational studies would transform the spark

lit by this work into a roaring blaze, casting light capable of illuminating aspects of the
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microscopic details of the liquid-liquid transition obscured in the shadow cast by bulk
studies alone. Indeed, through a combination of computational simulations of liquid-liquid
transitions in ionic liquids with a gamut of experimental tools, the groundwork laid before
us opens up into a whole new field at the intersection of efforts to unravel the mysteries of
the liquid state manifested in the liquid-liquid transition and the infinite zoo of ionic liquids
brimming with technological potential.

To pull back a bit, it is important to recognize the controversy that follows the liquid-
liquid transition. In doing so, we must recognize the importance of careful interpretation
of data of any kind, whether it originates from a physical experiment or computer code.
The conclusions arrived at here regarding the existence of fragile ionic liquids capable of
undergoing a liquid-liquid transition are the culmination of countless hours spent verifying
analytical procedures so that when the controversy arrives, I know this work will endure the
scrutiny, even while knowing full well that no matter how much time is devoted to agonizing
over the results of an experiment, the scientific endeavor is focused squarely on uncovering
the truth, promising both validation and disappointment along the way. Only the mystery

endures.
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