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ABSTRACT
Deep eutectic solvents (DES), considered readily available and relatively
inexpensive ionic liquid (IL) analogues, show potential for many material science
applications over conventional ILs. Molecular dynamics (MD) simulations have been
performed on four different DES to provide atomistic insight into the hydrogen bonding
interactions of these systems. The simulations showed excellent agreement with the
available experimental values for the density, volume expansion coefficients, and heat
capacities showing proper validation for the modified force field used. Atom-atom and
center of mass (COM) radial distribution functions (RDF) are discussed showing contact
distances for possible hydrogen bonding interactions. A thorough hydrogen bond
analysis was performed on each system to determine the relative “mobility” of the
moieties in the system and relative fraction of hydrogen bonding types in the system.
The four systems showed either dominant anion-HBD and HBD-HBD interactions or
anion-HBD and cation-anion interactions. Experimental infrared (IR) spectra are also
reported for choline chloride-urea and choline chloride-malonic acid mixtures with a
discussion on band assignments. The spectra of the mixtures are compared to the spectra
of the pure constituents in order to see changes in the hydrogen bonding interactions. For
the OH stretching region of the IR spectra of both systems (between 3500 cm-1 and 3000
cm-1), possible hydrogen bond interactions are compared to molecular simulation results
in order to determine the most probable interactions. IR bands in the carbonyl stretching
(and NH2 bending for the case of choline chloride-urea) region are curve-resolved and
compared to interactions observed in the molecular simulations. For choline chlorideiii

urea systems, it is suggested that there is a strong interaction between the NH2 of urea
and the chlorine anion where the system wants to maximize the number of hydrogen
bonds to the anion. Additionally, the disappearance of “free” carbonyl groups upon
increasing concentrations of urea suggests that as this concentration increases, the anionurea complex remains but with additional interactions that remove the “free” carbonyl
band from the spectra. For choline chloride-malonic acid interactions, two main peaks
assigned in the carbonyl stretching region in the pure malonic acid spectrum as a
transition dipole coupling, now become two peaks at slightly different frequencies. In the
spectra of the mixture, the higher frequency band in this region is assigned to the “free”
carbonyl stretching mode where the OH of this carboxylic group interacts with a different
moiety. The second band at a lower frequency is a hydrogen bonded carbonyl group.
These two types of carbonyl interactions are consistent with interactions observed in the
molecular simulations. Now that these systems have been simulated and analyzed
through a detailed molecular simulations and vibrational study, the conclusions and
knowledge of the interactions can be implemented towards finding new DES from the
vast number of possible combinations and/or towards the design of DESs for different
applications, e.g., the phase separation of oil and sand.
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Chapter 1
IONIC LIQUIDS (ILs) AND THEIR ANALOGUES

1.1 Introduction to IL systems
Molten salts, such as NaCl and MgCl2, have been used as non-aqueous liquid
electrolytes for centuries because of their thermal stability, electrical conductivity, and
low viscosity. With the advent of non-aqueous room temperature molten salts (for
instance, aluminum trichloride with a pyridinium halide salt), ionic melts surpassed their
conventional use in metallurgy and emerged as possible solutions in the fields of
chemistry and material science.1,2 Today, ILsi, have been extensively investigated for
their ability to act as substitutes for classical molten salts and organic solvents in many
applications. There are two key differences between the classical molten salts and these
conventional ILs. The first is their molecular structure. Molten salts interact through
strong ionic forces with some degree of order even upon melting. The “bulky” and
asymmetric ions in ILs prevent the same order from occurring allowing it to have a lower
melting point than molten salts (e.g., NaCl has a melting point of 801 °C). The second

i

Although the definition has evolved over time as to what makes an IL, for the purposes
of this thesis, the term for conventional ILs will be referred to those made solely of ions
with no solvent present. This cohort of ions can also be divided into just ILs and room
temperature ILs where the former forms a liquid below 100 °C and the latter is a liquid at
room temperature.
1

difference is that ions in ILs are capable of forming hydrogen bonds between the cation
and the anion, typically not observed in classical molten salts.1
Ionic liquids can be classified3,4 into several different groups based on the type of
cation, many of which can accommodate various side chains, capable of interacting with
different anions. Common side chains on the cation vary from simple methyl groups to
long chain alkyl or alkoxy groups.3 Equally as diverse is the choice of anions, which can
range from monoatomic ions (e.g., Cl-), to bulky polyatomic ions (e.g.,
hexafluorophosphate, PF6).3,4 The multitude of potential combinations of cations and
anions allows the properties of these ILs to be “tailored”. In addition to the tunable
physical and chemical properties, other interesting characteristics of ILs, such as
negligible vapor pressure, high electrical conductivity, and thermal stability, makes them
excellent candidates for a host of applications. ILs have emerged in organic synthesis,
enzyme-catalyzed reactions, lubrications, fuel cells, heat transfer fluids, and separations,
3,4

however, their relatively high cost and difficult synthesis have hindered their large-

scale industrial applicability. In 2001, Brennecke and Maginn noted4 that ILs are
typically made in very small quantities and sell for around $1-$10/g, which would make
them a luxury for many applications. A search through the current Sigma-Aldrich online
catalogue5 shows a similar price range depending on the IL and the purchased quantity.
The price of ILs, however, is significantly reduced at larger bulk quantities. If ILs are not
purchased from a chemical supplier, researchers can choose to synthesize ILs themselves.
The following intricate techniques are used for the synthesis of ILs: a) exchanging the
anion in a halide salt through metathesis or an acid-base neutralization reaction or b)
2

directly combining a halide salt and metal halide.6 As a relatively inexpensive and readily
available alternative, deep eutectic solvents (DES) have surfaced with similar properties
as ILs and have consequently been studied experimentally for similar applications.7–10
The question of their sustainability, compared to the typical ILs, has yet to be thoroughly
investigated and has only been recently reported11 for a handful of specific DESs to our
knowledge. However, the relatively simple and cost-effective process for making these
eutectic mixtures compared to the process of synthesizing conventional ILs has made
them a very attractive alternative. The synthesis method of preparing DESs is
highlighted in later chapters.
A search on Web of Science ® showed that as of June 3, 2013 over 44,000 papers
contained the topic of “ionic liquids”. This number is reduced to just over 2,000 in an
additional search for papers published on “ionic liquid molecular simulations”. A steady
increase of publications from 2000-2012, as shown in Figure 1-1, demonstrates the
growing interest in simulating ILs in the past decade. A subsequent search for “deep
eutectic solvents” primarily highlights experimental studies showing an increasing
interest in the field of DESs in the past 10 years, seen in Figure 1-1. Less than a handful
of publications12,13 on molecular simulations of DES were found through more specific
searches since a search for “deep eutectic solvents molecular simulations” provided no
search results (as of June 3, 2013). It is hence expected that the number of publications
using computational and experimental studies will increase for DESs with several
reviews14–19 recently published on the promising applications of DESs. One of these
reviews19 recognized that the top three applications for DESs are currently
3

electrochemistry, material preparation, and synthesis. The authors also suggest an
increasing interest for other applications, in particular separation processes.

Figure 1-1.Number of publications on Web of Science ® for different research topic
keywords published between1990-2012.

4

1.2 Background on DES
In the past decade, Abbott and colleagues7,8,10,20–33 have focused on
understanding and using ILs and DESs for different applications. In 2003, Abbott et al
discovered7 that a eutectic temperature was observed at 12 °C when 33 mol % choline
chloride is combined with 67 mol% urea. Any other composition of the halide salt and
the hydrogen bond donor (HBD) would have a freezing temperature greater than 12 °C.
They calculated the conductivity and viscosity of this system as a function of temperature
and concluded that these solvents have conducting ionic species that are dissociated in
the liquid state. Most importantly, they observed extensive amounts of hydrogen bonding
interactions through nuclear magnetic resonance (NMR) indicating a cross-correlation
between the anion and the HBD in a DES. They further presented the effects of changing
the cation, anion, and the HBD on the ability to decrease the freezing point of the mixture
and concluded that there seemed to be a hydrogen bonding correlation. Fast atom
bombardment mass spectroscopy (FAB-MS) indicated the formation of a complex
between the anion and the HBD. This study served as a foundation to what has become a
new family of mixtures with constituents that are relatively inexpensive and still have
similar characteristics to ILs.
The seminal work7 on some of the “first” DESs showed that in order to decrease
the freezing point of a quaternary ammonium salt, a neutral compound capable of
forming hydrogen bonds with the salt needs to be added. However, the location of the
eutectic point is not very well understood or predicted, though the ratio of the
constituents at which it occurs must be related to the stoichiometry of the complex that
5

forms in the mixture.19 As stated previously, the eutectic composition of choline chloride
and urea is near 67 mol % urea. This same composition is true for many other eutectic
mixtures using other amide groups, such as thiourea, acetamide, benzamide, although the
freezing temperature varies from that with urea.7 Some eutectic mixtures using alcohols
or acids as HBDs, such as ethylene glycol, glycerol, and phenylacetic acid, present a
eutectic point at this composition as well.8,23,26 However, dicarboxylic acids, such as
malonic acid, oxalic acid, and succinic acid, all show their eutectic points at 50 mol %
acid.8 The location of the melting point has thus far been found in great part by trial-anderror. This was highlighted by a recent review18 showing studies of mainly choline
chloride-based eutectic solvents and HBDs investigated at different salt:HBD ratios.
Further studies on the dominant interactions in the system could establish a better
methodology for predicting the eutectic point of a DES.
In addition to forming a DES with a halide salt and a neutral organic group, there
are a number of other combinations that have been studied with potentially many more to
be discovered. These solvents were initially classified27 into four different groups with
the first three using the following general formula R1R2R3R4N+ X-•Y Type 1

Y = MClx , M = Zn, Sn, Fe, Al, Ga

 Type 2

Y = MClx yH2O , M = Cr, Co, Cu, Ni, Fe

 Type 3

Y = R5Z, Z= CONH2, COOH, OH

where R denotes the different substituents around the nitrogen atom and X is the
anion in the quaternary ammonium salt.
The last group does not involve a quaternary ammonium at all
6

 Type 4

metal chloride and simple organics

Recently, there have been “new” terms for additional classes of eutectic mixtures.
For instance, natural DESs were coined by Choi et al34 as eutectic mixtures made from
cellular constituents that include sugars, amino acids, choline, and some organic acids
giving insight into some biochemistry phenomena. Francisco et al35 created the term
low-transition-temperature mixtures (LTTM) for combinations of natural and renewable
components, in addition to unconventional components such as phosphonium,
imidazolium, and pyridinium salts, showing glass transition temperatures and not melting
points through a differential scanning calorimetry (DSC) study. Several recent reviews
on DES14–16,18,19 have highlighted exciting contributions of different DES in various
applications. In principle, it was underlined19 that 106 combinations of DESs are possible
just from the general formula described above, R1R2R3R4N+ X-•Y-. Some examples of
commonly used conventional molten salts, typical ILs, and DES are shown in Figure 1-2
to demonstrate the complex number of possibilities compared to the conventional molten
salts. For simplicity, only a few possible halide salts and HBDs are shown for DESs. A
more complete list of the possible combinations is found in several of the reviews
previously mentioned. In this work, it was elected to focus on choline chloride-based
DESs since choline chloride is mass produced as a vitamin supplement and readily
available at a low cost.

7

Figure 1-2.Examples of a few common molten salts, ILs, and DESs.3,4,14

In order to understand the structure of DES, first the structure of the pure
constituents must be understood. Choline chloride can exist in two crystalline forms, the
α and 𝛽 form. The ionizing-radiation sensitive form, α, appears at room temperature.
Above 78 °C, the ionizing-radiation insensitive polymorph, 𝛽, is present.36 The
8

orthorhombic crystal structure of choline chloride was first presented in the 60’s by
Senko and Templeton37 using single-crystal X-ray diffraction. They concluded that the
packing of the molecules in the crystal structure allowed for six chlorides as nearest
neighbors around some part of the choline cation. Furthermore, each anion has three
nitrogen atoms and one oxygen atom in its surroundings with a hydrogen bond between
the oxygen and chloride ion. Unexpectedly, there was no oxygen-oxygen hydrogen
bonding observed as are seen in alcohols. About a decade later, Hjortas and Sorum38
refined the location of the atoms in the choline chloride crystal structure. However, the
interatomic distances to the anion and intermolecular distances in choline chloride were
very similar to those found by Senko and Templeton. In all, the packing arrangement of
choline chloride’s crystal structure is mainly dominated by ionic forces with hydrogen
bonding between the hydroxyl group of the choline and the chlorine anion. An image of
an isolated choline cation is shown in Figure 1-3.
The potential of a HBD is based on its ability to form hydrogen bonds with
choline chloride, and thus its structure. This, stressed by Abbott and colleagues7,8,23,28
throughout their work with eutectic mixtures, tends to be one of the reasons for the
decrease in freezing point. Hydrogen bonding also tends to be present in their pure
constituents since these HBD can at times act as both a hydrogen bond donor and
acceptor. For example, hydrogen bonds in crystalline urea occur with each oxygen atom
having four hydrogen bonds to three different urea molecules. Two types of hydrogen
bonds occur referred to as transverse and linear. More information on the hydrogen types
in urea are discussed with a schematic also shown in Figure 3-7 of Chapter 3. For other
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HBDs (e.g., malonic acid,39,40 ethylene glycol,41,42 and glycerol,43,44), intermolecular and
intramolecular hydrogen bonds can affect the hydrogen bond network of the system
depending on the molecule and its environment. In the solid phase, malonic acid has
been reported40 to form hydrogen bonded cyclic dimers interacting through its carboxylic
acid groups. Ethylene glycol and glycerol, a highly viscous liquid at room temperature,
show evidence of hydrogen bonding interactions with possible intra- and inter- molecular
hydrogen bonds depending on its environment. These four possible HBDs are capable of
hydrogen bonding with halide salts, such as choline chloride, and can be studied to
understand what the dominant interactions are in these choline chloride-based DESs.

Figure 1-3.Image of an isolated choline cation.

1.3 Motivation
In recent years particular attention has been on the application of conventional ILs
in separation processes. Gas separations using ILs, for instance for CO2 absorption, 45,46
have gained interest in recent years for their ability to lower CO2 concentrations in the
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atmosphere. The use of ILs can also benefit many chemical engineering processes4,
however. Separations of alcohol and fermentation broth47 and biodiesel purifications28
have allowed scientists to explore the applicability of ILs in liquid separations. Recently,
the potential for using DESs in separation processes has been underlined19 with some
studies of gas9 and condensed phase separations48 already published. In the past couple
of years, the separation of oil and sand has attracted much attention. Painter and
colleagues49–51 have used both conventional ILs and DESs to separate oil from sand. The
process of using ILs for the separation of oil and sand can lower the energy and waste
product from the hot water extraction process currently used for the recovery of bitumen
from tar sands. Furthermore, ILs and DESs have shown the potential to separate oil from
drill cuttings produced from drilling boreholes for heavy oil production or in gas
reservoirs, a possible impact in the Marcellus shale reservoirs. These drill cuttings are
usually sent to landfills at a cost. However, with the use of ILs and DESs for these
separations, the recovered oil can be recycled for drilling mud or fuel while the clean
cuttings can be used for other applications.52,53 In light of recent environmental disasters,
such as the BP oil spill in the Gulf of Mexico in 2010 and Exxon Valdez off the coast of
Alaska in 1989, this process can also be used to aid in oil recovery.
A recent atomic force microscopy (AFM) study attempted to explain the
separation process of oil and sand by investigating the relevant interactions. Hogshead et
al54 observed a decrease in adhesion force between bitumen and silica in the presence of
ILs compared to in an aqueous solution. They suggested that the reduction in adhesion
force could be related to the presence of ion layers on top of an immersed surface in an
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IL. Frost et al55–57 attempted to understand the interactions of conventional ILs with
hydrocarbons and charged nanoparticles by examining the behavior of hydrophobic and
hydrophilic nanoparticles between IL/hydrocarbon and IL/water interfaces in a
simulation. They plotted potential of mean force (PMF) curves of slowly moving
nanoparticles across the interface. Free energy changes showed where the nanoparticles
“like” to be. They suggest that a solvation layer of ions, hydrogen bonding, and
irreversible absorption of ions on silica nanoparticles occurs during solid particle
extractions. However, this study only simulates a handful of charged nanoparticles at a
time and neglects any surface topography effects, in addition to only considering
conventional ILs. Molecular simulations can thus serve as a complementary tool to
experimental characterization techniques as they can provide an atomistic level of detail
into the interactions of these novel solvents and how they may interact with other
substances.
As previously mentioned, only a handful of molecular simulation studies have
been conducted on DESs. Before interactions between DES and other substances can be
thoroughly analyzed, the interactions within a DES were studied and properly simulated.
Abbott et al8 suggested different reasons as to why a depression of the freezing point
occurs, but noted that a correlation, if any, between the freezing temperature of the
eutectic mixture and the melting temperature of the pure constituents is not well
understood. The first two reasons for observing a depression in freezing point were
suggested to be due to lower lattice energies in the DES and entropy changes when the
eutectic mixture is formed. Our focus was on the third reason for the depression which is
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based on how the anion interacts with the HBD. Hydrogen bonding interactions between
the anion and the HBD were the emphasis of this work due to the relative ease of
comparing experimental techniques that are sensitive to hydrogen bonding and a
hydrogen bond analysis in molecular simulations. The focus of this research is to
complement previous experimental work with additional insight through a combined
experimental-computational study of DESs. Four choline chloride-based eutectic
mixtures with the most experimental data in their neat state (i.e., no solutes or solvents
included in the experimental data) are the focus of this work. Choline chloride/urea
(reline), choline chloride/ethylene glycol (ethaline), and choline chloride/glycerol
(glyceline) are all studied in a 1:2 molar ratio according to work done by Abbott and
coworkers7,23,28 and will be referred to as reline, ethaline, and glyceline, respectively,
throughout this thesis. Choline chloride/malonic acid (maline) is analyzed in a 1:1 molar
ratio according to previous literature work8 and are referred to as maline throughout this
thesis. All four of the systems are simulated to provide validity of the modified force
fields. Hydrogen bond comparisons between the different systems are made based on the
different functional groups on the HBD. Reline and maline, which show the most
interesting features in multiple regions of their respective spectra, are studied through a
vibrational spectroscopy study.
After thoroughly investigating the nature of these DES, the knowledge and
methodology used to study these solvents can be applied to predict possible combinations
that create a eutectic mixture. Similar to ILs, the ability to tailor and predict the
properties of these eutectic mixtures using molecular simulations would prove to be
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beneficial. Moreover, the interactions between DESs and other entities can be
understood in current applications, e.g., interactions between oil and sand in ILs and
DESs. Lastly, these atomistic insights can help in the material design of DESs for future
applications.

1.4 Thesis Outline
The organization of this thesis will be as follows: Chapter 2 provides background
information on experimental and computational methodologies. Chapter 3 focuses on a
combined experimental and simulation study on one of the commonly used DESs,
choline chloride-urea. The work shown in Chapter 3 was reproduced with permission
from the Journal of Physical Chemistry B, submitted for publication. Unpublished work
copyright 2013 American Chemical Society. This same methodology is applied to three
other systems to test the validity of the force field and also gain additional insight into
these other systems. The three other choline chloride-based DESs (with ethylene glycol,
glycerol, and malonic acid as the HBD) are highlighted in Chapter 4. The work from this
chapter is in preparation and will be submitted for publication in the Journal of Physical
Chemistry B. Lastly, Chapter 5 contains a conclusion for this work as well as
recommended future work.
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Chapter 2
BACKGROUND ON EXPERIMENTAL AND COMPUTATIONAL
METHODOLOGY
2.1 Vibrational Spectroscopy
2.1.1 Fourier transform infrared (FTIR) spectroscopy
Experimental techniques used to characterize hydrogen bonds can vary from x-ray
diffraction to neutron diffraction to thermodynamic measurements. FTIR uses infrared
radiation to probe the vibrations of a chemical structure. Frequencies corresponding to
allowed normal modes of vibration are absorbed when a beam of radiation is passed
through a sample. Since these vibrational modes are specific to the chemical structure of
the sample, every chemical structure has a unique infrared spectrum that can be used as a
fingerprint to identify it. Due to its sensitivity to hydrogen bonding, FTIR spectroscopy
was the characterization method of choice for this study.58 The energy of a covalent bond
between a heavy atom and a hydrogen atom changes when that hydrogen atom is
involved in a hydrogen bond. A schematic representation of a hydrogen atom donor (D),
a hydrogen atom (H), and a hydrogen atom acceptor (A) involved in a hydrogen bond is
shown in Figure 2-1. The change in energy is observed as a shift in the absorbance band
of the infrared spectrum towards smaller frequencies with increasing hydrogen bond
strength. The observed trend is that as the A--H hydrogen bond distance decreases, the A15

-H hydrogen bond strength increases and therefore, the D-H covalent bond distance
increases, and the D-H covalent bond strength decreases (thus the shift to lower
frequencies).

Figure 2-1.Schematic of atoms involved in a hydrogen bond.

2.1.2 Diffuse reflectance Fourier transform (DRIFT)
DRIFT spectroscopy uses diffusion reflection techniques to obtain infrared
spectra using equations derived by Kubelka and Munk59. This method was proposed by
Fuller and Griffiths60,61 as a routine method for analyzing powder samples and
eliminating the need for making KBr disks and mineral oil mulls. A reflectance spectrum
is obtained from the ratio of the spectrum of the sample of interest with respect to the
spectrum of the pure matrix (when both are prepared in the same manner). Reflectance
spectra are assumed to be reflectance spectra of an infinitely thick sample if the sample
meets the “infinite depth” criterion derived by Kubelka and Munk. The infinitely deep
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criterion means the spectrum does not change as the sample thickness is further
increased. The reflectance spectrum of an infinitely thick sample is then used to calculate
the Kubelka-Munk spectrum which equals the molar absorption coefficient over a
scattering coefficient. These diffuse reflectance measurements are taken on an FTIR
spectrometer and can be so sensitive that only very small sample quantities are needed to
get meaningful spectra. This method is very convenient for obtaining the infrared spectra
of solid samples, such as of the pure constituents of the DESs.

2.1.3 Additional techniques used in vibrational spectroscopy
Additional spectroscopic techniques can be used to further probe important
interactions. Hydrogen/deuterium exchange has been used62,63 to gain information about
secondary structures, dynamics, and energetics in complex protein systems.
Hydrogen/deuterium exchange can highlight any labile protons.64 Hydrogen atoms
covalently bonded to atoms like nitrogen, oxygen, and sulfur atoms can readily exchange
with deuterium atoms. The exchange rate, however, is slowed down when they are
involved in stable hydrogen bonds. Additionally, hydrogen atoms in stable covalent
bonds to atoms like carbon, will not exchange with D2O as freely. For the purposes of
this work, simply placing a sample in a closed compartment with a vial of D2O for
several hours at ambient conditions demonstrated labile hydrogen atoms that exchanged
with deuterium. Observing these changes can be especially useful in deciphering bands
that represent coupled modes involving hydrogen bonded entities. This proved to be
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somewhat beneficial in the band assignments for the choline chloride-urea system since
there are coupled modes in the NH2 bending/C=O stretching region of the IR spectrum,
however results are not shown in this work since the molecular simulation-IR spectra
approach proved to be sufficient for band assignments.
In addition to deuterating samples to explore its hydrogen bonding features, a
curve resolving tool developed in the Painter group65 can refine individual peaks that are
present as convoluted bands in the IR spectra. The experimental spectra are
approximated by using a sum function that can incorporate a combination of Cauchy
(Lorentzian) and Gaussian shapes to create an overall band profile. One key aspect of
this process is the selection of a baseline, which, if not properly done, can lead to
erroneous bands. After curve-resolving the experimental bandwidths, a detailed band
assignment can be performed. For bands with faint shoulders or slight asymmetry, this
can help interpret additional vibrational modes. A more detailed explanation on the sum
function is used to create the resulting band profile is shown in Chapter 3.

2.2 Molecular Simulations
2.2.1 Ab-initio calculations
Quantum mechanical methods can accurately characterize the behavior of molecules
by explicitly representing electrons when computing the electron structure using
Schrödinger’s equations. These calculations are referred to as ab-initio, or first-principle,
calculations. For molecular systems, Schrödinger’s equation cannot be solved exactly by
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analytical techniques. Therefore, different numerical methods are used to approximate the
electronic structure of many-body systems using ab-initio or semi-empirical methods. If
chemical reactions need to be studied or electron distribution properties need to be
explicitly computed, ab-initio calculations are essential depending on the minimum size
of the system (typically no more than a hundred atoms depending on the method used and
allocated computational resources).66 These quantum mechanics techniques have been
used to study structure and energetics of ILs67–75. To study the structure and dynamics in
the liquid state, ab-initio molecular dynamics (AIMD) can be used to study interactions
in ILs76–83. High computational cost, small system sizes, and short time scales limit the
use of this method. Therefore, a balance between accuracy and efficiency must be met in
order to realistically represent a system. For bulk properties in the liquid state,
molecular simulations using between several thousands to hundreds of thousands of
atoms must be simulated (system sizes not studied through ab-initio). Ab-initio
calculations can be used to derive molecular electrostatic potentials for molecules from
which static charges can then be derived from and included in potential energy functions
used to represent the ILs in atomistic molecular simulations74,84–89. These charges are
necessary in order to properly compute electrostatic contributions to the system. For ILs
and DES, these tend to be the greatest contributions to the total energy of the system, and
thus can greatly influence the behavior of the IL.
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2.2.2 Molecular dynamics (MD) and Monte Carlo (MC) simulations
For MD simulations, atom positions and velocities are calculated by integrating
Newton’s second law. MD is a deterministic method that uses potential energy functions,
called force fields, to model the interactions of the system. In MC, molecular
configurations are obtained through random changes to the location of the atoms using
the Metropolis algorithm to accept or reject new configurations. Additional methods can
be used to further probe the configurations of the system while the user defines certain
moves, and consequently acceptance rates for these moves, in order to effectively reach
equilibrium. These moves can include translation moves, and rotation moves, or can be
more complicated moves that sample configurations of polymers, or other complex
molecules. 66 Using statistical mechanics, both MC and MD simulations enable the study
of structural and thermodynamic properties with only MD providing information on timedependent properties. The properties of interest will determine which of the two methods
should be used for a study. For instance, classical MD74,84,86,90–96 can be used to study
equilibrium and dynamic properties of ILs in the liquid state for reasonable time scales.
If only equilibrium properties are of interest, MC can reach equilibrium more efficiently
for certain systems. Furthermore, in MC simulations,46,97–99 specific ensembles can
accurately and efficiently represent the energetics, structure, or phase behavior of ILs.
Ensembles used in statistical mechanics for both MC and MD are typically represented
by certain variables held constant, such as the energy (E), number of particles (N),
volume (V), temperature (T), chemical potential (μ), or enthalpy (H). Common
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ensembles include the microcanonical (NVE), canonical (NVT), grand canonical (μVT),
and isothermal-isobaric (NPT).66

2.2.3 Polarizable versus non-polarizable force fields
Non-polarizable force fields have been used in the past decade in molecular
simulations to model ILs with static charges for the electrostatic contributions of the
system.100,101 Developments in computational science, however, have allowed for manybody polarizable force fields to be developed to more accurately represent systems with
charge fluctuations. These polarizable force fields include the classical terms used in
non-polarizable force fields for bonded and non-bonded terms, but also explicitly include
polarizability through Drude-oscillators or induced dipoles102. Some studies102 have
shown that in the local scale, simulations using polarizable and non-polarizable force
fields can have great disagreement. Voth et al94,103 have used non-polarizable and
polarizable force fields to study the polarizability effect on molecular simulations of ILs
concluding that explicitly including polarizability can greatly improve the agreement of
experimental and simulated transport properties. Likewise, the APPLE&P force field104
was developed to simulate ILs and electrolytes and includes many-body polarization
effects which exhibit great agreement with thermodynamic and transport experimental
data. A non-polarizable version demonstrated105 reasonable agreement with other
predictions using non-polarizable force fields already published in the literature.
Polarizable force fields, however, have had limited use. Typically, small time steps and
self-consistent calculation of the dipole moments are required to run simulations with
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polarizable force fields.106 Subsequently, the time for parameterizing polarizable force
field parameters can be longer than the time for parameterizing a non-polarizable force
field. Depending on the amount of computing power allotted, the computational time can
be slowed down by a factor of three to five times compared to using non-polarizable
force fields.106
Recent reviews102,106 on the development of force fields for ILs have highlighted
the effects of explicitly modeling polarizability, as well as implicitly including it into
force fields, in improving dynamic properties. The idea of charge reduction was
introduced when ab-initio calculations of ion pairs in the gas phase showed significant
charge transfer resulting in a net charge lower than unity.78,107 Once reduced charges
were applied to non-polarizable force fields, self-diffusivities significantly increased and
surface tensions show better agreement with experimental values. Youngs and
coworkers108,109 have also demonstrated how reducing static charges can improve
dynamic properties that had previously been significantly underestimated. Although not
perfect, this cost-effective method of implicitly including polarizability effects into a
molecular simulation to model charge transfer and polarizability works efficiently for
some ILs. Zhang and Maginn89 recently further showed how the distribution of the
charges can also be important in simulating ILs, in addition to using reduced charges.
This particular study showed how charges obtained through AIMD simulations
implemented into non-polarizable force fields had better agreement with experimental
results than simulations using a non-polarizable force field with charges obtained from
isolated ions with: a) a net charge of unity and b) a reduced value. The drawback of this
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particular method, however, is that a crystal structure is required in the input of the
AIMD simulations, which is currently not available for many ILs and DESs. Although
not all ILs and DESs are the same, the ability to use a cost-effective non-polarizable force
field that balances accuracy and efficiency can prove to be beneficial to the IL and DES
community.
One example of a non-polarizable force field used for organic molecules is the
general amber force field (GAFF)110. The functional form of the GAFF force field is
given by Eq. 2-1.
∑

∑

∑[

∑

]
(2-1)

In this equation, kr and kθ are force constants, req and θeq are equilibrium
parameters, vn is the barrier height, n is the multiplicity, and γ is the phase angle. A, B,
and q are nonbonded parameters. This force field is compatible with existing Amber
force fields used to model proteins and nucleic acids. This general force field provides
already defined parameters for many bonded terms. The van de Waals parameters are
inherited from the traditional Amber force fields which sequentially use the following
combining rules: rij=ri+rj and εij=√

, where r is the van der Waals radius and ε is the

well depth. Partial charges can be assigned for specific molecules using the
straightforward employment of the restrained electrostatic potential fit (RESP) method111.
The methodology for obtaining charged through the RESP method uses ab-initio methods
for calculating a molecular electrostatic potential which “builds in” implicit polarization
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as would be expected in a condensed phase. This and other Amber-based force fields
have been used74,87–89,94,112–114 to simulate ILs (a few74,89 of which recently also studied
charge reduction) and can serve as a viable option for simulating the DES family.
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Chapter 3
AN EXPERIMENTAL AND SIMULATION STUDY OF CHOLINE
CHLORIDE:UREA (1:2)
3.1 Introduction
DESs, showing similar properties as ILs, have emerged as possible inexpensive
alternatives to typical ILs. In contrast to typical ILs that are made of discreet bulky ions,
DES systems are interesting in that the components of the mixture have high melting
points in their pure state and become liquid at room temperature after they are mixed.
For example, choline chloride has a melting point of 302 °C and urea has a melting point
of 133 °C. When urea and choline chloride are mixed at different molar ratios, the
melting point of the mixture, referred to as reline, is depressed according to the amount of
HBD present, with a minimum at about 12 °C with 67 mol % of urea.7 Several review
articles14–16,18 have been published recently highlighting the wide variety of combinations
of HBD and quaternary ammonium salts that can be used to make DES with exceptional
properties that can be used in many applications such as electrochemistry,22,24,29
catalysis,115–117 polymer synthesis,15 gas solubility9 and purifications,28 just to name a
few. However, compared to typical ILs there is a lack of experimental and theoretical
data on fundamental thermodynamic and transport properties for this family of solvents.
Moreover, binary and ternary mixtures that form these eutectic mixtures are potentially
numerous and not straightforward to predict.118
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For the reline system, it has been shown through FAB MS and NMR7,29 that the
hydrogen bonding interactions involve both one and two urea molecules with one
chlorine anion. As previously mentioned, it has been proposed8,14 that the depression in
freezing temperature of these systems is related to several factors: a) increased
interactions between the anion and the HBD, b) a decrease in the lattice energies of the
systems as a result of the presence of bulky ions, and/or c) the increase in entropy that
occurs upon mixing. These factors can be further explored using the atomistic detail
provided by molecular simulations.
Molecular simulations complement experimental findings by predicting
thermodynamic and transport properties, as well as adding atomistic understanding on the
interactions that provide DES with their properties. ILs have been studied extensively
through molecular simulations101 while DES simulations are just starting to emerge.
Electrostatic effects and hydrogen bonding interactions have been a particular
focus.72,102,106,119,120 However, until very recently less than a handful of computational
analyses had been conducted on choline chloride-based eutectic solvents12,13. Sun et al. 13
examined the structure of reline systems at different molar ratios at the critical point of
the eutectic mixture, 285 K, to probe structural differences, hydrogen bond lifetimes, and
interaction energies as a function of composition. From the experimental aspect, Yue et
al.121,122 performed some general band assignments of the infrared spectrum.
In this work, a combination of both computational and experimental techniques
are used to explore the interactions in these systems in order to gain a more thorough
understanding of their behavior. Force field modifications are validated by comparing
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simulated density, thermodynamic, and transport properties of these mixtures to
experimental values, where available, as well as a thorough hydrogen bond analysis
involving the geometry of the hydrogen bond and the interactions of functional groups
involved. The results of the computational study and the experimental analysis are then
compared in order to establish what main interactions occur within this DES and how
they can affect the structure and hence freezing point of this DES.

3.2 Methodology
3.2.1 Computational details
Gaussian 03123 and R.E.D. Tools (along with the R.E.D. Server) 124–126 were
used to optimize the geometries of the isolated ions and molecules. For the choline
cation, two-conformation charge derivations were performed, except for in Mod2 where
only one single conformation (optimized with a very tight convergence) was used since
the bonds and angles for that conformation were applied to that modified force field.
Images of the multi-conformation configurations of choline used are shown in Appendix
A, Figure A-1. A single conformation was used for the urea molecule similar to that
performed in the R.E.D tools library.126 A vibrational frequency analysis was conducted
in order to determine if a local minimum was reached. The molecular electrostatic
potentials on the isolated ion or molecule optimized geometry were obtained at the HF/631G* level of theory and partial charges were obtained using the restrained electrostatic
potential (RESP) charge derivation method.111,127–129 The generalized amber force field
(GAFF) functional form and parameters,110 also recently used to simulate other typical
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ILs,74,89 were used for these simulations and partial charges obtained through ab-initio
calculations were added in hopes to provide a reliable alternative to the more
computationally expensive polarizable force fields. Unity and scaled partial charges
(implicitly including charge transfer and polarizability) were compared in order to study
their effect on structure and transport properties in the simulations of DES, a technique
recently implemented in typical ILs.74,89,106,108,109,120 Reduced charges of ±0.9e and
±0.8e for choline chloride were arbitrarily chosen, based on reduced values observed in
the literature.107,109 For a reline system, several simulation boxes were created at low
density with different initial configurations using the POLYMATIC packing code130 with
at least 500 urea molecules and 250 choline chloride ion pairs. MD simulations were
performed using AMBER 10 and 12.128,131–133 The parameters used in this study are
shown in Table 1 and Appendix B (Tables B-1 through B-9). All force fields used the
GAFF Lennard-Jones parameters. For all properties studied, three simulation boxes were
averaged at each temperature.

Table 3-1.Force field parameters studied in this work.
electronic model (net charge for
ionic species)
1Amb
HF/6-31G*//HF/6-31G* (±1e)
0.9Amb HF/6-31G*//HF/6-31G* (±0.9e)
0.8Amb HF/6-31G*//HF/6-31G* (±0.8e)
type

Mod1

HF/6-31G*//HF/6-31G* (±1e)

Mod2

HF/6-31G*//B3LYP/6-31G* (±1e)

bonded terms
All GAFF default values
All GAFF default values
All GAFF default values
Morrow and Maginn for Choline intramolecular
parameters86; Ozpinar et al. for Urea
intramolecular parameters134
ro and θo from geometry optimization; Morrow
and Maginn Ch+ other intramolecular
parameters86; Ozpinar et al. Urea other
intramolecular parameters134
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Simulation boxes were minimized using steepest decent method for 10 cycles,
then conjugate gradient method for 10,000 cycles. After minimization, the system was
subject to a compression and decompression scheme135 that uses NPT and NVT cycles at
different temperatures and pressures for at least 3 ns. This methodology allows for
equilibration to be reached at reasonable time scales since ILs tend to have sluggish
dynamics. Other authors have adopted a similar annealing methodology to equilibrate
ILs74 which cycle through high and low temperatures to accelerate the equilibration
process. For NPT equilibration cycles and production runs, an isotropic position scaling
with pressure relaxation times of 1 ps was used. The Langevin dynamics thermostat was
used with a collision frequency of 5 ps-1 in order to ensure accurate temperature
control.84,86 The SHAKE algorithm was applied to perform bond length constraints on all
bonds attached to hydrogen atoms in the system. Periodic boundary conditions were
applied to all simulations at 0.98 bar and 298 K, 315K, and 330 K. A non-bonded
interaction cut-off of 15 Å was used. The PME procedure was implemented to calculate
long-range electrostatic interactions. NPT production runs of at least 20 ns after
equilibration were used for average thermodynamic properties and structural analysis.
One nanosecond trajectories with 2 ps between frames were used for hydrogen bond
analysis. The NVE ensemble was used to study transport properties for 50 ns and 30 ns
at 298 K and 330 K, respectively. For higher temperatures shorter times could be
simulated since the diffusive regime is approached at shorter times compared to lower
temperatures. Smaller time steps and stricter PME and SHAKE tolerances of 10-6 and 108

, respectively, were used for the NVE runs to properly conserve energy in the system
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and obtain diffusion coefficients. A step size of 2 fs was used for NPT simulations, while
a 1 fs step size was used for the subsequent NVE simulations.

3.2.2 Experimental details
Reline was made by mixing Choline Chloride (Sigma Aldrich) and Urea (IBI
Scientific) in a 1:2 molar ratio. The mixture was stirred on a hot plate at around 80 ºC for
a few minutes until a clear solution was formed, following the procedure described by
Abbott et al.7 Adding water to the solid mixture, instead of applying heat, was also found
to be a useful way to form these eutectic mixtures. The water can subsequently be
evaporated in a vacuum oven for several hours prior to analysis. The DES liquid was
then placed on polished KBr windows in order to record infrared spectra using a Nicolet
6700 FTIR spectrometer. The spectra were obtained at a resolution of 2.0 cm-1 using 200
interferometer scans. Spectra of the solid samples were obtained using DRIFT on
samples ground with 200 mg of KBr. Small amounts (~1-3 mg) of the solid material
were used to obtain these spectra. All spectra were obtained at ambient conditions.

3.3 Results and Discussion
3.3.1 Computational studies
In this section, atomistic MD simulations are reported and these will complement
experimental infrared spectroscopic work that will be reported in the following section.
Five different force field modifications were used, including the effect of charge transfer
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and polarization characteristics of DES to properly model structure and thermodynamic
properties.

Force fields validation
In order to validate the models, densities, volume expansivities, molar heat
capacities, and self-diffusion coefficients were calculated and compared with the limited
experimental data that is available. In Figure 3-1, the experimental densities25,32,136,137 of
the 1:2 choline chloride/urea eutectic mixture are compared to the results of the five
models. The Ciocirlan et al. values of density were plotted based on a best fit line shown
in Figure 1 of ref 136. A standard deviation of less than 0.003 g/cm3 between simulation
boxes was observed for all densities studied, but is not shown in the figure for clarity. It
is worth nothing that these simulated density values were predicted by the simulation
protocol used and were not fixed to the experimental densities.

Figure 3-1.Density for 1:2 choline chloride urea eutectic mixture at 0.98 bar.
Experimental values: ●- Leron and Li,137 ▼-Ciocirlan et al.,136 ▲- Abbott et al.,25 ■- DAgostino et al.32 Simulated values: solid line (—) 1Amb, (− −) 0.9Amb, (- -) 0.8Amb,
(••) Mod1, (•−•) Mod2. Open symbols on the simulated lines indicate the data point
collected from simulations.
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The results show that all force field modifications used in this work produce
density values within 1-6 % of the experimental values. It is worth noting that there are
differences in reported densities between experimental sources. This might be related to
water content of the samples or the methods used to measure density. Choline chloride,
for example, is known to be a very hygroscopic substance and can readily absorbs water
upon exposure to the atmosphere.14,37
The biggest differences among simulated densities observed in Figure 3-1 are due
to the decrease in net charges of the ionic species, although some slight changes are
observed within unity charge force field modifications. As can be seen, reducing the net
charge on the ionic species reduces the density, a trend also reported in the literature109
for certain ionic liquids, since decreasing the ionic charges expands the system due to
lower cohesive energies. Density, although not a determining factor for force field
validation,101 is a very important solvent physical property and thus serves as a starting
point.
Volume expansivity was calculated using Eq. 3-1 and was compared to
experimental values. The volume expansivity was calculated from the slope of a molar
volume versus temperature curve
( )

(3-1)

where V is the molar volume and T is temperature. Experimental volume
expansivities136 for choline chloride eutectic mixtures are in the range of 5-6 x 10-4 K-1
and thus we found that the 0.8Amb reduced charge force field performs best, as shown in
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Table 3-2. It is interesting to observe that the volume expansion coefficients are smaller
than those reported for organic liquids.138

Table 3-2.Volume expansivity for the different force field modifications studied 𝝰P X 104
(K-1)
Temperature (K)
force field

298

315

330

1Amb
0.9Amb
0.8Amb
Mod1
Mod2

2.74
4.16
5.32
2.69
2.88

2.72
4.13
5.28
2.69
2.87

2.71
4.11
5.24
2.67
2.86

Heat capacity and other thermodynamic properties of DES and ILs can provide
insight into solvent properties, such as for heat transfer,139 and also provide insight into
the origin of the low melting points of ILs.140 Experimental heat capacity data for DES
are scarce, thus the comparison presented here uses only one available data set.
Following Cadena et al.,90,91 the molar heat capacities were estimated by separating heat
capacities into residual and ideal contributions. For the residual contribution, heat
capacities and enthalpies were assumed to have a linear temperature relationship between
298 K and 330 K given by
(

〈

〉

)

(3-2)

Residual heat capacities were obtained from liquid molecular simulations at 298,
315, and 330 K, and 0.98 bar as
(3-3)
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where UNB is the intermolecular potential energy (including 1-4 intramolecular
non-bonded interactions), P is the pressure, V is the molar volume, NA is Avogrado’s
number, k is Boltzmann’s constant, and T is the temperature. The enthalpies were plotted
against temperature and the slope is the average residual heat capacity from 298 K to 330
K.
As mentioned by Cadena et al., ideal heat capacities can theoretically be obtained
from these simulations, but these are overestimated for all force field modifications
studied here, showing that some refinement of the bonded parameters should be applied.
This overestimation has also been noted for other IL simulations.91 The ideal heat
capacities were obtained after performing a vibrational frequency analysis on the isolated
choline chloride and urea moieties using B3LYP/6-31G* at the conditions of interest and
summing according to their respective mole fractions.141 It is worth noting that no
scaling factor was applied to the ideal heat capacity, although other simulations apply a
scale factor for vibrational frequency analysis performed at lower levels of theory.74 The
average simulated heat capacities are reported for temperatures between 298 K and 330 K
and presented in Table 3-3. A heat capacity between 141-184 J/mol K was calculated,
depending on the force field modification, where a mol is a mole of DES with molar
mass of 86.58 g/mol. Force field modifications with reduced charges gave values in good
agreement with reported experimental values of 181.4-186.4 J/mol K for temperatures
between 303.15 K and 333.15 K.139 It is worth mentioning that the values reported by the
same authors139 for a different system (glyceline) are ~ 50 J/mol K higher than those
reported by another study.142
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Table 3-3.Comparison of heat capacity for simulations at constant temperature and
pressure between 298 K-330 K
force field Cres (J/mol K) CIdeal (J/mol K) CP (J/mol K)
1Amb
37
108
145
0.9Amb
64
108
172
0.8Amb
76
108
184
Mod1
33
108
141
Mod2
46
108
154
Exp.139
181.4-186.4

The importance of measuring transport properties for these eutectic mixtures has
also been stressed in the literature.14 The diffusion mechanism of DES has been thought
to be similar to those of ionic liquids with discrete ions32 and thus similar procedures for
calculating self-diffusion coefficients have been carried out here. Self-diffusion
coefficients were calculated using the Einstein relation
〈|

| 〉

(3-4)

where i is the species and r is the vector coordinate of the atoms. The average
mean square displacement (MSD) for choline, chlorine, and urea moieties in the eutectic
mixture are plotted over time for trajectories obtained in the NVE ensemble using ptraj
from AmberTools.131 In order to ensure that the simulations are in the diffusive regime,
time auto-correlation functions were obtained using a vector from the nitrogen atom in
choline to the oxygen atom in choline. For urea, the vector representing the carbonyl was
used. Auto-correlation curves at 298 K and 330 K for 0.8Amb are shown in Figures C-1
and C-2 in Appendix C. Only values for 0.8Amb are reported since as noted in the
literature,107 using reduced charges in non-polarizable force fields increases the selfdiffusion coefficient of ILs so that they are closer to experimental values. The beta-
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parameter (β) was also calculated, as used by Del Popolo and Voth95 to determine the
location of the diffusive regime in other ILs, as given by
〈

𝛽

〉

(3-5)

where ∆r(t)2 is the average MSD of the species and t is time. If β < 1, the system
is in the sub-diffusive regime. At β =1, the calculated diffusion coefficient is in the
diffusive regime and thus self-diffusion coefficients were taken in this region. For
simulations using 0.8Amb at 298 K, β parameters approached 1 after 30 ns, in contrast to
simulations at 330 K, where unity values were reached after about 10 ns, due to reduced
viscosities at higher temperature. As seen in Figure 3-2, urea has a higher self-diffusion
coefficient than choline, consistent with findings in the literature,32 which indicate that
the larger, higher molecular weight cation moves more slowly than the smaller hydrogen
bond donor. Compared to experimental values, simulations at 298 K underestimate selfdiffusivities by about 25-51 %, which may mean that still even longer simulations in the
diffusive regime are required to achieve more accurate transport values at this
temperature. However, excellent agreement with experimental values is seen at 330 K, as
shown in Table 3-4.32 Anion self-diffusion coefficients were also obtained, which have
not to our knowledge been reported before. This provides more information about the
complexed anion’s transport behavior, since self-diffusion coefficients are not the same
for the hydrogen bond donor and the anion. This, in turn, implies that although there are
strong hydrogen bonding interactions between the anion and urea, as discussed above,
their motions are not “tied” and urea molecules have greater mobility relative to the
chlorine anion.
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Figure 3-2.Average MSD as a function of time for one simulation box using 0.8Amb at
(a) 298 K and (b) 330 K. Red: urea; Blue: Chlorine; Orange: Choline.

Table 3-4.Self-diffusion coefficients at 298 K and 330 K for different simulations boxes
using 0.8Amb (standard deviation in parenthesis).
temperature (K)
D+ (1011 m2/s)
Sim1
0.17 ± 0.05
Sim2
0.21 ± 0.06
298 K
Sim3
0.26 ± 0.25
Experimental32
0.35
Sim1
2.18 ± 0.42
Sim2
1.80 ± 0.67
330 K
Sim3
1.73 ± 0.12
Experimental (328 K) 32
2.10
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D- (1011 m2/s) DHBD (1011 m2/s)
0.25 ± 0.06
0.39 ± 0.06
0.26 ± 0.09
0.43 ± 0.15
0.34 ± 0.16
0.47 ± 0.14
0.66
2.65 ± 0.36
3.67 ± 0.33
2.88 ± 0.55
3.26 ± 0.46
2.59 ± 0.27
3.31 ± 0.39
3.55

Structure comparisons
In order to obtain additional insight into the interactions involved in the formation
of 1:2 molar ratio DES, average radial distribution functions (RDF) curves of center of
mass (COM) for the choline cation and urea molecule relative to the Cl- anion were
calculated (at 298 K). Three independent simulation boxes per force field modification
were used and the results are plotted in Figure 3-3. Error bars are not included for clarity.
An image with both curves and error bars can be found in Figure C-3 of Appendix C.
The choline cation shows a bimodal distribution of the nearest neighbor distances
with two distinct peaks near 4.5Å and 5.5 Å. Urea, on the other hand, has one main peak
near 4 Å with a very subtle shoulder, which is better defined using Mod1. Only minor
differences in COM peak locations are calculated when reduced partial charges are used
compared to unity charges, all other force field parameters being kept the same. The
second peak in Figure 3-3a and the first peak in Figure 3-3b are less pronounced for
0.9Amb and 0.8Amb than for 1Amb, which suggests that unity charges might over
predict the interactions and produce over-structured systems, something that has been
mentioned in the literature for ILs.109 Some differences are observed between 1Amb and
Mod1 and Mod2, since the latter two force field modifications make a more pronounced
first minimum. One explanation for the difference in the valleys could be the difference
in the “allowed states” of the –CH2CH2OH dihedral angle of choline, which differ
between the GAFF parameters and those of the other two modified force fields. For the
dihedral terms using the default GAFF values, the hydroxyl chain has more states
“allowed”, while those using the Morrow and Maginn86 values prefer the trans state for
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the –CH2CH2OH group, potentially causing a better defined first minimum in the RDF.
For the COM RDF between the anion and the urea, this distribution shows a decrease in
peak height with reduced charges.
Coordination numbers are listed in Table 3-5 for cations and urea molecules
around the anion. The area under the curve used for the estimation of the coordination
number, shown in Table 3-5, was taken up to the first minima of each curve (minima
values are also listed in Table 3-5). It is important to note that Mod1 has a lower
coordination number, due to the shoulder present at 4.13 Å. If longer r values are chosen
similar to the other models, comparable coordination values are obtained. FAB-MS
measurements7 have provided values for the number of anions involved in complexing
interactions, but coordination numbers were not measured and cation-anion interactions
are not detected using this technique. The simulations reported here indicated that a
larger number of urea molecules interact with the anion compared to the choline cation
with three to four urea molecules being located around chlorine anions, relative to one to
two choline cations. As might be expected, this is a consequence of molar composition
of the system and hydrogen bonding interactions, which we will consider in the next
section.
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Figure 3-3.Average COM RDFs for anion and (a) choline cation, and (b) urea. Red- 1
Amb, orange- 0.9Amb, black- 0.8Amb, green - Mod1, blue- Mod2.
Table 3-5.Average number of nearest neighbors up to first minima (using COM RDF)
with standard deviation in parenthesis.
force field
1Amb
0.9Amb
0.8Amb
Mod1
Mod2

first min position
(Å) for Cl-Ch+
4.78
4.88
4.88
4.83
4.83

Ch+ coordination
number
1.42 ± 0.03
1.61 ± 0.03
1.54 ± 0.01
1.48 ± 0.03
1.41 ± 0.04

first min position (Å) for
Cl-Urea
5.18
5.38
5.48
4.13
5.13

urea coordination
number
3.08 ± 0.04
3.88 ± 0.04
3.87 ± 0.04
1.44 ± 0.02
3.67 ± 0.03

A detailed understanding of the role of hydrogen bonding is provided by an
examination of atom-to-atom interactions. Figure 3-4a shows the radial distribution of
the oxygen of the choline OH group around chlorine atoms. The interaction between the
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OH group and the Cl- anion is largely electrostatic. Once the charges are reduced, the
peak height decreases and the first peak distance increases slightly, consistent with other
observations in the literature.109 The same trend is observed with the N(urea)--Cl- RDFs
as seen in Figure 3-4b but the changes among the force field modifications are not as
large. As might be expected, the stronger interaction between OH and Cl- groups relative
to NH2/Cl- groups results in closer contact. No differences are observed for the RDFs of
the two nitrogen atoms (not shown here) in urea with the anion indicating that each of the
hydrogen atoms in the NH2 groups are equally likely to interact with the anion.

Figure 3-4.Atom-atom RDFs for anion and (a) oxygen in hydroxyl group of choline, and
(b) nitrogen atom from urea. Red- 1 Amb, orange- 0.9Amb, black- 0.8Amb, green Mod1, blue- Mod2.
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Figure 3-5a shows the atom-atom RDF for specific urea hydrogen interactions
with Cl- anions. Hydrogen atoms were labeled based on the positions at the beginning of
the simulation, as Hcis for atoms originally in the cis configuration, and Htrans for the trans
configuration. The majority of the hydrogen atoms maintained their original
configuration throughout the simulation. These RDFs show that Htrans are more likely to
hydrogen bond to anions than Hcis. These configurations will be illustrated and discussed
in more detail later.
Figure 3-5b shows the RDFs for the NH2 hydrogen atoms in urea relative to urea
carbonyl oxygen atoms. As with NH/anion interactions, the first peak of both cis and
trans NH hydrogen atoms are at identical distances from the urea oxygen atom. Note that
the tallest peaks for the RDFs shown in Figure 3-5b are located near 2.4 Å (Hcis) and 3.0
Å (Htrans), corresponding to non-hydrogen bonded intramolecular distances, while the
first peak, near 1.9 Å, corresponds to intermolecular hydrogen bond distances.
It is interesting that when using these force fields modifications, the urea/urea
NH2/C=O hydrogen bond distances are shorter than anion-NH2 hydrogen bonds. Similar
RDFs were observed using all force fields, except Mod2, but only curves for 0.8Amb are
shown in Figure 3-5. Additionally, the urea-urea interaction in our force field
modifications are greater than that shown very recently by Sun et al.,13 primarily due to
the force field parameters used for urea, although their work also found two hydrogen
bond distances for the NH2--Cl- and NH2--O(Urea) interactions, respectively. Work to
validate the force field modifications has been carried out in this study in order to ensure
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that the system is accurately simulated, since these systems have not been thoroughly
studied in-silico.

Figure 3-5.Atom-atom RDFs for (a) anion and hydrogen atoms in urea and (b) oxygen in
urea and hydrogen atoms in urea for 0.8Amb. Blue dots and red line are for Htrans; Gray
line and green dots are for Hcis.

Hydrogen bond analysis
A hydrogen bond analysis was performed for a 1ns trajectory at the end of the
production run using cpptraj from AmberTools 12 with 0.8Amb.131 The angles (where
∠DHA is the angle D-H--A when D is hydrogen donor and A is hydrogen acceptor) and
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distances between the anion and hydrogen atoms in urea and the hydroxyl group in
choline were investigated. The distance of the first minima values for the COM listed in
Table 3-5 were used as initial cut offs of each interaction type. The distribution of N-H-Cl- and O-H--Cl- angles within this cut-off is shown in Figure 3-6a. It can be seen that
there is a distinct peak in the distribution of N-H--Cl- angles at values greater than 150°,
commonly used as a cut-off for defining a hydrogen bond. There are also distinct peaks at
angles less than 100°, but these correspond to the angle between the second NH group on
an NH2 moiety whose other NH group is bonded to the Cl- anion (a small contribution
can also come from NH2 groups on the other side of the carbonyl). However, the most
important point is that there is a larger fraction of urea molecules that are oriented
relative to anions such that they could form hydrogen bonds than there are choline cations
that have a favorable orientation relative to Cl- anions. Using a cut off angle of 150° and
the first minima distance from the COM RDFs, as previously used, heavy atom distance
distribution are shown in Figure 3-6b. It can be seen that the majority of interactions
occur at distances between 3.3 and 4 Å. Note in Figure 3-6, the fractions of both curves
in each graph add up to unity collectively and all percent occupancies were included.
Percent occupancy is determined by the total percent of time this hydrogen bond is
present over the 1 ns trajectory analyzed.
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Figure 3-6.Hydrogen bond distribution for 0.8Amb as a function of (a) angle, and (b)
heavy atom distance (meeting the 150° requirement). Red line: anion-urea hydrogen
bonds; blue line: anion-choline hydrogen bonds.
From these angle and distance distributions, the heavy-to-heavy atom cut-off
distance of 3.5 Å and an angle cut-off for ∠DHA of 150º were used as a strict hydrogen
bond criteria in order to calculate the fraction of hydrogen bonds of each type in this
system. These criteria fit into the typical hydrogen bond criteria used for other studies,
including IL simulations.92,119,143
The relative fraction of the hydrogen bonds of each type were determined for
every frame of a 1ns molecular dynamics trajectory with 2 ps between frames (a total of
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501 frames) also using cpptraj from AmberTools 12.131 Two types of NH groups are
distinguished on each urea molecules, Htrans and Hcis, as illustrated in Figure 3-7 and
labeled H1, H3, and H2, H4, respectively. This figure also illustrates the pattern of
hydrogen bonding found in the urea crystal.144 Note the bifurcated hydrogen bonds
formed between the Htrans and urea carbonyl.

Figure 3-7.Hydrogen bonds formed between carbonyl and NH groups in urea. Bifurcated
(linear, l) hydrogen bonds are formed between NH groups that are trans (t) to carbonyls,
while NH groups that are cis form transverse (t) hydrogen bonds. Htrans groups are labeled
1,3, while Hcis groups are labeled 2,4.

Figures 3-8 and 3-9 show the fraction of N–H--O=C and N–H--Cl– hydrogen
bonds, respectively, together with standard deviations. The data were obtained from three
different simulations, all under the same conditions and with the same force field
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(0.8Amb), but different starting configurations. Curves are plotted as a function of frame
number and show that the values remain fairly constant as the simulation progresses.
Each frame is a snapshot of the number of hydrogen bonds present at that instant. The
values shown in Figures 3-8 and 3-9 are consistent with the RDF curves, which show that
there are more Hcis around the urea carbonyl than Htrans. On the other hand, there are more
Htrans than Hcis atoms around the Cl– anion. As we will show in the following
experimental section, hydrogen bonds between NH- -Cl– hydrogen bonds are stronger
than NH- -O=C hydrogen bonds so the former are preferred. In addition, the trans NH
groups can form a bifurcated “double” hydrogen bond, as in the urea crystal (see Figure
3-7), so trans NH- -Cl– hydrogen bonds are favored over cis. A “snapshot” of the groups
surrounding a Cl– anion is shown in Figure 3-11 and illustrates the positioning of urea
molecules around a Cl– ion such that bifurcated hydrogen bonds are formed. Also note
the positioning of a Hcis such that it forms a hydrogen bond with a urea C=O group.
Figure 3-10 shows the fraction of hydrogen bonds formed between the choline
OH group and the urea carbonyl, the Cl- anion, and other choline OH groups. There are
very few OH- -OH hydrogen bonds, most of the hydroxyls preferring to hydrogen bond
to the urea carbonyl and the Cl- anion. However, a small number of Hcis groups were
calculated to form hydrogen bonds to the oxygen of the choline cation (about 1%, plot
not shown).
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Figure 3-8.(a) Average fraction of H-bonds of the type NH- -O=C for all frames studied.
No error bars are shown for clarity. (b) Frames 90-160 showing standard deviation
obtained from multiple simulation boxes to show variations. Red: X=H1; Gray: X=H2;
Blue:X=H3; Green:X=H4 (see Figure 3-7).
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Figure 3-9.(a) Fraction of H-bonds of the type NH- -Cl– for all frames studied. No error
bars are shown for clarity. (b) Frames 90-160 showing standard deviation obtained from
multiple simulation boxes. Red: X=H1; Gray: X=H2; Blue:X=H3; Green:X=H4.
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Figure 3-10.(a) Fraction of H-bonds of the type OH - - X for all frames studies. No error
bars are shown for clarity. (b) Frames 90-160 showing standard deviation obtained from
multiple simulation boxes. Red: X=Cl–; Blue: X=urea C=O; Green: X=choline OH
group.
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Figure 3-11.A snapshot showing an example of a cluster of molecules surrounding a
chlorine anion.
The number of hydrogen bonds that can form between the “donor” and “acceptor”
groups present in the mixture depends in a complex fashion on both the energy of each
type hydrogen bonds and the ability of the molecules and ions to pack in such a fashion
so as to maximize the total number of hydrogen bonds. The infrared spectroscopic results
described in the following section show that in the 1:2 molar mixture (choline
chloride:urea) there are no detectable “free” (non-hydrogen bonded) NH, OH and
carbonyls groups, although at lower urea concentrations free carbonyl groups are
observed. We will now consider these results.
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3.3.2Experimental spectroscopic studies
Infrared spectroscopy is very sensitive to hydrogen bonding interactions and for
reline the most useful regions of the spectrum are the NH/OH stretching modes observed
between 3600 cm–1 and 3000 cm–1 and the NH2 bending and C=O stretching bands
observed between 1700 cm–1 and 1600 cm–1. These two regions of the spectrum are
shown in Figures 3-12a and 3-12b, respectively, where the spectrum of the DES mixture
(1:2 molar ratio of choline chloride to urea) is compared to the spectra of urea and
choline chloride. It can be seen that there are significant changes in both regions of the
spectrum upon formation of the DES, but to interpret these it is necessary to first consider
band assignments in the spectra of the parent materials, urea, and choline chloride.

Figure 3-12.Infrared spectra for choline chloride, urea, and the DES (a) NH/OH region
and (b) C=O/NH2 region.
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A detailed vibrational analysis of urea (as well as various urea complexes) has
been reported by Keuleers et al.,145,146 who also comprehensively reviewed much of the
preceding literature. They assigned bands near 3450 and 3345 cm-1 to the asymmetric and
symmetric NH stretching modes, respectively. Because there are two NH2 groups per
molecule, each of these modes could be split as a result of interactions into vibrations
belonging to the A1 and B2 symmetry species of the C2v point group.145 In this regard,
Derreumaux et al.147 performed a symmetry analysis of urea and established the
correlation between the C2v point group and the space group, showing that there are still
two symmetric and asymmetric stretching modes allowed in the crystal. Indeed, the
spectra in Figure 3-12a, clearly shows two asymmetric stretching modes near 3458 cm-1
and 3440 cm-1, respectively, while the 3345 cm-1 symmetric stretching mode has a clearly
discernible shoulder near 3332 cm-1. Derreumaux et al.147 calculated only a small
frequency difference of ~ 2 cm-1 between the asymmetric A1 and B2 and ~ 4 cm-1 for the
symmetric A1 and B2 modes, compared to the larger splittings experimentally observed in
this study.
We suggest that these larger splittings have their origin in a difference in the types
of hydrogen bonds formed by NH groups that are cis and trans to carbonyl groups in the
same molecule. The crystal structure of urea shows that NH groups that are trans to the
carbonyl groups form what was termed linear hydrogen bonds, labeled l in the schematic
illustration shown in earlier in Figure 3-7.144 Both trans NH groups hydrogen bond to the
same carbonyl, forming a bifurcated structure and a chain of urea molecules linked in this
fashion. The two cis NH groups hydrogen bond transversely to carbonyl groups on
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different chains of urea molecules (t in Figure 3-7). As a result, the carbonyl oxygen on
each urea molecule is hydrogen bonded to four NH groups on three different urea
molecules. It has been shown that the linear and transverse H-bonds have different
lengths,144 hence different strengths. Accordingly, in crystalline urea the observed large
splitting of the asymmetric and symmetric NH stretching modes could be related to
perturbations associated with different hydrogen bond strengths.
There are also several bands below 3300 cm-1 in the spectra of urea in Figure 312a, but these can be assigned to overtone/combination modes of the C=O stretch, NH2
bending modes, probably in Fermi resonance with the NH stretching modes. Keuleers et
al.145 assign the band at 3264 cm-1 to a coupled combination mode of NH2 deformation
and C=O stretching vibrations.
Urea has three bands in the 1700 cm–1 to 1600 cm–1 region of the spectrum,
observed near 1689, 1631, and 1606 cm-1. The frequencies of these modes are slightly
different to those reported in other studies,121,145,147 presumably because we used a
different sample preparation method, diffuse reflection, as opposed to KBr pellets. These
bands have been assigned to symmetric and asymmetric NH2 deformation vibrations and
a carbonyl stretching vibration, respectively. However, as Keuleers et al.145 point out, the
symmetric (1689 cm–1) NH2 deformation and C=O stretching modes (1606 cm–1) are
highly coupled and/or mixed. Both belong to the same symmetry species (A1), but the
asymmetric NH2 deformation belongs to a different symmetry species (B2) and does not
appear to mix with the C=O stretching mode.
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Choline chloride also has an interesting spectrum, with the OH stretching mode
appearing near 3256 cm–1 (Figure 3-12a). This is consistent with the spectroscopic
observations of Harmon et al. in studies of organic salts148 and choline fluoride,149 where
a band near 3223 cm–1 was observed. Typically, OH--OH hydrogen bonded groups in
alcohols appear near 3350 cm–1, so the much lower frequency of the OH stretching mode
in choline chloride indicates that it is engaged in much stronger hydrogen bonds. The
crystal structure of choline chloride, although difficult to interpret because of disorder
effects, shows a close proximity of OH groups to the Cl– anion, indicating that these
groups are strongly hydrogen bonded.37
Upon forming the choline chloride/urea 1:2 (molar) mixture, there are significant
changes in the NH2/OH stretching and NH2/C=O bending regions of the spectrum, as
shown in Figures 3-12a and 3-12b, respectively. In the NH2/OH stretching region, two
well-resolved bands can be observed near 3326 cm-1 and 3192 cm-1, with two prominent
shoulders near 3256 cm-1 and 3400 cm-1, respectively. The 3192 cm-1 band is probably
an overtone of the 1616 cm-1 band that is in Fermi resonance with a NH stretching mode,
resulting in an intensity enhancement and a shift to lower wavenumbers, analogous to the
amide A and B modes observed in polypeptides and proteins.150 The 3256 cm-1 band
corresponds to the OH stretching band observed in crystalline choline chloride, and
presumably has the same origin of OH--Cl– hydrogen bonded groups. The simulations
reported above indicate that roughly half of the OH groups are hydrogen bonded to Cl–
anions, while the other half are hydrogen bonded to urea C=O. The OH stretching mode
of the latter would appear at higher wavenumbers. However, it would seem likely that the
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3326 cm-1 and 3400 cm-1 bands are due to the symmetric and asymmetric stretching
modes of the urea NH2 groups, respectively. These are at lower frequencies than the
corresponding modes in crystalline urea, indicating that they are involved in stronger
hydrogen bonds. Also, they do not appear to be “split” into two components, as in the
spectra of crystalline urea and are very broad suggesting that there is an equivalently
broad distribution of hydrogen bonds with different hydrogen bond strengths. We suggest
that the OH--O=C hydrogen bonded O–H stretching mode is buried in this profile.
This conclusion is supported by the changes that occur in the C=O stretching,
NH2 bending region of the spectrum, shown in Figure 3-12b. As discussed above, urea
has three bands in this region of the spectrum, observed near 1689, 1631, and 1606 cm-1.
Upon forming the 1:2 deep eutectic mixture with choline chloride, these three bands are
merged into what at first appears to be two major peaks near 1668 cm-1 and 1616 cm-1,
initially suggesting that the groups are in a hydrogen bonding environment with patterns
of NH to C=O and NH to Cl- hydrogen bonds that are fairly uniform with some sort of
strange merging of the NH2 deformation and C=O stretching modes. However, a more
detailed examination of this region of the spectrum together with the application of curve
resolving techniques indicates a far more complex situation.
The spectrum of choline chloride/urea mixtures of different compositions in the
1800 cm–1 to 1500 cm–1 region of the spectrum are compared in Figure 3-13. It can be
seen that at molar ratios of 1:0.5 and 1:1 choline chloride:urea, a band near 1720 cm–1 can
be observed. This can be assigned to “free” carbonyl groups – those that are not hydrogen
bonded to NH or OH groups. This band is no longer apparent in the spectra of the 1:2 and
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1:3 molar ratio mixtures. Essentially, in mixtures with lower concentrations of urea, NH2
groups are favoring formation of hydrogen bonds to Cl– or possibly the oxygen of choline
chloride OH groups over urea carbonyl groups, more than likely the former. However,
the most important observation is that all of these spectra show that both bands are
asymmetrically broadened, the 1668 cm–1 band predominantly on the high frequency
side, while 1616 cm–1 is clearly asymmetric on the low frequency side. This indicates the
presence of a number of overlapping bands.

Figure 3-13.The spectra of choline chloride/urea mixtures as a function of composition.
The spectra have been offset for clarity. From top to bottom, mixtures with a molar ratio
of choline chloride to urea of 1:0.5, 1:1, 1:2; and 1:3.
We have curve-resolved this region of the spectrum and the results for the 1:1 and
1:2 mixtures are shown in Figure 3-14. Curve resolving remains somewhat of an art. You
can always get a good fit by including enough bands, but in the end the character of the
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bands (particularly their width at half height) and their assignment has to make
spectroscopic sense. Our methodology is based on the approach65 has been used to
analyze band shapes in the infrared spectra of polystyrene. The procedure involves an
initial examination of a broad region of the spectrum to identify where a baseline can be
placed. This is crucial, in that a badly placed baseline can lead to significant distortions in
band shape, as the tails of Lorentzian bands extend to far beyond the tails of Gaussian
bands. The baseline shown in Figure 3-14 was fixed at minima outside the region of the
spectrum where there were no apparent absorption bands (in fact, the baseline was set
very slightly below these values, to account for the tails of Lorentzian bands – see ref 65
cited above).

Figure 3-14.The spectrum of the choline chloride/urea spectrum scale expanded in the
1740 cm–1 to 1560 cm–1 region of the spectrum together with bands identified by curveresolving. Left, the spectrum of the 1:1 molar ratio choline chloride to urea mixture;
right, the 1:2 molar ratio spectrum.
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Experimental bandwidths can be a combination of Gaussian and Lorentzian
curves (creating a Voigt profile). These are often estimated using a sum function like the
following expression:
[

]

[

]

(3-6)

The individual Gaussian and Lorentzian curves that describe the overall band
profile are assumed to have equal half-widths at half-height,
proportions of f to (1-f). The band height is denoted as A0, while
coordinate of the peak maximum and

, and appear in the
is the wavenumber

are the frequencies of the points that describe the

bands. It has been shown65 that this particular sum expression can approximation a true
Voigt profile.
Initial estimates of these parameters for a defined number of bands were then
least-squares fit to the observed spectrum in the limited wavenumber range shown in
Figure 3-14. We initially employed just five bands, corresponding to the main peaks near
1668 cm–1 and 1616 cm–1, together with modes corresponding to the asymmetric
broadening on the high and low frequency sides of the bands, respectively. A band that is
probably an overtone or combination mode near 1565 cm–1 was also included (this mode
can be clearly seen in the spectrum of the DES and urea in Figure 3-12b). This resulted in
an apparently good least squares fit, but gave bands with unreasonable half widths (> 50
cm–1). After some trial an error, the minimum number of bands that could fit the profile
and still have characteristics that made spectroscopic sense are shown in Figure 3-14.
Although we cannot claim that these modes are unequivocally identified, the number of
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modes and their frequencies are consistent with the hydrogen bonds identified by
molecular dynamics simulations. The important point is that this region of the spectrum is
more complicated than it superficially appears and indicates the presence of various types
of hydrogen-bonded species in the DES.
We suggest that the six hydrogen-bonded bands are three pairs that correspond in
origin to the three modes observed in urea; the coupled symmetric NH2 deformation and
C=O stretching modes and the asymmetric NH2 deformation mode (coupled to C-N
stretch, according to the calculations of Keuleers et al.145). Each of these now has two
components in the mixtures, one with a stronger average hydrogen bond strength than the
other. We suggest that the pair of bands resolved near 1688 cm–1 and 1670 cm–1
correspond to the 1689 cm–1 mode observed in urea. The 1688 cm–1 mode is less intense
than the 1670 cm–1 mode. The simulations reported above indicate that approximately
35% of the urea NH groups (both cis and trans) are hydrogen bonded to Cl– anions, while
about 52% of the NH groups are hydrogen bonded to urea carbonyl groups. This is
consistent with the spectra, in that if this mode has a larger contribution from NH2
deformation vibrations than C=O stretch, as the calculations of Keuleers et al.145 suggest,
then the more strongly hydrogen bonded species should be observed at higher frequency.
The opposite should be true of the (predominantly) carbonyl-stretching mode, observed at
1606 cm–1 in urea, which now has a less intense component near 1592 cm–1 and a more
intense component near 1613 cm–1, the higher frequency mode now corresponding to a
distribution that is less strongly hydrogen bonded. The largely asymmetric deformation
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mode does not show this level of intensity difference, but these two weaker bands
centered between more intense modes will be subject to the most error in curve-resolving.

3.4 Conclusions
Hydrogen bonding interactions of reline have been studied by a complementary
simulation/experimental approach. Simulated and experimental densities are in good
agreement with all modified force fields used in this work although there is a broad range
of experimental densities available in the literature. Simulated values for volume
expansion coefficient and heat capacity were shown to better agree with experimental
data for 0.8Amb. Not much improvement is observed when using Mod1 and Mod2 as
they both have similar density, volume expansion coefficient, and heat capacity values as
1Amb. Reasonable agreement with experimental values is seen for diffusion coefficients
at 298 K and excellent agreement is seen at 330 K for the best performing force field
modification. For structural properties shown in the RDFs, peak heights decrease and
peak locations slightly increase with a reduction in net charge of the ionic species. From
COM RDFs, a higher number of urea nearest neighbors around the anion is calculated
compared to choline cations surrounding anions. Through a detailed hydrogen bond
analysis, a relative percent of hydrogen bonding interactions is calculated for the main
types of hydrogen bonding. The results from simulations are compared to the infrared
spectra to probe the interactions responsible for forming this eutectic mixture. Bands
were assigned for the two most significant regions of the spectra, the OH/NH2 stretching
and C=O/NH2 stretching and bending regions of the spectrum. This latter region was
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curve-resolved providing a more detailed band assignment than has ever before been
published in the literature, to our knowledge. Comparing the relative contributions of
hydrogen bonding interactions observed in the simulations, the higher frequency curveresolved band for the NH2 bending mode around 1688 cm-1 was assigned to the crucial
NH2--Cl- interaction implying a strong interaction at these higher frequencies. Atomistic
detail from the simulations shows that the anion prefers to interact with the Htrans in order
to maximize the number of hydrogen bonds present in the system. Additionally, from the
molar ratios studied through spectroscopy, the “free” carbonyl band disappears with
increasing urea concentrations suggests increasing NH2--C=O or OH--C=O interactions.
This suggests that at low urea concentrations, interactions between NH2 groups with the
anion are preferred and as urea concentrations increase approaching the eutectic mixture,
this interaction remains a crucial component of this mixture with other interactions also
being present. Both molecular simulations and vibrational spectroscopy were used to
highlight key aspects of this eutectic mixture shining light towards the important
interactions that are present in this system.
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Chapter 4
EXPERIMENTAL AND COMPUTATIONAL STUDIES OF OTHER
EUTECTIC MIXTURES
4.1 Introduction
As inexpensive and readily available IL analogues, DESs make interesting
alternatives to organic solvents and ILs in recent studies of CO2 solubility,9 metal oxide
solubility,10 electrochemistry,23,24 and purifications28. Choline chloride-based eutectic
solvents have been used for many of these applications, with some of them having their
own unique applicability. For example, choline chloride/ethylene glycol (referred to as
ethaline) has been used23 with high current efficiency for the electropolishing of stainless
steel. Choline chloride/glycerol (referred to as glyceline) has remarkably been used28 to
purify biodiesel. It has also been reported10 that choline chloride/malonic acid (referred
to as maline) provides a higher metal oxide solubility than other choline chloride-based
eutectic mixtures. For these systems, understanding their behavior can be vital in
predicting their advantages in future applications. For instance, in maline, malonic acid’s
anomalous transport behavior has been attributed32 to greater HBD-HBD interactions in
this system than is believed to occur in other DESs. Further probing the nature of these
interactions can highlight any potential problem areas or benefits in prospective
applications.
Choline chloride was chosen as the quaternary ammonium salt for all the eutectic
mixtures studied here in order to determine the effect of the HBD. We thus assume that
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changes in the system are due to the different HBDs used. One dicarboxylic acid
(malonic acid) and two monomeric polyols (ethylene glycol and glycerol), all shown in
Figure 4-1, were chosen as the HBDs to study the effects on the hydrogen bonding
network of these systems. All three of these eutectic mixtures have a freezing point
below room temperature and can be used as solvents in many room temperature
applications.

Figure 4-1.Structure of (a) ethylene glycol, (b) glycerol, and (c) malonic acid

The ability to tailor the physicochemical, thermodynamic, and transport properties
of DESs experimentally, is still very limited. Molecular simulations provide insight into
which specific interactions impact the behavior of these novel solvents. The
methodology used in our previous study (Chapter 3) to model choline chloride/urea
(referred to as reline) is applied to other DESs to determine the applicability of the
modified force fields used as applied to other eutectic mixtures. The ability to represent a
family of systems with one type of force field, or methodology, is beneficial to the
scientific community. This consequently reduces the time needed to parameterize force
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fields for specific systems and finds a balance between accuracy and efficiency in
computational science.

Densities, thermodynamic properties, and self-diffusion coefficients were
obtained for ethaline and glyceline through molecular dynamic (MD) simulations. In
addition, the hydrogen bond network in ethaline and glyceline are compared to show the
effect of the number of functionalities and how that may affect thermodynamic and
transport properties. For maline, the DES with the highest viscosity studied here, the
focus was on density and thermodynamic properties, as well as vibrational spectroscopy,
to determine which interactions are dominant in the system. A detailed structural and
hydrogen bonding analysis was performed for all three DESs to understand how these
types of HBDs participate in forming complexes with the anion of the quaternary
ammonium salt and what the principle interactions are within each system.

4.2 Methodology
4.2.1 Computational details
As in our previous work for reline (see Chapter 3), the GAFF parameters were
used for the bonded parameters. Each ion and neutral component was optimized in an
isolated state in order to be able to transfer the charge model to other eutectic mixture
combinations. A multi-conformation procedure using the RESP charge derivation
method111 in R.E.D. Tools123–125,127 was used to obtain the final charges for these flexible
HBD, minimizing geometry dependence during charge derivation. Conformations were
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obtained from the literature, when possible, and those used in this work are shown in
Figures A-2 and A-4 in Appendix A. Due to the nature of the carboxylic group, the van
der Waals term for the hydrogen in the hydroxyl groups were slightly modified, similarly
to the work of Maginn et al,74 because these parameters are usually zero for this atom
type. Thus, the vdW radius was set to 0.112 Å and the well depth was set to 0.001
kcal/mol to provide a small hard core potential. This prevented some overlapping from
occurring in malonic acid, which was not seen in the reline system previously studied.
For consistency, this procedure was applied to all hydrogen atoms in any hydroxyl group
for all the molecular simulations discussed in this chapter. All other GAFF Lennard
Jones parameters were kept the same. Preliminary results (not shown here) showed a
better agreement with experimental values of density and transport properties when a
reduced charge of ±0.9e was applied to the ionic species. This is different from the reline
system, which showed more promising results when using ±0.8e charges on the ionic
species. Tables B-10 through B-13 in Appendix B contain partial charges and Lennard
Jones parameters used for the choline cation and the HBD molecules.
For maline, 350 choline chloride ion pairs and 350 malonic acid molecules were
randomly inserted in a simulation box at a low density. For ethaline and glyceline, 300
choline chloride ion pairs and 600 HBDs were placed in a low-density box at random.
Molecular dynamics were performed using AMBER10 and 12.128,131–133 After
minimization, these systems were equilibrated using a compression and decompression
scheme135 previously used in our group. This is necessary for proper equilibration since
ILs and DES have slow dynamics. Equilibrium runs of 3 ns were performed for ethaline
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and glyceline, while maline was equilibrated for about 15 ns. Production runs for all
three systems were nearly 20 ns long. Langevin dynamic thermostats were applied with a
collision frequency of 5 ps-1. The SHAKE algorithm was used to perform bond
constraints on all hydrogen atoms. Simulations were carried out at 0.98 bar and at 298 K,
315 K, and 330 K with periodic boundary conditions and a non-bonded cut-off of 15 Å.
Long-range electrostatics were calculated using the PME procedure. For transport
properties, the NVE ensemble was used after the NPT production runs. In order to
conserve energy, PME and SHAKE tolerances of 10-6 and 10-8, respectively, were
applied. NPT and NVE production runs used a step size of 2 fs and 1 fs, respectively.
For thermodynamic and transport property analyses, values were averaged over three
simulation boxes, each with different starting configurations. RDF curves were also
averaged over three simulation boxes over production runs that were about 20 ns long. A
hydrogen bonding analysis was performed over a 1 ns trajectory, with 2 ps between
frames at the end of the production run. The relative percent occupancies and percent of
hydrogen bonding types were obtained. Percent occupancy is described as the total time
a unique hydrogen bond exists during the analyzed trajectory. All percent occupancies
were included in this study.

4.2.2 Experimental details
Malonic acid (Sigma Aldrich) and Choline chloride (Alfa Aesar) were mixed in a
1:1 molar ratio over a hot plate (~ 80 °C) until a homogeneous liquid is formed. An
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absorbance spectrum of maline on a polished KBr window was obtained using a Nicolet
6700 FTIR spectrometer with a resolution of 2.0 cm-1 over 200 scans. Diffuse reflectance
infrared Fourier transform (DRIFT) spectra were recorded for malonic acid over 200
scans at a 2.0 cm-1 resolution. All spectra were taken at ambient conditions.

4.3 Results and Discussion
We use a complementary computational and experimental approach to underline
the important interactions that affect the behavior of DESs. By properly modeling these
systems, simulation results can help interpret experimental observations (for example,
NMR analysis showing increased HBD-HBD or HBD-anion interactions in some DES)
and help develop new theories. We first look at the simulation results of ethaline,
glyceline, and maline. Then, a spectroscopic study of maline is reported in order to better
understand this unique system.

4.3.1 Computational studies
Force field validation
For all three systems studied here, the simulated densities are in excellent
agreement with experimental values obtained from multiple sources when using ±0.9e for
the ionic species, as shown in Figure 4-2. Note that the values attributed to Ciocirlan et
al. were obtained by using a best fit line from Figure 1 in ref 136. Error bars were not
included for clarity, but standard deviations ranged from 5.7 X10-5 to 1.1 X 10-3 g/cm3.
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This was calculated between the average values of the simulation boxes. Since density
values can be readily obtained with multiple force fields, more stringent properties were
also calculated in order to validate them.

Figure 4-2.Experimental and simulated density averaged over three simulation boxes.
Solid blue line with ●-(a) simulated ChCl:EG 1:2, (b) simulated ChCl:Gly 1:2, and (c)
simulated ChCl:MA 1:1; ●- Ciocirlan136; □- D’Agostino32; ■- Abbott, Harris26; ▲Leron151; □- Shahbaz (predicted)152;

Tables 4-1 and 4-2 contain simulated and experimental volume expansivities, heat
capacities, and self-diffusion coefficients for these systems. Volume expansivity values
can be obtained from the slopes of the density values in Figure 4-2, then dividing that by
density. The trend is in excellent agreement with values calculated from the slopes of the
experimental data. Calculations for obtaining the average and standard deviations shown
in Table 4-1 are explained in Appendix E.
The heat capacities were calculated following the methods developed by Cadena
et al.90,91 (also used in Chapter 3). For both ethaline and glyceline, this method
overestimates experimental values by only 7%. No experimental data is available for
maline. It must be noted that no correction factors were implemented for the ideal heat
capacity values. However, if a correction factor is applied, as in some IL systems,153 a
closer fit to experimental values would be obtained. Of more significance are the relative
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values between the different DES. Leron and Li139 concluded that as the molecular
weight of the DES increases, the molar heat capacity increases as well. This trend is
observed in this work for DES systems that are in 1:2 molar ratio. Maline, which was not
reported in ref 139, did not follow this trend. It was expected that since the molecular
weight of this DES (121.8 g/mol) is the highest among these three DESs, maline would
have the highest molar heat capacity. However, the simulated value of heat capacity for
maline is between the values of heat capacity for ethaline and glyceline. Since the heat
capacity value of maline has not yet been validated with experiments, rough estimates of
heat capacity values for eutectic mixtures at 298K were obtained by simply calculating a
theoretical heat capacity from the heat capacities of the HBDs obtained from the NIST
webbook154. From these crude heat capacity estimates, a trend is observed for the
eutectic mixtures that matches the trend determined in this simulation study, ethaline<
maline< glyceline.
Table 4-1.Volume expansivity and heat capacity between 298 and 330 K for the DES in
this work
eutectic
mixture

simulated volume
expansivity (104 K-1)

simulated heat
capacity (J/mol K)

experimental heat capacity
(J/mol K) for 303.15-333.15 K

ethaline
glyceline
maline

6.45 ± 0.05
6.09 ± 0.07
4.91 ± 0.29

209.27 ± 1.55
259.15 ± 2.87
229.32 ± 6.71

190.8-199.2
237.7-246.9
N/A

The self-diffusion coefficients for maline were not simulated, since the
computational time scales available would not lead to accurate transport properties of this
highly viscous system. However, about 40 ns and 80 ns long trajectories were analyzed
for ethaline and glyceline, respectively, to estimate the transport properties of these
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systems. Self-diffusion coefficients were calculated only in the region where a diffusive
regime could be observed (either by looking at the auto-correlation functions or
calculating the 𝛽 parameter previously discussed in Chapter 3). It can be seen in Table 42 that for ethaline the transport properties are still underestimated by 20-30% for
simulations at 298 K and 5-25% for simulations at 330 K. Maginn et al74 observed
underestimated values by a factor of two for transport properties of ionic liquids using
GAFF parameters and reduced charges. However, some preliminary work on this system
(not shown here) indicated that using partial charges of ±0.8e overestimated transport
properties as well as underestimated density values. Using ±0.9e for the ionic species in
our simulations thus provides reasonable agreement with both simulated self-diffusion
coefficients and density values.
For glyceline, transport properties are underestimated by 14-20% of experimental
values at 298K. At 330 K, the simulated values are overestimated by 17-27% compared
to the experimental values. Average and standard deviations were obtained using three
different simulation boxes per temperature.

Table 4-2.Average self-diffusion coefficients for two DES studied in this work
eutectic mixture
ethaline
glyceline
eutectic mixture
ethaline
glyceline

cation (exp)
2.62
0.38

32

cation (exp*)32
9.79
1.79

average transport (D X 1011 m2s-1) at 298 K
cation (sim) anion (sim) HBD (exp)32
1.81 ± 0.07 2.50 ± 0.28
4.77
0.30 ± 0.02 0.46 ± 0.09
0.52
average transport (D X 1011 m2s-1) at 330 K
cation (sim) anion (sim) HBD (exp*)32
7.44 ± 0.17 9.71 ± 0.10
16.4
2.11 ± 0.29 3.09 ± 0.01
2.45

*Experimental values are at 328 K
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HBD (sim)
3.75 ± 0.28
0.45 ± 0.02
HBD (sim)
15.3 ± 0.20
3.12 ± 0.12

Structural analysis
A structural analysis for each DES is presented, with the results referring to the
atom numbers shown in Figure 4-1. First, we will discuss site-site and COM RDFs,
showing the contact distances between different moieties. Then a more discriminant
hydrogen bond analysis depicting the hydrogen bond network in these DES will be
described.

Choline Chloride: Ethylene Glycol 1:2 (Ethaline)
In ethaline, the main interactions involve the hydroxyl group of the cation, the
hydroxyl groups of the polyol, and the anion. From the RDF shown in Figure 4-3, it can
be seen that the hydrogen atoms around the anion are those from the OH in choline and
the OH groups of the HBD, so that these would be involved in the strongest interactions.
Interactions involving CH groups in this system from both the choline and the ethylene
glycol are not likely to occur at distances less than 3 Å (CH interactions from choline are
not shown here) and are therefore not considered to influence the hydrogen bonding
network.
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Figure 4-3.Atom-atom RDFs of hydrogen atoms on different groups around the anion in
ethaline. Blue: H18 (Choline); Magenta: H19/H24 (EG); Green: H20/H21/H22/H23
(EG).

In addition to OH-anion interactions, the network of hydrogen bonds between the
OH groups in the mixture would also be expected to influence the properties of this DES.
Figure 4-4 shows the RDF of different hydrogen atoms around the O3 and O4 hydroxyl
oxygen atoms (ethylene glycol, see Figure 4-1). The narrowest and tallest peaks are
attributed to the covalently bonded O and H atoms, which are disregarded in this analysis.
The peaks in Figure 4-4 at values slightly less than 2 Å are due to inter- and intramolecular O--H distances that could involve hydrogen bonds. The relative contributions
of inter- versus intra- distances were not calculated. However, Figure D-1 in Appendix D
shows examples of inter- and intra- molecular hydrogen bond distances that would
contribute to the RDF. Since it is difficult to differentiate between the intramolecular and
intermolecular distances from these RDFs, a more detailed hydrogen bond analysis will
be discussed later in order to better represent the hydrogen bond network.
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Well-defined peaks at longer distances near 2.8 Å and 3.5 Å in both the orange
curve in Figure 4-4a and magenta curve in Figure 4-4b could be due to intramolecular
distances. These would not be considered hydrogen bonds due to long interatomic
distances and what would be non-linear hydrogen bond angles (the hydrogen bond
criteria used in this study will be discussed in detail later). This can occur if the hydrogen
atom is facing away from the rest of the ethylene glycol molecule (as seen in Figure D-1
of Appendix D).

Figure 4-4.Atom-atom RDFs of hydrogen atoms on different groups around (a) O3 and
(b) O4 in ethaline. Blue: H18 (Choline); Magenta: H19; Orange: H24.

A COM RDF can shed further light on inter-molecular interactions by choosing
the center of mass of the molecule to be the site of interaction. For the anionanion/cation/HBD RDFs shown in Figure 4-5a, the anion-HBD and anion-choline
contacts predominate at distances less than 6 Å, so that interactions between these groups
prevail. The shape of the anion-cation curve resembles that found for reline (shown in
Chapter 3). On the other hand, the anion-HBD COM RDF has a very peculiar shape with
two main peaks and a small shoulder between these peaks. One possible explanation for
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these two main peaks involves the relative orientation of the ethylene glycol with respect
to the anion, which we will describe in terms of three orientations, which we label Type
1, Type 2, and Type 3. A representation of these three arrangements can be found in
Figure D-2 in Appendix D. Type 1 occurs at the peak near 3.4 Å in Figure 4-5a. This
orientation can be described by picturing a line from the anion to the center of mass of
ethylene glycol intersecting the C-C bond of ethylene glycol nearly perpendicularly. This
contact occurs at 3.4 Å with both OH groups of ethylene glycol in a position to interact
with the anion. Type 2 orientations are those where the line from the anion to the COM of
ethylene glycol intersects the C-C bond of ethylene glycol at an angle close to 0° (i.e., not
quite collinearly). This contact occurs when only one OH group in ethylene glycol is
close enough to hydrogen bond to the anion. Type 3 contacts occur when this line
intersects the C-C bond of ethylene glycol close to 90°, similar to Type 1 orientations, but
at longer distances than Type 1 contacts, thus probably not involving hydrogen bonds.
This occurs when the ethylene glycol molecule has CH instead of OH groups facing the
anion. Both Type 2 and Type 3 orientations are present at distances near 4.6 Å, shown as
the highest intensity peak in Figure 4-5a for the anion-HBD interaction. The relative
contribution from each type of interaction was not calculated.
Figure 4-5b shows additional contacts, with some being more interesting than
others. The most likely interactions to occur within 6 Å involve HBD-HBD and HBDcation contacts, as expected. An analysis on the hydrogen bonds in this system will be
discussed later, showing which of the two contacts has a greater contribution to the
hydrogen bond network.
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Figure 4-5.COM RDF for ethaline. (a)Blue: anion-anion; Brown: anion-cation; Cyan:
anion-HBD (b)Blue: cation-cation; Brown: HBD-HBD; Cyan: HBD-cation.

Choline Chloride: Glycerol 1:2 (Glyceline)
As in ethaline, glyceline has a polyol as a HBD that can form a hydrogen bond
network between the different moieties in the system. Strong interactions occur between
the hydrogen of the hydroxyl group of choline and the anion, as well as between the
hydroxyl groups in glycerol and the anion of this eutectic mixture. As shown in Figure 46, the RDF between H1, H7, and H8 (the protons of the OH groups of glycerol) and the
anion indicates that there is a slight preference for anion-hydroxyl contacts involving the
OH group at the ends of the glycerol molecule relative to the hydroxyl in the middle. All
CH groups are unlikely to be involved in interactions with the anion at distances less than
3 Å, making these non-hydrogen bonded contacts (shown in orange and red in Figure 46).
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Figure 4-6.Atom-atom RDFs of hydrogen atoms on different groups around anion in
glyceline. Blue: H18 (Choline); Cyan: H1/H7 (Gly); Green: H8 (Gly); Orange:
H2/H3/H5/H6 (Gly); Red: H4 (Gly).

Distances between the hydroxyl groups of glycerol molecules are also studied and
compared to ethaline, which has a HBD with only two functional groups. The first sharp
peak in Figure 4-7a is from the covalently bonded O3-H8 atoms. The RDF in Figure 4-7a
shows no pronounced ordering between any of the hydroxyl groups and the O3 atoms in
glyceline at distances less than 2.5 Å. Hydroxyl groups around O1 and O2 atoms,
however, show slightly more ordered contacts as seen in Figures 4-7b and c, respectively.
These two figures are nearly identical, except the colors of the curves change with respect
to contacts that would involve specific interactions. The peaks at longer distances (near
2.75 Å and 3.75 Å) for Figures 4-7a-c are possibly due to intramolecular interactions.
Once again as seen in the ethaline RDFs, the narrowest and tallest peaks at very short
distances are due to covalently linked O and H atoms.
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Figure 4-7.Atom-atom RDFs of hydrogen atoms on different OH groups around (a) O3,
(b) O1, and (c) O2 in glyceline. Blue: H18 (Choline); Magenta: H1 (Gly); Green: H7
(Gly); Brown: H8 (Gly).
The key aspects of the COM RDF for glyceline are represented by anion-HBD,
anion-cation, HBD-HBD, and HBD-cation contacts, hence interactions. The bimodal
distribution observed in reline (see Chapter 3) and ethaline (Figure 4-5a) is also present in
Figure 4-8a, suggesting that this is typical for choline-chloride interactions in eutectic
mixtures due to the possible orientations of the choline cation near the chlorine ion. The
anion-HBD RDF in glyceline lacks the first sharp peak such as that observed for the
same interaction in reline (see Chapter 3) and ethaline (Figure 4-5a), potentially due to
the wider variety of orientations possible that would result in glycerol--anion interactions
(depending on which of the three functional groups makes hydrogen bonds to the anion).
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HBD-HBD and HBD-cation COM distances, shown in Figure 4-8b, can also influence
the structure of the hydrogen bond network, although at longer distances than the
interactions involving the anion. These two interactions do, however, occur at shorter
distances than same-charge interactions, like anion-anion and cation-cation correlations.

Figure 4-8.COM RDF for glyceline. (a)Blue: anion-anion; Brown: anion-cation; Cyan:
anion-HBD (b)Blue: cation-cation; Brown: HBD-HBD; Cyan: HBD-cation.

Choline Chloride: Malonic Acid 1:1 (Maline)
We start by first focusing on the anion in maline. Not surprisingly, the two
primary contacts with the anion involve the OH group in choline and the OH group in the
carboxylic acids of malonic acid, as shown in Figure 4-9. As with ethaline and glyceline,
contacts involving the CH groups in choline (not shown here) and malonic acid (shown in
the green curve in Figure 4-9) would not contribute to a hydrogen bond network.
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Figure 4-9.Atom-atom RDFs of hydrogen atoms on different groups around anion in
maline. Blue: H18 (Choline); Magenta: H19/H22 (MA); Green: H20/H21 (MA).

One of the most interesting interactions in maline are those between malonic acid
molecules since the presence of cyclic dimers in malonic acid have been used to explain
its unique transport behavior. It has been reported32 that for reline, ethaline, and
glyceline, the HBD is the fastest diffusing component in the system. For maline, the
cation is the fastest moving moiety.32 These RDFs showing interatomic distances
between hydrogen and oxygen atoms in malonic acid are shown in Figure 4-10. The first
peak in Figures 4-10a and b (a shoulder in the case of the magenta curve in Figure 4-10a
and the brown curve in Figure 4-10b) can be attributed to intermolecular distances
between these oxygen atoms and other sites of interest, like the OH group in the cation
and other malonic acid molecules. These would presumably involve hydrogen bonds.
The two intense peaks near 2.0 Å and 2.95 Å are due to intramolecular contacts in
malonic acid. A schematic is shown in Figure D-3 in Appendix D showing the distances
for different cases of inter- and intra- molecular distances and possible interactions. The
latter will not contribute to a hydrogen bond network. Additional interactions that would
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probably not contribute to a hydrogen bond network are shown in RDF curves in Figure
D-4 of Appendix D. A more detailed hydrogen bond analysis will show the relative
contributions of the type of interactions that could affect the hydrogen bond network.

Figure 4-10.Atom-atom RDFs of hydrogen atoms on different groups around (a) O5 and
(b) O6 in maline. Blue: H18 (Choline); Magenta: H22 (MA); Brown: H19 (MA).

In order to understand the overall picture of this complex system, COM RDFs are
also discussed. The first COM RDF analysis is done for the components around the
anion. It can be seen from Figure 4-11a that there is a bimodal distribution of distances
between the COM of the anion and cation, with the closest contact near 4.3 Å and a
second peak near 5.2 Å. In between these COM separations, there is a contact distance
involving the HBD and the anion. There are shoulders at shorter distances for this RDF
curve that could be due to less preferred orientations of the malonic acid molecules
around the anion. As expected, the anion-anion separations are likely to occur at much
longer distances, as are cation-cation separations, also shown in Figure 4-11b. For this
figure, the two contacts of importance are those between HBD molecules and between
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HBD molecules and the cation. Both curves involve similar inter-molecular distance and
studies involving a hydrogen bond analysis provide more insight.

Figure 4-11.COM RDF for maline. (a)Blue: anion-anion; Brown: anion-cation; Cyan:
anion-HBD (b)Blue: cation-cation; Brown: HBD-HBD; Cyan: HBD-cation.

It is interesting that all three DESs discussed above have very similar anioncation, anion-anion, cation-cation, HBD-HBD, and HBD-anion distances as depicted by
an RDF analysis. This is potentially a signature feature of DESs. The anion-HBD RDFs
are the ones that change the most from DES to DES, presumably due to the different
number and types of functional groups present and their ability to interact with the anion.

Hydrogen bond analysis
The RDFs analyzed above show possible relationships between atoms that can
participate in hydrogen bonding. In this section, a distance and angle cut-off criteria was
used to identify the strongest hydrogen bonds present. The following criteria was used:
heavy atom distance cut-off of 3.5 Å and a minimum angle cut-off for ∠DHA of 150°,
where D is the hydrogen donor atom, H is the hydrogen atom, and A is the hydrogen
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acceptor atom. All percent occupancies included in this analysis are in terms of the total
percent of the time (not necessarily consecutively) a unique hydrogen bond is present in
the simulation. The last 1 ns trajectory from the production run (with 2 ps between
frames) was used. This hydrogen bond analysis shows both the number and types of
hydrogen bonds present and their persistence over time. Hydrogen bond interactions in
ethaline, glyceline, reline, and maline are analyzed in this section and compared to one
another. The data for reline was obtained from the work presented in Chapter 3.
Regarding the presence of unique hydrogen bonds during a short trajectory,
maline has a larger number of hydrogen bonding interactions with greater percent
occupancies (Figure 4-12d) than the other DESs, showing that these hydrogen bonds are
present for longer times. This is related to the fact that maline has the lowest selfdiffusion coefficients (highest viscosity) among these eutectics. Ethaline, with the fastest
self-diffusion coefficients (lowest viscosity), does not have many hydrogen bonds with
more than 60% occupancy of a 1ns trajectory (seen in Figure 4-12a). Glyceline, shown in
Figure 4-12b, falls somewhere between ethaline and reline. Analyzing percent
occupancies from Figures 4-12a- d, it is evident that the systems showing a larger number
of hydrogen bonds with higher percent occupancies have a higher viscosity (ethaline
<glyceline <reline <maline). The trend is not as easily observed for self-diffusion
coefficients (except at the extremes), because the experimental values for glyceline and
reline are very similar.
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Figure 4-12.Hydrogen bond percent occupancies (using DH..A) for a) ethaline, b)
glyceline, c) reline, and d) maline.

For all systems except reline (Figure 4-13c), the largest fraction of hydrogen bond
interactions occur between the HBD and the anion, as shown in Figures 4-13a, b, and d.
Reline, it appears, still exhibits a great amount of urea-urea interactions, because the
oxygen atom in urea also acts as a relatively strong hydrogen bond acceptor.
Additionally, the two polyols (Figures 4-13a and b) seem to have similar hydrogen
bonding networks when comparing fraction of hydrogen bonds in each (i.e., the largest
contribution is from HBD-anion interactions for both). The biggest difference between
the relative proportions of hydrogen bonds in these two DESs is that there is a larger
fraction of HBD-HBD hydrogen bonds in glyceline than in ethaline, due to the additional
OH functional group present in glycerol.
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Figure 4-13. Relative hydrogen bond per frame (using DH..A) for a) ethaline, b)
glyceline, c) reline, and d) maline.

Maline exhibits an extensive amount of HBD-anion and cation-anion interactions
(Figure 4-13d). As previously mentioned, maline tends to have a different transport
behavior relative to other DESs. Significant interactions between malonic acid molecules
were thought to be the reason behind this peculiar behavior. However, on the basis of the
hydrogen bond criteria used in this study, HBD-HBD interactions fall short of being the
largest contributor in this DES. Cation-anion interactions appear to couple with strong
HBD-anion interactions to drastically increase the extent of the hydrogen bond network
and decrease the mobility of malonic acid molecules within the system. An analysis to
determine the effects of the hydrogen bond definition, shown in Figure 4-14,
demonstrates that when using the angle cut-off of 150° and a shorter cut-off distance,
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near 3.0 or 3.1 Å, a greater contribution from HBD-HBD hydrogen bonds is observed.
This would, however, exclude other important interactions that occur at slightly greater
distances.

Figure 4-14.Hydrogen bonding interactions in maline using a 150° cut-off and distance
cut-offs of (a) 3.0, (b) 3.1, (c) 3.2 , (d) 3.3 , (e) 3.4, (f) 3.5 Å. Blue: OH (Choline)..anion;
Brown:
OH(MA)..anion;
Cyan-OH(MA)..any
O(MA);
MagentaOH(Choline)..C=O(MA).
Overall, in agreement with the idea of a complexed anion of some form (i.e.,
single or multiple HBD interacting with an anion), one of the most significant
interactions for all these DESs involves the anion-HBD hydrogen bond type. It is also
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important to note that using the hydrogen bonding criteria discussed previously for these
systems, a negligible number of intramolecular hydrogen bonding (~0-1%) was
determined in these mixtures. This percent is already included into the HBD-HBD
relative fraction values. This suggests that intermolecular hydrogen bonds are the main
contributors to the hydrogen bond network. Additionally, HBD-cation interactions seem
to have the smallest contribution to this extensive network and thus the focus for future
DES should be to maximize anion-HBD interactions.

4.3.2 Experimental spectroscopic studies
The infrared spectra of malonic acid, choline chloride and the DES mixture are
compared in Figure 4-15. The spectra on the top show the OH stretching region while the
spectra on the bottom show the carbonyl stretching region. The spectrum of choline
chloride was discussed previously. Here, the spectrum of malonic acid will be examined
first, then the changes that occur upon forming the DES.
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Figure 4-15.Spectra of neat choline chloride, malonic acid, and their eutectic mixture in
the OH region (top) and carbonyl stretch region (bottom).

The OH stretching region of malonic acid is typical of carboxylic acids that form
strongly hydrogen bonded dimer rings, with broad overlapping bands centered at
frequencies lower than 3100 cm-1. Superimposed upon these broad bands are sharper
modes that can be assigned to CH stretching fundamentals and/or overtone/combination
modes.
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The carbonyl stretching region is characterized by two strong modes centered neat
1740 cm-1 and 1704 cm-1. In older work,40,155 it was suggested that the two hydrogen
bonded dimer rings found in each unit cell, illustrated in Figure 4-16, have somewhat
different strengths, accounting for the two bands. However, in subsequent publications,
Bougeard et al156 noted that neutron scattering work found that the two dimer rings are
similar, with almost equal hydrogen bond lengths. This would be unlikely to result in
difference of 35 cm-1 in the position of the C=O stretching modes.

Figure 4-16. Schematic of three malonic acid molecules with two non-equivalent
hydrogen bonded cyclic dimer units in the crystalline state to represent diagrams shown
by Pigenet et al40 and Ganguly et al155 (dimensions are not exact)

We suggest an alternative, transition dipole coupling between the two dimers
found in each cell. It is well-known that interactions between C=O groups in each dimer
lead to a splitting, but because of symmetry considerations only one of the modes is
infrared active, while the other is Raman active. In addition, this particular splitting is
probably not solely due to transition dipole interactions.157 However, the interactions
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between C=O groups in different hydrogen bonded pairs can lead to significant splittings,
about 20 cm-1 in stearic acid158 and 15 cm-1 in alkoxybenzoic acids159. The splitting
observed in alkoxybenzoic acids has been attributed to interactions between carbonyl
group in adjacent stacked layers, which are about 4 Å apart. In malonic acid, on average,
the center of each of the two C=O bands is separated by about 2.8 Å (obtained from our
optimized geometry calculations). Transition dipole coupling varies as the inverse cube
of the distance apart, so one would anticipate a greater splitting or separation of the two
carbonyl bands observed in the spectrum of malonic acid, as observed.
The OH stretching region of the spectrum of the eutectic mixture displays the
broad bands below 3100 cm-1 seen in malonic acid, but the sharper superimposed bands
are no longer apparent, possibly because of the amorphous, liquid state of the material.
In addition, a new broad band appears at higher wavenumbers, near 3327 cm-1, indicating
OH hydrogen bonded groups with a weaker hydrogen bond strength than the cyclic
dimers found in pure malonic acid. Furthermore, the prominent OH stretching mode
associated with the choline chloride OH--Cl- hydrogen bond seems to disappear. The
broad nature of these bands makes specific assignments difficult, but are consistent with
the results of simulations, which suggest that the OH stretching region reflects the
presence of multiple types of hydrogen bonds in the form of OH (malonic acid)--Cl-,
OH(choline)--Cl-, and malonic acid-malonic acid hydrogen bonds.
The carbonyl stretching region provides more information. Upon forming the
DES, any vibrational mode near 1704 cm-1 becomes much less intense and is shifted or
replaced by modes at higher wavenumbers, overlapping significantly with any bands near
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1740 cm-1 and resulting in a broad, almost featureless profile. However, it is possible to
curve-resolve this region into component bands in order to obtain some insight.
The infrared spectrum of pure malonic acid was first resolved into its component
bands following the procedure described in Chapter 3. The results are shown in Figure 417 (top). As might be expected, there are two main bands, centered near 1741 cm-1 and
1704 cm-1, with very weak bands at the edge of this spectral region. These may be real or
artifacts of a poorly placed baseline. Our experience is that they are usually real-if one
expands the absorbance scale of any mid-infrared region of the spectrum of most
materials, a multitude of very weak overtone/combination bands are often revealed.
There is also a band resolved near 1716 cm-1 that is apparent in a broadening of the 1704
cm-1 mode on the high frequency side in the original spectrum. This may also be an
overtone or combination mode that gains some intensity as a result of Fermi resonance
interactions with the fundamentals.
The curve resolved spectrum of the DES (bottom of Figure 4-17) is dominated by
two bands, near 1751 cm-1 and 1724 cm-1, together with a number of weaker modes. The
former can be assigned to “free” or non-hydrogen bonded carbonyl groups. One has to
distinguish two types of free groups, those where both the C=O and OH groups of a
carboxylic acid are not hydrogen bonded, as in very dilute solutions or the gaseous state,
and free carbonyl groups in a carboxylic acid where the OH group is hydrogen bonded to
some other moiety. In polymers containing methacrylic acid groups, for example, the
former groups absorb near 1740 cm-1, while the latter is found at lower frequencies, near
1730 cm-1.160
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Figure 4-17.The carbonyl stretch region of malonic acid (top) and maline (bottom)
spectra with bands obtained by curve-resolving.

On this basis, we assign the band near 1751 cm-1 to “free” carbonyls in carboxylic
acids where the OH group is hydrogen bonded. Simulations (Figure 4-13d) show that
most of the OH groups of malonic acid are hydrogen bonded to the Cl- anion which
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would show the presence of “free” carbonyl groups when this interaction occurs. These
results are consistent with the ability of these mixtures to form a DES. The band at 1724
cm-1 can be assigned to carbonyl groups hydrogen bonded to OH groups, consistent with
the simulations that show that most of the remaining OH groups in the system are
hydrogen bonded to carboxylic C=O groups. The weaker modes are probably associated
with overtone or combination modes or due to transition dipole coupling between COOH
groups. In the liquid state, malonic acid groups can take on various conformations and the
geometry and proximity of carboxylic acids within a molecule would then vary. Two
clusters of molecules for maline showing different possible interactions are shown in
Figure 4-18.
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Figure 4-18.Two separate clusters showing the possible interactions within maline.
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4.4 Conclusions
Molecular simulations performed on several DES showed excellent agreement
with experimental densities and thermodynamic properties. Transport properties proved
to be a non-trivial task. Reasonable agreement was obtained with experimental selfdiffusion coefficients for ethaline and glyceline. Since the experimental self-diffusion
coefficients for maline are one and two order of magnitude smaller than glyceline and
ethaline, respectively, these were not validated here due to insufficient computational
resources. A structural and hydrogen bond analysis highlighted the importance of anionHBD interactions for all four systems. In three of the systems (reline, ethaline, and
glyceline), HBD-HBD interactions also play an important role. Infrared spectra of pure
malonic acid and maline showed changes in the OH stretch region. The broad nature of
the bands in the OH stretching, make it difficult to make specific band assignments,
however, results from the simulations suggest multiple types of hydrogen bonds
occurring in this region of the spectra, including OH(malonic)--Cl-, OH(choline)--Cl-,
and malonic acid-malonic acid interactions. In the carbonyl stretching region, the two
main bands observed for malonic acid either disappear or shift frequency values. The
split bands in this region that were attributed to a transition dipole coupling in pure
malonic acid, are now attributed to “free” carbonyl groups, where OH(malonic acid)
interacts with another moiety and the carbonyl group in the COOH group is “free”, and
hydrogen bonded C=O groups. This assignment is consistent with molecular simulations
which show OH(malonic acid)--Cl- interactions (causing the carboxylic C=O group to be
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“free”), as well as OH groups in the system (from both choline and malonic acid)
hydrogen bonded to the carboxylic C=O groups.
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Chapter 5
CONCLUSIONS AND FUTURE WORK
5.1 Conclusions
Interest is steadily increasing for conducting experimental and computational
work on DESs as possible inexpensive and environmentally benign alternatives to
conventional ILs and organic solvents. A combined computational and experimental
approach has proven to be beneficial in showing the atomistic detail of interactions
within DESs. Both provide insight into the atomistic insight of the system and form a
better picture of the hydrogen bond network present in these ionic mixtures and help
screen for future DES and their applicability for certain uses. Ab-initio charges were
calculated and implemented into a GAFF force field framework in order to conduct MD
simulations. The charge models were performed on isolated moieties in order to allow
for different combinations of cation-anion-HBD systems without having to recalculate
charges. Before a detailed structural and hydrogen bond analysis was performed on
choline chloride and urea, force field modifications were compared and validated. After
validation, a modified force field using reduced charges on the ionic species of the
systems proved best for reproducing thermodynamic and transport properties. This
methodology was applied to three other choline chloride-based DESs (with ethylene
glycol, glycerol, and malonic acid as the HBDs) to test the validity of this modified force
field on other DESs. Excellent agreement was observed between simulated and available
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experimental densities and thermodynamic properties. Transport properties were
nontrivial to achieve, however, reasonable agreements were observed with modified force
fields using reduced charges on the ionic species for three of the DESs. Malonic acid
was not simulated to obtain transport properties due to insufficient computational
resources (self-diffusion coefficient values are one or two order of magnitude smaller
than the systems studied here). Structural analyses of these systems were conducted by
investigating site-site and center of mass (COM) radial distribution functions (RDFs)
curves. Using a hydrogen bond analysis, the interactions between the anion and the HBD
proved to be of great, if not the greatest, importance in all systems studied here.
Although a complexed anion did not seem to be permanently attached in the molecular
simulations, the relative percent of hydrogen bonding remained consistent throughout the
simulations. The OH/NH stretching region in the experimental infrared spectra for both
choline chloride-urea and choline chloride-malonic acid mixtures showed a broad band
which constitute to different types of hydrogen bonded moieties. Vibrational modes in
this region are harder to assign, however, thus the hydrogen bonding analysis conducted
for the molecular simulations helped in determining the possible types of hydrogen bonds
in this region. This spectroscopic study did show the changes in vibrational mode of the
NH2 bending band upon forming a complex in the eutectic mixture. Relative hydrogen
bonding contributions from the MD simulations helped identify peaks in a curve-resolved
spectrum. Molecular simulations also complemented the experimental infrared spectra of
malonic acid and maline by suggesting the possible interactions responsible for changes
in the carbonyl stretching region. The two main peaks in this region for malonic acid
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were assigned to a transition dipole coupling that occurs in the crystal. These two main
peaks are curve-resolved for both the malonic acid and maline spectra in order to
understand how these interactions change upon forming the eutectic mixture. It was
concluded that the changes in the carbonyl region suggest that the modes present in the
mixture are due to a “free” carbonyl and a hydrogen bonded carbonyl group. These two
types of moieties were consistent with the hydrogen bond analysis results from the
molecular simulations.

5.2 Future Work
Recent reviews14,15 have shown that there are a number of combination of halide
salts and HBDs that can form DESs. Now that we have used atomistic molecular
simulations to investigate the interactions within four different DESs, screening of future
DES, as well as screening for DESs for specific applications (e.g., liquid or condensed
phase separations), can be performed. Studying the phase behavior of potential DESs as
function of concentration and temperature is of particular importance in the scientific
community and can be studied through Monte Carlo molecular simulations.
Furthermore, the phase behavior of systems with ILs/DESs and other substances, like oil
or sand, can also be further studied. Preliminary work on the phase equilibrium of a DES
system proved to be time consuming. For example, charge neutrality is an important
objective and proved to be the pitfall of the preliminary work. Ion pair moves
implemented in other works99,161 would also have to be carefully applied in future work.
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Another aspect in which these simulations can complement experimental findings
is demonstrating if indeed a charge layering occurs at the IL-silica interface as shown by
the AFM studies54 conducted on a bitumen film-silica system immersed in IL. Frost el
al55 attempted to see this phenomenon by modeling water/hexane-conventional ILs
systems with neutral and charges nanoparticles. A similar study can be conducted for
these DES, although instead of slowly moving nanoparticles across an interface,
interactions between a DES and a silica slab (simulating sand particles) can be conducted.
Properly simulating ion-silica interactions at an interface, however, is challenging. One
obstacle that must be overcome is choosing and validating a force field for inorganic
materials, like silica, that will properly represent intramolecular interactions within silica
as well as intermolecular interaction with ionic species. A similar methodology used to
simulate ion-silica162 or water-silica163 interactions can be implemented to an oil-IL-sand
system. Other difficulties that need to be overcome are determining the lengths and time
scales in which the charge layering occurs. Using techniques like coarse-grained (or
united atom) modeling may help overcome the length and time scale limitations.
IL/water mixtures have been recently highlighted164 for their potential uses in
multiple applications and so an additional study involving the effects of water in DES
was initiated. For many applications (e.g., liquid separations) water does not negatively
affect the phase behavior of the system and in fact, water can at times enhance desired
properties of these ILs (i.e., as solvents for proteins). In contrast, there are some
applications where ILs must have high purity.164,165 For choline chloride-based eutectic
mixtures, care must be taken because choline chloride can be highly hygroscopic.
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Experimental density and heat capacities studies137,139 of aqueous DES systems can be
used to validate simulations. Then, a study of the structural and hydrogen bonding
network changes can be conducted on the simulation. It is hypothesized that the addition
of water can produce the same relative amounts of hydrogen bonding and structure within
the DES moieties as using high temperature (above 353 K). An international
collaborator, Freddy Figueira, from Simon Bolivar University, is currently conducting
this work.
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APPENDIX A
CONFIGURATION AND NOMENCLATURE

Figure A-1.Configurations for multi-conformation choline and nomenclature of atoms in
choline and urea
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Figure A-2.Configurations for multi-conformation malonic acid

Figure A-3.Configuration of multi-conformation ethylene glycol
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Figure A-4.Configuration of multi-conformation glycerol
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APPENDIX B
FORCE FIELD PARAMETERS
Table B-1.Partial charges for 1Amb
atom name

partial charges
for +/- 1 e

vdW radius
(Å)110

well depth
(kcal/mol)110

n4

0.0502

1.8240

0.1700

c3

-0.1342

1.9080

0.1094

cs

-0.0322

1.9080

0.1094

cw

0.1501

1.9080

0.1094

oh

-0.6189

1.7210

0.2104

hx

0.1193

1.1000

0.0157

hx (on cs)

0.1116

1.1000

0.0157

h1

0.0510

1.3870

0.0157

ho

0.4545

0.0000

0.0000

o

-0.6577

1.6612

0.2100

c

1.0401

1.9080

0.0860

n

-1.0246

1.8240

0.1700

hn

0.4167

0.6000

0.0157

IM (cl-)

-1.0000

2.4700

0.1000

Table B-2.1Amb, 0.9Amb, 0.8Amb bond and angle parameters110
bond

kr (kcal/mol Å2)

ro (Å)

bond

kr (kcal/mol Å2)

ro (Å)

c3-hx

338.7

1.09

cw-oh

314.1

1.43

c3-n4

293.6

1.5

oh-ho

369.6

0.97

n4-cs

293.6

1.5

c –o

648

1.21

cs-hx

338.7

1.09

c -n

478.2

1.35

cs-cw

303.1

1.54

n –hn

410.2

1.01

cw-h1

335.9

1.09
2

angle

kΘ (kcal/mol rad )

rΘ

angle

kΘ (kcal/mol rad2)

rΘ

hx-c3-hx

39.04

110.7

cw-oh-ho

47.09

108.2

hx-c3-n4

49.02

107.9

c3-n4-c3

62.84

110.6

c3-n4-cs

62.84

110.6

hx-c3-hx

39.04

110.7

n4-cs-hx

49.02

107.9

h1-cw-h1

39.18

109.6

n4-cs-cw

64.45

114.3

n –c –o

75.83

122

cs-cw-h1

46.36

110.1

c –n -hn

49.21

118.5

cs-cw-oh

67.72

109.4

hn-n –hn

39.73

117.9

hx-cs-cw

46.02

111.7

n –c –n

74.8

113.4

h1-cw-oh

50.97

109.9

*Note hz=hn for urea. Cs=cw=c3 in this force field except for the partial charges
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Table B-3.1Amb, 0.9Amb, 0.8Amb dihedral parameters110
dihedral

Vn/2 (kcal/mol)

γ

n

dihedral

Vn/2 (kcal/mol)

γ

n

h1-cw-oh-ho

0.167

0

3

cw-cs-n4-c3

0.156

0

3

cs-cw-oh-ho

0.16

0

-3

hx-cs-n4-c3

0.156

0

3

cs-cw-oh-ho

0.25

0

1

cs-n4-c3-hx

0.156

0

3

h1-cw-cs-hx

0.156

0

3

c3-n4-c3-hx

0.156

0

3

h1-cw-cs-n4

0.156

0

3

hn-n –c –o

2.5

180

-2

oh-cw-cs-hx

0.156

0

3

hn-n –c –o

2

0

1

oh-cw-cs-n4

0.156

0

3

n –c –n -hn

2.5

180

2

improper

Vn/2 (kcal/mol)

γ

n

improper

Vn/2 (kcal/mol)

γ

n

n –n –c -o

10.5

180

2

c –hn-n -hn

1.1

180

2

Table B-4.Mod1 partial charges
Partial charge (e)

vdW radius (Å)110

Well depth (kcal/mol)110

n4

0.0502

1.8240

0.1700

c3

-0.1342

1.9080

0.1094

cs

-0.0322

1.9080

0.1094

cw

0.1501

1.9080

0.1094

oh

-0.6189

1.7210

0.2104

hx

0.1193

1.1000

0.0157

hx (on cs)

0.1116

1.1000

0.0157

h1

0.0510

1.3870

0.0157

ho

0.4545

0.0000

0.0000

o

-0.6577

1.6612

0.2100

c

1.0401

1.9080

0.0860

n

-1.0246

1.8240

0.1700

hn

0.4167

0.6000

0.0157

IM (cl-)

-1.0000

2.4700

0.1000

Atom name

*Note hz=hn in this force field for the urea molecule
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Table B-5.Mod1 bond and angle parameters 86,134
bond

kr (kcal/mol Å2)

ro (Å)

bond

kr (kcal/mol Å2)

ro (Å)

c3-hx

338.7

1.09

cw-oh

428.3

1.42

c3-n4

261.2

1.51

oh-ho

369.6

0.97

n4-cs

261.2

1.53

c –o

656

1.25

cs-hx

338.7

1.09

c -n

424

1.38

cs-cw

222.7

1.52

n –hn

434

1.01

cw-h1

335.9

1.1

angle

kΘ (kcal/mol rad2)

rΘ

angle

kΘ (kcal/mol rad2)

rΘ

hx-c3-hx

35.52

109.3

cw-oh-ho

57.53

111.9

hx-c3-n4

48.04

109

c3-n4-c3

50.02

108.9

c3-n4-cs

50.02

110.7

hx-cs-hx

35.52

108.4

n4-cs-hx

51.53

106.2

h1-cw-h1

35.52

107.2

n4-cs-cw

80.04

110.6

n –c –o

80

120.9

cs-cw-h1

35.52

105.8

c –n -hn

30

120

cs-cw-oh

75.74

109.4

hn-n –hn

35

120

hx-cs-cw

26.51

110.6

n –c –n

70

118.6

h1-cw-oh

45.94

111.8

Table B-6.Mod1 dihedral parameters 86,134
dihedral

Vn/2 (kcal/mol)

γ

n

dihedral

Vn/2 (kcal/mol)

γ

n

h1-cw-oh-ho

0.3

0

2

hx-cs-n4-c3

0.08

0

3

cs-cw-oh-ho

1.3

0

1

cs-n4-c3-hx

0.08

0

3

h1-cw-cs-hx

2.51

180

2

c3-n4-c3-hx

0.08

0

3

h1-cw-cs-n4

0.6

0

2

hn-n –c –o

2.5

180

-2

oh-cw-cs-hx

0

180

2

hn-n –c –o

2

0

1

n –c –n -hn

2.5

180

2

oh-cw-cs-n4

0

0

1

cw-cs-n4-c3

2.51

180

3

improper

Vn/2 (kcal/mol)

γ

n

improper

Vn/2 (kcal/mol)

γ

n

n –n –c -o

10.5

180

2

c –hn-n -hn

1.1

180

2
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Table B-7.Mod 2Partial charges
Atom name

Partial charge (e)

vdW radius (Å)110

Well depth (kcal/mol)110

n4

0.0633

1.8240

0.1700

c3

-0.1009

1.9080

0.1094

cs

-0.0012

1.9080

0.1094

cw

0.1917

1.9080

0.1094

oh

-0.6330

1.7210

0.2104

hx

0.1064

1.1000

0.0157

hx (on cs)

0.0913

1.1000

0.0157

h1

0.0400

1.3870

0.0157

ho

0.4618

0.0000

0.0000

o

-0.6281

1.6612

0.2100

c

0.9602

1.9080

0.0860

n

-0.9950

1.8240

0.1700

hn

0.4145

0.6000

0.0157

hz

0.4145

0.6000

0.0157

IM (cl-)

-1.0000

2.4700

0.1000

Table B-8.Mod2 bond and angle parameters 86,134
bond

kr (kcal/mol Å2)

ro (Å)

bond

kr (kcal/mol Å2)

ro (Å)

c3-hx

338.7

1.09

cw-oh

428.3

1.42

c3-n4

261.2

1.51

oh-ho

369.6

0.97

n4-cs

261.2

1.53

c –o

656

1.22

cs-hx

338.7

1.09

c -n

424

1.39

cs-cw

222.7

1.52

n –hz

434

1.01

cw-h1

335.9

1.1

n -hn

434

2

1.01
2

angle

kΘ (kcal/mol rad )

rΘ

angle

kΘ (kcal/mol rad )

rΘ

hx-c3-hx

35.52

110.25

cw-oh-ho

57.53

109.4

hx-c3-n4

48.04

108.68

c3-n4-c3

50.02

108.94

c3-n4-cs

50.02

109.98

hx-cs-hx

35.52

108.76

n4-cs-hx

51.53

106.15

h1-cw-h1

35.52

107.11

n4-cs-cw

80.04

116.13

n –c –o

80

123.2

cs-cw-h1

35.52

108.08

c –n -hz

30

112.31

cs-cw-oh

75.74

109.36

c –n -hn

30

117.09

hx-cs-cw

26.51

109.69

hn-n –hz

35

113.64

h1-cw-oh

45.94

112.02

n –c –n

70

113.6
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Table B-9.Mod2 dihedral parameters 86,134
dihedral

Vn/2(kcal/mol)

γ

n

dihedral

Vn/2(kcal/mol)

γ

n

h1-cw-oh-ho

0.3

0

2

hx-cs-n4-c3

0.08

0

3

cs-cw-oh-ho

1.3

0

1

cs-n4-c3-hx

0.08

0

3

h1-cw-cs-hx

2.51

180

2

c3-n4-c3-hx

0.08

0

3

h1-cw-cs-n4

0.6

0

2

hn-n –c –o

2.5

180

-2

oh-cw-cs-hx

0

180

2

hz-n –c –o

2.5

180

-2

oh-cw-cs-n4

0

0

1

hn/hz-n –c –o

2

0

1

cw-cs-n4-c3

2.51

180

3

n –c –n-hn/hz

2.5

180

2

γ

n

improper

γ

n

180

2

c –hn/hz-n-hn/hz

180

2

improper

Vn/2 (kcal/mol)

n –n –c -o

10.5

Vn/2 (kcal/mol)
1.1

Table B-10.Non-bonded parameters for +/- 0.9e Choline
Atom name

Partial charge (e)

vdW radius (Å)110

Well depth (kcal/mol)110

N3

0.0452

1.824

0.1700

C2

-0.1208

1.908

0.1094

H5

0.1074

1.100

0.0157

H6

0.1074

1.100

0.0157

H7

0.1074

1.100

0.0157

C3

-0.1208

1.908

0.1094

H8

0.1074

1.100

0.0157

H9

0.1074

1.100

0.0157

H10

0.1074

1.100

0.0157

C4

-0.1208

1.908

0.1094

H11

0.1074

1.100

0.0157

H12

0.1074

1.100

0.0157

H13

0.1074

1.100

0.0157

C5

-0.0290

1.908

0.1094

H14

0.1004

1.100

0.0157

H15

0.1004

1.100

0.0157

C6

0.1351

1.908

0.1094

H16

0.0459

1.387

0.0157

H17

0.0459

1.387

0.0157

O2

-0.5570

1.7210

0.2104

H18

0.4091

0.1120

0.0010
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Charges and van der Waals for Other HBDs
All bonded parameters are taken from the GAFF force field

Table B-11.Partial charges for Ethylene Glycol
Atom name

GAFF atom type

Partial charge (e)

vdW radius (Å)110

Well depth (kcal/mol)110

O3

oh

-0.6340

1.721

0.1700

H19

ho

0.4069

0.112

0.0010

C7

c3

0.1615

1.908

0.1094

H20

h1

0.0328

1.387

0.0157

H21

h1

0.0328

1.387

0.0157

C8

c3

0.1615

1.908

0.1094

H22

h1

0.0328

1.387

0.0157

H23

h1

0.0328

1.387

0.0157

O4

oh

-0.6340

1.721

0.2104

H24

ho

0.4069

0.1120

0.0010

Table B-12.Partial charges for Glycerol
Atom name

GAFF atom type

Partial charge (e)

vdW radius (Å)110

Well depth (kcal/mol)110

O1

oh

-0.6270

1.721

0.2104

H1

ho

0.4096

0.112

0.0010

C1

c3

0.1197

1.908

0.1094

H2

h1

0.0537

1.387

0.0157

H3

h1

0.0537

1.387

0.0157

C2

c3

0.1520

1.908

0.1094

H4

h1

0.0221

1.387

0.0157

C3

c3

0.1197

1.908

0.1094

H5

h1

0.0537

1.387

0.0157

H6

h1

0.0537

1.387

0.0157

O2

oh

-0.6270

1.721

0.2104

H7

ho

0.4096

0.112

0.0010

O3

oh

-0.5848

1.721

0.2104

H8

ho

0.3912

0.112

0.0010

110

Table B-13.Non-bonded parameters for Malonic Acid
Atom name

GAFF atom type

Partial charge (e)

vdW radius (Å)110

Well depth (kcal/mol)110

O3

oh

-0.6170

1.721

0.2104

H19

ho

0.4469

0.112

0.0010

C7

c

0.7549

1.908

0.0860

C8

c3

-0.2880

1.908

0.1094

H20

hc

0.1270

1.487

0.0157

H21

hc

0.1270

1.487

0.0157

C9

c

0.7549

1.908

0.0860

O4

oh

-0.6170

1.721

0.2104

H22

ho

0.4469

0.112

0.0010

O5

o

-0.5678

1.6612

0.2100

O6

o

-0.5678

1.6612

0.2100

111

APPENDIX C
CHAPTER 3 SUPPLEMENTAL FIGURES

Figure C-1.Ten urea and ten choline vectors are plotted for one simulation box at 298 K.
Blue: choline; Orange: urea

Figure C-2.Ten urea and ten choline vectors are plotted for one simulation boxes at 330
K. Blue: choline; Orange: urea
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Figure C-3.Average COM radial distribution function for anion and (top) choline cation,
and (bottom) urea with error bars. Red- 1 Amb, orange- 0.9Amb, black- 0.8Amb, green Mod1, blue- Mod2.
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APPENDIX D
CHAPTER 4 SUPPLEMENTAL FIGURES
Ethaline

Figure D-1.Inter- and intra- molecular interactions for the hydroxyl groups of ethylene
glycol in ethaline.

Figure D-2.Distances matching distances shown for COM RDF of anion-ethylene glycol
interactions. The imaginary anion-COM(EG) line is shown in blue. The COM of EG is
shown in purple.
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Maline

Figure D-3.Distances matching distances shown for site-site RDFs for maline.

Figure D-4 shows interactions that theoretically could exist in maline but are not
likely to affect the hydrogen bond network in these simulations due to the distances in
which they are present. These interactions include: OH groups in malonic acid and the
hydroxyl group in choline (blue curve), OH groups between malonic acid molecules
(magenta curve), and OH groups in malonic acid and CH groups malonic acid molecules
(green curve). The strongest interactions shown in green in Figure D-4 are expected to be
intramolecular interactions with very little, if any, intermolecular interactions.
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Figure D-4.Atom-atom RDFs of hydrogen atoms on different groups around (a) O3 and
(b) O4. Blue- H18 (Choline); Magenta –H22 for (a)/H19 for (b) (Malonic acid); GreenH20/H21(Malonic acid)
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APPENDIX E
AMBER SCRIPTS AND STANDARD DEVIATION CALCULATIONS
Example of minimization input in AMBER:

BOX minimization NVT
&cntrl
imin = 1, maxcyc=10000,
ntb=1, ntp=0,
cut = 15.0,
ntpr=1000
/

Example of NVT and NPT input files in AMBER:
NVT
BOX1 Slow Decompression Step 1 NVT 300K
&cntrl
imin = 0, irest=0, ntx=1,
ntb=1, ntp=0,
ig=-1,
cut = 15.0,
ntc=2, ntf=2,
tempi=0.0, temp0= 300.0,
ntt=3, gamma_ln=5,
nstlim= 25000, dt =0.002,
ntpr=1000, ntwx= 1000, ntwr = 1000
/

NPT
BOX1 Slow Decompression Step 3 NPT at 0.02 Pmax(10000bar) 300K
&cntrl
imin = 0, irest=1, ntx=5,
ntb=2, ntp=1, taup=1.0,
pres0=200.0
ig=-1,
cut = 15.0,
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ntc=2, ntf=2,
temp0=300.0,
ntt=3, gamma_ln=5,
nstlim= 25000, dt =0.002,
ntpr=1000, ntwx= 1000, ntwr = 1000
&end
Example of input script for cpptraj in AmberTools 12:
trajin prod1ns.netcdf
image
hbond hbt out 1ns_CHOstrict.out dist 3.5 angle 150 avgout 1ns_CHOstrict_av.out
donormask :CHO@O2 acceptormask :Cl-

Calculation of standard deviations for Chapter 4

Since there are a total of nine simulations per DES system (all with different starting
configurations), simulations were broken up into three sets with one of each temperature
per set (a scheme is shown below in Figure E-1).
Set 1

Set 2

Set 3

298 K 298 K 298 K
315 K 315 K 315 K
330 K 330 K 330 K

Figure E-1.Scheme for separating data to obtain standard deviations.
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Simulated volume expansivity:
Molar volumes (or densities) were plotted per set as a function of temperature in
order to calculate the volume expansivity per set. Then, the standard deviations for the
values of volume expansivity were calculated between the sets and are shown in Table 41. This method seemed reasonable (instead of a more intricate propagation of error
formula) since the values of the molar volume and density do not vary that much from set
to set at a given temperature (i.e. similar standard deviation values are obtained if the
boxes for a given temperature are switched around).

Simulated heat capacities:
For heat capacities, the standard deviation calculation is a bit more complicated.
The standard deviations, shown in Table 4-2, were obtained by first calculating the
standard deviation of the ideal heat capacities from the different configurations using abinitio calculations (per system). Then, similarly to the standard deviation calculations for
simulated volume expansivity, the standard deviations were obtained between the
residual heat capacities calculated for Set 1, Set2, and Set 3. Lastly, the standard
deviation is the sum of the ideal and residual components.
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