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Abstract

A range of techniques including physical property measurements, neutron scatter-
ing experiments, ab initio molecular dynamics and classical molecular dynamics simu-
lations are used to probe the structural, thermodynamic, and transport properties of
a deep eutectic solvent comprised of a 1:2 molar ratio of choline chloride and ethylene
glycol. This mixture, known as ethaline, has many desirable properties for use in a
range of applications and therefore understanding its liquid structure and transport
properties is of interest. Simulation results are able to capture experimental densities,
diffusivities, viscosities, and structure factors extremely well. The solvation environ-
ment is dynamic and dominated by different hydrogen bonding interactions. Dynamic
heterogenities resulting from hydrogen bonding interactions are quantified. Rotational
dynamics of molecular dipole moments of choline and ethylene glycol are computed

and found to exhibit a fast and slow mode.

Introduction

Deep eutectic solvents (DESs) have emerged over the past decade as a potentially useful
class of liquids for many applications including electrochemistry,! synthesis,? separations,®
and catalysis.* DESs are often comprised of a mixture containing a quaternary ammonium
halide salt that serves as a hydrogen bond acceptor (HBA) and a molecular compound that
serves as a hydrogen bond donor (HBD). DESs share many similarities with ionic liquids
(ILs), in that they have very low volatility and vast chemical diversity. Although making
generalizations about DESs and ILs is difficult because of their chemical diversity, many
DESs are less expensive and have lower toxicity when compared to conventional ILs.

One of the most commonly studied DESs is a 2:1 molar mixture of ethylene glycol
(EG)/choline chloride (ChCl). This DES is commonly referred to as “ethaline” and is
representative of a so-called “Type III” DES.® The physical properties of ethaline make

it especially attractive for many applications. It has a relatively low viscosity, excellent



solvation properties and a very low melting temperature. Several volumetric, thermal, and
transport properties have been measured experimentally.®*? For some properties, the level
of agreement between these different sets of measurements is relatively poor; it has been
suggested that this is at least partly due to differences in water content between the different
samples. 12

In addition to having accurate physical properties of DESs, it is equally important to
develop structure-property relationships that can help explain how certain chemical and
structural features lead to particular performance properties. Several recent molecular sim-
ulation studies have been carried out to try to make this connection. These include ab initio

13,14

molecular dynamics (AIMD) simulations as well as force field-based classical molecular

dynamics (CMD) simulations. 518

While the experimental and computational studies mentioned here have greatly increased
our molecular-level understanding of the interactions present in ethaline, most were focused
on a small sub-set of properties or relied solely on a handful of experimental or computational
methods. For example, Kaur et al.!® performed extensive calculations to model the liquid
structure of ethaline in the form of X-ray scattering structure factors, radial distribution
functions, and spatial distribution functions, however the simulated results were not com-
pared against experimental data. Other studies focused mainly on force field development
and validation. 17 The water content of experimental ethaline results compared against is
often unclear, and studies have indicated that dynamics of these parameterized models are
highly sensitive to small amounts of water.'® Orientational dynamics of DESs have not been

20-23 and

widely examined, with only a few experimental studies addressing their importance
no computational studies to date. Reuter et. al notes that these orientational dynamics can
have a significant influence on translational dynamics and warrants further study of their
link with structural characteristics. As a result, there are still many unanswered questions

regarding the link between liquid structure and the properties of ethaline. For example,

translational and rotational diffusivity measurements suggest that ethaline is dynamically



heterogeneous but spatially homogeneous. 24

Recently, Hammond, Bowron and Edler?® studied the liquid structure of reline - a DES
composed of 2:1 molar ratio of urea and ChCl. Their approach in combining neutron diffrac-
tion with empirical potential structure refinement to obtain radial distribution functions
confirmed the previously hypothesised hydrogen bonding network in which Cl ions are sol-
vated by two urea through the amine groups and one Ch molecule through the hydroxyl
group. They postulate that the deep eutectic behavior originates from this observed dom-
inant solvation structure around Cl where the charge is delocalized and strong interaction
forces among species prevent crystallization.

Similarly, in this work, we seek to develop a more comprehensive picture of the structure
and properties of ethaline using a wide array of experimental and computational methods
including neutron scattering, physical property measurements, AIMD, and CMD simulations.
Despite the increasing interest in ethaline DES in applications ranging from electrochemical
synthesis and redox flow batteries?62® to gas separations, there has been no neutron studies
examining its structure and detailing the nature of its hydrogen bonding network. Here, we
demonstrate the simultaneous use of neutron scattering, physical property measurement, and
molecular simulations as a powerful method to understand DES properties. We validate the
CMD simulations against AIMD simulations and experimental property measurements and
then use the CMD simulations to analyze coordination environments, spatial and structural

heterogeneity, as well as local dynamics.

Experimental Methods

Density and Viscosity

Ethaline was prepared and physical properties characterized according to the previously
outlined standard procedure.? Briefly, choline chloride (Acros Organics, 99%) was dried

under vacuum for 12 hours at 125°C. Anhydrous ethylene glycol (Acros Organics, 99.8%)



was used as received and stored under a dry nitrogen atmosphere. Dried choline chloride
and ethylene glycol were combined in a 1 to 2 molar ratio, respectively, inside of an argon
filled glovebox (VTI, HoO < 0.1 ppm and Oz < 0.1 ppm) and mixed at 80°C for 2 hours.
The homogeneous sample was slowly cooled and stored under a dry argon atmosphere to
prevent water uptake. The water content of the sample was determined by coulometric Karl
Fischer titration (Metrohm Coulometric KF 889 D) and found to be 75 ppm.

The temperature-dependent density was measured using an Anton Paar DMA 4500M
vibrating tube density meter (accuracy of +0.00005 g/cm™ and +0.03 K) with a sample
size of 1 mL. Prior to the measurement, the tube was cleaned with methanol followed by
deionized water, then dried with air. The density of air was checked at 298.15 K to confirm
the tube was clean. Density data were collected in the temperature range of 298.15 K to
363.15 K.

Viscosity was measured using a Rheosense MicroVISC microchannel viscometer (accu-
racy of £2%) coupled with a MicroVISC Temperature control unit (£0.1 K). Prior to the
measurement, the microchannel was cleaned with methanol. Cannon oil standard (S20) was
measured to confirm the reliability of measurements. Viscosities were measured in the tem-
perature range of 298.15 K to 323.15 K in increments of 5 K. Average of triplicate viscosity

measurements were reported.

Neutron Scattering

Deuterated chemicals for neutron scattering measurements, d-choline chloride (trimethyl-d9,
98%) and d-ethylene glycol(d6, 98%), were purchased from Cambridge Isotopes Laboratory,
while protiated chemicals, ethylene glycol and choline chloride, were purchased from Sigma
Aldrich. DES mixtures were prepared in a nitrogen filled glove box with Oy < 0.2 ppm,
where the ethylene glycol was heated to 333 K and then choline chloride was added in a 1:2
ratio, respectively. After a 1-hour solvation period, ethaline solutions were cooled to room

temperature. These mixtures were sealed in 3mm diameter quartz capillaries with a height
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Figure 1: Structure and atom definitions of the three species comprising ethaline.

of at least 1.5 cm.

Neutron total scattering measurements were collected at the Nanoscale Ordered Materials
Diffractometer (NOMAD) at Oak Ridge National Laboratory. The diffraction range covered
from 0.1 A= up to 30 A~!. Measurements at 298 K were taken in 30-minute intervals and
multiple sets of the same composition were summed together prior to reduction to improve
statistics. S(q) data were obtained by reduction of data using Addie. Quartz capillary
background scattering was subtracted from sample scattering. All ethaline data were then

normalized to scattering from vanadium.

Simulation Methods

Ab Initio Molecular Dynamics Simulations

The structure and atom definitions of ethaline used in the simulations are shown in Fig-

ure 1. Starting geometries for the AIMD simulations were prepared using CMD in the



simulation package PINY_MD?® with a previously developed force field for DES systems!”
in the canonical NVT ensemble for 50 ns. The ethaline system was constructed using the
program Packmol®!32 at a 1:2 molar ratio (8 choline chloride ions to 16 ethylene glycol
molecules). The cubic box was kept constant with edge lengths of 14.9 A that reproduced
an extrapolated experimental density®® at 400 K. AIMD simulations were carried out us-
ing density functional theory (DFT) within the CP2K package utilizing the QUICKSTEP
module.?* To calculate forces and energies on all atoms of each system, a hybrid Gaussian
and planewave (GPW) approach was used with the molecular optimized triple- basis set
(MOLOPT-TZVP-GTH),* along with the Perdew-Burke-Ernzerhof (PBE) functional and
the corresponding Goedecker-Teter-Hutter (GTH) psuedopotentials.®® A 420 Ry density cut-
off with the finest grid level was set with a multigrid number 4 and REL_CUTOFF of 40
using the smoothing for the electron density (NN10_.SMOOTH) and its derivative (NN10).34
To include dispersion, an empirical dispersion correction was included (D3).3” Trajectories
were sampled using periodic boundary conditions and boxes were equilibrated for 15 ps with
the canonical NVT ensemble at 400 K held using the Nosé-Hoover-chain thermostat. 3339
Production runs were carried out for an additional 45 ps using a microcanonical NVE en-
semble with a time step of 0.5 fs. Radial distribution functions (RDFs) and structure factor

S(q) were calculated using the TRAVIS program.

Classical Molecular Dynamics Simulations

CMD simulations were carried out using the package LAMMPS. 4! The general Amber force
field (GAFF)*? was used to describe the interactions. The optimized molecular structures
and atom types are shown in Figure 1. The partial charges derived by Perkins and co-
workers'® were adopted. The total charges of choline and chloride were scaled to £0.9 e,
respectively, to account for polarizability and charge transfer.*® The long-range electrostatic
interactions were calculated using the particle-particle particle-mesh (PPPM) method** with

a real space cutoff of 12 A. The same cutoff was used for van der Waals interactions and a



tail correction®®

was applied.

The simulation box was built up by placing molecules randomly in a cubic box, again
using the package Packmol.3!32 The ethaline box contained 250 ChCl and 500 EG molecules,
whereas the pure EG box contained 1000 EG molecules. To calculate the neutron scattering
structure factor S(q), a larger ethaline box was used which had 1000 ChCl and 2000 EG
molecules. Each system was equilibrated for 2 ns in the isothermal-isobaric (NPT) ensemble
followed by a 20 ns simulation in the canonical ensemble (NVT). The Nosé-Hoover thermostat
with chain length of three was used to control the temperature®® and an extended Lagrangian
approach?” was used to control the pressure. A time constant of 100 fs was used for both the
thermostat and barostat. The pressure was fixed at one atmosphere in all constant pressure
simulations with isotropic volume fluctuations. Periodic boundary conditions were applied
in all directions and a time step of 1 fs was used in all simulations. Three independent
trajectories were generated for each system to estimate the uncertainty in the calculated

properties from the standard deviation. For viscosity, a bootstrap method was used to

estimate the uncertainty.*® An example LAMMPS input file is provided in the SI.

Results

Density of Ethylene Glycol and Ethaline

Experimentally measured densities as a function of temperature are shown in Figure 2 (top)
for pure EG and Figure 2 (bottom) for ethaline. Experimental densities from previous stud-
ies®794952 are also included for comparison. As shown in the plot, the density measurements
from the current work agree very well with previous values.

The calculated densities from CMD simulations are also provided in Figure 2. For EG,
the calculations slightly overestimate the density. The deviation is larger at low temper-

atures than at high temperatures. The largest deviation observed is 2.7% at 298 K. For

ethaline, the calculated densities match the experimental results extremely well over the
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Figure 2: Comparison of experimental and simulated density as a function of temperature
for ethylene glycol (top) and ethaline (bottom).

entire temperature range with a deviation smaller than 0.3%. This suggests that the applied
classical force field is reasonable at capturing bulk property trends, although liquid density
is not a very sensitive property to test force field accuracy. For this reason, additional steps

were taken to validate the CMD simulations.

Validation of CMD against AIMD

With the density correctly captured, the accuracy of CMD simulations was further validated

against AIMD. Based on both CMD and AIMD simulations, the neutron scattering structure
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Figure 3: Comparison of simulated neutron scattering structure function of deuterated etha-
line (top) and overall radial distribution function (bottom) from CMD and AIMD simula-
tions.

function S(q) was computed using

o X S wiwifify [y Amr (gig(r) — 1) W (r)dr

5() >, 2

(1)

where py is the total number density, z; and x; are atomic mole fractions of atoms of
types ¢ and j, f; and f; are tabulated neutron scattering lengths,® L is the simulated
box length, g;;(r) is the radial distribution function between atomic species of types ¢ and
J, and W(r) = sin(2rr/L)/(27r/L) is a Lorch function® used to reduce the effect of finite
truncation of g;;(r) at large values of r. The CMD results at both 298 K and 400 K are
compared to AIMD result at 400 K in Figure 3 (top) for deuterated choline (DC) and
deuterated ethylene glycol (DEG). CMD results at 298 K and 400 K are almost identical

10



except for some small deviations in the low ¢ region and both agree with 400 K AIMD
results, indicating that structural features in the system are captured by the force field
and are insensitive to temperature over this range. The overall RDF's were also computed
from both CMD and AIMD simulations and the comparison is shown in Figure 3 (bottom).
Similar to S(g), the CMD RDFs at 298 K and 400 K are nearly identical to each other.
AIMD results show relatively high peak intensities, but the overall peak shapes and positions
are similar to those of CMD results. Representative partial RDFs and the corresponding
coordination numbers (CNs) were also calculated using both CMD and AIMD. The results
shown in the Supporting Information (SI) (Figures S1 and S2) exhibit good agreement with
minor deviations in peak height and CNs. For interactions involving chloride with choline
or ethylene glycol, a distance shift is observed from 2.3 A for CMD to 2.1 A for AIMD.
This shift in peak distance has been observed in a previous AIMD study of glyceline by

1., and can be attributed to the inclusion of polarization effects in the

Korotkevich et a
AIMD methodolgy. Considering the computational expense, we were not able to perform
AIMD simulations at ambient temperatures and obtain well equilibrated results. The S(q)
and RDF comparison at 400 K, however, suggests that the CMD simulations will yield liquid
structures and coordination numbers that are very similar to those that would be obtained
with AIMD simulations. The remainder of the paper will therefore focus on comparing

results from CMD simulations with experiment and using the CMD simulations to obtain

information on local structure and dynamics as well as dynamical heterogeneity.

Liquid Structure

The computed S(q) for different ethaline contrasts based on CMD simulations at 298 K are
provided in Figure 4 and compared with experimental neutron scattering results.

The noise of the neutron data and variation in sample size contribute to subtle differences
between the calculated and experimental scattering curves. However, the agreement between

the neutron and simulation studies is quite strong, where the peaks associated with specific
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Figure 4: Comparison of experimental and computed structure factors for ethaline at 298
K. Deuterated EG and ChCl (a), protiated EG and ChCl (b), deuterated EG and protiated
ChCl (c), protiated EG and deuterated ChCl (d).

structural correlations within and between components show up in both data sets at all length
scales. Some discrepancies do exist between the experimental S(q) curves and the simulations
(Figure 4). Most notably between 2 A-"and 4 A1, there is a single peak in the experimental
diffraction data that appears as a double peak in the simulations. The intense broad peak at
2.5 A= appears in samples with deuterated choline chloride (Figure 4), whereas the sharper
peak at 3.5 A~! does not appear in the deuterated choline chloride experimental data. In
contrast, the 2.5 A~! peak is suppressed in the protiated choline chloride samples and the
3.5 A1 peak appears (Figure 4b). We believe these variations between the experiment and

simulation are related to the fact that d-choline chloride (DC) is only partially deuterated,

12



as these discrepancies dominate in the samples with deuterated choline chloride. It appears
that the consequence of this partial deuteration on the experimentally determined structure
factor is not fully captured by the simulations. This interpretation is further supported when
comparing the scattering of protiated choline chloride (HC) in deuterated ethylene glycol
(DEG) and deuterated choline chloride in protiated ethylene glycol (HEG). In the results of
protiated choline chloride and deuterated ethylene glycol (Figure 4c), both experimental and
simulation results exhibit double peaks, albeit, with varying intensity. In the sample with
deuterated choline chloride and ethylene glycol (Figure 4d), the 3.5 A~' peak is again non-
existent in the experimental data, but the neutron data agrees with the 2.5 A~ peak from
both simulations. While the source of these discrepancies is interesting, the global agreement
of the neutron and simulation data sets provides strong evidence that the simulation data
provides a robust representation of the molecular and nanoscale structure of ethaline.

The detailed liquid structure was further studied using CMD simulations. Figure 5
focuses on the interactions that involve Cl. Figure 5(a) shows the partial RDFs between Cl
and hydroxyl hydrogens in both Ch (HY) and EG (HO) as well as the aliphatic hydrogen
in EG (HG). See Figure 1 for atom type definitions. Both CI-HY and CI-HO RDFs show a
sharp peak at 2.2 A, suggesting strong interactions. As expected, the CI-HG RDF has a much
lower peak at a longer distance due to weaker interactions. Figure 5(b) shows the integrals
of the RDFs, which give coordination numbers (CNs) as a function of radial distance. The
CNs in the first solvation shell of Cl, defined by the first minimum between the first two
maxima, are 0.70 for HY and 2.5 for HO. These CNs are consistent with the number of
hydroxyl groups in Ch and EG, considering the 1:2 ratio between Ch and EG and that there
are two hydroxyl groups in each EG, whereas only one in Ch. While Figure 5(b) only shows
the average CNs, Figure 5(c) shows the probability of different CNs surrounding a Cl ion.
As shown in the plot, a Cl ion is not coordinated by any HY atoms about 45% of the time
and there is one HY atom in its first solvation shell roughly 40% of the time. There is also a

small probability (~10%) to find two HY atoms in the first solvation shell of Cl. The picture
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Figure 5: Computed radial distribution functions for a central Cl~ ion with respect to three
different H-groups (a), coordination number as a function of distance about a central C1~ ion
(b), the probability of different numbers of coordinating H-groups about a central Cl1~ ion
(c), and a representative snapshot from a CMD simulation of the local environment about a
Cl™ ion (color code: green - Cl7; red - O; blue - N; yellow - C; white - H) (d).

is different for CI-HO interactions, where the preferred configuration is a Cl coordinated by
2 or 3 HO atoms. In addition, there are significant numbers of Cl that are coordinated by 1
or 4 HO atoms, whereas only 4% of Cl does not have any HO in its first solvation shell. For
the EG molecules in the first solvation shell of a Cl, 83% of them interact with Cl through
one of the two hydroxyl groups (mono-dentate) and only 17% form bi-dentate interactions
(see Figure S3 in SI). A representative snapshot of the Cl solvation environment is provided

in Figure 5(d). This picture is very different from that reported previously for reline that

each Cl is coordinated by two urea molecules while Ch is fully dissociated from CI1.%
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Figure 6: Computed radial distribution functions for a central OH-group of EG with respect
to three different H-groups (a), coordination number as a function of distance about a central
OH-group of EG (b), the probability of different numbers of coordinating H-groups about a
central OH-group of EG (c), and a representative snapshot from a CMD simulation of the
local environment about an OH-group of EG (color code: green - Cl7; red - O; blue - N;
yellow - C; white - H) (d).

The solvation environment of OH atoms in EG was also studied and the results are
summarized in Figure 6. Similar to the case of Cl, both OH-HY and OH-HO RDF's show a
sharp peak at very short distance (see Figure 6(a)). The peak is at 1.8 A, however, a shorter
distance due to the smaller size of O than Cl, and a much lower intensity. The OH-HG
interaction does not have much specific structure. As shown in Figure 6(b), the CN of HY
atoms in the first solvation shell of an OH atom was found to be 0.1 and that of HO is

0.3; both are much lower than those in the Cl solvation shell, suggesting relatively weaker
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interactions between OH and the hydroxyl hydrogen atoms compared to those between Cl
and hydroxyl hydrogens. Further analysis reveals that over 90% of OH atoms do not have
direct interactions with HY and the other 10% have one in the first solvation shell (see
Figure 6(c)). Similarly, about 70% of OH atoms do not have direct interactions with HO
atoms and roughly 30% have one interaction. There is a very small amount of OH atoms
that have more than two HY or HO atoms in the first solvation shell. Almost all of the
interactions with OH were found to be mono-dentate (see Figure S3 in SI). The snapshot
shown in Figure 6(d) shows a representative hydrogen bond (HB) network in ethaline.

Similar analysis was also carried out for the interactions between OY and hydroxyl or
aliphatic hydrogens, which were found to be weak and no highly preferred structure was
identified. The results are shown in Figure S4 in the SI.

It is widely accepted that HBs play important roles in determining the thermodynamic
properties in DES.® The above discussion reveals that, in ethaline, Cl is the strongest HB
acceptor followed by OH atoms in EG. OY atoms in Ch are the weakest. To have a better
understanding of ethaline, the HBs between EG molecules in ethaline and pure EG are
compared. Figure 7(a) shows the partial RDFs between OH-HO and OH-HG. It is interesting
to notice that the overall shapes in terms of peak and well positions of both RDFs are
very similar in ethaline and pure EG. The peak heights are slightly depressed in ethaline,
suggesting less organized structure. As shown in Figure 7(b), the difference is more significant
in the calculated CNs due to the relatively low number density of EG in ethaline. In pure
EG, each OH atom is hydrogen bonded by one HO atom. This number decreases to only 0.3
in ethaline, suggesting about 70% of the HBs are broken upon the addition of ChCl, although
ChCl only accounts for one-third of the molecules in ethaline. In either ethaline or pure EG,
OH-HG does not have a well defined configuration. Not surprisingly, the CN distribution
in ethaline and pure EG also show significant differences. In pure EG, the majority of OH
atoms (about 70%) form one HB with HO atoms while about 10% form two such HBs. Most

OH is also surrounded by 2-4 HG atoms. Less than 10% of OH do not see HG atoms in the

16
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Figure 7: Comparison of the site-site radial distribution function for a central OH-group
of EG with respect to the same OH-group and the alkyl hydrogen of EG in pure EG and
ethaline (a), coordination number as a function of distance about a central OH-group of EG
in pure EG and ethaline (b), the probability of different numbers of coordinating H-groups
about a central OH-group of EG in pure EG and ethaline (c¢), and the number of contact
pairs of each different species in pure EG (blue) and ethaline (red) (d).

first solvation shell. In ethaline, on the other hand, over 70% of OH do not have any HO in
their first solvation shell and almost no OH form two HBs with HO atoms. The distribution
of HG CNs is also shifted to lower values.

With three hydrogen bond acceptors and three hydrogen bond donors in the liquid, the
HB interaction can be very complicated in ethaline. Figure 7(d) quantitatively summarizes
these interactions. Each column in the plot corresponds to one interaction pair with the

bottom bar presenting the ratio of the acceptor atoms involved in the interaction and the
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top bar presenting the donor hydrogen ratio. The results in pure EG are also included for
comparison. Note that the ratios for the acceptor and donor in one interaction pair do not
have to be the same. In pure EG, as shown in the plot, almost all the OH atoms form close
contact pairs with both HO and HG atoms. Meanwhile, all the HO and HG atoms also form
direct contact pairs with OH atoms. Therefore in pure EG, all the molecules are connected
through HBs. Upon addition of ChCl, this HB network is broken significantly. As shown in
the plot, about half of OH atoms still have close interaction with HO atoms and the other
half have lost their contacts. Similarly, half of HO atoms have also lost their contacts with
OH atoms. Due to the weaker interaction and longer cutoff distance, the reduced interaction
of OH-HG pairs is less significant. On the other hand, Cl in ethaline replaces the role of
OH in pure EG and almost all Cl, HO and HG atoms interact with each other. It is also
observed from the plot that the ratios of atoms involved in Cl interactions are higher than
those involving OY or OH atoms, suggesting Cl is a stronger HB acceptor. For the same
reason, QY is the weakest HB acceptor, consistent with earlier discussion.

Figure 8 shows the computed spatial distribution functions (SDF's) for both ethaline and
pure EG, in which the complex interactions between the molecules are presented in three
dimensions. It is obvious that the EG molecules solvating the -OH groups in EG are largely
replaced by Cl and Ch in ethaline. CI takes the inner layer whereas Ch locates on the outer

layer, consistent with earlier discussions.

Transport Properties

The transport and dynamic properties of ethaline were studied experimentally and with
CMD simulations. The experimentally measured shear viscosity of pure EG and ethaline
as a function of temperature are shown in Figure 9. Available measurements from previous
studies are also included. For pure EG, the results from the current study agree with previous
values®® very well. For ethaline, the current results show systematically higher viscosities

than previous values®” by 5-8 cP. We believe this is due to the fact that our samples were
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Choline
Cl
EG

Ethaline

Figure 8: Three dimensional spatial distribution function of the different species in ethaline
about a central choline ion (top) and spatial distribution functions about a central EG
molecule in ethaline (bottom left) and in pure EG (bottom right). For clarity, the distribution
about only one OH- group of EG is shown.

extremely dry, whereas samples from some previous studies were known to contain significant
amounts of water. For both pure EG and ethaline, the viscosity decreases with increasing
temperature. By adding ChCl into EG, the viscosity increases dramatically.

Using the time decomposition method,?® the viscosity was computed for both pure EG
and ethaline using CMD simulations from the integral over time of the pressure tensor

autocorrelation function

=i 3 [ Pat) Pas) )
a<p 0

where V' is the system volume, kg is the Boltzmann constant, 7T is temperature, and Pag
denotes an element af of a modified pressure tensor. In particular, in order to improve the
statistics in the calculated viscosity, the pressure tensor elements P,z in Eq. 2 are chosen as

follows: ny = Py, Pyz = P,., P,. = P.,, Py = 0.5(Pyy — P,), P,, = 0.5(P,, — P.,), and
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P.. =0.5(P,; — P,.), where P,z are the elements of the standard pressure tensor. As Eq. 2
indicates, the results are then averaged over these six independent pressure-tensor element
correlation functions.? The calculated shear viscosities are shown in Figure 9. The simula-
tions underestimate the viscosity of pure EG and overestimate the viscosity of ethaline, but
the trend in the computed results with temperature agrees with the experiments. Simula-
tions also captured the trend that the viscosity increases significantly when ChCl is added to
pure EG. This is consistent with the observations that Cl forms stronger interactions with
EG than those between EG molecules.

Figure 10 shows the measured self-diffusion coefficients for Ch and EG in ethaline as a
function of temperature. The self-diffusion coefficients were also derived from mean squared
displacement (MSD) of the center of mass of each species based on CMD simulations using

the Einstein relation

D, = ¢ lim 553 () - mO)F) 3)

where r;(t) is the center of mass position of species i at time ¢, and N is the number of
individual species. The results are included in Figure 10 and compared to experimental
values. For the studied temperature range, the calculated results agree with experiments
very well. For both experimental and calculated results, the self-diffusion coefficients in-
crease with increasing temperature, consistent with viscosity trend that the dynamics in the
liquid becomes faster at higher temperatures. It is also observed from both experiments and
simulations that the diffusion of EG is faster than that of Ch. The self-diffusion coefficient
of Cl was calculated from simulation and was found to be between Ch and EG (see Figure
S5 in the SI), consistent with previous simulation studies.!® Computational studies of the

dynamics of ethaline at multiple temperatures consist of a handful of sources. Results from

17,19 15-17,19

this study match well with viscosities and diffusivities reported in previous studies
of ethaline, with the added capability of accurately modelling pure EG dynamics with the
same model.

While MSD and self-diffusion coefficients measure the average dynamics of the molecules,
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Figure 9: Comparison of experimental and simulated viscosity as a function of temperature
for ethylene glycol (top) and ethaline (bottom).
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Figure 10: Comparison of experimental and simulated self-diffusivity as a function of tem-
perature for choline (top) and EG (bottom) in ethaline.

it is of interest to study the distribution of dynamics, too. This is done by calculating the

self-part of the van Hove function5%6!

N

Gl 1) = 5 S48 () — . (0)]) (1

=1

where 47r2G,(r, t) is the probability that a particle has moved a distance r within the time
t. Based on CMD simulations, the van Hove function was computed for the center of mass of
each component in ethaline as well as pure EG and the results are provided in Figure S6 in
SI. For a dynamically homogeneous system, the self part of the van Hove function follows a
Gaussian distribution. Therefore, the deviation from Gaussian behavior is a measure of the

dynamic heterogeneity. This heterogeneity can be quantified by the non-Gaussian parameter
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Figure 11: Non-Gaussian parameter for different species as a function of time in ethaline
(solid) and EG (dashed) calculated at 298 K.

defined as

RO
o) = Sz (5)

The timescale over which a system exhibits dynamic heterogeneity corresponds to the time
during which «(t) is non-zero. Figure 11 shows the non-Gaussian parameter computed for
each species in ethaline and pure EG at 298 K. As shown in the figure, a(t) in pure EG
decays to zero in less than 2 ns. In ethaline, on the other hand, after 9.5 ns, «(t) did not
fully decay to zero. The decay for Cl is even slower than for that of Ch and EG, suggesting
that the dynamics of Cl is more heterogeneous than Ch and EG. This is likely related to the
more complicated solvation structure of Cl, as shown in Figure 5(c).

As discussed earlier, there are different types of HB interactions in ethaline with various
strengths. It is likely that these HBs show different dynamic properties as well. Using the
package Travis,?® the HB dynamics in ethaline and pure EG was studied based on CMD

simulations following the time autocorrelation function

oty - ({20

where h(t) is unity when a particular HB is formed at time ¢ and zero otherwise. The

23



derived time constants are summarized in Table 1. The cutoff distance that defines each
HB interaction as well as the CN of donor hydrogens are also included in the table. The
HB dynamic time constants do show clear heterogeneity. The HBs involving Cl and the Ch
and EG hydroxyl hydrogens have significantly longer time scales than others and are quite
different, suggesting stronger interactions. This is consistent with the earlier discussion.
Comparing the HBs in pure EG to the same ones in ethaline, the life times of the HBs are
about three times longer in the latter, which is consistent with the lower viscosity and faster

diffusivity of pure EG relative to ethaline observed in both experiments and simulations.

Table 1: Hydrogen bond dynamics time constant (ps) computed based on CMD simulations
at 298 K

‘ Teutof f (A) ‘ CN ‘ time constant (ps)

ethaline
Cl-HY 3.2 0.70 1462.4 4+ 56.0
CI-HO 3.3 2.52 9724 £+ 27.9
Cl-HG 4.6 8.32 113.6 = 0.5
OH-HY 2.5 0.08 254+ 1.5
OH-HO 2.3 0.30 80.5 + 0.5
OH-HG 3.1 1.10 28.1 £ 0.8
OY-HY 2.4 0.01 24.1 £ 0.8

OY-HO 2.5 0.09 25.1 £1.6
OY-HG 3.5 2.08 53.8 £ 1.7

pure EG
OH-HO 2.4 0.93 32.1 £ 0.3
OH-HG 3.1 2.46 10.4 £ 0.0

Finally, the rotational dynamics of the molecular dipole moment in ethaline and pure

EG were studied using the correlation function

oy = LS Beosar) — 1] (1)
DN, <

where 6; is the angle between the 7th molecular dipole moment at time ¢ and time zero, and

N; is the number of species i in the system. Based on CMD simulations, the correlation
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functions calculated for Ch and EG in ethaline at 298 K are shown in Figure 12. The
correlation function for Ch decays much slower than that of EG, consistent with the trend
that Ch diffuses slower than EG as shown in Figure 10. The correlation function for pure EG
is also included for comparison. Obviously, the decay of the EG correlation function is much
faster in pure EG than that in ethaline, consistent with both experimental and simulation
observations that ethaline has a higher viscosity and slower dynamics than pure EG. The
correlation functions in Fig. 12 exhibit clear fast and slow decays that are not necessarily

exponential. We, therefore, chose to fit them to the following functional form:
C(t) = b1Ea, (—(t/71)") + baEay (= (t/72)") (8)

where E,(z) is a Mittag-Leffler function,

Eo(2) =) I’(aZ—:—l) (9)

n=0

which can also be expressed as a Laplace transform of the form %2:63

1 [~ 1 sin(ra)
Eo(—2%) = = o dz,0 <a <1 10
a(=%%) T /0 ¢ T2y oge cos(mar) + 1 * ‘s (10)

and b, (by + by = 1), a,, and 7,, n = 1,2, are the fitting parameters, with 7, capturing
relevant time scales in the system. In eq. (9), I'(z) is the Gamma function. The fits are
provided in Figure S7 in the SI and the fitted parameters are summarized in Table 2. The
high quality of the fits, as indicated by the R? values in Table 2 indicate that the correlation
functions do, indeed, exhibit decay on two well-separated time scales.

Note that Mittag-LefHler functions generally emerge as the solutions to fractional kinetic
models and fractional rate equations.%* %" As eq. (9) indicates, E,(z) is an exponential
when o = 1, but more generally, F,(z) behaves as a stretched exponential for small z,

Eo(—(t/7)*) = exp(—(t/7)*)/T(1+a), and then decays asymptotically according to a power
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law (t/7)~*. As Table 2 suggests, the slow process for Ch and pure EG is very close to
exponential while that for EG in ethaline deviates from exponential behavior a bit more
significantly. We might expect this based on the fact that @« = 1 corresponds to two-
dimensional diffusion, and rotational diffusion of a single vector occurs along two angular
directions. The fast processes, however, are clearly non-exponential, and the value of «,
which lies between 1/2 and 1, places these fast processes somewhere between one- and two-
dimensional rotational diffusion. The quality of the fits to this fractional kinetic model
suggests some intriguing underlying physics, which has been observed in other electrolyte
system,®® that merits further investigation and will be the subject of future work.

Having extracted the relevant time scales for orientational dynamics, it is worth discussing
what the time scales 71 and 7, represent. For Ch, the short time process 75 is on the order of
20 ps, similar to HB lifetimes between OH-HY and OY-HY groups. As the Ch ion rotates,
it makes and breaks HBs on about this time scale. The longer time process, 71 is over 300
ps, and we believe it is associated with the overall rotational decorrelation of the Ch dipole
moment. This time scale is closely related to the long-axis rotational motion of the Ch
ion. The long-time HB lifetime for Cl with Ch may also contribute to this time scale. For
the smaller EG molecule, the time scales are much faster than for Ch. Note that the EG
molecule is almost symmetric and bears a very small dipole moment. Therefore its dipole
moment rotational dynamics is sensitive to both intermolecular interactions and internal
configuration changes. The short time process for EG in ethaline, 75, is on the order of 1
ps, which we assign to local intramolecular relaxation of the EG molecule. In pure EG, 7 is
about twice as fast, consistent with the lower viscosity of pure EG relative to ethaline. The
slower process for EG, 7y, is again associated with the rotational decorrrelation of the EG
molecule. Because it has a much shorter axis than Ch, the time scales are faster. Rotational
motion of EG is much slower in ethaline than in the less viscous pure EG. Further analysis of
these motions, including spectroscopic studies, may shed additional light on the dynamical

processes of ethaline.
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Table 2: Coefficients (time in ns) fitted to Eq. 8 for the dipole moment rotational dynamics
based on CMD simulations at 298 K.

‘ bl ‘ (051 ‘ bQ ‘ (0D ‘ Bl ‘ T2 ‘ R2
ethaline
Ch | 0.4716 | 0.9843 | 0.5284 | 0.7003 | 0.3534 | 0.0211 | 0.9989
EG | 0.4436 | 0.9190 | 0.5564 | 0.7161 | 0.0801 | 0.0009 | 0.9953
pure EG

EG | 0.5308 | 0.9807 | 0.4692 | 0.7606 | 0.0199 | 0.0004 | 0.9990

1 , | -
Solid: ethaline Cho'g‘g
08 Dashed: EG .

Rotatioan! Correlation Function

0 0.2 0.4 0.6 0.8 1
Time (ns)

Figure 12: Normalized dipole moment rotational correlation function for choline and EG in
ethaline (solid) and EG (dashed) calculated at 298 K.

Conclusions

A comprehensive study of the structure and dynamics of the 1:2 eutectic mixture of choline
chloride and ethylene glycol (ethaline) has been carried out. Experimentally measured den-
sities and viscosities match previously reported values very well. Classical and ab initio
molecular dynamics simulations both capture experimental liquid structure, as determined
by neutron scattering measurements. Computed diffusivities and viscosities also agree well
with experiments. The simulations suggest that the solvation environment in ethaline is more
complicated than what maybe assumed based on its stoichiometric composition. Addition
of ChCl into pure EG breaks the HB network in EG and multiple types of HBs are formed.

In particular, the HBs between Cl and EG hydroxyl groups were found to be stronger than
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those hydroxyl HBs in pure EG, resulting in higher viscosity and slower dynamics in ethaline
compared to pure EG. The complex HBs in ethaline also cause complexity in dynamics. Ro-
tational relaxation of choline is much slower than ethylene glycol. Dynamic heterogeneities
persist for over 10 ns in ethaline, with the chloride ion experiencing the most dynamical

heterogeneity due to its hydrogen bonding interactions.
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