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High-Throughput and Data Driven Strategies for the Design of
Deep-Eutectic Solvent Electrolytes

Jaime Rodriguez Jr.?" , Maria Politi?", Stuart Adler?, David Beck ®°, and Lilo Pozzo®¢"

Deep eutectic solvents (DES) are an attractive class of materials with low toxicity, broad commercial availability, low
costs and simple synthesis, which allows for tuning of their properties. We develop and demonstrate the use of high-
throughput and data-driven strategies to accelerate the investigation of new DES formulations. A cheminformatics approach
is used to outline a design space, which results in 3,477 hydrogen bond donor (HBD) and 185 quaternary ammonium salt
(QAS) molecules identified as good candidate components for DES. The synthesis methodology is then adapted to a high-
throughput protocol using liquid handling robots for the rapid synthesis of DES combinations. High-throughput
electrochemical characterization and melting point detection systems are used to measure key performance metrics. To
demonstrate the new workflow, a total of 600 unique samples are prepared and characterized, corresponding to 50 unique
DES combinations at 12 HBD/QAS molar ratios. After synthesis, a total of 230 samples are found liquid at room temperature
and further characterized. Several DES display conductivities above 1 mS/cm, with a maximum recorded conductivity of 13.7
mS/cm for the combination of Acetylcholine Chloride (20 mol %) and Ethylene Glycol. All liquid DES samples show stable
potential windows greater than 3 V. We also demonstrate that these DES are electrochemically limited by viscosity, both in
the conductivity and in the limiting processes on their cyclic voltammograms. Comparison with literature reports show good
agreement for properties measured in the high-throughput study, which helps to validate the workflow. This work
demonstrates new methods to accelerate the collection of key DES metrics, providing data to formulate robust property
prediction models and obtaining insight on interactions between molecular components. Data-driven high-throughput
experimentation strategies can accelerate DES development for a variety of applications. Moreover, these approaches can

also be extended to tackle other materials challenges with large molecular design spaces.

Design, System, Application

Deep eutectic solvents (DES) are considered inexpensive designer solvents for a variety of applications, from separation processes to energy-related systems.

Type III DES are formed by combining a quaternary ammonium salt and a hydrogen bonding species (e.g., polyols, carboxylic acids or amines), making

their design space extremely large. Unfortunately, there is still a significant lack of available data and properties for only a few DES combinations have been

tested experimentally. Herein, a strategy is proposed for outlining and experimentally investigating this class of solvents. Starting from their available

literature, a cheminformatic campaign to identify their molecular space was conducted using open-source software and databases. Candidate molecules were

first screened for their commercial availability and successively selected through a ranking system based on key engineering metrics. Their traditional

synthesis route was then translated into a high-throughput protocol making use of liquid handling robots and well-plates. Electrochemical properties and

onset of melting were then identified using screen-printed electrodes and an open-hardware IR bolometry system, respectively. Finally, all the data collected

was analyzed using open-source packages and Python-based code, made available in its entirety. The methods outlined in this study can be easily applied

to other materials design problems with large design spaces.

Introduction

Deep eutectic solvents (DES) are composed of two or more
materials that, when mixed at specific molar ratios, exhibit
much greater suppression of the melting point than one would
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predict assuming an ideal liquid solution.! Abbott et al.
identified several types of DES, including many that are formed
by mixing a quaternary ammonium halide salt (QAS) and a
molecular hydrogen bond donor (HBD) at specific molar ratios.?
DES have also been frequently compared to ionic liquids (IL),
because they have similar notable qualities including, low vapor
pressure, low flammability, and an expansive chemical design
space allowing for tuning properties.>* In recent years, both

b-eScience Institute, University of Washington, Seattle, USA DES and ILs have been proposed as potential electrolytes for
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electrochemical applications, including redox-flow batteries

+ These authors have contributed equally to this work. (RFBs) which are a promising grid-scale energy storage
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technology.>™ DES and ILs have good ionic conductivities and a
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wide stable electrochemical potential window compared to
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aqueous electrolytes.’®!! A strong emphasis has also been
placed on RFB materials that are low-cost and environmentally
friendly.'27% In this regard, DES have an advantage over ILs
because they are generally composed of inexpensive and widely
available materials that are frequently biodegradable and non-
hazardous.!®> Additionally, the synthesis of DES is
straightforward and inexpensive, which usually consists of
mixing solid components at specific molar ratios and heating
until they melt. Moreover, recent studies using DES as
electrolytes in RFBs have reported increased solubility of redox
species, particularly redox-active organic molecules (ROMs),
which subsequently lead to increases in energy density.*®7 For
these reasons, the use of DES as electrolytes for RFBs is very
attractive.

However, major challenges exist for the molecular design of
ideal DES electrolytes. The literature states that the total
number of possible DES candidates likely exceeds the estimated
design space for ILs (estimated at ~10'® unique anion/cation
pairs).1®1° Yet despite the simple synthesis process for DES,
current experimental efforts and methods have been slow to
make a significant dent in exploring these materials. Thus,
computational methods have become a powerful tool to
provide insight where experiments may fall short.
Unfortunately, a common theme amongst computational
studies on DES is the lack of data available to make significant
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strides in developing generalized predictive models. Moreover,
there is a lack of chemical diversity in the available experimental
literature since many reported DES systems are overwhelmingly
based on choline chloride, a commonly used QAS.2°22 Deeper
fundamental understanding of DES is also necessary, especially
when determining their feasibility for use as electrolytes.?® The
strong hydrogen bond network that is formed in DES has direct
impacts on several key electrolyte properties, which can be
influenced by molecular weight, QAS anions, and the presence
of specific functional groups. Still, many of the features that can
lead to ideal DES electrolytes may not be intuitive to determine,
and therefore the development of this class of materials will
require optimization, functional design, and new methods to
tackle exploration of the large design space.

High-throughput  experimentation and  data-driven
strategies for chemical exploration promises to accelerate the
development of new materials, including new electrolytes.?4%7
However, to our knowledge these methods have not yet been
applied towards development of DES electrolytes. The design of
new materials is known to be inherently a multivariate task
requiring solutions aiming at the simultaneous optimization of
several target properties. Multi-objective optimization (MOOP)
strategies have become increasingly popular, especially in the
drug discovery field.?®=3° However, these techniques rely on
available predictive frameworks, databases or molecular
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Figure 1 Schema for the high-throughput protocol for DES selection, processing, and characterization. The purple boxes represent the initial data-driven candidate
selection for both DES components (QASs & HBDs), whereas the gold boxes represent the automatic sample formulation, processing, characterization, and final data

analysis of the prepared samples.
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simulations providing a variety of measured or estimated
properties for the chemicals used. Unfortunately, the lack of
variety of tested combinations and sparsity in their measured
properties in the DES literature hinders the formulation of
robust models. Furthermore, MOOP systems need to be
coupled with medium or high-throughput strategies to best
achieve the desired outcome of faster identification of
materials with desired properties. Without these experimental
infrastructures, the bottleneck of the task would simply shift
onto the synthesis and testing phase. In this work we present
an integrated workflow for the investigation of DES electrolytes
for future use in RFBs. A preliminary cheminformatics approach
focused on specific engineering metrics (e.g., chemical
similarity, commercial availability) is presented to outline the
design space for DES materials and to strategically select initial
candidates for exploration using a ranking system which
considers scores based on the materials hazards score and their
molecular weight. The synthesis process for DES has been
modified to enable high-throughput sample preparation using
open-source, automated liquid handling robots.
Electrochemical characterization is then performed in a high-
throughput manner using screen-printed electrodes (SPE)
which require minimal sample volume and facilitates data
collection and analysis. We have demonstrated that this
significantly speeds up sample preparation for large number of
samples and allows for a systematic, combinatorial sequence to
explore DES.

Experimental
Materials

Acetylcholine Chloride (AcChCl) (= 99%),
Tetraethylammonium Chloride (TEAC) (= 98%),
Tetrapropylammonium  Bromide (TPAB) (98%), and

Tetraethylammonium lodide (TEAI) (98%) were obtained from
Sigma Aldrich (Burlington, MA). Choline Chloride (ChCl) (99%)
was obtained from Acros Organics (Fair Lawn, NJ). All QAS were
dried under vacuum for 24hr upon receipt and were then stored
inside an airtight desiccator to prevent significant water uptake.
Ethylene Glycol (Certified) was purchased from Fisher
Scientific (Hampton, NH). Glycerol (> 99 %), Acetamide (~99%),
N, N’-dimethylurea (= 99%), 3-phenylpropionic Acid (99%), L-
serine (= 99 %), 4-Amino-4H-1,2,4-triazole (99%), and Xylitol (>
99%) were purchased from Millipore Sigma (Burlington, MA).
Phenylacetic Acid (99%) was purchased from Alfa Aesar
(Haverhill, MA). Urea (Ultrapure) was purchased from Thermo
Scientific (Hampton, NH). Ethanol (100 Proof) was purchased
from Decon Laboratories (Montgomery County, PA). All HBD
were used as received and required no further processing.

High-Throughput DES Synthesis

The high-throughput synthesis process begins with the
preparation of concentrated stock solutions of QAS and HBD in
volatile solvent, with either water or ethanol being utilized
depending on which yielded the greatest solubility for the
starting material. See Table S1 and S2 for more information of

This journal is © The Royal Society of Chemistry 20xx
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final concentrations and solvent used for each stock prepared.
The Opentrons OT-2 liquid handling robot was used to prepare
the mixtures of QAS and HBD. The concentrations of the stock
solutions, along with the desired molar ratio of QAS and HBD
mixtures are fed into a python script that first calculates the
correct volumes of stock solution to dispense to achieve the

desired DES composition using the system of equations
below:

Voas + Vuep = Vrotal ()

CQAS . VQAS
(CQAS ' VQAS + CHBD : VHBD)

= Xoas 2

Cupp * Vupp
(CQAS Voas + Cupp - Vigp)

= Xusp 3)

Although the volumes of solutions are not additive, this
approximate equation is still useful to estimate the maximum
volumes that can be delivered to avoid overflowing sample
containers, to produce enough DES material for testing, and to
estimate the minimum volume of stock solutions to complete
an experimental campaign. Equations (2) and (3) are analogous
to expressions for the mole fraction of a two-component
mixture, where Cp,s and Cypp are the molar concentration of
the QAS and HBD stock solutions, and X 45 and Xypp are the
mole fractions of QAS and HBD to produce the selected DES
composition. Knowing the total desired volume of mixture,
concentration of stock solutions, and molar composition of the
DES to synthesize, this becomes a system with 3 equations and
2 unknowns which can be solved trivially. Once the volumes of
stock solutions to dispense are calculated by this script (see
supplementary files), they are then saved as a “.csv’ and passed
on to protocol scripts which contains hardware specifications
and commands for the OT-2 to perform. The OT-2 liquid
handling robot has 11 customizable slots to hold a variety of
hardware, including pipette tips, stock solutions, and vials.
Samples can be prepared in a variety of standard multi-well
plate formats. In addition to these, custom 48-well plates were
designed using a 3-D resin printer (FormLabs Form 3) with a
temperature-resistant resin that is stable up to 238°C. These
plates hold 2 mL glass scintillation vials in each well. The OT-2 is
then programed to directly dispense the correct combination of
stock solutions into each of the vials. All files required to
reproduce the custom labware described in this paper can be
found in a GitHub repository.3!

After the samples are prepared, it is necessary to remove
the volatile carrier solvent so that only the QAS and HBD
remain. This is done via a series of gentle evaporation and
heating steps. Once the mixtures are created in the OT-2, all 48-
well plates are moved to a large commercial dehydrator
(Cabela’s 80L SKU: 2517102) for a gentle evaporation step at
65°C for at least 24 hours. This initial step removes most of the
carrier solvent. Samples are then heated in an oven at 100°C for
30 min, which ensures the formation of a homogeneous
mixture, as reports have indicated that heating below 80°C may
sometimes result in the formation of precipitates or crystals

J. Name., 2013, 00, 1-3 | 3
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upon cooling.3233 Preparing the DES in glass vials allows us to
incorporate important aspects of their synthesis (i.e. heating to
100°C or higher), while also aiding in preserving and storing
samples for characterization later in the pipeline. Finally,
samples are allowed to cool and are dried under vacuum at
room temperature for 30 min, to remove any potential residual
carrier solvent that could remain, and afterwards stored in
airtight desiccators until screening and characterization is
performed. Figure 2 shows a schematic of the high-throughput
synthesis workflow

a) b)
QAS HBD QAS || HBD QA HBD|
i v— ﬁ [ ¢ or2Liquid
T =N Handling Robot
— -
o, Concentrated
— —

Stock Solutions

d)

Gentle Evaporation Step
65°C for 2 24 hrs

- s I
§=0) 2 820" gnann

High-Heat Step Vacuum Step Parallel Analysis of DES
100°C for 30 min for= 30 min Formation

Figure 2 Schematic illustration of the proposed high-throughput synthesis
protocol for deep eutectic solvents. a) Each component is weighted and dissolved
in either water or ethanol to created highly concentrated stock solutions. b) The
stocks, labware, and pipette tipracks are loaded onto the OT-2 deck and the
sample formulation is initiated. c) The DES samples and solvents are organized in
temperature-stable 48-well plates holding glass vials. d) The sample plates are
placed in a dehydrator at 65 °C for 24hrs. This step removes most of the volatile
solvents used to transfer the DES components. e) The sample plates are them
placed in an over at 100 °C for 30 minutes. f) The sample plates then moved into
a vacuum for about 30 minutes. g) The samples found in the liquid phase at room
temperature are now ready to be characterized.

High-throughput Melting Point Determination

The melting point of the samples was measured using a
recently developed high-throughput and open-source thermal
analysis system called PhasIR.3* This method uses IR bolometry
to analyzed phase transitions in liquids in a parallel analysis
platform. The system consists of a Raspberry Pi microcomputer,
a FLIR LEPTON 3.5 IR camera, and aluminum multi-well plates as
the basic elements, Figure S5. Its functionality is very similar to
differential thermal analysis (DTA). In the PhasIR system
however, instead of the thermocouples used in DTA, the
temperature of the plate and sample are measured using an IR
camera during heating, and the onset of melting is determined
by the AT curve between the reference (plate) and the sample
temperatures. For any binary mixture near
composition, we expect the solid to liquify over a range of
temperatures, starting at the eutectic temperature. Thus, the
onset of melting is a good metric for the lowest liquid
temperature one can achieve using the chosen mixture, even

a eutectic
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when the eutectic composition is not known precisely. The DES
samples were cooled using the Peltier plate of the PhasIR
hardware system, while the heating process was conducted
using a VWR hot/stir plate (NA CAT No: 97042-682) to achieve
a broader temperature range. To extract accurate melting
temperatures, the PhasIR system and hotplate were moved into
a glovebox to conduct the measurement in a moisture-free
environment. This step was found to be critically important
since many DES tend to be hygroscopic. The samples were
loaded on metal 48 or 24 conical-shaped-wells plates, cooled
for approximately 2 hrs using the Peltier plate set at —10°C.
The hotplate was previously set to 200°C and the measurement
took approximately 10 minutes per plate to collect. The data
was then analyzed using the homonymous Python-based
software which can be found on GitHub.3>

High-Throughput Electrochemical Characterization

All electrochemical characterization was performed on a
Gamry Reference 600 potentiostat with Metrohm-DropSens
DRP-11L SPEs, which were interfaced directly with the Gamry
via the Metrohm-DropSens CACAMMH connector. The DRP-11L
is a low cost and disposable compact 3-electrode screen printed
cell, making it ideal for working with sample volumes of
approximately 100 pL. The cell consists of carbon working and
counter electrodes and a silver/silver chloride reference
electrode. Measurements were conducted only for samples
that were liquid at room temperature.

Electrochemical Potential Window Multi-step
chronopotentiometry was performed to determine the limiting
reduction and oxidation potentials of the DES electrolytes. The
use of chronopotentiometry to obtain these potentials has been
proposed and reported previously for liquid electrolytes as fast
and accurate estimates for comparisons, which facilitates data
collection and analysis in the high-throughput pipeline.®* First, a
series of four fixed positive currents of 1,0.75, 0.5, and 0.25 mA
are applied. These are then followed by negative currents of the
same magnitude. The very first positive and negative steps are
held longer, for 15 seconds, as a conditioning step, while each
subsequent step is held for 10 seconds with data collected every
half second. The voltage response from the current steps will
equilibrate towards the end of the measurement, and the
potential from the last two seconds of every current step is
averaged and extracted for analysis. Tangent lines of the
current steps and potentials are calculated from plots of current
density vs. potential in both the positive and negative regions
and are extrapolated to the line of zero current. The potentials
at the line of zero current are the estimated limiting reduction
and oxidation potentials for the DES electrolyte. Figures S2 and
S3 show example chronopotentiometry data and their analysis
using the procedures described above.

Cyclic voltammetry was performed to investigate the
possibility of undesired electrochemical side reactions in
regions between the limiting reduction and oxidation potentials
of the DES electrolytes. Measurements were performed at
100 mV /s scan rate, spanning voltages from —2 V to 2 V, for a

This journal is © The Royal Society of Chemistry 20xx
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total of four complete cycles per sample to ensure equilibration.
Moreover, the last 20 points of the forward and reverse scans
were used to determine the slope (dI/dV) of the limiting
processes shown in the voltammogram.

lonic Conductivity Electrochemical Impedance Spectroscopy
(EIS) was used to determine the ionic conductivity of the DES
electrolytes. EIS is a non-destructive technique that allows for
the separation of specific contributions to cell resistance via
timescale based on the response of the cell to a sinusoidal
voltage or current perturbation. At the highest frequencies
probed, electrode current becomes almost entirely capacitive,
such that the measured cell impedance (Z) becomes ohmic, with
resistance inversely proportional to the ionic conductivity of the
solvent. Thus, EIS can be used to isolate ionic conductivity in a
system with unknown or variable electrode characteristics. A
small voltage perturbation of amplitude 50 mV was applied to
the samples and the frequency was varied from 100 kHz to
100 Hz, with a total of 10 points per decade. Once the
measurement is completed, the data is visualized using a
Nyquist plot in which the negative imaginary component
(—Z;,,) of the impedance is plotted against the real component
(Z,¢). The point at which the impedance curve intersects the
axis of the real component is extracted as the ohmic resistance
of the system. The impedance data was fit using the open
source package Impedance.py.*’ Due to the unusual geometry
of the screen-printed electrochemical cell, a calibration curve
was obtained using standards of known conductivity spanning
four orders of magnitude (Figure S4) to convert the resistance
to a quantitative conductivity. The conductivity standards were:
84 uS/cm, 443 uS/cm, 1413 uS/cm, 2764 uS/cm, and
12880 uS/cm. These were obtained from Oakton (Vernon Hills,
IL) and are all NaCl based solutions.

Results and Discussion
Cheminformatic Outlining of the Design Space

In many situations where the design space for a materials
problem is very large and prior knowledge about the materials
is limited, approaches to outlining the design space can provide
insight for developing an effective design of experiment
(DOE).3%3% With regards to DES, possible candidates for HBD
consist of large families of molecules such as alcohols, polyols,
amides, carboxylic acids, etc., and in addition many different
QAS exist with varying alkyl chain lengths and anion species.
Despite the rich materials space for DES, the diversity of
candidates studied in the literature is rather low. One of the
goals of this work was to outline the commercially available
design space for DES materials via a cheminformatics campaign,
prior to performing any experimental procedures. This would
allow for the rational formulation of a set of promising
candidates (basis set) to investigate experimentally without
requiring synthesis of precursor materials. As an initial strategy
for the basis set selection, the use of engineering metrics and
design constraints to filter and rank materials was applied,
which aids in assuring promising candidates are identified for

This journal is © The Royal Society of Chemistry 20xx
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experimental analysis over candidates that lack in one or more
engineering metric. The ability to effectively outline a material
design space is essential to DOE planning, and while our
investigation is focused on DES, we present this approach as a
strategy that can be easily applied to other materials problems.

The first step in this process was to procure a basis set of
known QAS and HBD that have been previously used in the
literature to form DES. The National Institute of Standards and
Technology (NIST) is an excellent resource for publicly available
material databases, and their ILThermo database contains
extensive data for DES.%° In total over 2,000 datapoints were
obtained for several physiochemical properties across a variety
of DES. In addition to ILThermo, a DES melting point dataset was
obtained from a review.*! The datasets were all compiled, and
36 unique QAS and 75 unique HBD were identified.

A starting point from which to identify promising, but
perhaps non-intuitive, QAS and HBD candidates that have not
been described in the literature was now possible. The concept
was to perform an iterative structural similarity search across
each of the QAS and HBD in the basis set. This required a
platform capable of efficiently applying cheminformatics
methods and subsequently querying a large chemical database.
For this, PubChem’s open-source Python wrapper (PubChemPy)
coupled with the Power User Gateway Representational State
Transfer (PUG-REST) was chosen due to its relative simplicity
and ability to access PubChem’s data and services. PubChemPy
allows for Python-based interaction to retrieve chemical

identifiers, physiochemical property data, and perform
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Figure 3 Cheminformatics campaign for
HBD species. a) Initial HBD candidates

Figure 4 Cheminformatics campaign for
QAS species. a) Initial QAS candidates
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Index. c) Final HBD candidates meeting
commercial availability  and low
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commercial availability  and low
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chemical similarity searches, among other uses.*? PUG-REST can
also be used via URL to retrieve data of interest that is not
readily accessible by PubChemPy.*** Compound id’s (CID),
which are PubChem’s unique identifiers, were obtained for the
basis set. From these CID’s, virtually any information available
in PubChem’s database can be queried. SMILES strings, which
are common linear notations to describe chemical structures,
were used to initiate a 2D structural similarity search for each
material in the basis set. The PubChem similarity search begins
by converting the SMILES strings to molecular fingerprints,
which represent chemical structures using binary vectors.®
Here, each vector position represents a chemical substructure
or feature, whose absence or presence is denoted withaOor 1,
respectively. While several variations of molecular fingerprints
exist, PubChem uses a binary vector of length 881, with
predetermined substructures in each vector position.*® After
the fingerprints are obtained, they are then compared to the
fingerprints of all other compounds available in the PubChem
database and their similarity is judged by the Tanimoto scoring
index.*” The Tanimoto index considers the proportion of
substructures or features that are shared between two
compounds to give a score of similarity. A threshold can be
specified in the PUG-REST API for the similarity search to only
return compounds that are above a specific similarity score. In
our search, a similarity threshold of 85% was used to ensure a
balance between results that are adequately similar from the
initial compound, but still yield some diversity. In addition, the
search was specified to return a maximum of 3,000 results per
search to avoid timing out the request on PubChem’s servers.
This search resulted in an expanded set of 68,127 and 4,705
complimentary HBD and QAS candidates, respectively, that
were returned from the initial NIST basis set (i.e., 75 HBD and
36 QAS). After significantly growing the design space, it was
necessary to constrain it again according to metrics that are
important to our specific application. For example, only
candidates that are readily and commercially available for
procurement were to be considered, to avoid the need for
costly organic synthesis and purification. In this regard, vendor
information was extracted from the PubChem database and
scripts were developed to filter candidates that were not
commercially available. The code is available in the
Supplementary Material. The ability to characterize the
environmental and human health hazards of the candidates is
another metric deemed important for this work, and therefore
safety information from the Globally Harmonized System of
Classification and Labelling of Chemicals (GHS) was also
extracted. DES precursors that had no GHS safety information
available in the database were filtered and removed. Figures 3
and 4 show the subsequent growth and constraint of the design
spaces for the QAS and HBD. The visualization was created by
representing each of the candidates using Morgan fingerprints.
Unlike the PubChem fingerprints used for the similarity search,
each bit in the vector for Morgan fingerprints is not constrained
to a predefined structure, but instead uses a complex algorithm
to generate the bit vector.*® The length of the vector can also
be specified, and 2,048 bits was selected to obtain more
structural information on the candidates. To project this high

6 | J. Name., 2012, 00, 1-3

dimensional information on a two-dimensional space, Principal
Component Analysis (PCA) was used, which is a dimensionality
reduction technique for visualization.?®% The final basis set
after applying constraints resulted in 3,477 HBD and 185 QAS.

With the final design space defined, a ranking system based
on engineering metrics important to our target application was
developed to highlight candidates with favorable properties
and characteristics. Initially, the ranking system was based two
components: the GHS safety hazards codes (i.e., health,
environmental, physical) and the molecular weight of each
molecule identified in the cheminformatic campaign. The GHS
safety scores were developed based on previous examples in
the literature, with regards to the specific hazard codes and the
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Figure 5 Final design space for HBD (a) and QAS (b) based on 50 principal
components in the PCA applied to the original dataset of Morgan fingerprints
and reduced to a two-dimensional plot using the non-linear dimensionality
reduction technique called t-distributed stochastic neighbor embedding (t-
SNE). The color of each candidate is based on its ranking, which considers
scores based on GHS safety hazards and molecular weight
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Figure 6 Structures of Quaternary Ammonium Salts (Left) and Hydrogen Bond Donors (Right) selected for high-throughput DES synthesis. The depicted
molecules are the following: a) Choline Chloride, b) Acetylcholine Chloride, c) Tetraethylammonium Chloride, d) Tetrapropylammonium Bromide, e)
Tetraethylammonium lodide, f) 3-Phenylpropionic acid, g) 4-Amino-4H-1,2,4-triazole, h) Acetamide, i) Ethylene Glycol, j) Glycerol, k) L-serine, I) N,N’-

Dimethylurea, m) Phenylacetic acid, n) Urea, o) Xylitol

severity of the hazard they represented.>! As for the molecular
weight, QAS and HBD with lower molecular weights will
generally possess lower melting points as a DES, and so this was
a favored characteristic. Next, the molecular weights and the
GHS safety scores were all normalized, and a modified digital
logic method was utilized to assign a pre-factor to each of the
metrics, which determines the weight (i.e., importance) that
each metric contributes towards the rankings. The pre-factor is
assigned based on the comparative importance of each of the
metrics with each other. For example, health hazards were
regarded as the most important parameter compared to the
molecular weight and was therefore assigned the highest pre-
factor. This digital logic method has been commonly used for
ranking engineering metrics for a wide variety of material
sections.®? In future queries, other metrics (e.g. cost,
sustainability) could also be easily incorporated into this ranking
approach for additional DOE campaigns.

With each of the candidates now ranked in the design space,
it is possible to visualize the ranked molecular space. However,
we see in previous visualizations that while the size of the
molecular space is apparent, clusters or groupings of candidates
by molecular structures are not. This is because the PCA only
utilized the two most important principal components for
plotting, resulting in loss of structural information contained in
the Morgan fingerprints. To recover that information, it is
necessary to increase variance by increasing the number of
principal components. However, that creates a challenge for
visualizing high-dimensional spaces. To solve this problem, a
non-linear dimensionality reduction technique called t-
distributed stochastic neighbor embedding (t-SNE) is used.>3*
The number of principal components in the PCA, that was
applied to the original dataset of Morgan fingerprints, was
increased to 50 and reduced to a two-dimensional plot with t-
SNE. Figure 5 shows the resulting t-SNE plots with the HBD and
QAS. As for the HBD, clearly distinct clusters of molecules with
similar structure are observed. The clusters in the QAS are not

This journal is © The Royal Society of Chemistry 20xx

as clear given the smaller number of molecules in that dataset,
yet some distinctions can be made. In addition to these plots,
an accompanying python script was written to interactively
visualize the space and directly select areas to view the
molecules’ structure and their corresponding ranking. It is now
possible to use this information to rationally select candidate
HBD and QAS chemicals for our initial DOE campaign, to
maximize chemical diversity and information content while also
increasing the likelihood that an experimentally analyzed DES is
more likely to be viable for practical implementation.

High-throughput DES synthesis

An advantage of DES is that their synthesis is relatively
straightforward, simple, and cost effective.Samples are
prepared in the traditional method by adding the pure QAS and
HBD components together in vials at the appropriate molar
ratio, followed by heating and stirring until they result in a
uniform liquid. While some of these components are liquid in
their pure form (i.e., ethylene glycol, glycerol, trifluoroacetic
acid) the majority are usually solids. While the approach is
suitable for investigating a small quantity of DES at a time, it
quickly becomes inefficient when attempting to explore a broad
range of potential DES across various molar ratios. Instead, we
have developed a low-cost (< $10k ) workflow to synthesize
DES in high-throughput, where sample volumes of typically less
than 2mL are prepared, leading to lower consumption of raw
materials but an increase in the diversity of samples
investigated. Since the OT-2 pipetting robot has limited space
for sample labware, stock reservoirs, pipette racks, the samples
will be formulated in different runs. In fact, using the custom
designed 48-well plates, we were able to prepare up to 240
samples (i.e., five 48-well plates or all combinations of the 10
HBD with 2 QAS) per run. The OT-2 protocol includes mixing
steps, to minimize the formation of two distinct phases and aid
in the interaction of the DES components, as well as steps to
reduce the possibility of sample contamination and satellite
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droplet formation. See Figure S1 for an example OT-2 deck
configuration and the supplemental Jupyter Notebook for
example scripts. To demonstrate these methods, a variety of
DES based on 5 QAS and 10 HBD were prepared, Figure 6. This
selection included some QAS and HBD that are common in the
literature, which we use for validation of the workflow, in
addition to others that were selected from the outlined DOE
design space (Figure 5). This gives a possible combination of 40
new DES that could be prepared. It is important to note that,
while a few of these materials have been presented in the
literature (e.g., choline chloride, acetylcholine chloride, urea,
ethylene glycol, and glycerol, among others), the total
combinatorial space has not been investigated to the fullest
potential. For example, nearly all HBD selected in this set have
been paired with ChCl to form DES.5>° Here, we have
broadened the investigation to additional QAS, with ChCl based
samples prepared as a comparison with literature. Therefore,
prior to even delving into the expanded design space, there is
an abundant combinatorial space that needs to be investigated
just from materials that have already been reported. The high-
throughput system proposed is suited to tackle that challenge.

Each of the selected HBD and QAS were dissolved in
concentrated stock solutions in either water or ethanol (See
Table S1 and S2), and the OT2 protocol prepared 12 molar
compositions (Table S3) for each of the 40 DES combinations
and the additional 10 ChCl-based combinations. In total, this
yielded 600 samples that were prepared in our high-throughput
method. After samples processed through the
evaporation, heating, and vacuum steps, it was noted that
samples containing ChCl, AcChCl, TEAC, and TPAB as QAS
formed liquids at room temperature. All liquid samples were
clear and showed a homogeneous phase. In contrast, all
samples containing TEAI as a QAS did not form a liquid at room
temperature with any HBD combination and therefore were not
characterized further. Similarly, all the samples that used L-
serine as the HBD species were found solid at room
So, excluded from
electrochemical testing.

were

temperature. these were also

High-throughput Characterization of Melting

The melting point of the synthesized the choline chloride-
based samples was characterized using the PhaslR system,
which is thoroughly described in a recent publication. 3% An
example plot can be seen in Figure 7, right. Here, the
temperatures of samples and the aluminum plate are encoded
in the pixel value composing the frames collected by the Lepton
IR camera. The sample temperature is obtained from the
average pixel values across a circular region of that is positioned
around the centroid of each well across all frames of the video.
For each well identified on the image, the plate temperature is
averaged over four equidistantly points placed diagonally with
respect to the well centroid. An example image of the metal 48-
well plate with centroid and plate position identification
obtained through the PhasIR Image Analysis module can be
found in Figure 7, left. Samples and plates are then heated from
alow temperature and the temperature of the sample (Tsampie)
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Figure 7 Left) Example 48-well well plate with centroid and plate
temperature identification obtained through the PhasIR Image Analysis
module. The black marker identifies the centroid of the well, whereas the
red marked are used as the reference plate temperature for each well.
Right) Melting point for the 35 mol%: 65 mol % choline chloride: N,N-
dimethylurea sample. The temperature was recorded using the PhasIR
system. The melting point is defined as the onset (red marker) of the AT =
Tsampie curve (yellow)

Tprate —
is plotted with respect to the temperature of the plate (Tp4¢e)-
For most of the heating process, there is a linear relationship
between the two temperatures. However, when samples melt,
there is a discontinuity in this plot due to the abrupt change in
the thermal conductivity of the sample. Thus, for each sample
in the plate, the onset of the phase transition event is obtained
from the onset of the peak formed by the AT =T, 4 —
Tsampie curve. The peak onset is determined using the Scipy
peak finding algorithm.®® The PhaslR measurements were
conducted in an argon-filled glovebox to reduce the possible
contamination with atmospheric water during the sample’s
physical characterization. Still, a small portion of measured
samples show a phase transition feature close to 0 C, which
could be attributed to traces of water in the samples. For
example, Figure S16a shows PhaslR measurements for the
60 mol% ChCl sample with acetamide. This is the only case in
which the feature is so noticeable, in other cases, the ‘water
feature’ is only a small shoulder in the AT curve in the lower
temperature region of the measurement (Figure Si6b). If
samples do not show a clear phase transition feature (Figure
S17), they are not included in the final phase diagrams, since
this likely means that the phase transition temperature is
outside of the measurement range of the PhasIR system. In the
literature, the freezing temperature of DES solvents is
commonly reported using differential scanning calorimetry
(DSC) in the cooling cycle. However, DSC is a low-throughput
technique that takes over 60 minutes per sample, and it is not
suitable for the exploration of large design spaces of DES
system. In contrast, the infrared bolometry technique that is
used in the PhasIR system is well suited for fast screening of up
to 96 samples simultaneously in ~10 minutes. On the other
hand, it is unfortunately very hard to identify phase transitions
in the PhasIR system during cooling cycles (freezing) due to the
very slow cooling rates of Peltier plates and the variable
nucleation rates of different DES samples. Therefore, reported
phase transitions in this work correspond to the 'first onset of
melting' for the samples tested, which may not always

This journal is © The Royal Society of Chemistry 20xx
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Figure 8 Phase diagrams for urea (a) and N,N’-dimethylurea (b). The filled
circular markers indicate measurements obtained using the PhasIR system.
The x-shaped markers indicate literature values for the pure components.

correspond to the complete homogeneous melting of DES
samples. In fact, for samples containing high ratios of QAS, this
phase-transition point often indicates partial melting of a solid
sample to a two-phase sample containing a liquid and a
dispersed solid. This is clearly outlined by a gray area in the
results. Figure 8a Figure 8b shows PhaslR melting-onset
diagrams for the urea and N,N’-dimethylurea samples,
respectively. The eutectic point for the ChCl: urea samples was
clearly identified at the expected 1:2 molar ratio, which is
consistent with literature reports.®* The onset-melting diagrams
for the two phenyl carboxylic acids can be seen in Figure S16
and they both also show a single eutectic temperature
depression around the 35 mol% of choline chloride sample,
again in line with samples synthesized using the traditional
methodology. >°

On the other hand, the diagram for N, N’-dimethylurea
seems to show a broad low-melting point region followed by a
flat two-phase melting region. A broad melting region is also
present in the phase diagrams for 4-Amino-4H,1,2,4triazole and
acetamide, Figure S19a, b. Unfortunately, it was not possible to
measures transition temperature below 0°C in high-throughput
with the PhasIR system. For this reason, the diagram for
ethylene glycol and glycerol DES could not be obtained as the
melting temperature is much lower than can be reliably
measured with PhasIR. For xylitol-based samples with choline
chloride, the eutectic point was found at a 1:1 ratio (Figure S20),
which is also in agreement with literature.®? All of the melting
diagrams also show complex melting behavior at higher content
of QAS. At values above ~55 mol% of the QAS, there is usually
hase separation between a solid QAS dispersion and a mixed
QAS/HBD liquid phase (Figure S22).

Table 1 Choline Chloride-based DES Melting point comparison between literature
values and those measured in the current publication using the PhasIR system.

Current Literature
i Source
Ratio HBD Publication Values
[°c] [°C] =]
1:2 Urea 15 12 61
N, N'-
1:2 ) 63.3 70 6t
Dimethylurea
1:2 Acetamide 27.5 50 61
Phenyl ioni
12 enyl ijOpIOI‘\IC 216 20 s
Acid
Phenylacetic
12 v 145 25 5
Acid
1:1 Xylitol 3.6 RT 62

This journal is © The Royal Society of Chemistry 20xx
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Table 1 shows a comparison of the eutectic temperatures
measured using the PhaslR system with those reported in the
literature. Agreement is generally excellent, with most
measurements within ~5°C. Only the DES samples formed
between choline chloride and acetamide and phenylacetic acid,
both at a 1:2 ratio (QAS: HBD), show lower values compared to
their respective published values. This could again be due to
moisture or residual water in the hygroscopic samples, which is
known to depress the melting points of DES. Other results
obtained for choline chloride samples synthesized using the
high-throughput protocol are in great agreement with
published values. This supports the use of this high-throughput
workflow to investigate the melting temperatures of DES.

High-throughput Electrochemical Characterization of DES

The ability to screen and identify DES electrolytes in a high-
throughput manner with high ionic conductivities and wide
electrochemical potential windows is crucial to their
performance optimization. However, most electrochemical
measurements are still conducted with bulky electrodes and
relatively large samples (~10 mL is typical) that are not
conducive for screening large design spaces. In this work, we
use screen printed electrodes (SPE) that require minimal sample
volume (~100 uL) and are ideal for conducting measurements
of multiple samples in very short periods of time (~ 7 min/
sample for all three electrochemical measurements
conducted). These SPEs can be interfaced directly with
standard electrochemical equipment, converting them into a
high-throughput platform for parallel data collection and batch
analysis. The DES synthesized in the high-throughput process
were then characterized by this high-throughput
electrochemical setup. Once again, only samples that were
found to be liquid at room temperature, (19 — 24 °C) were
characterized, which consisted of DES with ChCl, AcChCl, TEAC,
and TPAB as QAS. We would like to note that the 'liquid at room
temperature' constraint for the electrochemical charaterization was
only enforced in the current workflow due to testing Imitations of the
high-throughput set up. However, it is anticipated that RFB
operation can take place at temperatures that can be significantly
higher (~ 80 °C).

Figure 9 shows the
electrolytes. Immediately some interesting trends can be
noticed. It is abundantly clear that variations in the molar
composition in the DES with respect to the QAS and HBD
components greatly affects the conductivity, which is because
of changes in viscosity and ion concentrations. All DES samples
based on ethylene glycol as HBD, regardless of their QAS
component, showed the highest conductivities. The sample at
20 mol % AcChCl having the highest conductivity in the entire
dataset at approximately 13.7 mS/cm. Compared to published
values of ionic conductivities for DES, this seems to be the
highest recorded for this class of materials. In fact, the largest
reported conductivity we could find was for the (3:7) choline
chloride-imidazole DES at 12 mS/cm (333K ).%3 Conductivities
for ethylene glycol-based DES with ChCl, TEAC and TPAB were
also relatively large with maximum conductivities of

ionic conductivities of the DES
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a) b) concentration. This could suggest that increased QAS
- - concentrations result in increased viscosities, which would
EE 10' 4 EE 10' 4 reduce the conductivity by hindering the mobility of ions in
b 100 ] ? 3 1001 solution. When looking at ethylene glycol- and glycerol-based
EE Z EE DES with TEAC, the conductivities either remain relatively
O 10714 . O 1074 . constant or increase slightly, and changing the QAS to TPAB
0.0 0.5 Lo 0.0 05 10 causes the conductivities to behave like AcChCl. Moreover,
Q) QAS Mole Fraction d) QAS Mole Fraction previous studies have noted that the conductivity of DES may
> > evolve through a maximum.®® This is noted particularly with
ZE 1009 e eee z 'g 10% 5 ethylene glycol and glycerol based DES, but is also observed in
é:% 100 %‘- ETRERTIE R AcChCl and phenylacetic acid, which exhibits a maximum
S E 5 E ] /k% conductivity at 45 mol % AcChCl. In general, aside from
O 1074 f{ O 107y , investigating the conductivities at either extreme, most DES
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Figure 9 Plots of ionic conductivity of DES electrolytes extracted from
potentiostatic electrochemical impedance spectroscopy measurements. The
jonic conductivity is associated with the ohmic resistance, shift in the Z,, on
the Nyquist plot. a) Choline Chloride (ChCl), b) Acetylcholine Chloride
(AcChCl), c) Tetraethylammonium Chloride (TEAC), d) Tetrapropylammonium
Bromide (TPAB)

approximately 8.3 mS/cm, 6.4mS/cm and 2.4mS/cm,
respectively. Typically, DESs based on ethylene glycol are known
for possessing relatively high conductivities, as the viscosity of
ethylene glycol is very low. On the opposite end, DESs based on
xylitol possessed the lowest conductivities in the dataset.

DES with sugar based HBD, such as xylitol, are known to have
high viscosities, so it is intuitive that conductivities for these DES
would be quite low, especially for the xylitol-based DES with
10 mol % TPAB which only exhibits a conductivity of
approximately 0.001 mS/cm.® Comparing the evolution of the
conductivity between the ethylene glycol and xylitol DES,
important distinctions can be made. It is seen with all DES
containing xylitol that the conductivity begins to substantially
increase as the mole fraction of QAS increased. This is intuitive
as one would expect that greater concentrations of ionic species
would increase conductivity, which has been proposed for all
DES.5” While ChCl DES samples seem to follow this trend, data
collected herein suggests that this is not universal. Notably, we
observe for AcChCl based DES with ethylene glycol and glycerol
that conductivity decreases significantly with increasing QAS

other than those containing ethylene glycol or xylitol, fall within
a range slightly above or below 1 mS/cm.

Keeping in mind the proposed use for these solvents, the
conductivity of the electrolytes is a crucial metric affecting the
performance of a RFB and its operating conditions. Looking at
literature studies of the electrochemical properties of DES,
there is still a significant gap in data for DES based on QASs that
are not ChCl. Therefore, we are not able to directly compare our
results to traditional synthesis routes for samples containing
AcChCl, TEAC or TPEB as their QAS. Nonetheless, for ChCl-based
DES, we notice that our results are in very good agreement with
literature values. This confirms that the high-throughput
synthesis approach can produce DES materials of similar quality
to those reported in the literature (Table 2). For samples
containing ChCl and ethylene glycol, phenylacetic acid or
phenylpropionic acid as the HBD, our measurements show
similar values to published ones. °?%4%> On the other hand, the
urea- and glycerol-based DES we formulated show elevated
conductivities. The increase in conductivity could be due to
moisture absorbed from the environment or to residual water
from the synthesis process. On the other hand, for the ChCI-
urea DES, there are discrepancies among values in literature.
5964 In fact, even though reported quantities are measured at
slightly different temperatures, there is an order of magnitude
difference between these. The values we obtain in this work are
closer to those from Shah et al., while still being higher. 54 Still,
there is generally good agreement between conductivities of
DES samples produced via our high-throughput workflow and
most published results of similar compositions.

Table 2 Conductivity measurements of Choline Chloride-based DES and their comparison with reported literature values.

Page 10 of 19

Literature Values Current Publication
QAS HBD Ratio Temp Conductivity Source Temp Conductivity QAS, s
[°C] mS/cm -1 [°C] mS/cm [-]
Chcl Phenylacetic acid 1:2 25 0.48 59 19-24 0.67 0.35
Chcl Phenylpropionic acid 1:2 25 0.32 59 19-24 0.42 0.3
Chcl Urea 1:2 30 2.31 64
19-24 3.5 0.35
Chcl Urea 1:2 25 0.75 59
Chcl Ethylene Glycol 1:2 20 7.61 65
19-24 7.32 0.35
Chcl Ethylene Glycol 1:2 25 7.33 64
chcl Glycerol 1:2 20 1.05 65
chcl Glycerol 1:2 25 1.18 56,59 19-24 2.55 0.35
Chcl Glycerol 1:2 25 1.75 64
AcChCl Urea 1:2 40 0.017 59 19-24 0.417 0.35
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Results of the high-throughput  electrochemical
measurements of the potential window of the various DES are
shown in Figure 10. Current RFBs are typically based on aqueous
electrolytes with operating voltage windows of approximately
~1.23 V that are limited due to water electrolysis.®® The DES
electrolytes tested here show stable potential windows that are
at least twice as high as standard aqueous electrolytes (range of
2.5V to 5 V). While electrochemical studies with large diversity
of DES species are scarce, variations in the values of the
potential windows for the same species in multiple studies are
noted due to the surface activity of the selected electrode
material. For example, Li et al. reported variability in the
potential window of various ILs on gold, platinum, and glassy
carbon working electrodes, noting that the glassy carbon
electrode generally possessed the largest potential windows.”®
Similar trends are noticed in DES by Bahadori et al., where the
potential windows of 1:1 ChCl:Oxalic acid and 1:1 ChCl:Malonic
acid were measured. The potential windows on GC electrodes
for both DES were 2.64 V and 2.1V, respectively, whereas on a
platinum electrode they were 1.62 V and 1.43 V, respectively. 71

Once again, due to the lack of diversity in DES composition
published in the literature, we are only able to compare results
for samples prepared with choline chloride. Generally, samples
in this work have slightly smaller stable electrochemical
potential windows (EPW) when compared to those reported by
Li et al. 72 This could again be due to the presence of moisture
and/or residual water in DES samples that are very hygroscopic.
Nevertheless, the potential windows presented in this study
compare reasonably well to those reported in the literature for
other DES systems (Table 3). Moreover, RFB systems often use
carbon-based electrodes that are like the screen-printed
electrodes used in this work. In this study, xylitol- and
phenylacetic acid-based DES appeared to show highest
variability with respect to molar composition amongst other
samples. When paired with AcChCl, xylitol samples have a high
potential window of 4.73 V (40 mol % AcChCl) that drops to 3.14
V at higher QAS concentrations (80 mol % AcChCl).

For phenylacetic acid, the trend is opposite as it increases
significantly from 2.46 V (30 mol % AcChCl) to 3.04 V (50 mol
% AcChCl) and then levels off. Trends are similar when these
HBDs are paired with TEAC. It is important to note that certain
samples that were shown in the conductivity measurements are
not reported in the electrochemical potential window. In fact,
certain samples, particularly those with xylitol, were so viscous
that the potential required to meet the current at each
galvanostatic step was outside the usable range of the
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Figure 10 Potential window of DES electrolytes, extracted from
chronopotentiometry measurements as a function of the QAS mole fraction.
The anodic potential (E,) is obtained by linearly fitting the average of the last

2 s of each current hold step and extracting the value of the potential at zero

intercepty

current, E, = . The same procedure is repeated for the cathodic

potential (E;), usinsgl(;ﬁ; negative current hold steps. The potential window is
the difference between E, and E.. a) Choline Chloride, b) Acetylcholine
Chloride, c) Tetraethylammonium Chloride, d) Tetrapropylammonium
Bromide

potentiostat. Furthermore, we noticed that some samples (e.g.,
55mol % ChCl with Ethylene Glycol, TBAB and 4-Amino-
1H,1,2,4-Triazole at all the mole ratios) froze during
chronopotentiometry. This could indicate that their melting
point was very close to the room temperature. Though only a
limited number of samples were measured with TPAB, the
potential windows was generally above 3V. The highest
potential window was 4.9 V for N, N’-Dimethylurea and TPAB at
(1:2 mole ratio), which is one of the higher reported in the
literature. For most of the samples investigated, the value of the
potential window does not vary substantially with increasing
QAS concentration. This is expected since the potential window
is correlated to the electrochemical degradation of the QAS and
HBD.

Inspection of the CVs for the candidate electrolytes reveals
insights into the correlation of their electrochemical
degradation with respect to the QAS and HBD materials. For
example, the CVs of the 3-phenylpropionic and phenylacetic
acid HBDs both containing carboxylic acid functional groups are
remarkably similar (Figures 11 and 12). In fact, these samples

Table 3 Electrochemical Potential Window (EPW) measurements of Choline Chloride-based DES and their comparison with reported literature values from Li et al. 72

Literature Values Current Publication
QAS HBD Ratio Ea Ec EPW Temp Ea Ec EPW QASys
V] V] 14 [°C] V] 14 V] (]
ChCl Urea 1:2 1.54 -2.75 4.29 RT 1.23 -1.85 3.08 0.35
ChCl EG 1:2 1.26 -2.35 3.61 RT 1.13 -1.66 2.79 0.35
ChCl Glycerol 1:2 1.38 -2.21 3.59 RT 1.15 -1.78 2.99 0.35
ChCl Xylitol 1:2 1.66 -2.67 4.33 RT 1.29 -2.23 3.52 0.35

This journal is © The Royal Society of Chemistry 20xx
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Figure 12 Cyclic voltammograms of 3-phenylpropionic acid-based DES as a
function of QAS mole fraction. For all measurement, the potential was varied
from —2V and 2V with a scan rate of 100 mV /s and a total of 4 cycles per
sample to ensure equilibration. a) Choline Chloride, b) Acetylcholine
Chloride, c) Tetraethylammonium Chloride, d) Tetrapropylammonium
Bromide

show small current evolution and strikingly similar features in
the reverse scan and its position seems to be correlated to the
halide anion of the QAS. When both HBDs are paired with ChCl,
peaks at approximately 0.5V are present. These same peaks
can also be identified when AcChCl or TEAC are used as the QAS.
On the other hand, when TPAB is used as the QAS, both peaks
are shifted by almost —0.5 V. By varying the QAS, we see that
the features that result in the CV can be heavily tied to the
structure of these HBD, with both being primarily carboxylic
acids and containing a phenol group. Comparisons between
amide-based DES (Figure 13), such as urea and acetamide,
paired with ChCl and AcChCl show peaks occurring at
substantially negative potentials (—1.5V vs.Ag/AgCl).
Samples containing urea also show a feature around 0 V, which
is also present in the N, N’-dimethylurea samples (Figure S9),
whereas the acetamide DES shows a flatter curve in the reverse
scan. Once again, changing the QAS’s cation structure does not
seem to influence the features present on the CV. However, the
halide species in the QAS does. In fact, the TPAB samples paired
with acetamide only show the feature at —0.5V/, Figure S7. This
can also be observed for N, N’-dimethylurea. Unfortunately,
combinations between the bromine based QAS and urea did not
result in liquid samples at room temperature and therefore it
was not possible to characterize them electrochemically.

Again, alcohol/polyol-based DES such as ethylene glycol (Figure
S8) and glycerol (Figure 14) seem to follow the same trend
indicated above, where the feature of the reverse scan seems
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Figure 11 Cyclic voltammograms of phenylacetic acid-based DES as a function
of QAS mole fraction. For all measurement, the potential was varied from
—2V and 2V with a scan rate of 100 mV /s and a total of 4 cycles per sample
to ensure equilibration. a) Choline Chloride, b) Acetylcholine Chloride, c)
Tetraethylammonium Chloride, d) Tetrapropylammonium Bromide

to be tied to the nature of the halide component on the
ammonium salt and the molecular structure of the HBD.

It seems that varying the halide of the QAS has an effect on
shifting peak positions. However, it is noted for other studies
involving ChCl based DES that the positive limits of the CV is a
result of the oxidation of CI~ ions.”®74 In fact, for all samples
containing Br~, the onset of the limiting potential in the
forward scan shifts towards smaller potential, further
confirming that the limiting processes are tied to the change in
oxidation state the halide anion in the QAS species. However,
the negative limiting potentials may be more closely influenced
by the nature of the HBD. Finally, another interesting feature of
the CV data is the variation in the slope of the limiting processes
(e.g., see Figure 14). This quantity seems to be changing with
the molar composition of the DES samples. We extracted the
slope at both Anodic and Cathodic limits and, when plotting
against the QAS mole fraction, noticed that the data follow the
same trend as for conductivity, Figure S12-S15. The similarity
between the data suggests that the limiting processes of the
cyclic voltammetry are conductance limited. Even though the
CV data shows features in its reverse scan, these can be avoided
by reducing the upper limit of the voltage range in the
measurement itself. This change was not implemented in this
study as maintaining the same CV parameters was important to
allow for parallel and high-throughput measurements between
different DES sample conditions and compositions.

Looking at the combined experimental results, we start to
notice some trends. Samples containing AcChCl as their QAS

This journal is © The Royal Society of Chemistry 20xx
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Figure 13 Comparison between the cyclic voltammograms of Acetamide (Left)
and Urea (Right) in their combinations with Acetylcholine Chloride (Top) and
Choline Chloride (Bottom). The two HBD have similar molecular structure
and it is possible to show parallel between the CV features in the backward
scan. The two QAS both have Chlorine as their halide anion and show
similarities in their voltammograms

show a very low melting point and most were found to be liquid
at room temperature (19 — 24 °C). Even though ChCl has a
smaller cation structure, the addition of the acetyl functional
group increases the asymmetry of the cation species and
decreases the melting point of the salt (i.e., 146 — 150°C,
compared to 302 °C for ChCl).”>7® This confirms that, for pure
species with lower melting temperatures, the resulting DES are
more likely to be liquid at lower temperatures. Yet even though
TPAB melts at 270 °C, it has a very limited number of liquid
samples when compared to those formulated using ChCl or
TEAC, in spite of their higher melting points. This could be
attributed to the influence of the Br~ anion.”””’® In fact, it is
known that DES form a complex solvation environment where,
for Type Il DES, the strongest interactions are between the
halide species and the hydrogen bonding sites of both the HBD
and the cation species of the QAS. %7° This can help explain why
changing the halide from chlorine to iodine, while maintaining
the cation structure intact, did not produce any liquid samples
at room temperature.

In this study, we also show that for certain combinations of
DES precursor materials there can be a wide range of
compositions that yield liquid samples at room temperature.
While some of the measured electrochemical properties seem
to not change with respect to the composition of the sample
(i.e., potential window), others have a stronger relationship to
the ratio of QAS/HBD and the molecular structure of the
species. For example, we demonstrate that electrolytes are
electrochemically limited by viscosity, both in the conductivity
and in the limiting processes on the CV. However, for the same
combination of QAS and HBD, there are several samples which
exhibit high conductivities, broad potential window and show
electrochemical stability. This further motivates their potential
use in energy-related applications, such as batteries
electrolytes. Moreover, as we have demonstrated in this study,

This journal is © The Royal Society of Chemistry 20xx
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it is important to also study DES systems outside of their
eutectic point as it can help to understand the complex
relationships between molecular structures, solvation, and
transport coefficients (i.e., viscosity, diffusivity). This will also
allow us to build better predictive models for DES materials, and
to advance their design and application as green solvents. In
fact, there are likely practical situations in which more favorable
properties exist at compositions that fall outside of the eutectic
point. Without more comprehensive studies of DES materials,
advancement and practical applications will be hindered. The
traditional route for the formulation of these solvents is
prohibitively slow and cumbersome to study their vast
molecular design space. Thus, data-driven design of
experiments, coupled with high-throughput workflows for
synthesis and characterization are essential for their
advancement. The results from the current and any subsequent
experimental campaigns will also be integrated in the selection
of new molecules, moving the workflow towards a closed-loop
system. This strategy could be used to both validate the initial
selection of candidate molecules, as well as to build a more
diverse and complete database of DES properties. Future work
will focus on generating predictive Quantitative Structure-
Property Relationship (QSPR) models to better understand
which molecular features lead to ideal DES properties, as seen
in Halder et al. # This will in turn allow for the integration of Al-
driven algorithms to aid in the exploration of new combinations
of QASs and HBDs that could lead to mixture with the desired
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Figure 14 Cyclic voltammograms of Glycerol-based DES as a function of QAS
mole fraction. For all measurement, the potential was varied from —2V and
2V with a scan rate of 100 mV /s and a total of 4 cycles per sample to ensure
equilibration. The position of the feature on the backward scan seems to be
dependent on the halide anion of the QAS component. a) Choline Chloride,
b) Acetylcholine Chloride, c¢) Tetraethylammonium Chloride, d)
Tetrapropylammonium Bromide
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properties, in this case for use as electrolytes in redox flow
batteries. Moreover, redox-active organic molecules will also be
integrated in the DES campaign, both in a binary and ternary
composition, to aid in the design of anolyte and catholyte
solutions for use in RFBs.

Finally, while the cheminformatic approach towards
outlining the design space is not optimized and still in an infant
stage, its importance in serving as a steppingstone for the rest
of this work and future work should be noted. The implemented
single-objective approach was selected to demonstrate the
implementation of high-throughput workflows for the synthesis
and study of multivariate design spaces. However, before it is
possible to close the loop and build a fully automated system
for the exploration of the DES design space, it is crucial to
promote more accessible automation infrastructures based on
open-science principles to encourage transparency and
reproducibility of protocols and results. This would allow an
increase in the diversity of data available on DES and allow
further advancements in the predictive models for this class of
materials. Luckily, these data-driven strategies can be easily
adapted to use multicriteria decision approaches, exploit the
information learned from these high-throughput experimental
campaigns to propose new candidate molecules more readily
and accurately for the targeted application.

Conclusions

The use of DES as electrolytes for RFBs is attractive due to
their low-cost, green environmental footprint, wide potential
window, and adequate ionic conductivity. Despite these
benefits, identifying optimal DES is challenging due to the
massive molecular design space that is associated with these
materials. High-throughput and data-driven strategies, such as
those presented here, provide an avenue towards developing
DES electrolytes designed specifically for target applications
(e.g., RFB). We demonstrated the use of cheminformatics to
outline experimental designs that balance benefits from
analyzing diverse chemical precursors with the engineering
constraints that are associated to the intended end-use. DES
were then synthesized in high-throughput, to complete an
experimental campaign spanning 50 QAS/HBD combinations
and 12 molar ratios for a total of 600 unique samples. The
systematic characterization of such a large number of DES-
candidates is valuable and unique in the current literature,

where data on DES electrolytes is still scarce and
overwhelmingly focused on choline chloride samples.
Importantly, the high-throughput electrochemical

characterization reported in this work also identified several
promising electrolyte candidates with wide electrochemical
potential windows (over 3 V) and ionic conductivities above
1 mS/cm. This suggests that there are likely numerous
promising electrolyte materials within the vast molecular design
space of DES that remain to be discovered.

While efforts to move this work closer towards an
automated closed loop system are underway, the methods
outlined in this study could quickly increase the DES data that is
available and openly shared for use with advanced statistical

14 | J. Name., 2012, 00, 1-3

methods, such as quantitative structure property relationships
(QSPR). The use of advanced methods to predict DES properties
from molecular features and formulation parameters will
become essential elements in future investigations aiming to
efficiently sample DES candidates. In addition, methods
outlined in this study can also be extended beyond the analysis
of DES-based electrolytes and can perhaps provide some
inspiration for approaching other materials design problems
with large design spaces. The proposed workflow could be used
to study other systems where the thermodynamics of mixtures
play an important role such as microemulsions, especially for
drug delivery applications, or the phase transition temperature
of lipid systems. Embracing these data-driven strategies and the
use of low-cost, automatic, and open-source robotic systems
will make the incorporation of Al-driven algorithms and
iterative exploratory campaigns into the design of experiments
(DOE) much more accessible to the scientific community. This
will allow to more efficiently arrive at new knowledge that will
facilitate the design of DES electrolytes with optimum
properties or other multivariate material design spaces.
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