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Abstract

Deep eutectic solvents (DESs) are a tunable class of solvents with many advantageous properties
including good thermal stability, facile synthesis, low vapor pressure, and low-to-negligible
toxicity. DESs are comprised of hydrogen bond donors and acceptors that, when combined,
significantly decrease the freezing point of the resulting solvent. DESs have distinct interfacial
and bulk structural heterogeneity compared to traditional solvents, in part due to various
intramolecular and intermolecular interactions. Many of the physiochemical properties observed
for DESs are influenced by structure. However, our understanding of interfacial and bulk
structure of DESs is incomplete. To fully exploit these solvents in a range of applications
including catalysis, separations, and electrochemistry, a better understanding of DES structure
must be obtained. In this perspective, we provide an overview of the current knowledge of
interfacial and bulk structure of DESs and suggest future research directions to improve our
understanding of this important information.

Introduction

The term DES refers to “liquids close to the eutectic composition of the mixtures.” First
identified by Abbott et al.,>* deep eutectic solvents (DESs) are prepared through the appropriate
combination of hydrogen bond donors (HBDs) and hydrogen bond acceptors (HBAs) resulting in
a significant decrease in the freezing point of the resulting solvent compared to the pure
components.' For example, Abbott reported the eutectic mixture of choline chloride with urea to
produce choline chloride:2 urea DES with melting temperatures of 302 °C, 133 °C, and 12 °C,
respectively.* The decrease in freezing point is attributed to extensive interspecies hydrogen
bonding and charge delocalization.! DESs possess beneficial properties such as low vapor
pressure, relatively wide liquid-range, low-to-negligible toxicity, low reactivity, and
nonflammability, which make these solvents a greener alternative to traditional organic
solvents.> Figure 1 depicts HBA and HBD structures that are mentioned in this Perspective.



Hydrogen Bond Acceptors (HBAs) Hydrogen Bond Donors (HBDs)
| _ o OH o

+ 0.
Ho NN )k HO\/K/O“ oH o N N gy
NH,

cr

Choline chloride Acetamide Glycerol J Diethylene glycol
Levulinic acid
/ HO.
/\Nv o V\OH o o
— x X
x Ethylene glycol M Ho” o
Tetraethylammonium [X] HO i '0“ Formic acid
X=Br,Cl Cineole Malonic acid

0 o]
‘\_\ / HZNJLNHZ MOH
\/\/N\/X_\\>/\ \/\N‘\/\ Urea Decanoic acid

0.
. g . Hoo >N \/\o/\/oH
Tetrabutylammonium [X] Tetrapropylammonium [X']
X=Br,Cl X =Br, Cl Triethylene glycol

Figure 1 Chemical structures of HBAs and HBDs mentioned in this Perspective.

While DESs have some similar physical properties to ionic liquids (ILs), the terms DES and IL
are used to refer to distinct solvents."*® ILs are typically defined as ionic compounds that have
melting temperatures below 100 °C. DESs are formed through the combination of Lewis or
Brensted acids and bases, contrasting with the components of ILs which are formed through
systems consisting entirely of discrete ions.! As opposed to ILs, DESs are generally easier and
less expensive to prepare and they are considered to be greener solvents.” The structure (i.e., the
molecular organization including intermolecular and intramolecular interactions) of DESs and
ILs both at the interface and in the bulk (i.e., away from the influence of an interface) is highly
dependent upon the chemical composition of the solvent and environmental properties.” ® More
information has been reported on the structure of ILs compared to DESs, although from available
information it appears the structural organization differs with chemical structure, temperature,
water content, pressure and other experimental variables.! ¢

In this Perspective, we discuss experimental and computational work aimed at understanding
bulk and interfacial structure of DESs. In addition, we provide insight into the impact structure
may have on potential applications using DESs, outline some areas where additional studies are
required, and offer guidance to develop an improved understanding of the structure of DESs.
We leave aside in this Perspective an exhaustive discussion of chemical and physical properties
of DESs and instead refer the reader to published reviews.! °-!!

Why Understanding Interfacial and Bulk Structures of DESs Matters

DESs are used in many applications that benefit from their unique characteristics, including
extractions and other separations, chemical and material synthesis, catalysis, and
electrochemistry." > Knowledge of interfacial and bulk DES structure is likely to be important to
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optimize the use of DESs in these applications. For example, in the development of novel gas
capture technologies using DESs, it is necessary to design systems that promote strong gas-
solvent interactions (allowing for long gas residency times) at the gas/solvent interface.'?
Knowledge of the interfacial structure will enable designer DES systems that promote strong
gas-solvent interactions.

As there is more available information about IL structure, it may provide a framework for what
experimental variables may be important to DES structure.!*!> For example, Atkin et al. utilized
atomic force microscopy to show the effect of molecular composition on alkylimidazolium-
based IL structure at a solid substrate (with < 100 ppm water).!> By lengthening the alkyl chain
length on the alkylimidazolium cation, a more rigid interfacial structure was induced due to the
increase in solvophobic interactions that increase cohesive forces between IL layers. The
orientation of the imidazolium ring was also directed towards the solid surface with increasing
alkyl chain length, which produced a more favorable layering template. The authors also
measured the effect of surface potential on interfacial structure. These experimental
measurements also showed vastly different interfacial structures alter the task-specific efficiency
of'an IL in the field of electrochemistry.

In addition to structural ordering at a solid interface, both ILs and DESs exhibit unique structure
in the bulk, away from the influence of an interface, compared to traditional solvents. Bulk
structure of ILs is defined by the manner in which ions organize. In many cases this organization
leads to polar and nonpolar domains, with structural ordering over lengths scales from
approximately a nanometer to tens of nanometers depending on the ILs.” !¢ Bulk IL structure
has been strategically tuned for the synthesis of metal nanoparticles of discrete sizes.!” Santini et
al. utilized both computational and experimental results to demonstrate the controlled size of
ruthenium nanoparticles synthesized in alkylimidazolium ILs (298 K, 0.4 MPa).!” Their work
indicated nanoparticle growth was occurring within the nonpolar domains of the IL and thus, the
size of the nanoparticle can be tuned by exploiting the tunable size of the nonpolar domains.'”

Based on the impact IL structure has on electrochemical reactions, nanoparticle synthesis and
numerous other applications,'®2° as well as some available information for DESs, it is logical to
conclude structure may play a critical role in many applications using DESs. In the following
sections, we discuss the computational and experimental studies of interfacial (gas/DES,
liquid/DES, and solid/DES) and bulk DES structure as a function of experimental variables that
impact structure. For example, at a low water concentration (<40 wt%), measurable structure is
obtained for a DES; however, at high water contents, the structure of a DES completely
dissipates.?!

Computational Modeling of Interfacial and Bulk Structure in DESs

Investigations of DES structure through computational modeling can provide insight into
structural features that may not be experimentally measurable or provide information on a



greater diversity of DES compositions.!” Yet, DES are complex and present challenges to
computational modeling.??

Bulk DES Structure

The structure of DESs in the bulk can be tuned by adjusting the molecular composition of the
DES components.?*?® In common choline chloride-based DESs (333 K), increasing
concentration of HBA results in decreased hydrogen bonding between HBD molecules, an
increase in molecular mobility of the HBD, and nanoscopic structural heterogeneities.”’ By
elongating the alkyl side chains or increasing the number of hydroxyl groups on the choline
chloride, Kirchner et al. demonstrated the ability to increase the structural heterogeneity within a
DES (423.15 K, Figure 2).3° This may assist with applications such as template-assisted
synthesis. Kashyap et al. utilized molecular dynamics simulations to elucidate what they termed
short-range ordering (interactions between DES components at less than 1 nm distance) and
long-range ordering (interactions between DES components at greater than 1 nm distance) of
both choline chloride:2 ethylene glycol and choline chloride:2 urea (303 K, 1 bar).?**?7 A strong
hydrogen bonding network with HBDs aligning in various conformations was identified in both
systems. The HBD disrupts electrostatic interactions of the HBA, but the electrostatic
interactions remain sufficient to induce a unique long-range structural organization.?> %’

Alterations in DES structure can be correlated with alterations in physiochemical properties. The
formation of a stronger hydrogen bonding network in choline chloride:2 urea causes a large
melting point depression as well as an elevated viscosity compared to choline chloride:2 glycerol
and choline chloride:2 ethylene glycol.?> Comparing the latter DESs composed of polyols, a
higher viscosity was noted in choline chloride:2 glycerol due to the excess of groups on the HBD
capable of participating in hydrogen bonding and more extensive HBD self-interaction.?

[cachl”  [Cechl”  [CgChl”  [(Cq)sCh]’

[ChC40H]"  [ChCgOH]"  [ChCgOH]"  [ChC1gOH]" [ChCq00H]"

Figure 2 Space-filling representation of the classical molecular dynamics simulation boxes for
choline chloride and choline chloride-derivatives. Color codes indicate polar groups (red) and
nonpolar groups (green). Ch” indicates the choline cation, C,Ch" indicates the alkyl-modified
choline cation, and ChC,OH" indicates the alkyl- and hydroxyl-modified choline cation.
Structural heterogeneity is visible for the systems with side chain lengths of eight carbon units or



more. Structural heterogeneity is more pronounced with increasing alkyl chain length than
hydroxyl-substituted side chain choline chloride-based compounds. Reprinted with permission
from reference 30. Copyright 2019 Wiley.

Gas/DES Interfacial Structure

A few computational models of the structure at the gas/DES interface provide beneficial
information for gas capture and separation technologies.!>*!> Aparicio et al. noted the HBDs in
choline chloride:2 urea and choline chloride:malonic acid (318 K, 0.1 MPa) are oriented parallel
to the gas/DES interface. The HBD in choline chloride:2 glycerol is oriented slightly off
parallel, although an exact angle was not provided.*®> In choline chloride:levulinic acid (298 —
348 K, 0.1 MPa), the choline chloride (HBA) is oriented parallel and farther away from the
interface compared to the levulinic acid (HBD), which is oriented perpendicular to the interface
and is involved in strong intermolecular interactions with gas molecules.>* Interestingly, in
cineole-based DESs (303 K, 1 bar), the HBA orients closer to the gas/DES interface leading to
local phase separation and an induced heterogeneity that could affect gas solubility and
diffusivity.** In all studied systems, the structure of the DES at the gas/DES interface resulted
from a reorganization that maximizes gas/DES interactions.?-*

Liquid/DES Interfacial Structure

As with the gas/DES interface, molecular dynamics simulations show liquid/DES interfacial
structure is dictated by an alignment that maximizes intermolecular interactions between the
liquid and DES. For an n-octane/hydrophobic tetrabutylammonium bromide:formic acid DES
interface (303 K, 0.1 MPa) , HBA ions are farther away from the interface while HBD molecules
pack closely at the interface and interact with n-octane®® For the same HBA (with a different
halide anion) and a more nonpolar decanoic acid HBD (323 — 363 K), molecular dynamics
simulations of the water/DES interface show similar results.’” Shao et al. identified three key
reasons for a non-bulk-like DES structure at the interface (295 K, 1 atm): (1) distribution of
DES components at the interface in order to maximize intermolecular interactions between DES
components and water, (2) dipole fluctuations at the interface, and (3) the three types of
hydrogen bonding interactions that can occur at the interface (DES-DES, DES-water, water-
water).>® For the various hydrophobic-DESs studied by Shao et al.,*® the interfacial region
ranged from 1.6 to 2.2 nm; in this region, simulations from multiple authors suggest that a slight
mixing of DES and liquid occurs.*¢-3

Solid/DES Interfacial Structure

Molecular dynamics simulations have indicated a more ordered structure at the solid/DES
interface compared with the liquid/DES and air/DES interface, with significant DES
densification in the interfacial region.>**! Simulations of choline chloride-based DESs (403 K, 1
bar) with commonly investigated HBDs have revealed the HBA and HBD form a parallel
arrangement to a graphene surface; however, the HBA cation experiences strong intermolecular
interactions with the surface, whereas weaker interactions with the HBD are present.** This was
similar to reported simulations of various common DESs (298 K) at the highly ordered pyrolytic
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graphite surface.*” Under all simulated surface potentials, HBD molecules were repelled from the
surface while HBA molecules showed strong interactions with the surface. In addition, Atkin et
al. indicated the extent of layering is dependent not only upon the surface potential but also upon
the HBD’s hydrogen bonding capacity; stronger cohesive interactions can exist between adjacent
layers with increasing hydrogen bonding capacity.*> Many simulations have indicated the size of
the solid/DES interfacial region is on the order of a few angstroms at the graphene and graphite
surface, and surface effects that alter DES structure (from that of the bulk) disappear after ~10

A .*-42 This is smaller in size than reported for solid/liquid interfacial regions for ILs on a mica
surface, although there is considerable variation reported for ILs.*/

Measurements of Interfacial and Bulk Structure in DESs

Measurements of interfacial and bulk structure in DESs have been performed using direct
(measuring structure itself) and indirect methods (measurement of a property influenced by
structure). One indirect measurement is molecular diffusion, which is related to solvent structure
under some conditions. Indirect measurements have been used primarily to elucidate structural
heterogeneities in the bulk. Structural information, both at the interface and in the bulk, has been
more commonly reported for direct measurements, including atomic force microscopy and sum
frequency generation.*$>°

Bulk DES Structure

Although the constituents of the DES play a significant role in its structure, general trends can be
found in published data for different types of DESs.?*26:31-%* Edler et al. conducted extensive
work to elucidate the bulk structure of many different classes of DESs via various scattering
techniques.?*>!*> For example, the bulk structure of choline chloride:2 urea (2252 ppm water)
showed structural ordering with an approximate 10 A scale using neutron scattering.”* Neutron
scanning experiments of choline chloride:2 glycerol (269 — 318 K) revealed structural ordering
on the same length scale; the size of this structure was consistent with the average distance
between ionic (choline chloride) and molecular domains (glycerol) from molecular dynamics
simulations.>® Utilizing fluorescence correlation spectroscopy and other fluorescence
techniques, diffusion-viscosity decoupling due to structural heterogeneities in the bulk
acetamide-based and tetraalkylammonium-based DESs and other DESs has been revealed
(temperature varies by study ranging from 298 — 358 K).53-3 In the case of
tetraalkylammonium-based DESs (298 K, ca. 0.1 wt% water), the spatial and dynamic
heterogeneities become increasingly larger with increasing alkyl chain length on the HBA
cation.”” Self-diffusion coefficients probed via pulsed gradient field nuclear magnetic resonance
of choline chloride-based DESs (298/333 K) revealed the selection of HBD played a significant
role in the overall mobility of the DESs.> While some selected HBDs diffused faster than the
HBA, other HBDs diffused slower; restricted mobility was correlated with the formation of
structural heterogeneities.

Interfacial Structure in DESs



Many measurements at the solid/DES interface show structure that is dependent upon surface
composition, surface charge, and DES composition.** %% ¢! Comparing the formation of
interfacial structure on mica and a highly ordered pyrolytic graphite interface of the same DES
(293 K, 0.27 wt% water), Christofferson et al. noted remarkable differences (Figure 3).5! While
both systems showed well-ordered lateral structures, the adsorbed layer at the mica interface had
a distinct rhomboidal symmetry that was composed of all DES constituents.’! At the highly
ordered pyrolytic graphite interface, however, the adsorbed layer was less structured with no
specific orientation with respect to the surface and measurements indicated an excess of
molecular species at the surface.®' Atomic force microscopy revealed only a single interfacial
layer of less than 1 nm for choline chloride-based DESs (0.34 wt% water).®? The ordering of this
layer was determined to be surface potential-dependent and the ordering was more pronounced at
more positive potentials due to ion templating. Structural heterogeneities are even more
pronounced at the solid/DES interface for less commonly studied amphiphilic DESs as measured
by atomic force microscopy.®® Interfacial structure becomes larger and better defined with
increasing alkyl chain length due to the increased solvophobic interactions. Near-surface layers
were also observed to extend farther into the bulk with increasing alkyl chain length.

Mica Highly-Ordered Pyrolytic Graphite

150 mM Nacl Choline chloride:2 Glycerol 150 mM NaCl  Choline chloride:2 Glycerol

0.2 . : E 0.2
- nm . . - nm

Phase

Figure 3 Height and phase images of choline chloride:2 glycerol and 150 mM NaCl
(conventional electrolyte used as a control system) at mica and highly-ordered pyrolytic graphite
interfaces as measured by amplitude modulated-atomic force microscopy. Height and phase
images collected of NaCl on mica and highly-ordered pyrolytic graphite were utilized to confirm
interfacial measurements of DES are indicative of surface-absorbed species rather than the
underlying substrate itself. On the mica surface, the absorbed DES layer has a rhomboidal
symmetry with a repeating spacing of ~0.9 nm (inset 2D-fast Fourier transform image)
composed of all DES species (as determined by subsequent molecular dynamic simulations). On
the highly-ordered pyrolytic graphite surface, the absorbed DES layer forms apolar-driven row-
like structure with repeating spacing of ~0.6 nm (inset 2D-fast Fourier transform image)
composed with a composition that excludes the chloride ion (as determined by subsequent
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molecular dynamic simulations). Features spaced at 6 nm distances are indicative of grain
boundaries which are amplified in the presence of DES. Figure adapted with permission from
reference 61. Copyright 2021 Elsevier.

Effect of Water Content on Interfacial and Bulk Structure in DESs

Many DESs contain water, and even when dried to remove water, a trace amount of water is an
unavoidable impurity.> There are a few reports of bulk DES structure as a function of water
content and fewer reports of interfacial structure.?! 37 38 62.64-73

Bulk DES Structure

Via molecular dynamics simulations, Kashyap et al. noted that the structure of choline chloride:2
urea was retained up to 41 wt% water (303 K).2! With 58.1 wt% water an aqueous solution of
choline chloride:2 urea was formed with water molecules preferentially solvating the chloride
anions and the ammonium group of the choline cation (Figure 4); thus, water is acting as a
secondary HBD/HBA competing with urea for hydrogen bonding and electrostatic interactions.
The preservation of DES structure with increasing incorporated water was also found for other
HBD/HBA combinations including choline chloride:2 ethylene glycol (303 K, 14.3 to 87 wt%
water).’ Spreti et al. utilized Fourier transform infrared and nuclear magnetic resonance
spectroscopy to show choline chloride:glycol-based DES bulk structural ordering was reduced
but still detectable up to 50 wt% water at 98 K, however, the structure was dissolved at around
75 wt% water.%® The overall structure of the DES was also maintained at high water contents
when the HBD had an increase in oxyethylene groups.

(a) (b) (@ @)

Figure 4 Molecular representation of the arrangement of choline cations, chloride anions, urea,
and water around a distance of 4 A from a central choline cation for (a) choline chloride:2 urea,
and choline chloride:2 urea with: (b) 3.4 wt% water, (c) 21.7 wt% water, (d) 41 wt%, and (e)
58.1 wt%. In each snapshot, nitrogen, oxygen, carbon, and hydrogen atoms are shown as blue,
red, cyan, and white stick, respectively. Chloride anions are rendered as green spheres.
Reprinted with permission from Reference 21. Copyright 2018 American Chemical Society.

Interfacial Structure

Experimental data show that interfacial structure, similar to bulk structure, is retained at high
water contents.> % At the gas/DES interface, Bakker et al. observed a gradual depletion of urea
as well as enrichment and alignment of choline cations at the surface with increasing water
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contents up to 40 wt%..%° At 60 wt% water, the interfacial structure of the DES is
indistinguishable from that of pure water. This phenomenon was also observed using atomic
force microscopy force-distance curves at the solid/DES interface with 30-50 wt% water.®* The
interfacial structure is similar to that of a salt solution up to 40 wt% water and with increasing
water the interfacial structure steadily decreases.

Main Challenges in Understanding Interfacial and Bulk Structure

Despite the many applications using DESs where structure is expected to have an important role,
not a lot is known about the interfacial or bulk DES structure at relevant conditions for these
applications. There is a nearly infinite number of DESs and experimental conditions possible.
General structural trends may be found in existing data, and this may be aided in the future using
machine learning and other advanced data analytics methods, but these properties should ideally
be investigated for each DES and experimental conditions relevant to applications using these
solvents.

Computational studies provide details of DES structure; however, experimental data often used
in these computational models vary widely. For example, the melting point of choline chloride:2
urea varies in the literature from 12 °C (0.652 wt% water)’* to 24 °C (0.200 wt% water).”” These
differences in reported values could be due to a variety of reasons including sample preparation,
storage of these hygroscopic materials, impurities and others. This shows the importance of
controlling and reporting all experimental variables for DES studies.

Accurate, reproducible, and fast methods to measure DES structure, particularly interfacial
structure, are needed that could further our understanding. Previously, total internal reflection
fluorescence spectroscopy coupled with a viscosity-sensitive fluorescent probe was used to show
significant structural ordering at the solid/IL interface.”® Using this method, Nishi et al. detected
a solid-like highly-viscous region at the solid/IL interface that was estimated to be 40 times more
viscous than the bulk solution.” Extending this method to explore interfacial regions in DES
may be beneficial. For example, detection of solid/DES interfacial structure could have strong
implications on the effectiveness of DESs for applications in which mass transfer rates greatly
dictate performance.

With the successful application of a variety DESs as chromatographic media,”* 7" 7® studies

conducted to understand interfacial structure can lead to more efficient design of DESs as
separation media. Interfacial interactions, important to separations, can be impacted by DES
interfacial structure, which thus dictate performance of a DES chromatographic system. Future
studies should aim to correlate interfacial structure with additional components, such as
encountered in real systems using DESs. For example, single molecule microscopy has been
previously used to probe mixed-mode sorption phenomena of a cationic dye at the interface of
Cigand an aqueous solution of acetonitrile, which models reverse-phase liquid chromatographic
conditions and can explain chromatographic behavior.” Investigations of interfacial
interactions utilizing techniques such as fluorescence correlation spectroscopy and single
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molecule microscopy can provide beneficial interaction information that can directly indicate
performance of a DES chromatographic system.

Conclusions

In this Perspective, we have provided a review of experimental and computational work reported
on bulk and interfacial structure of DESs as well as offered insight into the impact structure may
have on current and future applications of DESs. Future research will provide information that
enables the design of DESs that have favorable bulk and/or interfacial structure that will improve
the implementation of DESs in various systems including separations, catalysis, energy storage,
among many other yet to be developed applications.
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