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The aim of this featured article is to illustrate some of the most recent applications of deep eutectic
solvents (DESs) in the synthesis of carbon and carbon composites. DESs can be obtained by the
complexation of quaternary ammonium salts with hydrogen-bond donors. DESs have typically been
referred to as a related class of ionic liquids because they share many properties. However, DESs
present the advantage of easier and low-cost preparation. Moreover, their compositional flexibility can
eventually be translated into materials that provide advanced functionalities and/or tailored hierarchical
structures. Interestingly, the use of the liquid binary mixtures of DESs and H,O for the preparation of
carbon materials plays a critical role with regard to the achievement of some particular porous
morphologies. Herein, we will also summarize some recent studies performed on DES/H,O liquid binary
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mixtures, revealing the possibility of obtaining new eutectic mixtures upon the simple addition of water
to DESs while keeping the DES contents at a certain pseudo-concentrated range. This finding will pave
DOI: 10.1039/d0cc00681e the way to novel applications, especially in those fields in which the preparation of high-tech products

via low-cost processes is critical. We hope that this featured article will encourage scientists to explore
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Solvents are of paramount importance in a number of processes
like, for instance, the synthesis of drugs or natural compounds,
the pollutant extraction from contaminated soils or water, and
the absorption of gases." The homogenization of reagents and
products within reaction media is obviously one of the main
roles played by solvents. Nonetheless, they can also influence the
activation energies and reaction thermodynamics.

Deep eutectic solvents (DESs) have recently emerged as
interesting media, where different processes can be carried out
as an alternative to regular solvents, e.g., aqueous, non-aqueous,
or mixed solvents. As in any eutectic mixture, the melting
point of a DES is significantly lower than that of an ideal mixture
of its components. DESs are obtained by the complexation
of quaternary ammonium salts (as hydrogen bond aceptors,
HBAs) with hydrogen bond donors (HBDs).”> The most often
cited rationalization for this phenomenon is that the charge
delocalization occurring through hydrogen bonding between
halide anions with hydrogen-donor moieties is responsible
for the decrease in the freezing point of the mixture relative
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the promising perspectives offered by DESs and aqueous dilutions thereof.

to the melting points of the individual components.® This
view has been recently disputed by Zahn and colleagues* who
using ab initio molecular dynamic simulations showed how
(1) the charge spreads from the anion to the choline cation and
(2) the charge transfer from the chloride anion to the urea
molecule is negligible. Actually, more recent ab initio molecular
dynamic simulations® and neutron diffraction studies® have
revealed the occurrence of many possible hydrogen bond
interactions of different strengths among DES constituents,
forming an extended hydrogen bond network’ similar to
those found in crystalline structures. Actually, inelastic neutron
scattering studies have indicated that eutectic behaviour
emerges when the components mix via hydrogen bonds, the
strength of which is weak enough to prevent them from settling
into a co-crystal.®

DESs share many characteristics of conventional ionic
liquids (ILs) - e.g., non-reactive with water and non-volatile —
while offering certain advantages. For instance, the preparation
of eutectic mixtures in a pure state can be accomplished more
easily than that of ILs with no need of post-synthetic purification
because the purity of the resulting DES will simply depend on the
purity of its individual components. Moreover, the low cost of
those eutectic mixtures based on readily available components —
e.g., urea and choline chloride (ChCI) are well-known examples

This journal is © The Royal Society of Chemistry 2020
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but there are many more’ - makes them particularly desirable for
large-scale synthetic applications, more so than conventional ILs.

These are the reasons why the use of DESs in many diverse
applications has grown exponentially over the last few years,
following the track initially open by ILs and, more recently,
(we could say) surpassing them in some particular fields,
mainly in the ones (not a few) where the cost is critical.
However, a close inspection of all this recent activity reveals
that the use of DESs as solvents in material synthesis can still
be considered as sporadic. The preparation of zeolites,'® the
synthesis of nanoparticles,"'> and certain polymers™ are
some of the few cases where DESs have been used.

Among all these kinds of materials, polymers are particularly
interesting within the context of this review as DES-based carbons
can be obtained by polycondensation and subsequent carbonization
of the resulting polymer rather than by direct carbonization;' this is
the typical process followed for the achievement of IL-based
carbons." It is also worth noting that, in these polycondensations,
DESs not only play the typical role of a solvent — e.g., providing a
reaction media of a certain viscosity and with negligible vapour
pressure - but also contain some molecular precursors and even the
structure directing agent (SDA). In other words, DESs behave as the
so-called “active DESs” in the work by Alonso and coworkers,'® thus
allowing the control of the morphology more so than by direct
carbonization' - and/or of the chemical composition of
the resulting polymer. Based on this and before entering the
specific topic of this work, we would like to mention some other
examples of polymerizations using ‘“‘active DESs”.

For instance, DESs have been used for the preparation of
polyacrylates by free radical frontal polymerization (FP)."” Thus,
as compared to FPs carried out with regular organic solvents,
ionic liquids, or even in a solvent-less fashion,'®>* DESs based
on mixtures of acrylic monomers such as acrylic or methacrylic
acids with ChCl allow the tailoring of viscosity of the reaction
media using mixtures with different molar ratios between the
components.>! This viscosity control helps in minimizing con-
vection instabilities that can eventually result in front collapse
while obtaining high polymer conversions. In addition, DESs
offer greater versatility than regular ILs in compositional terms
so that a better compromise between viscosity and density of
double bonds in the monomer molecule can be achieved. Thus,
the simple use of low molecular weight counter ions such as Ch
allows to increase the density of double bonds as compared to
that in DESs prepared from other alkylammonium salts - e.g.,
tetrabutyl or tetraethylammonium salts — with higher molecular
weight. Finally, it is also worth noting the sustainable character
of this synthetic process that is given not only by the high
conversions but also by the low cost of the precursors and
the possibility of recovering (and hence, recycling) the non-
polymerizable ones - e.g., ChCl. In this featured article, we will
not further elaborate on this topic as it has been summarized in
detail previously.>®

Poly(diol-co-citrates) (PDCs) are the second class of polymers
prepared with the aid of DESs.*® PDCs are biodegradable and
biocompatible polyesters®” that are used as tissue-engineering
scaffolds, gene-delivery and bioimaging systems and, more recently,
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shape-memory polymers for temperature-controlled drug delivery.”®
Extending the applications of PDCs to the field of drug delivery
is indeed quite interesting. The use of ILs offers an alternative to
conventional polycondensations as they combine the capability
to work as solvents in polycondensation processes®® and as
vehicles to deliver active pharmaceutical ingredients (APIs) in
the form of ionic liquid salts.*** Unfortunately, neither the
conventional synthetic routes used for the preparation of
PDC elastomers nor the IL-assisted ones were suitable for the
incorporation of labile APIs as their integrity was typically
compromised at the temperatures above 150 °C used in both
processes. Thus, our group looked at DESs composed of one of
the precursors and the API. It is worth noting that DES-based
APIs are particularly interesting because, as compared to IL-based
APIs, they can be prepared from commercial compounds of known
purity and toxicity.>*>* This approach was explored with the
preparation of eutectic and/or near-eutectic mixtures composed
of 1,8-octanediol and lidocaine with a melting point of ca.
40 °C.*®® This liquid mixture played multiple roles as it con-
tained one of the polymer precursors and the API, and also
provided the medium to solubilize the second polymer precursor
citric acid, thus helping the polycondensation with 1,8-octanediol
to proceed at the temperature of 90 °C (and even below, if one
assumes the long reaction time as the penalty for the low input of
energy); this is well below those typically used in this sort of
polymerizations. The resulting PDCs behaved as drug-eluting
materials with high loadings of lidocaine - because of the
stoichiometric ratio in which with the polymer precursor was
mixed - entrapped within the polyester network, the controlled
release of which was simply based on the biodegradable char-
acter of the polymer. This synthetic approach was further
extended to compounds that are also capable of forming
eutectic mixtures and with different functionalities such as
quaternary ammonium and phosphonium salts with antibacter-
ial activity.2®” This topic has also been summarized in detail in
previous reviews so readers interested in further details are
addressed to those publications.?

Thus, this feature article will focus on recent progress in the
preparation of different carbon materials and carbon composites —
e.g., with either multiwall carbon nanotubes (MWCNTSs) or
graphene oxide (GO) - with hierarchical porous structures after
carbonization of the respective resins. Moreover, we will also
analyse some physical chemistry studies performed on DES/H,0
liquid binary mixtures used for the preparation of resorcinol-
formaldehyde (RF) resins, which play a critical role in the
achievement of the porous structure.

1. Resins of furfuryl alcohol by
polycondensation (for their
subsequent carbonization)

In this case, the DES was composed of p-toluenesulfonic acid
(p-TsOH) and ChCl, and acted as a protic catalyst that is

typically required for furfuryl alcohol (FA) polycondensation.>
After polycondensation and carbonization, the resulting carbon
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exhibited a bicontinuous porous network built of colloidal the same eutectic mixture to catalyze the polycondensation of
clusters (Fig. 1). Mimicking this approach, one could also use 2-hydroxymethylthiophene (HMT), either with itself or co-condensed
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Fig. 1 Scheme representing the catalytic condensation of furfuryl alcohol (FA) and 2-hydroxymethylthiophene (HMT) by the eutectic mixtures of
p-toluenesulfonic acid and ChCl for the formation, after carbonization, of (A) carbons, (B) S-doped carbons, (C) carbon—carbon nanotube composites,
and (D) carbon-GO composites. SEM micrographs in A, B, C, and D, and TEM micrographs in C and D show the hierarchical structure of the resulting
monoliths. Adapted with permission from ref. 35, 36 and 38.
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with FA, to obtain S-doped carbons.*® Depending on the
carbonization temperature, S-doped carbons exhibited surface
areas ranging from 400 to 775 m® g ' and sulfur contents
ranging from 15 to 5 wt%. These features made these materials
highly suitable as catalysts for oxygen reduction reactions
taking place at the cathode of fuel cells. In particular,
S-doped carbons prepared at 900 °C were particularly efficient
for this purpose, with the four-electron-transfer reaction prevailing
over the two-electron-transfer one, an excellent resistance to
catalyst poisoning in the presence of methanol, i.e., less than
5% current decrease immediately after methanol addition,
and a remarkable stability with a current decrease below 8%
after 20 000 s.

It is worth noting that the DES composed of p-TsOH and
ChCl exhibited a low viscosity — well below those of any of the
below-described resorcinol-based DES - so that it was an
excellent solvent for the suspension of, for instance, multiwall
carbon nanotubes (MWCNTs) or graphene oxide (GO) flakes.***”*
The incorporation of MWCNTS resulted in significant changes
in the morphology of the carbons (Fig. 1). In this case, FA
polycondensation occurred on the external surface of MWCNTs
so that, after carbonization, carbon coated every MWCNT,
forming strong junctions between them. This was actually
reflected in both the conductivity - up to 4.8 S cm™*, as
measured by the four-probe method - and the elastic character -
Young modulus, 11 MPa - of the resulting monoliths. The
combination of high conductivity and high surface area made
these composites especially suitable as monolithic electrodes
for supercapacitors. Moreover, the elastic features exhibited
by these monoliths allowed excellent contact with the current
collector that was critical to retain 75% of the initial capacitance
at high current densities up to 29 A ¢~ *. Unfortunately, the poor
contribution of MWCNTs to the overall capacitance resulted
in just a modest capability of energy storage, with specific
capacitances not surpassing 120 F g .*° This performance
was surpassed by introducing some phosphorus functionaliza-
tion that, in addition to the hierarchical structure and good
electrical conductivity exhibited by these composites, provided
remarkable metrics when they were used as electrodes, in
terms of both energy densities (about 22.6 W h kg™ ') and
power densities (up to 10 kW k g ') for operational voltages
up to 1.5 V.*7

In the case of GO-based carbon composites, the morphology
of the resulting carbon composites was colloid-like, with flakes
entrapped within the colloids (Fig. 1).*® Interestingly, carbon
composites exhibited certain hydrophilic features (opposite to
the typical hydrophobic ones exhibited by bare carbons). In
particular, GO-based carbon composite obtained after carboni-
zation at 800 °C was particularly effective in the range of low
partial pressures for the preferential adsorption of water, with
water uptakes more than 25 times greater than those of both
methanol and ethanol. The combination of high-water uptakes
and preferential adsorption of water versus methanol and
ethanol found in our carbon-GO composites may make the
application of these materials particularly interesting in the
processes of bioethanol dehydration.

This journal is © The Royal Society of Chemistry 2020
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2. Resins of resorcinol-formaldehyde
by polycondensation (for their
subsequent carbonization)

The carbonization of resins obtained by RF polycondensation is
one of the most common synthetic processes used for carbon
preparation.>*™** The polycondensation reaction is typically
carried out in aqueous media and in the presence of either
acid or basic catalysts and also on soft or hard templates to
finally obtain porous carbon materials. Introducing some textural
properties in the resulting carbons is by no means trivial as it
ultimately determines the field of application of these carbons,
e.g., from water and air purification, adsorption, or catalysis, to
electrodes and energy storage.*” Unfortunately, the use of hard
templates is quite time-consuming with the subsequent cost
implications. Moreover, both hard and soft templates are typically
difficult to recover, thus further impacting the cost of the process.

The preparation of resorcinol-based DESs has opened inter-
esting perspectives in this field. For instance, Carriazo et al.
reported the use of DESs composed of resorcinol and ChCl, or
urea, resorcinol, and ChCl (Fig. 2A) for - upon polycondensation
with formaldehyde, i.e., added as an aqueous solution thereof,
and subsequent carbonization of the resulting RF resin -
preparing monolithic carbons with a bimodal porosity within
the range of micropores to large mesopores of sizes ca. 10 and
23 nm.* The resulting carbons exhibited a bicontinuous porous
network built of highly cross-linked clusters that aggregated and
assembled into a stiff, interconnected structure. Carbons
obtained via spinodal decomposition (SD) processes have typically
exhibited this sort of bicontinuous morphology as a consequence
of the formation, during polycondensation, of a rich-polymer
phase that gets segregated from the non-condensed matter.
Along with the advancement in polycondensation, this poor-
polymer phase ultimately becomes a depleted-polymer phase,
the elimination of which either before carbonization by washing
or during carbonization by thermal decomposition finally
results in the formation of the above-mentioned bicontinuous
porous structure. In our case, we first hypothesized that one of the
components forming the DES (e.g., resorcinol) acts as precursor of
the polymer phase while the second one (e.g., ChCl) is segregated
into the polymer-depleted phase (Fig. 3A and B). More recently, we
have studied the aqueous dilutions of DES resulting after the
addition of formaldehyde to obtain further insights about whether
the mechanism followed in DES-assisted polycondensation is a
regular SD process starting in a liquid phase fully homogeneous at
both the macro and the nanoscale or not (Fig. 3A, B and D). For
those readers interested in this issue, a full description of these
studies is provided in the following section of this feature article.

The wide range of DESs that can be prepared provides a
remarkable versatility - in both textural and compositional terms -
to the carbons that can be obtained through this synthetic
approach. In textural terms, both the dimensions of the mesopores
and the surface area coming from the micropores could be
controlled using ternary DESs composed of resorcinol, urea,
and ChCl, with different molar ratios of urea. We hypothesized
that urea was partially incorporated into the RF network

Chem. Commun., 2020, 56, 3592-3604 | 3595
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Fig. 2 Scheme representing the preparation of carbons via polycondensation of resorcinol with formaldehyde using (A) eutectic mixtures of urea,
resorcinol, and ChCl, (B) resorcinol, hexylresorcinol, and tetraethylammonium bromide, (C) resorcinol, 3-hydroxypyridine, and ChCl, and (D) resorcinol,
glycerol, and ChCl (in this latter case, using phosphoric acid as the catalyst). SEM micrographs of the respective carbons are also included. Adapted with

permission from ref. 25b, 43, 45, 46 and 49.

(upon its participation in polycondensation reactions) so that its
release during carbonization played a role in the development of
micropores, ie., the larger the molar ratio of urea in the original
DES, the larger its incorporation into the RF network, and the
larger the surface area developed during carbonization. With
regard to the dimensions of the mesopores, the observed increase
was most likely due to the capability of urea (the non-condensed
one) and ChCl to form a DES by themselves, thus favoring - in

3596 | Chem. Commun., 2020, 56, 3592-3604

terms of stability of the segregated phase - their joint segregation
from the rich polymer phase during the SD process with the
subsequent increase in the dimensions of the mesopores resulting
after carbonization.** Interestingly, narrow micropores could also
be obtained upon the use of ternary DESs composed of resorcinol,
4-hexylresorcinol, and tetraethylammonium bromide (Fig. 2B).*’
In this case, 4-hexylresorcinol not only played the role of a
precursor (by co-condensation with resorcinol) but also of a SDA

This journal is © The Royal Society of Chemistry 2020
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because of the presence of the long-alkyl-chain, a typical feature
of many SDAs. Moreover, DESs are not only capable of providing
carbons that exhibit tailored textural properties but also a
significant compositional versatility. For instance, N-doped
hierarchical carbons can be obtained upon the use of ternary
DESs containing not only resorcinol but also nitrogen-rich
precursors, e.g., 3-hydroxypyridine, 2-cyanophenol, or 4-cyano-
phenol (Fig. 2C).***® Moreover, P-doped hierarchical carbons
can also be obtained upon the use of ternary DESs composed of
resorcinol, glycerol, and ChCl, and using phosphoric acid to
catalyze the polycondensation so that, during carbonization,
phosphoric acid functionalized the porous surface of the resulting
carbons with phosphate moieties, thus obtaining P-doped or even
N,P-codoped carbons (Fig. 2D).*>*° Eventually, the use of
quaternary DESs containing ChCl (as the HBA) and resorcinol,
4-hexylresorcinol, and 4-nitrophenol (as the precursors for
polycondensation) resulted in N-doped hierarchical carbons
also exhibiting a narrow microporosity; the latter one is a
consequence of the presence of 4-hexylresorcinol in the starting
DES and the double role it plays, ie., as one of the carbon
precursors and as SDA.>!

3. Study of aqueous dilutions of DESs

As mentioned above, whether the mechanism followed in DES-
assisted polycondensation is a regular SD process starting in a
liquid phase fully homogeneous at both the macro and the
nanoscale was a matter of interest to us. For instance, SEM
micrographs of carbons obtained from ternary DESs composed
of resorcinol, glycerol, and ChCl, and using phosphoric acid to
catalyze the polycondensation revealed how the morphologies
of the resulting carbons changed remarkably with the increase
in mass fraction of water added, besides formaldehyde, in the
DES to start the polycondensation (Fig. 3C).>° Thus, using a
liquid binary mixture with 80 wt% of DES content as the starting
solution resulted in carbons exhibiting a fine co-continuous
structure (bottom row in Fig. 3C). Meanwhile, using a liquid
binary mixture with 70 wt% of DES content as the starting
solution resulted in carbons also exhibiting a co-continuous
structure but with a thicker skeleton as compared to the previous
ones (middle row in Fig. 3C). The SEM micrographs of these
latter carbons also revealed the presence of both small spherical
pores in the coarse skeleton and small particles within the open
porosity that ultimately landed on the surface of the skeleton
after the removal of the non-condensed matter, i.e., after drying
and subsequent carbonization. The spherical pores were voids
left by the solvents that, during polycondensation, separated out
in the polymerrich domain as a result of a secondary phase
separation - this is, the precipitation of a secondary phase within
the first separated phase when a region of this latter one is physically
isolated and develops further immiscibility.>** Secondary phase
separation may occur in the polymer phase, in the pore phase, or in
both, as it was actually our case. Further increase in the mass
fraction of water at the starting liquid binary mixtures provided
morphologies characterized by loosely packed isolated spheres,

This journal is © The Royal Society of Chemistry 2020
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the mean size of which became larger along with the increase in
water content because of the occurrence of further particle
growth for long gelation times (upper row in Fig. 3C).

The above-described results reconciled with chemically induced
phase separations, e.g., typically with the aid of a phase-separation-
inducing agent (PSIA), where immiscibility was observed to
develop concurrently with polymerization and the ultimate
morphology of the resulting polymer depends on the onset
between phase separation and gel formation (Fig. 3A). In every
SD process reported to date, the fluid phase resulting after the
phase separation is a solvent mixture that contains the PSIA,
any co-solvent that may be eventually used to help the demixing
of the PSIA, and any additional compound that may result as a
by-product of the reaction.”” In our particular case, the fluid
phase was composed of non-polymerizable DES components,
e.g., glycerol, ChCl, phosphoric acid, and water. Glycerol, ChCl,
and phosphoric acid were originally part of DES, the rupture of
which during polycondensation resulted in their segregation in
the fluid phase. Regarding water, a minor fraction of it was the
by-product of RF polycondensation but most of it was added at
the starting homogeneous solution so as to promote/favour the
phase separation. The use of water as PSIA has been rarely
described in papers dealing with SD processes,’®™° despite the
obvious interest that its use offers environmental and sustain-
able means as compared to other co-solvents more commonly
used - e.g., non-friendly solvents, polymers, and/or surfactants.
As described previously,>® the mass fraction of water controls
the resulting morphology in terms of reaction kinetics. Thus, in
diluted samples, phase separation occurred earlier than gel
formation and the polymer-rich domains broke-up into spherical
colloids that, afterwards, became a gel, i.e., sooner for pseudo-
diluted samples and later for highly diluted ones.

Despite the fact that water may indeed play the role of PSIA
in regular SD processes, it is also worth discussing certain
peculiarities of DES/H,O binary mixtures.®® Most of the DES
components are soluble in water or at least, they belong to the
group of H-bond-forming molecules, so it is commonly
assumed that, in a highly diluted regime, DESs should be
entirely miscible in the aqueous phase while, in a less diluted
regime, water should be entirely miscible in the DES phase.
This is at least what the homogeneity at the macroscopic scale
of DES/H,0 binary mixtures suggests (Fig. 3D). However, Brillouin
spectroscopy experiments revealed some interesting features in
many different DES/H,O binary mixtures. It is worth noting that
Brillouin spectroscopy is particularly suitable for detecting the
local structural rearrangements in liquid mixtures of H-bond
co-solvents (MeOH, EtOH, +-BuOH, etc.), polymers (PEG), and even
hydrated salts with either water or organic solvents.*° In all
these mixtures, the plot of hypersonic velocity (vy, obtained from
Brillouin measurements) versus the mole fraction of the co-solvent
(x) revealed the existence of deviation from the ideal behaviour.
This deviation depends on the nature of the co-solvent and it is
reflected in the shape plot, e.g., displaying a maximum or a
minimum when the co-solvent is a small molecule, or exponential-
like when the co-solvent is a polymer, and hence, is more prone to
forming a continuous H-bond network (Fig. 4).
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resorcinol so that phase separation is predetermined as compared to regular SD processes. (C) SEM micrographs of some representative carbons
obtained after polycondensation of DES/H,O binary mixtures with increased DES contents. (D) Picture of DES/H,O binary mixtures with increased DES
contents from top to bottom, diluted with just H,O (left) or with the aqueous dilution of formaldehyde used for polycondensation (right). Adapted with

permission from ref. 50.
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Fig. 4 Plot of hypersonic velocity versus molar fraction of the co-solvent
for different binary mixtures. Reprinted with permission from ref. 50.
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(c) RHRTEA. Adapted with permission from ref. 50, 72 and 78.
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In the particular case of DES/H,0 binary mixtures, e.g., DESs
composed of resorcinol, phosphoric acid, glycerol, and ChCl
(RPGC),”® DESs composed of resorcinol, urea and ChCl (RUChCI),”®
and DES composed of resorcinol, 4-hexylresorcinol, and tetraethyl-
ammonium bromide, (RHRTEA),”” the representation of vy versus
DES content in wt% provided an even more illustrative display of
the deviation with two well-distinguishable regions when tran-
sitioning from the vy of neat H,O - e.g., ca. 1460 m s~! - to that
of neat DES (Fig. 5). Thus, in the region of low DES contents so
called the “DES-in-water” system, vy values were close or just
slightly above those of H,0O, most likely as a consequence of
propagation through a continuous H-bond network of H,O.
Meanwhile, above a certain threshold value of DES content, vy
values approached those of neat DES in a quicker fashion
as a consequence of the coalescence of DES domains into a
continuous network structure so called the ‘“water-in-DES”
system. Thus, at the transition from one regime to the other,
one could hypothesize about the formation of a co-continuous
structure as a consequence of demixing and nanostructural
rearrangements between DES and water domains occurring at
or near this threshold value.

The evolution along with dilution of the self-diffusion coeffi-
cients of DES components as well as of water in different DES
dilutions also confirmed the presence of two well-distinguishable
regions transitioning from one to the other at DES contents similar
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Fig. 6 Plot of self-diffusion coefficients — e.g., as obtained by NMR
spectroscopy carried out at 25 °C — versus DES content (in wt%) of
aqueous dilutions of different DESs — e.g., (@) RUChCL and (b) RHRTEA.
Resorcinol data are blue open circles, 4-hexylresorcinol data are blue solid
circles, urea data are red open squares, ChCl data are green open triangles.
tetraethylammonium bromide data are green open diamonds, and H,O
data are purple crosses. Adapted with permission from ref. 72 and 78.
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to those found from Brillouin spectroscopy, ie., 85 wt% for
RUChCI and 75 wt% for RHRTEA (Fig. 6).

Both the “DES-in-water” and the “water-in-DES” with low
water contents - e.g., one or two moles of water per mole of DES -
systems have been widely studied and agreement exists with regard
to their respective natures - e.g., a simple aqueous dilution of the
individual DES components in the former case’>”* or water playing
the role of a second small HBD in the latter one.”>”” However, less
agreement exists with regard to the nature of intermediate dilutions;
this is the “water-in-DES” system with high water contents where
the water fraction is yet too low to promote the DES rupture and
dissolve its components. Interestingly, in a recent work dealing
with pseudo-concentrated aqueous solutions of DES composed
of resorcinol, urea, and ChCl, we demonstrated that water
played the role of an additional HBD or HBA and, hence, was
interstitially accommodated within the DES-based 3D H-bonded
network, thus forming the “water-in-DES” system.”® Moreover,
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the phase behaviour of aqueous solutions of ethaline has been
recently described.”®

The achievement of new eutectic mixtures with significant
water contents is indeed of relevance in practical applications as
we may preserve and even improve some of the most interesting
features of DESs such as low melting points (Fig. 7) and overcome
some other important drawbacks. For instance, the aqueous
DES dilution of RUChCI with a water-to-DES molar ratio of 11:1
exhibited a melting point as low as ca. —20 °C (Fig. 7) and a
viscosity reduction of more than 10-fold as compared to that of
the neat DES - e.g., from ca. 37.6 to ca. 2.8 cP at 80 °C. The
addition of water to other DESs such as reline and malicine also
resulted in a decrease in the melting point of the original DES
(Fig. 7).”® Interestingly, all the DES/H,O binary mixtures with
melting points at the lowest temperature were those with water
contents where the plot of vy versus DES content obtained by
Brillouin spectroscopy deviated from linearity (Fig. 5b).”"7”7®
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Fig. 7 DSCs scans (heating ramp in upper panel; heating and cooling ramp in lower one) of aqueous dilutions of different DESs — e.g., RUChCl in left
column, reline (a DES composed of urea and ChClin a 2:1 molar ratio) in middle column and malicine (a DES composed of malic acid and ChClinal:1
molar ratio). In RUChCL,W, reline,W and malicine,W, n represents the H,O to DES molar ratio. Reprinted with permission from ref. 78.
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4. Future directions and outlook

We would like to end this featured article mentioning that the
use of DESs in materials synthesis is still rare as compared to
ILs, although ILs can still be considered in their infancy as well.
Future work should extend the use of “all-in-one”” DESs to other
polymerizations. For instance, ring-opening polymerizations
for the preparation of poly(e-caprolactone)®® and poly(i-lactide)/
poly(e-caprolactone) blends,®" oxidative polymerizations for the
preparation of conductive,”®* and semiconductive®® polymers
or atom transfer radical polymerization using metal-ligand
compounds as catalysts®® are fields of tremendous relevance
where DES contribution is still in its infancy. Moreover, establishing
a clear parallelism with the challenges of ILs in the synthesis of
chiral MOFs and zeolites,® the use of chiral DESs capable of chiral
induction into the synthesized material is also quite a relevant
field.*® Given the wide number of molecules that can be used for the
preparation of DESs, exploring a wide range of chiral ones that can
be suitable for the accomplishment of this target seems an
attainable objective. Moreover, one could envisage the design of
future synthetic strategies of COFs and POFs based on the use of
“all-in-one” DESs, in which one of the components acts as the
precursor and becomes a part of the network structure while the
other one acts as the guest molecule. The easy incorporation of
guest molecules provided by the use of “all-in-one” DESs also
opens interesting perspectives in the field of biomedicine. It
is worth reminding that DESs offer the advantage of being
prepared from compounds of known toxicity and could even
be in current clinical use. Finally, the virtually unlimited flexibility of
combinations of mixtures that can be used for DES preparation
should allow the further tailoring of properties within the family of
the herein described carbon materials as well as for the preparation
of novel carbon materials performing well as adsorbents in sustain-
able applications - e.g., CO, adsorption and separation - and as
electrodes in energy storage devices - e.g., batteries and super-
capacitors. It is also worth noting the relevance of the study of
aqueous DESs, originally performed with the aim of under-
standing the formation mechanism of the porous structure of
carbon materials but finally revealing the possibility of obtain-
ing new eutectic mixtures upon the simple addition of water to
DESs while keeping the DES/H,0 contents within the “water-in-
DES” regime. The low viscosity and low melting point of these
aqueous eutectics — more so than those of the original eutectic
mixture - open interesting perspectives in practical applications,
thus providing a novel field of research for DESs.
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