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ABSTRACT
We have investigated the structure and phase behavior of biocompatible, aqueous deep eutectic solvents by combining choline acetate,
hydrogen aspartate, and aspartate amino acid salts with water as the sole molecular hydrogen bond donor. Using contrast-variation neu-
tron diffraction, interpreted via computational modeling, we show how the interplay between anion structure and water content affects the
hydrogen bond network structure in the liquid, which, in turn, influences the eutectic composition and temperature. These mixtures expand
the current range choline amino acid ionic liquids under investigation for biomass processing applications to include higher melting point
salts and also explain how the ionic liquids retain their desirable properties in aqueous solution.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052479

INTRODUCTION

Since they were first reported by Abbott et al.,1 deep eutectic
solvents (DESs) have emerged as an important class of green sol-
vents with the potential to replace many widely used volatile organic
compounds in research and industry. DESs are mixtures with abnor-
mally low eutectic temperatures, not only significantly lower than
melting points of their constituents but also below the predicted
melting point depression due to ideal mixing.2–5 This behavior is
exemplified by reline, a 1:2 mol:mol (anhydrous) mixture of choline
chloride (Tm = 323 ○C) and urea (Tm = 133 ○C),6 which melts just
above room temperature (Tm = 25 ○C).7 Structural studies have con-
firmed the formation of a complex and extensive hydrogen bond-
ing network involving the choline cation, chloride anion, and urea
hydrogen-bond donor (HBD) in which the delicate balance of forces
between all species suppresses crystallization.8–10

Despite the vast number of combinations hypothesized, the
majority of the very many studies of DESs carried out over the
past two decades have involved choline chloride (ChCl).11 It has
become the most well-known quaternary ammonium salt for DES
formulation. While many studies seek to establish a comprehen-
sive understanding of structure–property relationships and design
rules for ChCl-based DESs,8,10,12,13 here, we ask how changing
anion can affect the DES formation and structure, and whether our

understanding of ChCl-based DESs can be generalized to systems
containing other choline salts.

Choline carboxylate and amino acid salts immediately stand
out as promising candidates. Since their discovery, these salts have
been recognized by the ionic liquid (IL) community as renewable
and non-toxic, biocompatible ILs.14–16 A number of studies have
been performed to characterize their structure and the molecular
origin of their physicochemical properties.17,18 Although many of
these choline salts are room temperature liquids, some of them such
as choline aspartate have melting points above 90 ○C.19 In our recent
small-angle x-ray scattering study, we showed that changing the
anion can affect not only the liquid nanostructure of these ILs but
also their miscibility with various molecular liquids and the structure
of those mixtures.20

Many choline salts also have very high viscosities in the pure
molten state,19 posing challenges for them to be handled as pure
liquids and compromising their uptake for large-scale applications.
Together with the cost consideration, it is not surprising that such
applications, including for treatment of biomass and coal, employ
choline salt–water mixtures.21–24 This is often at such a low water
content (<50 wt. %) that the mixture cannot be regarded simply as
an aqueous electrolyte solution. While water is commonly treated
as a green and cheap diluent, it is also a paragon among hydrogen
bonding species. In their study of water dilution of reline, Hammond
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et al. showed that its key DES features are preserved at up to 1:10 mol
reline:water. At a low water content (1:1 mol ratio), water was even
shown to modestly reinforce the choline–urea H-bonding, possibly
enhancing the melting point depression in DESs.25,26

Here, we examine a set of simplified, two-component mixtures,
consisting of choline acetate, hydrogen aspartate, or aspartate in
combination with water as the sole HBD. In choline-based ionic liq-
uids, the anion structure strongly affects the liquid nanostructure
and functionality.20,27 We thus seek to understand how polyatomic,
organic anions in combination with water can be used to control the
structure and properties of biocompatible choline salts in both ILs
and DESs.28,29

MATERIALS AND METHODS

Choline acetate (ChAc), choline aspartate (Ch2Asp), and
choline hydrogen aspartate (ChHAsp) were prepared by neutraliza-
tion of choline hydroxide with the corresponding acid. DL-aspartic
acid (>99%, Fluka), acetic acid (HPLC, VWR), and choline hydrox-
ide aqueous solution (∼46 wt. %, Aldrich) were used as received.
The concentration of choline hydroxide solution was determined
through titration before use. The base was diluted to 20 wt. % and
mixed dropwise with a 20 wt. % solution containing the corre-
sponding acid. The reaction was kept on an ice bath (<10 ○C) and
stirred overnight under ambient conditions. Upon completion, a
clear aqueous solution is obtained. Bulk water was removed on a
rotary evaporator (40 ○C, 10 mbar), and drying of the residual water
was performed under high vacuum (200 μbar) at room temperature
for >48 h. The water content of the final product was confirmed by
weight to be <1 wt. %. The dried salts have a light amber appear-
ance due to a trace amount of impurity from the choline hydroxide
reagent (undetectable by 1H NMR).

d9-salts were prepared from d9-choline chloride (d9-ChCl,
98%, Cambridge Isotope) by ion-exchange (Amberlite IRA-400 for
hydroxide, 25 ml) to d9-choline hydroxide (d9-ChOH). Before use,
resins were washed with concentrated NaOH aqueous solutions five
times. A silver test (0.2M AgNO3 and 0.25M HNO3 in water) con-
firmed that a negligible amount of chloride remained in the resins
after which water (Milli-Q) rinses were performed until pH returned
to neutral. 5 g of d9-ChCl was dissolved in 50 ml of H2O/methanol
1:1 v/v mixture and loaded onto 200 ml of resins using the same
solvent mixture as the eluent. The eluent was collected in fractions,
and all those with basic pH (>7.5) were combined. A small volume
of the obtained solution was titrated to determine the concentration

of ChOH. d9-salts were prepared identically to hydrogenous choline
salts with hydrogenous acids.

d12- and d3-salts were obtained by H/D exchange of exchange-
able protons within d9-salts and hydrogenous salts. Deuterium oxide
D2O (99%, Cambridge Isotope) was added to a pre-exchange salt in
a 3:1 volume ratio. The resulting mixture was stirred for 5 min before
drying on a rotary evaporator (40 ○C, 10 mbar). Mass was monitored
to ensure that bulk D2O was removed. This process was repeated five
times, and the final sample was dried under high vacuum (200 μbar)
at room temperature for >48 h. All samples were sealed and stored
under nitrogen.

Molecular structures and compositions of mixtures of choline
acetate (ChAc), choline aspartate (Ch2Asp), and choline hydro-
gen aspartate (ChHAsp) with water are shown in Fig. 1. Samples
for neutron diffraction were prepared by mass to yield identical
molar compositions with all isotopic substitution patterns. Neu-
tron diffraction patterns were collected on the SANDALS beam-
line at the ISIS Neutron and Muon Source (Rutherford Appleton
Laboratories, UK). Neutron wavelengths used range between
0.05 and 4.95 Å, allowing access to the q-range between 0.05 and
50 Å−1. Samples were contained in null scattering Ti0.68Zr0.32 flat
plate cells with a total capacity of 1 ml. All samples were mea-
sured under vacuum at 296 K for 6 h each. Mass was monitored to
ensure no loss of sample under vacuum. Data reduction was per-
formed using GUDRUN according to local procedures using exper-
imental densities of all samples at 25 ○C.30 The empirical poten-
tial structure refinement (EPSR) package was used to fit the nor-
malized experimental diffraction data.31 Atom labeling and ini-
tial Lennard-Jones parameters are provided in the supplementary
material (Fig. S1 and Table S1). Each simulation box was refined
to fit all four diffraction patterns on chemically identical samples
with different isotopic substitutions simultaneously, as shown in
Fig. 2, and the size of the simulation box was always more than
twice the size of the largest experimental structural feature (>60 Å;
box compositions and dimensions shown in Table S3). All analy-
ses were performed over >1000 frames of data accumulation after
convergence.

Differential scanning calorimetry was performed on a DSC823e

(Mettler Toledo) instrument with a liquid nitrogen adaptor. Sam-
ples of the desired water content were prepared by mass and cycled
between −140 and 100 ○C at 15 K/min to obtain the sub-zero melt-
ing point. The presence of clear liquid phases beyond the measured
liquidus temperature is confirmed by visual observation at −20 and
−80 ○C, and samples were stored in −20 and −80 ○C freezers for

FIG. 1. Liquidus temperature of various
choline salt + water mixtures measured
using differential scanning calorime-
try. The mixtures have mole ratios of
salt:water = 1:3, 1:5, and 1:10. Dashed
lines between markers are added to
guide the eye. The table shows the com-
positions of the four systems studied in
detail by neutron diffraction.
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FIG. 2. Experimental (hollow circles) and fitted (solid lines) neutron diffraction patterns between 0 and 16 Å−1 of mixtures of choline salt–water at various mole ratios and
with four different H/D isotopic labeling patterns, shown above each curve. The four systems are denoted as follows: (a) choline aspartate + 3 H2O, (b) choline acetate
+ 5 H2O, (c) choline hydrogen aspartate + 3 H2O, and (d) choline hydrogen acetate + 10 H2O. Diffraction patterns have been offset for clarity, and the corresponding
deuteration patterns are shown.

>48 h before the visual confirmation was made. The liquidus tem-
perature of each mixture is obtained as the maxima in the melting
endotherms.

RESULTS AND DISCUSSION

Figure 1 shows the melting points (liquidus lines) of mixtures
of choline acetate (ChAc), choline aspartate (Ch2Asp), and choline
hydrogen aspartate (ChHAsp) with water at mol/mol ratios of 1:3,
1:5, and 1:10. The result clearly reveals a massive depression in melt-
ing points, up to 100 ○C lower than pure water, significantly larger
than the predicted value by available thermodynamic models.11

Although quite similar in their mass compositions, the eutectics
of the three mixtures represent very different salt:water mole ratios,
as shown in Fig. 1. In order to understand the details of the liquid
structure in these mixtures, we have compared neutron diffraction
patterns of the model system choline acetate + 5 water (35.6 wt. %
water) with three different choline aspartate +water mixtures at var-
ious mole ratios (see the table of Fig. 1). As aspartic acid contains
two carboxylate groups, it can exist in both di-anion, [Asp2−], and
monoanion, [HAsp−], forms. The latter is a zwitteranion with both
carboxylate groups deprotonated and the α-amino group protonated
(see Fig. 1 and Table S2),18,32 which we have examined at two water
mole ratios: 1:3 and 1:10 mol/mol.

Figure 2 shows the experimental neutron diffraction patterns of
four choline salt-water mixtures. Each consists of four distinct H/D
isotopic substitution patterns and shows best fits obtained from a
single converged liquid model using the empirical potential struc-
ture refinement package.31 The fitted diffraction patterns are in good
agreement with the experiment, except near the resolution limit
(∼0.2 Å−1) where some errors in the correction of inelastic scatter-
ing leads to discrepancies. This is most evident for choline aspartate
+ 3 water as the pure salt is extremely hygroscopic. A small amount
of adventitious hydrogenous water from air (during sample storage
and handling) is also the likely cause of the observed low inten-
sity of the low-q peak in the d1Chd3Asp + D2O mixture [Fig. 2(c)].
However, as EPSR provides atomic resolution, the structural refine-
ment is performed on the molecular scale, and best fit is obtained
across four distinct contrasts, our interpretation should not be
affected.

The most striking experimental structural feature is a sharp
peak near 1 Å−1, which occurs in all systems in which only choline
trimethylammonium is deuterated (d9-Ch). This corresponds to a
real space separation of ∼6 Å, comparable to the size of anions, which
arises from the average nearest neighbor separation between choline
cations. These diffraction patterns also clearly show that lower angle
peaks corresponding to long-range periodicities (q < 0.5 Å−1, indica-
tive of the amphiphilic liquid nanostructure as is commonly seen
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in a variety of ionic liquids and some DESs) are absent from all
systems.17,33

We first examine molecular arrangements and intermolecu-
lar interactions in the simpler choline acetate system to elucidate
choline–carboxylate, choline–water, and carboxylate–water interac-
tions and then explore how the more complex amino acid anion
aspartate and its speciation state affect the nanostructure and hydro-
gen bonding in these liquid mixtures.

Choline acetate + 5 water

Figure 3 shows partial pair correlation and spatial distribution
functions between key component atoms in this mixture. Correla-
tions between the cationic, quaternized ammonium charged center
of choline and carboxylate or water oxygens both yield broad near-
est neighbor peaks of similar heights near 5 Å separation. Both also
yield very similar spatial distribution functions, confirming that the
quaternary ammonium of choline does not effectively differentiate
between ion–ion and ion–dipole interactions with carboxylate and
water, respectively.

In contrast, the formation of H-bonds is highly selective.
Hydrogens on both the choline hydroxyl group and water form
strong H-bonds with carboxylate oxygens, shown by the pro-
nounced nearest neighbor correlation peaks at a characteristic

FIG. 3. Pair correlation functions of electrostatic and H-bonding interactions
between a central atom (circled) and other functional group atoms in the choline
acetate+ 5 water system, together with spatial distribution functions. The probabil-
ity surfaces enclose the most likely (top 15%) locations for the surrounding species
around the central atom (color coded).

distance of 1.8 Å. The choline hydroxyl oxygen, however, is
a much weaker H-bond acceptor than water, indicating that
H-bonds to it are rare. This result also confirms that the choline
hydroxyl–carboxylate H-bond is strong enough to persist among
water networks, consistent with past studies of choline-based ILs and
their water mixtures.22,34,35

The water–water pair correlation function also exhibits a pro-
nounced second peak at 3 Å, arising from an ordered arrangement of
next-nearest neighbor water molecules. Together with a pronounced
primary correlation at the preferred H-bond distance of 1.8 Å, this
is evidence that a tetrahedral H-bond network similar to bulk water
is present in 1:5 ChAc:water.35–37 These results enable us to rank H-
bond acceptor oxygens as follows: carboxylate > water > hydroxyl.
That is, any HBD will prefer to H-bond first with carboxylate, fol-
lowed by water. This implies that addition of water in this system
beyond the capacity of carboxylates will enhance the water network,
leading it to act as a diluent.

A similar phenomenon has been seen in DESs containing
choline chloride. As reported by Hammond et al., the unusually low
melting point of reline is a consequence of an extensive H-bond
network between urea and choline chloride.8 The interactions are
optimized when the chloride anion is surrounded on average by
two urea molecules and one choline cation. The delicate balance of
strong intermolecular interactions involving all species is sufficient
to supress crystallization, yielding a liquid at much lower tempera-
tures than ideal mixing alone. H-bonds around the chloride anion
are shown to have the highest priority, resulting in choline and the
HBD working synergistically to wrap around a chloride anion by
both H-bonding and electrostatic interactions.8,12 Small amounts of
added water can enhance the existing H-bond network around chlo-
ride by providing an excess of H-bond acceptors. However, further
addition of water will trigger a competition between the water–DES
H-bond and the weakest DES–DES H-bond (often between HBDs),
disrupting an essential feature of the DES and leading to its effective
dissolution in water.12,25,38

If the formation of an H-bond network is critical to the for-
mation of a DES, as suggested from investigations of H-bonding
structures in reline and other DESs, then the eutectic composition
of choline carboxylate–water systems should depend on carboxylate
acceptor availability on the anion.

Choline acetate contains a single H-bond donor on the cation
hydroxyl but six potential acceptor sites, assuming two on each of the
cation and anion oxygens. Figure 3 confirms that all these H-bonds
occur in choline acetate + 5 water, but the surfeit of acceptor sites
prevents ChAc alone from forming an extended H-bond network.
As water has two donor and two acceptor sites, we can estimate the
minimum number of water molecules (or any HBD) necessary to
saturate the available H-bonding sites, enabling the salt to be inte-
grated into an extended H-bond network. If all five H-bond acceptor
sites are occupied by a water H-bond donor without concern for
steric constraints, this leads to an expected minimum mole ratio of
ChAc:H2O = 1:2.5. Full hydration of course yields 1:5. This is consis-
tent with the experimental eutectic composition (Fig. 1), which lies
between 1:3 and 1:5, and the observed features of the liquid structure
(Fig. 3) at ChAc:H2O = 1:5. The presence of water–water H-bonds
and tetrahedral water at this composition reflects the full hydration
condition and also that the H-bond network includes many different
local structures.
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FIG. 4. Atom–atom pair correlation func-
tions between the hydrogen on water
and all H-bond acceptors in (a) choline
hydrogen aspartate + 3 water and (b)
choline aspartate + 3 water. In ChHAsp,
the ammonium nitrogen is protonated
and cannot act as an H-bond acceptor.

Choline aspartate salts

Many of the key electrostatic and H-bonding interactions seen
in choline acetate + water are largely preserved in both choline
hydrogen aspartate (ChHAsp) and choline aspartate (Ch2Asp) sys-
tems (see Figs. 4 and 6 and Fig. S2). Carboxylate groups are
both deprotonated in both anion species. The α-amino group pro-
vides the main structural difference through additional two H-bond
donors and one acceptor on Asp2− or three donors on HAsp−. This
can lead to anion–anion H-bonding in pure choline amino acid
ionic liquids.17,34,39 The amine nitrogen is an ineffective H-bond

acceptor, especially in the presence of water (Fig. S3). However, as
we will show below, H-bonds in which the α-amine is the donor, and
particularly those where the cationic ammonium group is present
(i.e., ChHAsp), play a critical role in determining molecular arrange-
ments within the liquid.

Following the same approach used for choline acetate yields
an excess of eight H-bond acceptor sites on Ch2Asp (including the
α-amine donors only) and six on ChHAsp. The corresponding water
ratios for minimal and complete solvation are thus 4 < Ch2Asp:H2O
< 8 and 3 < ChHAsp:H2O < 6. While not predictive, these estimates
are consistent with the experimental eutectic compositions shown

TABLE I. Average coordination number of all H-bonds in Ch2Asp and ChHAsp systems (pair correlation functions shown in
Fig. 6) calculated using a separation cutoff of 2.5 Å with respect to one hydrogen on the H-bond donor.

H-bond Ch2Asp ChHAsp

Donor hydrogen Acceptor 1:3 1:3 1:10

0.10 0.12 0.07

0.62 0.59 0.38

0.28 0.11 0.43

0.02 0.02 0.00

0.91 1.02 0.52

0.13 0.14 0.58

0.12 0.07 0.03

0.26 0.79 0.41

0.24 0.23 0.78
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in Fig. 1 and support the idea that the eutectic is related to the
HBD’s capacity to enable an extended H-bond network throughout
the liquid. We first compare the liquid structure in two “water lean”
samples with 1:3 salt:HBD mole ratios, choline hydrogen aspartate
+ 3 water and choline aspartate + 3 water and then a “water rich”
composition, choline hydrogen aspartate + 10 water.

The atom–atom pair correlation functions in Fig. 4 show that
the water hydrogen is strongly H-bonded to carboxylate oxygens in
both water lean systems, with clear peaks at an H-bond length of
1.8 Å. This agrees with the results reported above for the choline
acetate system and with other previous studies.17,34 As noted above,
the deprotonated α-amino group of Ch2Asp is available as an H-
bond acceptor site but is an uncommon interaction with normalized

atom-pair correlation peak well below 1 at 1.8 Å. It thus has a neg-
ligible impact on water–ion H-bonds. The rarity of this H-bond not
due to the lack of H-bond donors but due to the α-amino group is
a weak H-bond acceptor, as has been consistently identified previ-
ously.17,22,34,35 Addition of more water will likely expand the water
network rather than forming more water–ion H-bonds, as observed
for the hydroxyl oxygen of choline in ChAc + 5 water above.

Next-nearest neighbor peaks are also present in pair correlation
functions of H-bonds to carboxylate oxygens. Unlike the water net-
work, this is imposed by the sp2 geometry of the functional group
dictating the location of the second oxygen.

There is a marked difference in water–water correlations
between these two water lean systems. The miniscule nearest

FIG. 5. Cluster analysis of various interactions in (a) choline aspartate + 3 water, (b) choline hydrogen aspartate + 3 water, and (c) choline hydrogen aspartate + 10
water. Probability is the fraction of species in a cluster of size n, defined by separation distances. The solid line shows the theoretical percolation threshold (p = n−1.2/4.0,
p = n−1.2/3.9, and p = n−1.2/4.1.), where the normalization factor depends on the total number of molecules within each model. The middle row shows representative
snapshots of liquid simulation boxes depicting only water molecules (red), and the bottom row shows anions only (violet) as 30 Å thick slices of a 50 × 50 Å2 window.
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neighbor correlations between water molecules in ChHAsp contrast
with the pronounced correlation peak seen at 1.8 Å in Ch2Asp,
where the water is also sufficiently organized for a next-nearest
neighbor peak to be visible at 3 Å, just as was seen in ChAc + 5
water. Remarkably, although sufficient water has been added to
achieve minimal solvation ChHAsp, but not Ch2Asp, it is Ch2Asp
that evinces tetrahedral or “bulk” water.

Spatial distribution functions of strong H-bond acceptor oxy-
gens around a water hydrogen show that all H-bonds are short and
linear and occupy the same sites (Fig. S4). Therefore, they com-
pete for limited available H-bond donors. Coordination numbers
(Table I) show that ∼60% of water hydrogens are H-bonded to one
of the carboxylate oxygens in both water-lean systems, while ∼10%
are bonded to the choline hydroxyl. In ChHAsp, only 11% of water
hydrogens form water–water H-bonds, whereas in Ch2Asp, these
account for 28%.

These differences are reflected in the propensity of these liquids
to form extended H-bonded clusters and networks. Figure 5 shows
the probabilities of finding various species within clusters of differ-
ent sizes within (a) choline aspartate + 3 water, (b) choline hydrogen
aspartate + 3 water, and (c) choline hydrogen aspartate + 10 water,
compared with the predictions of percolation or random association.
In ChHAsp + 3 water [Fig. 5(b)], water is only present in significant
amounts as an isolated molecule, a dimer or a trimer, with the prob-
ability of larger clusters then falling below the random threshold.
This is also seen in the simulation snapshot shown in Fig. 5(b). Nei-
ther large clusters nor an extended water network are visible. As seen
in reline, the HBD is fully occupied forming strong H-bonds with
the cation and anion.8 In contrast with water, the HAsp− zwitteran-
ion in this system does associate into a continuous, anion–anion
H-bonding network that consumes all anions in the simulation box,
also seen in the simulation snapshot below Fig. 5(b). The significance
of this interaction is underscored by the pair correlation functions
for ChHAsp (Fig. 6), which shows a prominent nearest neighbor
correlation of the protonated α-ammonium–carboxylate H-bond
that is second only to the choline hydroxyl cation–carboxylate anion
H-bond.

While a water-only network is absent, an H-bond network
that includes all water and salt donor and acceptor interactions
also forms a continuous network that includes almost all species
present in the simulation box. This suggests that the liquid mixture

is homogenous, with no segregation of water and ion clusters. The
primary solvation shell integrates the ions into a network of strong
H-bonds involving all species, similar to that seen in reline and other
DESs.8,10,12

Figure 5(a) shows the corresponding cluster analysis of
Ch2Asp + 3 water. With the α-amine group deprotonated, the inter-
anion network in this system has become discontinuous. Like water,
here, the anion only forms small clusters with n < 10. Although an
overall continuous H-bond network containing both ions and water
is still present, deprotonation of the ammonium in Ch2Asp and the
change in H-bond donor–acceptor ratio reduce the anion’s capacity
to participate in an H-bond network. Instead, it gives rise to a signif-
icant population of large but finite mixed clusters containing several
tens of water molecules and ions.

Effect of water content

In their study of the dilution of reline by water, Hammond et al.
reported a discontinuity in the coordination number between salt
to water mole ratios of 1:10 and 1:15, where the choline–choline
coordination number reaches a local minimum and salt–water coor-
dination numbers reach a local maximum.25 As a result, the authors
concluded that at up to 10:1 (mol:mol) water:salt, the reline–water
mixture still possesses some DES characteristics due to the presence
of DES clusters. However, further addition of water will lead to a
step change in molecular arrangement where most DES motifs dis-
solve in water. Such a structural transition has also been deduced
based on experimental and simulation studies of water dilution
of reline,8,38,40–44 as well as for 1:2 mol mixtures of choline chlo-
ride:ethylene glycol at a lower water content, where a regime of
discrete DES clusters dispersed in water was identified between the
transition of from DES-like to a concentrate aqueous electrolyte.45

Here, we have also investigated the choline hydrogen aspartate + 10
water as a water-rich system in comparison to ChHAsp + 3 water.

Figure 6 compares the atom–atom pair correlation functions of
all H-bonding interactions in ChHAsp:water at mole ratios below
(1:3) and above (1:10) its eutectic composition. Unsurprisingly,
nearest neighbor correlations are more pronounced between water
H-bond donors and acceptors with all their counterparts on the
cation (hydroxyl), anion (carboxyl), and other water molecules,
while correlations between sites on ionic species are diminished to

FIG. 6. Atom–atom pair correlation functions between all potential H-bonding pairs within ChHAsp with three waters (dashed) and ten waters (solid). For each panel, the
H-bonding hydrogen is circled while different acceptor sites are shaded and color matched to their corresponding pair correlation functions.
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some extent. Cation–anion (carboxylate) H-bonding remains the
dominant interaction, even at a high water content. Anion–anion
H-bonds also retain a significant but reduced presence, while the
cation hydroxyl group remains the least important H-bond accep-
tor. Ammonium–hydroxyl H-bonds are suppressed in the pres-
ence of ten waters, while ammonium–carboxylate (anion–anion)
correlations are little affected.

Next-nearest neighbor peaks are also visible in several of these
pair correlation functions. The second pronounced water–water
correlation peak at 3.5 Å again indicates the emergence of tetrahe-
dral water35,36 that is not present in ChHAsp with only three waters.
A similar tetrahedral arrangement of water may also be inferred
around the ammonium donor group. Most other atom–atom pair
correlation functions are very similar at the two water contents, sug-
gesting that ChHAsp–water and ion–ion interactions are largely pre-
served, even up to 10 mol/mol added water. This conclusion is also
supported by the coordination numbers listed in Table I. As water
is added, there are fewer ion–ion and more water–water H-bonds,
although a significant fraction of cation–anion and anion–anion
H-bonds remains.

Cluster analysis of ChHAsp+ 10 waters [Fig. 5(c)] clearly shows
that while the continuous network of all H-bonds seen at a lower
water content is retained in this liquid mixture, it differs from the
water lean structure in two important ways. First, competition with
water suppresses the inter-anion H-bond (ammonium–carboxylate,
Table I) so that it can no longer maintain a continuous network of
anions alone. It instead forms discrete clusters that contain up to tens
of anions. Second, a distinct, continuous, water-only H-bonding net-
work has emerged, replacing the discrete water clusters. This means
that ChHAsp + 10 water behaves as a DES–water mixture in which
distinct DES clusters exist but are separated by the excess water.
This is consistent with the previously reported structure of the dilute
aqueous solution of DESs.25,45 It also recalls the distinct network
formed in water-rich IL–water mixtures,35,46 although the present
liquid exhibits no long-range amphiphilic nanostructure.

These signatures of bulk water can thus be used to detect the
transformation of a DES into a DES-in-water or electrolyte solution
(solvated ions) upon dilution. In the former case, all water (or other
HBDs) molecules are engaged in H-bonding with the salt, whereas
excess water leads first to tetrahedral clusters from which a separate,
bulk water network emerges.

CONCLUSIONS

Choline carboxylates and amino acids are promising, biocom-
patible alternatives to the widely used chloride salt for the prepara-
tion of deep eutectic solvents. Water is an effective HBD for DESs,
especially when coupled with strong H-bond acceptors, such as car-
boxylates. The liquid structure, eutectic composition, and how the
H-bond network integrates or segregates the choline cation, anion,
and water components can all be engineered by changing the ratio
of the H-bond donor and acceptor sites. This may be achieved by
changing the anion structure or speciation, such as in ChAc vs
ChHAsp vs Ch2Asp, or by changing the mole ratio of salt to water
(or other HBDs). This creates the opportunity to design DESs with
a specific phase behavior or liquid structure through anion variation
as well as fine tuning of their physical properties.

SUPPLEMENTARY MATERIAL

Full atomic labeling, the corresponding Lennard-Jones param-
eters, and published pKa values for acetic acid and aspartic acid are
listed in the supplementary material for all our models. Additional
radial distribution functions and spatial distribution functions are
also provided to support our conclusion.
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