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Abstract In this work, we investigated in detail the struc-
tural characteristics of mixtures of choline chloride and urea
with different urea contents by performing molecular dy-
namic (MD) simulations, and offer possible explanations for
the low melting point of the eutectic mixture of choline
chloride and urea with a ratio of 1:2. The insertion of urea
molecules was found to change the density distribution of
cations and anions around the given cations significantly,
disrupting the long-range ordered structure of choline chlo-
ride. Moreover, with increasing urea concentration, the hy-
drogen bond interactions between choline cations and Cl−

anions decreased, while those among urea molecules obvi-
ously increased. From the hydrogen bond lifetimes, it was
found that a ratio of 1:2 between choline chloride and urea is
necessary for a reasonable strength of hydrogen bond inter-
action to maintain the low melting point of the mixture of
choline chloride with urea. In addition, it was also deduced
from the interaction energies that a urea content of 67.7 %
may make the interactions of cation–anion, cation–urea and
anion–urea modest, and thus results in the lower melting
point of the eutectic mixture of choline chloride and urea.
The present results may offer assistance to some extent for
understanding the physicochemical properties of the eutectic
mixture of choline chloride and urea, and give valuable
information for the further development and application of
deep eutectic solvents.
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Introduction

In the past decade, ionic liquids (ILs) have attracted more and
more attention [1, 2]. They generally consist of organic cations
and inorganic anions, and this special composition endows ILs
with some “green” characteristics [3–6], such as negligible
vapor pressure, excellent thermal and chemical stability, non-
flammablility and good reusability. Thus, ILs have been brand-
ed as “environmentally friendly solvents and benign reaction
media” [7–9]. However, with more thorough development of
research on ILs, the potential environmental risks of ILs are
being increasingly recognized [10–12]. So far, many ILs, such
as the traditional imidazolium-based ILs, have been confirmed
to possess toxicity and poor biodegradability, which brings
environmental risks [10, 12]. Therefore, much attention is
nowadays focused on developing new, more environmentally
friendly ILs using renewable and non-toxic biosources.

In 2003, Abbott et al. [13] first reported that choline
chloride could be mixed with urea at a ratio of 1:2 to form
an eutectic mixture with a melting point of 12 °C. The
eutectic mixture was found to have similar properties to
ILs, such as low vapor pressure, powerful solvent capacity,
high electrochemical conductivity, and so on. More partic-
ularly, many benefits that traditional ILs lack are also ob-
served for the eutectic mixture. First, it consists of choline
chloride and urea, which are natural and easily available
feedstocks, and thus is an economical alternative to the
traditional ILs. Next, it is sustainable and biodegradable,
and hence is also an environmentally acceptable solvent
instead of ILs. To differentiate it from ILs, the term deep
eutectic solvent (DES) has been adopted. Up to now, many
kinds of DESs have been reported, composed mostly of
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substituted quaternary ammonium salts, e.g., choline chloride,
and uncharged hydrogen bond donors such as amine, amide,
carboxylic acid, and alcohol [14–16]. Meanwhile, these DESs
have been applied widely as solvents and reaction mediums in
many areas, including electrochemistry [17, 18], biochemistry
[19–21] and material science [22], etc.

Although research on DESs has made great progress, an
explicit and complete knowledge of the microstructures of
DESs is still lacking, thus hindering our understanding of
the properties of DESs, especially the very large depression
of melting points of DESs (e.g., the melting points of
choline chloride, urea and the corresponding eutectic mix-
ture are 302, 133 and 12 °C, respectively). Therefore, great
efforts should be made to investigate their structures, prop-
erties and structure–property relationships, through which
valuable information will be obtained to guide the further
development and application of DESs.

In this work, we consider choline chloride and urea as
theoretical models (Scheme 1) to investigate the structures
of mixtures of choline chloride and urea with different urea
concentrations by performing molecular dynamic (MD)
simulations. We arrive at a reasonable explanation for the
low melting point of the eutectic mixture of choline chloride
and urea with a ratio of 1:2. The present theoretical results
are expected to yield valuable information for the further
development and application of DESs.

Computational details and models

All MD simulations were carried out using the GROMACS
4.0.5 software package [23, 24]. The all-atom force field
expanded by Lopes et al. [25–29] based on the OPLS-
AA/AMBER framework was applied to choline chloride,
where the charge values in the force field parameters were
corrected by a factor of 0.9. In order to validate the reliability
of the force field, we computed the densities for the mixtures
of choline chloride and water with mass fraction of choline
chloride at 10.0 % and 20.0 % under different pressures and
temperatures, which were found to be in good agreement with
the corresponding experimental values [30], as shown in
Table 1. The parameters for urea were adopted from previous
MD studies [31]. All simulations were performed in the
isobaric-isothermal (NPT) ensemble with a pressure of 1 bar
and a compressibility of 4.5×10−5bar−1. A leap-frog

algorithm with a time step of 1 fs was used to integrate
Newton’s equations of motion. The cutoff distance of the
neighbor searching was set to 1.2 nm, beyond which the
long-range electrostatic interactions were computed using
the particle mesh Ewald (PME) method [32, 33] with a grid
spacing of 0.12 nm and fourth-order interpolation. Coulombic
and Lennard-Jones interactions between atoms separated by
three bonds were scaled by a factor of 0.5.

Six model systems with urea mole fraction from 0 to 100%
were established for the MD simulations on mixtures of
choline chloride and urea. The sizes of the model systems
are shown in Table 2. Initially, these cations, anions and urea
molecules were scattered randomly in a low density cubic box
with periodic boundary conditions. After energyminimization
using the steepest descent method, the volume of the box was
compressed to a normal value by performing a 1 ns simulation
in NPTensemble. The resulting configuration was used for the
subsequent equilibrium run. In order to obtain a better equi-
librium structure, our simulations in the equilibrium stage
were first carried out at a much higher temperature, 600 K.
The final configuration of 600 K was then sequentially cooled
down to 285 K after a series of decreased temperatures, i.e.,
500 and 400 K. In each case, the trajectory was run for a
duration of 2 ns, using a Berendsen thermostat/barostat algo-
rithm [34], and the final configuration obtained was used as
the starting point for the next simulation at the subse-
quent lower temperature. After equilibration, the target
temperature was set to 285 K, which was the melting
point of the eutectic mixture of choline chloride and
urea with a ratio of 1:2. At the target temperature, a
simulation of 25 ns was first carried out for equilibrium,
and then extended by an additional 5 ns for the pro-
duction run, in which data were collected every 0.1 ps
for analysis. In the production stage, temperature and pressure
were scaled with Nose-hoover thermostat [35] and Parrinello-
Rahman barostat [36], whose coupling time constants were
0.5 and 2.0 ps, respectively.

Results and discussion

Radial distribution function analysis

The radial distribution functions (RDFs), also called pair
correlation functions, were first calculated to analyze the
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probability distributions of cations, anions or urea molecules
around the given cations or urea molecules at a certain
distance, where the geometric centers of NA, CS and CW
atoms in the choline cation and the C atom in the urea
molecule were taken as the positions of choline cation and
urea molecule. The corresponding calculated results are
shown in Fig. 1.

The cation–anion RDF for pure choline chloride, as
shown by g(r)ca, shows a first maximum at 0.450 nm, while
the first maximum peak of the g(r)cc for pure choline chlo-
ride appears at a distance of about 0.638 nm, which is farther
than that of the g(r)ca and is in a similar position to the
minima of g(r)ca, implying that pure choline chloride pre-
sents an ordered structure with alternately arranged cations
and anions. With increasing urea concentration, values cor-
responding to the first maximum peak positions of the
cation–anion and cation–cation RDFs gradually increase,
and the first peaks of the cation–cation RDFs are observed
to gradually split into two peaks. These results indicate that
the insertion of urea molecules changes significantly the
probability distribution of cations around the given cations
and decreases the interactions between cations and
anions/cations. Moreover, g(r)ca and g(r)cc exhibit strong and
damped oscillations in pure choline chloride, indicating long-
range spatial correlation between ions and ions, which is in
line with the common characteristic of strongly coupled ionic
systems [37]. However, with increasing urea concentration,
the oscillation amplitudes of g(r)ca and g(r)cc gradually fade,
implying that the long-range ordered structure of choline
chloride is disrupted after addition of urea molecules.

Subsequently, we analyzed the probability distributions
of anions or urea molecules around the given cations or urea
molecules at a certain distance. The first maximum peaks of
g(r)cu are located at 0.480–0.496 nm, i.e., longer than the
distances of the first maximum peaks of g(r)ca (0.450–
0.482 nm), but shorter than those of g(r)cc (0.638–
0.648 nm). These results confirm that the urea molecules

enter into the second layer around the given cations, and
interact mainly with Cl− anions. Compared with g(r)ca and
g(r)cc, the values corresponding to the first maximum peak
positions of g(r)ua, g(r)cu and g(r)uu decrease slightly as the
urea content increases, indicating the interactions between
cations, anions, urea molecules and urea molecules are
enhanced.

It should be noted that, in most RDF figures, the long-
range behavior is quite noisy and bumpy. In order to address
this issue, the size of the simulation box and the sampling
time for data collection, respectively, were checked. The
box sizes are shown in Table 2, and were found to be
reasonable, with sizes similar to the boxes used in other
simulated systems of ILs [38–40]. Furthermore, the RDFs
were recalculated on a longer sampling time; the results are
shown in Figure S1. It can be observed that the RDF profiles
in Figure S1 are in good agreement with those in Fig. 1.
Therefore, the noisiness and bumpiness of RDFs are due to
neither too small a simulation box or too short a sampling
time, but rather the insertion of urea molecules. This can be
observed by comparing the RDFs in pure choline chloride
and pure urea with the corresponding RDFs in the mixtures
of choline chloride and urea.

Spatial distribution function analysis

To visualize the cation, anion and urea distributions around
a given cation, as well as the anion distributions around a
given urea molecule, the views of the corresponding spatial
distribution functions (SDF) were plotted (Fig. 2). As shown
by the isosurface Ia-e, the three-dimensional density distri-
bution of anions around cations is seen vividly. It was found
that Cl− anions prefer to be positioned near the H atoms
associating with the OY and CA atoms of the cation. This
can be attributed to the larger electronegativity of the OY
atom and the greater positive charge gathered on the NA
atom, which make the H atoms associate with the OY and

Table 1 Comparison of experi-
mental and calculated
densities

State point T(K) P(bar) [Choline][Cl] (wt%) ρ(gcm−3) Percentage difference

Simulation Experiment

1 298.0 1.0 20.0 1.060 1.021 3.82

2 305.0 10.0 10.0 1.044 1.007 3.67

Table 2 Sizes for different sim-
ulated systems Mole % Urea

0.0 25.0 50.0 67.7 75.0 100.0

Molecule Numbers NIL 198 198 198 198 198 0

NUrea 0 66 198 415 594 594

Box length (Å) 35.0 36.2 38.3 41.4 43.6 34.7

J Mol Model (2013) 19:2433–2441 2435



CA atoms, bringing more positive charge. With increasing
urea concentration, the density distribution of anions near
the H atoms associating with the CA atom of the cation
gradually diminish. The density distribution of cations
around the given cation can be obtained from isosurfaces
IIa-e in Fig. 2,. Clearly, the cations center mainly on the next
available space that is not occupied by anions in the first
coordinate shell around the given cation (for details, see
Fig. S2), which are quite favorable for the formation of a

hydrogen bond network between cations and anions.
Moreover, the increase in urea content makes the distribu-
tion of cations around the given cation become very disor-
dered, and move farther from the given cation, as shown by
IIe. The different positions of cations around the given
cation result in the split of the first maximum peak of the
g(r)cc observed above. The results indicate that significant
rearrangement of anions and cations takes place in order to
accommodate urea molecules.
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Subsequently, the density distributions of urea molecules
around the given cation and Cl− anions around the given
urea molecule were also investigated. As depicted by IIIb-e,
the urea molecules are located mainly near the H atoms
associating with the CA atom of the cation, and the density
distribution increases as the urea concentration enhances,
which offers a reasonable explanation for the decrease in
density distribution of anions near the H atoms associating
with the CA atom of the cation. Finally, it was observed that
the density distribution of Cl− anions around the given urea
molecule barely changed over the whole concentration
range, which is mainly close to the H atoms in urea mole-
cules, as exhibited by IVb-e.

Through the RDF and SDF analyses, it is found that pure
choline chloride shows a strong long-range ordered struc-
ture with cations and anions arranged alternately. However,
with the increase in urea concentration, significant
rearrangement for anions and cations takes place in order
to accommodate urea molecules, and thus the interaction
between anions and cations decreases, which may result in a

low melting point for the eutectic mixture of choline chlo-
ride and urea with a ratio of 1:2 (i.e., the mole percent of
urea is 67.7 %).

Hydrogen bond analysis

In order to better understand the structures for the mixtures
of urea and choline chloride, and to offer a reasonable
explanation for the low melting point of the eutectic mixture
containing 67.7 % urea, we analyzed the hydrogen bonds by
examining the site–site RDFs between the H atoms of
choline cations and Cl− anions or the negatively charged O
atoms of urea molecules. The results are shown in Figs. 3
and 4, respectively.

The first maximum peaks for the RDFs between the H
atoms of choline cations and Cl− anions are located near
0.280 nm for the CA-H⋯Cl pair, 0.286 nm for the CS-
H⋯Cl pair, 0.308 nm for the CW-H⋯Cl pair, and 0.192 nm
for the OY-H⋯Cl pair. Among these distances, those for the
CA-H⋯Cl, CS-H⋯Cl and OY-H⋯Cl pairs are less than the

Ia Ib Ic
Id Ie

IIa IIb IIc IId IIe

IIIb IIIc IIId IIIe

IVdIVb IVc IVe

Fig. 2 Colored spatial distribution functions (SDFs) for (I) anions around cations, (II) cations around cations, (III) ureas around cations and (IV) anions
around ureas, respectively, where subscripts a–e stand for the mole fraction of urea, i.e., 0.0 %, 25.0 %, 50.0 %, 67.7 % and 75.0 %
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sum (0.295 nm) of the van der Waals radii of H and Cl
atoms, which represent the most likely hydrogen bond dis-
tances. As can be judged from the hydrogen bond distances,
the OY-H⋯Cl hydrogen bond is strongest, which can be
attributed to the larger electronegativity of the OY atom. In
addition, with increasing the urea concentration, the first
maximum peak intensities of CA-H⋯Cl and CS-H⋯Cl

obviously decrease, while those of OY-H⋯Cl increase
slightly. This is in good agreement with results obtained
from SDF analysis, in which it was observed that Cl− anions
preferred to be positioned near H atoms associating with OY
and CA atoms; however, an increase in urea concentration
leads to the gradual disappearance of the density distribution
of anions around H atoms associating with CA atoms.
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Fig. 3 Site–site RDFs of Cl− anion with H atoms on the choline cations
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Fig. 4 Site-site RDFs of O atoms of urea molecules with H atoms on the choline cations
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Figure 4 shows the site–site RDFs between the H atoms
of choline cations and the negatively charged O atoms of
urea molecules. The corresponding first maximum peaks are
located near 0.264 nm for the CA-H⋯O pair, 0.264 nm for
the CS-H⋯Ο pair, 0.272 nm for the CW-H⋯O pair, and
0.488 nm for the OY-H⋯O pair. According to the sum
(0.272 nm) of the van der Waals radii of H and O atoms, it
was deduced that the CA-H⋯O and CS-H⋯Ο interactions
with distances of 0.264 nm belong to hydrogen bond in-
teractions, and the hydrogen bonds are less intense than the
OY-H⋯Cl interaction. As the urea concentration increases,
only small changes are observed for the CA-H⋯O and CS-
H⋯Ο intensity, which are slightly weakened. It should be
noted that the RDF for OY-H⋯O pair shows small peaks at
about 0.178 nm; however, with increasing urea concentra-
tion, the small peak intensity clearly decreases, implying a
decreased probability of the appearance of urea molecules
around the H atoms connecting with the OYatom. This is in
line with results from the SDF analysis.

In order to understand the interactions between urea
molecules and Cl− anions or urea molecules, the site–site
RDFs of H atoms on urea molecules with Cl− anions or the
negatively charged O atoms of urea molecules were also
investigated. The results are shown in Fig. 5. The first
maximum peaks for N-H⋯Cl and N-H⋯Ο pairs appear at
distances of about 0.210 and 0.192 nm, i.e., less than the
sums (0.295 and 0.272 nm) of the van der Waals radiis of H
and Cl/O atoms, which indicates the formation of N-H⋯Cl
and N-H⋯Ο hydrogen bonds. It should be noted that the
first maximum peak intensities for N-H⋯Cl interactions are
much greater than those of CA-H⋯O and CS-H⋯Ο in-
teractions, which implies that urea molecules interact mainly
with Cl− anions in the mixtures of choline chloride with
urea, in good agreement with the above RDF analysis. In

addition, as urea content increases, the first maximum peak
intensities for N-H⋯Cl interactions decrease slightly, and
those for N-H⋯Ο interactions obviously increase.

In short, it is concluded from the above analysis that urea
molecules interact mainly with Cl− anions through N-H⋯Cl
hydrogen bonds in the mixtures of choline chloride with
urea, which is the leading cause of the decrease in hydrogen
bond interactions between choline cations and Cl− anions,
and thus induces the decline of the melting point of choline
chloride. Meanwhile, an important point to note is that the
hydrogen bond interactions among urea molecules obvious-
ly increase with increasing urea content, which again will
result in the increase of the melting point for the mixtures of
choline chloride with urea. Therefore, we consider that an
appropriate ratio between choline chloride and urea is need-
ed for a reasonable strength of hydrogen bond interaction to
maintain the low melting point of the mixtures of choline
chloride with urea.

Finally, to monitor the persistence of specific hydrogen
bonds, the lifetimes of relatively strong OY-H⋯Cl, N-
H⋯Cl and N-H⋯O hydrogen bonds were measured using
the rectified g_hbond analysis tool implemented in
GROMACS, where the acceptor-donor distance criterion is
0.295 and 0.272 nm for H⋯Cl and H⋯O interactions, and
the hydrogen-donor-acceptor angle criterion is taken from
0 to 30°. The calculated lifetimes are listed in Table 3. An
interesting phenomenon that can be observed from Table 3
that the eutectic mixture containing 67.7 % urea has rela-
tively shorter lifetimes for OY-H⋯Cl, N-H⋯Cl and N-
H⋯O hydrogen bonds, implying that the movements of
particles are freer in the eutectic mixture containing
67.7 % urea, and thus results in the low melting point of
the eutectic mixture of choline chloride and urea with a ratio
of 1:2.
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Interaction energy analysis

It is well known that the melting point is also related to the
interaction energies of cation–anion, cation–urea and anion–
urea, which can be calculated by the addition of the corre-
sponding van der Waals and electrostatic interaction ener-
gies. The energy terms were extracted from the trajectories
using the g_energy analysis tool in the GROMACS pack-
age. The calculated results are shown in Fig. 6. It is clear
that the interaction between anions and urea molecules is
stronger than that between cations and urea molecules,
indicating that urea molecules interact mainly with Cl−

anion, which is consistent with the results from the above
RDF and hydrogen bond analyses. Furthermore, the inter-
action energies between cations and anions are larger than
those between cations or anions and urea molecules with the
mole fraction of urea at 0–50.0 %. When the content of urea
rises to 67.7 %, the interaction between urea molecules and
anions is stronger than that of cations with anions, and as the
urea content increases still further, this trend is more evi-
dent. Therefore, it is deduced that a urea content of 67.7 %
could make the cation–anion, cation–urea and anion–urea
interactions more modest, thus resulting in the lower

melting point of the eutectic mixture of choline chloride
and urea.

Conclusions

In this paper, we report a detailed investigation using MD
simulations of the structural characteristics of mixtures of
choline chloride and urea with different urea concentrations;
the results give a reasonable explanation for the low melting
point of the eutectic mixture of choline chloride and urea
with a ratio of 1:2.

MD simulation on pure choline chloride represents a
strong long-range ordered structure with cations and anions
arranged alternately. Cl− anions prefer to interact with the H
atoms associating with OYand CA atoms of cations through
hydrogen bonds, and the cations center mainly on the next
available space that is not occupied by anions in the first
coordinate shell around the given cation. In mixtures of
choline chloride and urea, the urea molecules enter the
second layer around the given cations, and appear near the
H atoms associating with the CA atom of the cation to
interact mainly with Cl− anions. Therefore, in order to
accommodate urea molecules, most Cl− anions are posi-
tioned near H atoms associating with OY atoms of cations,
while the density distribution of cations around the given
cation becomes very disordered, and moves farther from the
given cation, which disrupts the long-range ordered struc-
ture of choline chloride. With the increase in urea concen-
tration, the hydrogen bond interactions between choline
cations and Cl− anions decrease, while those among urea
molecules obviously increase. From the lifetimes of the
relatively strong OY-H⋯Cl, N-H⋯Cl and N-H⋯O hydro-
gen bonds, it was found that a ratio of 1:2 between choline
chloride and urea is necessary for a reasonable strength of
hydrogen bond interaction to maintain the low melting point
of the mixtures of choline chloride with urea. In addition, it
was deduced from the interaction energies that a urea con-
tent of 67.7 % may make the interactions of cation–anion,
cation–urea and anion–urea more modest, and thus result in
the lower melting point of the eutectic mixture of choline
chloride and urea.

The present results show some structural details of the
mixtures of choline chloride and urea with different urea
concentrations, which may offer assistance to some extent
for understanding the physicochemical properties of the
eutectic mixture of choline chloride and urea, and give
valuable information for the further development and appli-
cation of DESs.
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Table 3 Lifetimes (ps) of hydrogen bondsa

Mole % urea

0.0 25.0 50.0 67.7 75.0

OY-H⋅⋅⋅Cl 18.800 18.443 12.319 12.574 16.346

N-H⋅⋅⋅Cl —— 4.547 2.810 2.397 4.062

N-H⋅⋅⋅O —— 14.658 3.947 2.952 4.300

a To determine the hydrogen bonds, the acceptor-donor distance crite-
rion is 0.295 and 0.272 nm for H⋅⋅⋅Cl and H⋅⋅⋅O interactions, the
hydrogen-donor-acceptor angle criterion is taken from 0 to 30°
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