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Abstract: Deep eutectic solvents (DESs) are now enjoying an increased scientific interest due to their
interesting properties and growing range of possible applications. Computational methods are at the
forefront of deciphering their structure and dynamics. Type IV DESs, composed of metal chloride and
a hydrogen bond donor, are among the less studied systems when it comes to their understanding at
a molecular level. An important example of such systems is the zinc chloride–urea DES, already used
in chemical synthesis, among others. In this paper, the ZnCl2(urea)2 crystal is studied from the point
of view of its structure, infrared spectrum, and intermolecular interactions using periodic density
functional theory and non-covalent interactions analysis. The two main structural motifs found in
the crystal are a strongly hydrogen-bonded urea dimer assisted by chloride anions and a tetrahedral
Zn(II) coordination complex. The crystal is composed of two interlocking parallel planes connected
via the zinc cations. The infrared spectrum and bond lengths suggest a partially covalent character of
the Zn – Cl bonds. The present analysis has far-reaching implications for the liquid ZnCl2–urea DES,
explaining its fluidity, expected microstructure, and low conductivity, among others.

Keywords: zinc chloride; urea; deep eutectic solvents; density functional theory; non-covalent
interactions

1. Introduction

Deep eutectic solvents (DESs) are a class of mixtures of two or more components,
classified as hydrogen bond donors (HBDs) and acceptors (HBAs), characterized by a
significant freezing point depression [1]. Usually, their individual components are solid
at room temperature, while mixtures at specific molar ratios around the eutectic point
are liquid at such conditions. For example, the first mixture classified as DES, described
in 2003 by Abbott et al. [2], which is choline chloride and urea at a 1:2 ratio, exhibits
a low melting point long thought to be 285 K, while choline chloride and urea melting
points are 575 K and 406 K, respectively. However, these data are now contested, as novel
measurement techniques are being introduced. The phase diagram determination of
DESs is sensitive to numerous intervening factors, notably water content, tendency to
glass formation, and possible thermal decomposition of DES constituents at elevated
temperatures. For example, the melting point of choline chloride–urea DES measured
using strictly anhydrous compounds in controlled moisture conditions is 305 K [3], while
ultrafast scanning calorimetry recently allowed to overcome the decomposition of choline
chloride and resulted in an absolute melting point of 687 K [4]. From the point of view
of physicochemical properties, DESs are typically viscous, electrically conductive liquids,
often exhibiting substantial hygroscopicity [5,6].

Deep eutectic solvents are divided into five general types based on their compo-
nents [7]. Type I consists of quaternary ammonium salt (QAS) and metal chloride (typically
the metal is Zn, Sn, Fe, Al, Ga, or In); type II contains QAS and hydrated metal chloride
(Cr, Co, Cu, Ni, or Fe); type III is composed of QAS and HBD, with a wide variety of
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organic molecules used in this role; type IV consists of a metal halide (Zn or Al) and HBD,
and, finally, type V [8] is based on non-ionic hydrogen bond donors and acceptors.

Deep eutectic solvents have already found diverse practical uses, as summarized in nu-
merous review articles focusing on different fields of DES applications, including catalytic
media for organic syntheses [9,10], liquid–liquid extraction media [11–13], nanotechnol-
ogy [14], and electrochemistry and power systems [15]. In more general reviews [1,7,16,17],
gas separation and desulfurization, biomass processing, and various pharmaceutical and
medical research applications are also often mentioned. In the context of metal salt-based
DESs, the review by Khalid et al. [18] provides an in-depth summary of the known physico-
chemical properties and hitherto proposed applications of such systems. Naturally, it is not
an exhaustive list of all available reviews on the subject and potential DESs applications.

One of the earlier type IV deep eutectic solvents is the ZnCl2–urea in a 1:3.5 ratio,
first described in 2007 [19]. When prepared by stirring at an elevated temperature, a
transparent liquid forms with a melting point of 282 K. Current research on this and sim-
ilar systems focuses mostly on their applications rather than theoretical investigations.
For example, ZnCl2–urea mixtures were successfully used for lignin processing and modi-
fication [20–22], as a solvent for various syntheses [23–26], processing of rubber [27] and
poly(ethylene terephthalate) waste [28], nanoparticle synthesis [29], and electrochemical ap-
plications [30,31]. As mentioned above, there is a profound lack of theoretical investigations
into the nature of type IV DESs. An emphasis is put more on the type III and type V deep
eutectics [32,33]. Still, some of the basic physicochemical properties of ZnCl2–urea mixtures
were determined, e.g., density, viscosity, conductivity, surface tension, refractive index,
and pH [19,26]. However, even in this limited data set, some discrepancies may be ob-
served, such as the reported density at 298 K varying from 1.63 g·cm−3 [19] to (extrapolated)
1.69 g·cm−3 [26]. Undoubtedly, DESs based on ZnCl2 are very hygroscopic due to the Zn2+

cation’s presence and their physical properties are very sensitive to even small amounts
of water. Infrared (IR) spectra of DES constituents published previously evidently show
H2O vibrational bands in crystalline ZnCl2 [26] and working in moisture-free conditions
is demonstrably necessary to ensure that the properties of DESs, rather than a DES–H2O
system, are measured [3].

Unique properties and highly non-ideal behavior of deep eutectic solvents are most
likely caused by a plethora of intermolecular interactions. To probe those, computational
chemistry methods are often utilized [32]. While classical molecular dynamics (MD)
methods can be applied to investigate the nanostructure of the DES and its properties that
rely on ensemble averaging, the investigation of the interactions inside a single ‘formula
unit’ of the DES requires a quantum chemical approach. Usually, density functional theory
(DFT) methods (including ab initio molecular dynamics, AIMD) are applied, due to their
accuracy and relatively low computational cost. One of the first such investigations of
DES properties was the 2016 communication by Zahn et al. [34]. Therein, the authors used
ab initio molecular dynamics with periodic boundary conditions (PBCs) for investigating
charge transfer in choline chloride/urea system with the rationale that the PBC on even very
small systems allows to gain insight on charge spreading inside larger systems. Another
example of the application of AIMD methodology in DES studies is the 2020 investigation
by Alizadeh et al. [35] of the so-called ‘magic compositions’ of DESs. Those are specific
molar ratios, at which potential DES components are mixed by trial and error, often without
exploration of the full solid–liquid phase equilibrum of the system in search of a proper
eutectic composition [36]. The choline chloride/ethylene glycol system (which, as it was
later discovered [37], is not at a true eutectic composition, showing a problem with its
determination) was investigated at various compositions with and without water addition.
It was found that a rich network of various hydrogen bonds exists in the DES, but there
is nothing peculiar happening at the ‘magic’ composition. While, as mentioned above,
there is a severe lack of theoretical research into the nature of metal-based deep eutectics,
there are few results available in the literature. DFT calculations were performed on
isolated ZnCl2/choline chloride [38] and ZnCl2/thiazolidine [39] clusters. In the case
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of Dhirendra et al., interactions between the DES components were investigated by the
Quantum Theory of Atoms in Molecules (QTAIM) and non-covalent interactions analysis,
which led to the identification of hydrogen bonding and ionic interaction networks within
the studied systems, while Singh et al. applied HOMO–LUMO analysis for the investigation
of eutectic formation. This shows that various QM methods can be employed in studies of
various deep eutectic solvents, including metal-based ones.

Apart from room-temperature liquids in a narrow range of compositions, the ZnCl2–
urea system also exhibits stable crystalline phases, notably ZnCl2(urea)2 (i.e., 1:2 molar
ratio) [40]. Similar crystals are obtainable for other zinc halides, e.g., ZnI2 [41]. The prepared
crystals were free from water, thus offering a unique possibility of studying pristine proto-
DES systems. In ZnCl2(urea)2, each Zn(II) site is roughly tetrahedrally coordinated by two
oxygen atoms of urea molecules and two more covalently bound chlorides. Hydrogen
bonds between urea and chloride are also observed [40]. According to the only phase
diagram published for this system, the composition 1:2 melts at ca. 318 K [19]. This
system also forms cocrystals with HCl, ZnCl2 · 2 CO(NH2)2 ·HCl, providing an interesting
combination of Lewis and Brønsted acidity [42].

Usually, DES clusters for computational investigations are constructed artificially by
arbitrarily placing their components, followed by geometry optimization at various levels
of theory [38,39]. While proven useful, this does not guarantee, that investigated structures
are present in real-life DESs. Utilizing an experimentally determined DES-like ZnCl2–urea
crystal structure offers the possibility of theoretical investigation of its geometry as close
to the experimental one as possible. The study of this system by means of the periodic
DFT method in order to describe the electronic properties of the system, non-covalent
interactions, charge distribution, etc., could offer valuable information about the similar,
room-temperature DES ZnCl2(urea)3.5, as there are no unique ‘magic compositions’ for
deep eutectic solvents.

2. Computational Methods

The starting point for density functional theory (DFT) calculations is the structure of the
ZnCl2(urea)2 crystal, as determined by the X-ray structure analysis by Furmanova et al. [40].
ZnCl2(urea)2 crystallizes in the triclinic system with P1 space group; see Table 1 for lattice
constants and further details. There are two ZnCl2(urea)2 formula units per unit cell.
The structure was obtained from the Cambridge Structural Database (deposition no. CSD-
1318289) [43].

Table 1. Selected structural parameters of the ZnCl2 · 2 CO(NH2)2 crystal unit cell.

Parameter Experiment [40] PBE (This Work)

a/Å 6.275 6.161
b/Å 6.835 6.756
c/Å 11.862 11.913
α/° 79.19 79.91
β/° 72.31 72.04
γ/° 67.21 67.19

V/Å3 445.444 433.903
d/kg·m−3 1911.6 1962.5

r(Zn···Cl(1))/Å 2.218 2.231
r(Zn···Cl(2))/Å 2.238 2.250
r(Zn···O(1))/Å 1.947 1.964
r(Zn···O(2))/Å 1.986 2.012

All calculations were performed with the CASTEP (v. 23.1) [44] software using the
Perdew–Burke–Ernzerhof (PBE) [45] functional with Grimme’s D3 dispersion correction
using Becke–Johnson damping (DFT-D3BJ) [46,47]. The calculation protocol was as follows:
first, the structure of the unit cell was optimized, keeping the P1 space group fixed. Then,
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a 3 × 3 × 2 supercell was constructed from the optimized unit cell. Phonon calculations
and lattice energy calculations were performed on this supercell. Additionally, calculations
on isolated components for lattice energy estimation were performed. As CASTEP, by
definition, always includes periodic boundary conditions, single urea and ZnCl2 were
extracted from the above-mentioned supercell and the energy of such isolated molecules
was calculated (for components locked in a crystal lattice) and optimized geometries were
calculated (for gas phase components). Norm-conserving pseudopotentials generated
on the fly [48] were used. While ultrasoft pseudopotentials require a lower plane-wave
cut-off value and offer better performance, the current version of CASTEP does not support
phonon calculations with ultrasoft pseudopotentials. In all cases, the plane-wave basis
set cut-off energy was set to 1200 eV, as this value offered good convergence while still
being computationally tractable. As phonon calculations require a high quality of structure
optimization, geometry convergence criteria were set as follows: total energy tolerance,
2 × 10−5 eV/atom; maximum force tolerance, 10−2 eV/Å; maximal displacement, 10−3 Å;
and maximal stress component, 0.1 GPa. In order to assure the force convergence to a
high accuracy, the maximum force tolerance in the electronic minimization step was set to
5 × 10−4 eV/Å. As a unit cell of the system is elongated in one direction, the Brillouin zone
was sampled on a 3 × 3 × 2 Monkhorst–Pack grid [49] in case of calculations on the unit
cell. The supercell (built from the optimized unit cell) and individual components were
sampled at the Γ-point only. Cif2cell software (v. 2.0.0) [50] was used for supercell building
and unit cell manipulation.

QTAIM analysis of critical points of electron density (based on the promolecular
approach) [51], as well as non-covalent interaction (NCI) analysis [52] were performed
using critic2 (v. 1.1) [53,54]. NCI analysis was performed utilizing promolecular density
on the entire supercell. A 400 × 400 × 400 grid was used. The analysis of output files
was facilitated by the use of c2x (v. 2.41b) [55]. VMD software (v. 1.9.4) [56] was used
for visualizations.

3. Results and Discussion

The lattice constants and other basic parameters of the optimized unit cell are shown
in Table 1. Overall, the optimization led to only minor changes in the cell’s geometry,
proving that the chosen computational protocol is adequate for the present purpose. Using
the PBE functional leads to a slight decrease of the cell volume (by about 2.5%) with a
corresponding increase of density. Interestingly, although the system density is larger,
the tetrahedral coordination shell of Zn(II) is slightly farther away from the cation (by
0.012–0.026 Å), as evidenced by the increased r(Zn···Cl) and r(Zn···O) distances.

The long-range crystal structure features two, nearly perpendicular planes arranged
roughly along b and c cell vectors, as shown in Figure 1. In both planes, chloride anions
are coordinated bidentately by urea molecules through weak hydrogen bonds (HBs) with
amine hydrogens. The principal c-aligned structural motif (shown in Figure 2a) additionally
contains urea dimers bonded through stronger, linear HBs.

Similarly, bidentate chloride complex, albeit lacking urea dimers, is present in the
b-aligned plane. All urea–chloride interactions are asymmetric, with HBs bent out of
linearity by about 30°. The b-aligned complex is slightly more asymmetric: the shorter
Cl···H bond is 2.36 Å (as compared to 2.38 Å in the c-aligned complex), the longer one is
2.64 Å long (2.51 Å in the other complex). Furthermore, the N – H···Cl angles are slightly
more asymmetric in this structure, with 155.96° and 142.16° angles, compared to 156.00°
and 149.30° in the c-aligned complex, respectively, (see Figure 2a).

The perpendicular planes are interconnected through zinc cations coordinated by
urea oxygen atoms (see Figure 2b). It should be noted that, in this figure, the Zn(II) atoms
are actually out of plane of the main (Cl– ·CO(NH2)2)2 structural motif. The interplanar
linking is also provided by direct N – H···O urea–urea interactions, which are more distant
and strongly bent out of linear arrangement (2.32 Å, 130.02°) when compared to the HBs in
the urea dimer. The hydrogen atoms engaged in these interactions are visible in Figure 2a
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as the ones not connected with any dotted line. Similar to zinc cations, the accepting urea
oxygen atoms (not shown in Figure 2a) are located out of plane.

Figure 1. A 3 × 3 × 2 supercell of the ZnCl2 · 2 CO(NH2)2 crystal with two distinct planes shown.
The plane of b-aligned complexes is shown in green; the c-aligned complexes are located along the
blue plane. Axes are denoted by letters, as in Table 1. Molecules (atoms) in the highlighted planes
are shown in ball-and-stick representation and other molecules (atoms) only as sticks (small balls).
Elements are color-coded with the standard VMD coloring as follows: H—white, C—cyan, N—blue,
O—red, Cl—tan, and Zn—silver.

Figure 2. Principal short-range structural motifs present in the ZnCl2 · 2 CO(NH2)2 crystal with
intermolecular interactions marked with dotted lines: (a) the c-aligned urea dimer complex; (b) the
perpendicular plane linkage through zinc cation. Distances (in Å) are marked in black, and angles (in
degrees) marked in blue. Values repeating due to symmetry are not shown for clarity. See Figure 1
for atom color-coding.

The aforementioned hydrogen bonding pattern is confirmed by non-covalent interac-
tion (NCI) analysis (see Figure 3a). In all cases, negative reduced-density gradient zones
are present in regions of suspected hydrogen bonding presence. Urea molecules present in
parallel planes are held together by van der Waals (vdW) interactions, as shown by large
regions of small reduced-density gradients (see Figure 3b). The role of vdW interactions
as the main force holding the ZnCl2 · 2 CO(NH2)2 crystal together explains its relatively
low melting point (318 K, see above). NCI analysis also reveals that zinc cations are tetra-
hedrally coordinated and all ligands are strongly interacting with Zn(II), cf. Figure 3b.
Observations from NCI analysis are supported by QTAIM analysis—locations of bond
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critical points (BCPs) correlate strongly with reduced-density gradient regions highlighted
by NCI. Furthermore, information obtained from QTAIM can be used for the estimation of
hydrogen bond energy. By examining of various descriptors, Emamian et al. [57] proposed
to calculate the interaction energy from electron density at BCPs as the most adequate
parameter. Empirical relations were provided separately for neutral and charged hydrogen
bonds. In the studied crystal, the O···H interaction is considered neutral, while interactions
of hydrogen atoms with the chloride ion are treated as charged. Results for interactions
in the (Cl– ·CO(NH2)2)2 subunit are shown in Table 2—all of the investigated interactions
can be classified as medium-strength hydrogen bonds.

Table 2. Hydrogen bond energies based on electron density at bond critical point.

Interaction H···X Distance/Å Electron Density/Å−3 Energy/ kJ·mol−1

O···H 1.94 3.45 × 10−2 −27.0
Cl···H(1) 2.38 2.23 × 10−2 −35.5
Cl···H(2) 2.51 1.76 × 10−2 −29.0

Figure 3. Visualization of non-covalent interactions and QTAIM analysis of main structural motifs in
the ZnCl2 · 2 CO(NH2)2 crystal: (a) the c-aligned urea dimer complex; (b) the perpendicular planes
linkage through zinc cation. Regions of strong non-covalent interactions and weaker van der Waals
interactions are indicated in blue and green, respectively. Bond critical points and ring critical points
are marked with yellow and lime spheres, respectively. Bond paths are shown as pink lines. See
Figure 1 for atom color-coding.

It is interesting to compare the obtained crystal structure with pure urea crystals
(Cambridge Structural Database deposition no. CSD-131762) [58]. Urea crystallizes in the
tetragonal crystal system in the P421m space group. Urea molecules are located on two
perpendicular planes, with ureas within one plane connected by a network of symmetrical
bidentate hydrogen bonds 2.07 Å long between amine groups’ hydrogens and the oxygen
of next molecule. Perpendicular planes are connected with slightly shorter (2.01 Å) HBs.
This arrangement looks quite similar to the ZnCl2 · 2 CO(NH2)2 proto-DES structure. Zinc
chloride seems to disrupt the pure urea structure with chloride ions inserted between
urea molecules. Those replace the role of carbonyl oxygens of urea as linkers, but the
hydrogen bonds that they participate in are considerably weaker. Similarly, hydrogen bonds
interconnecting perpendicular planes of urea are replaced by coordination interactions
through zinc cations.

The length of the Zn···Cl coordination bonds in the studied crystal exhibits very slight
asymmetry with two values of 2.23 Å and 2.25 Å. This can be understood as stemming from
the coordination by ureas from different planes with unequal local coordination, as men-
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tioned earlier. The Zn···Cl distance is shorter than in anhydrous crystalline ZnCl2 (the δ
phase, 2.265–2.282 Å) [59]. At the same time, it is appreciably longer than in the optimized
gas phase ZnCl2 (2.071 Å). Thus, the Zn···Cl bonds in the ZnCl2 · 2 CO(NH2)2 proto-DES
are closer to the ionic bonds in the crystal than to the covalent gas phase molecule.

Mulliken atomic charges in the studied crystal are compared with the respective
charges in isolated component molecules in Table 3. The data for hydrogen atoms are
omitted therein, but they show little variation in partial charge between different H atom
types (0.367–0.370e). Concerning gas phase molecules, the most noticeable is the large
degree of charge transfer from Cl to Zn in ZnCl2, related to the strongly covalent character
of the Zn–Cl bonds. In the crystal, the charge distribution around Zn(II) is much different,
with zinc showing a more prominent ionic character and a 0.36e more positive charge than
in isolated ZnCl2. Apart from the more ionic character of Zn and Cl in the proto-DES,
urea also shows an altered charge distribution with respect to the free molecule. Notably,
the negative charge on O atoms is increased by ca. 0.04e due to coordination with Zn(II).
However, the polarization of the C –– O bond remains roughly the same, as measured by the
partial charge difference on both atoms. A significant charge redistribution is observed on
all four nonequivalent nitrogen atoms. The largest change in partial charge is noted for the
N(1.2) atom, which is the center of the NH2 group engaged in the urea dimer formation.

Table 3. Selected Mulliken atomic charges (in e) in the ZnCl2 · 2 CO(NH2)2 crystal unit cell and its
gas phase components.

Atom ZnCl2 · 2 CO(NH2)2 ZnCl2 CO(NH2)2

Zn 1.337 0.974
Cl(1) −0.547 −0.487
Cl(2) −0.542 −0.487
O(1) −0.678 −0.633
O(2) −0.672 −0.633
C(1) 0.616 0.706
C(2) 0.613 0.706

N(1.1) −0.777 −0.941
N(1.2) −0.756 −0.941
N(2.1) −0.785 −0.941
N(2.2) −0.761 −0.941

The lattice energy of the studied crystal was calculated per formula unit with respect
to the isolated gas phase components from Equation (1):

∆latE = Esupercell/Z − EZnCl2 − 2ECO(NH2)2 , (1)

where Esupercell, EZnCl2 , and ECO(NH2)2 are the total energy of the supercell, zinc chloride
molecule, and urea molecule, respectively, while Z is the number of formula units per
supercell. The ∆latE value thus calculated is −3.996 eV (−385.5 kJ·mol−1). For comparison,
the lattice energy of urea is −0.969 eV (as obtained from its standard enthalpy of sublima-
tion) [60]. As a consequence, each urea molecule in the studied crystal is stabilized by an
additional 1.034 eV with respect to the pure urea crystal.

The formation of the ZnCl2 · 2 CO(NH2)2 crystal is accompanied by a sizable defor-
mation energy of the constituent molecules, which was calculated per formula unit from
Equation (2):

∆defE = Efix
ZnCl2 − EZnCl2 + 2

(
Efix

CO(NH2)2
− ECO(NH2)2

)
, (2)

where Efix
ZnCl2 and Efix

CO(NH2)2
are the total energy of the zinc chloride molecule and urea

molecule at the fixed geometry of the crystal. The calculated ∆defE is 1.39 eV and as much
as 73% of this value is attributable to the bending of ZnCl2 (from the linear arrangement in
the gas phase to 118.94° in the crystal).
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To further characterize the energetic effects connected with the formation of the proto-
DES crystal (treated as a cocrystal), we estimated its energy of formation from crystals of
pure components by designing a suitable thermodynamic cycle; see Figure 4a. Accordingly,
the desired value of ∆f,sE(DES) was calculated from Equation (3):

∆f,sE(DES) = −∆latE(ZnCl2(s)) + 2 ∆subE(U(s)) + ∆latE(DES) + ∆f,iE(ZnCl2(g)) , (3)

where ∆latE(ZnCl2(s)) is the lattice energy of solid ZnCl2 [61], ∆subE(U(s)) is the sublima-
tion energy of urea [60], ∆latE(DES) is the lattice energy of the studied crystal obtained
from Equation (1), and ∆f,iE(ZnCl2(g)) is the energy of formation of gaseous ZnCl2 from
the constituent ions, obtained from the cycle shown in Figure 4b, vide infra. The numerical
values of all energies are given in Figure 4a and the obtained ∆f,sE(DES) value is −0.744 eV,
indicating the exothermic nature of the cocrystal formation process. We note here that the
only parameter calculated in this work is the lattice energy of the ZnCl2(urea)2 obtained
from Equation (1), while all others are standard thermodynamic data.

(a)
ZnCl2(g) 2 U(g)+

Zn2+(g) + 2 Cl– (g)

ZnCl2(s) 2 U(s)+

ZnCl2 · 2 U(s)

∆f,iE(ZnCl2(g))∗
−

26.701 ∗

∆latE(ZnCl2(s))

−
28.015

2∆subE(U(s))

2
×

0.969

∆latE(DES)∗

−
3.996 ∗

∆f,sE(DES)∗

−
0.

74
4
∗

(b)
Zn(s) Cl2(g)+

Zn(g) 2 Cl(g)+

Zn2+(g) 2 Cl– (g)+

ZnCl2(g)

∆subE(Zn(s)) 1.346

IP1+2(Zn(g))

9.394
+

17.964

D◦(Cl2(g))

2.517

2 EA(Cl(g))

2
×

3.613

∆fE(ZnCl2(g))−
2.732

∆f,iE(ZnCl2(g))∗

−
26

.7
01

∗

Figure 4. Thermodynamic cycles for estimation of (a) the formation energy of the ZnCl2 · 2 CO(NH2)2

crystal from the crystalline molecular components, and (b) the formation energy of gaseous ZnCl2
from the constituent ions. U—urea, ∗—values calculated in this work. All other energy values (in eV)
were sourced from tabulated thermodynamic data [60–62]. See text for explanation of symbols.

The necessary value of ∆f,iE(ZnCl2(g)) was obtained from the cycle shown in Figure 4b
and calculated from Equation (4):

∆f,iE(ZnCl2(g)) = −∆subE(Zn(s))− IP1+2(Zn(g))− D◦(Cl2(g)) + 2 EA(Cl(g)) + ∆fE(ZnCl2(g)) , (4)

where ∆subE(Zn(s)) is the sublimation energy of zinc chloride [62], IP1+2(Zn(g)) is the
sum of the first two ionization energies of atomic zinc [61], D◦(Cl2(g)) is the bond disso-
ciation energy of chlorine [61], EA(Cl(g)) is the electron affinity of atomic chlorine [61],
and ∆fE(ZnCl2(g)) is the standard energy of formation of gaseous ZnCl2. The numerical
values of these parameters are provided in Figure 4b.
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The calculated IR spectrum of the crystal—without any scaling factor applied—is
shown in Figure 5 and compared to the spectra of gas phase components. All spectra
were broadened by 10 cm−1 full-width at half-maximum Gaussian bands, but individual
transitions in the crystal are also indicated in the middle and right panels. We first focus
on the right panel, which magnifies the NH2 stretching vibration range. Gas phase urea
shows two well-resolved vibrations, νs

NH2
at 3480 cm−1 and νas

NH2
at 3602 cm−1. In the

crystal, due to intermolecular interactions, primarily hydrogen bonding, these bands split
into four transitions each and undergo a significant red shift. The most red-shifted band (at
3316 cm−1) corresponds to the symmetric stretch of the NH2 group that is engaged in the
hydrogen-bonded urea dimer and also in the short HB to chloride (2.38 Å; see Figure 2a).
The corresponding asymmetric stretch is found at 3444 cm−1. The second NH2 group of
this urea molecule shows νs

NH2
= 3401 cm−1 and νas

NH2
= 3523 cm−1. The remaining four

transitions are symmetric and asymmetric NH2 stretching vibrations of urea molecules
located in the b-aligned plane.

 0

 50

 100

 0  500  1000

g
(ν~

)

ν
~ / cm

−1
 1400  1600

ν
~ / cm

−1
 3400  3600

ν
~ / cm

−1

Figure 5. Calculated infrared spectra of the ZnCl2 · 2 CO(NH2)2 crystal supercell (red), gas phase
ZnCl2 (blue), and gas phase urea (green) in the fingerprint region (left), the NH2 bending and C –– O
stretching vibration range (middle), and the NH2 stretching vibration range (right). The component
spectra are multiplied by the number of respective molecules in the supercell. In the middle and right
panels, black lines indicate individual transitions in the crystal.

The middle panel of Figure 5 focuses on the NH2 bending and C –– O stretching vi-
bration range. In the gas phase, the most prominent band is the C –– O stretch, located
at 1722 cm−1. In the crystal, it shifts significantly to red and splits into two transitions
observed at 1538 and 1549 cm−1 for the two nonequivalent urea molecules. The most
intensive band in the crystal (at 1607 cm−1) is a combination of three closely laying NH2
bending vibrations. The fourth one is slightly blue-shifted to 1650 cm−1 and can be ascribed
to the strongest hydrogen-bonded NH2 group engaged in the urea dimer. Thus, the four
nonequivalent NH2 groups in the crystal show uncoupled bending vibrations. The final
band in this range is the νas

NCN, which is blue-shifted from 1364 cm−1 in the free molecule
to 1473 and 1493 cm−1 and has a relatively small intensity. Again, the two nonequivalent
urea molecules show well-resolved vibrational transitions.

In the fingerprint region, the most intense bands are wagging modes of the NH2
groups, visible as a doublet at 424 and 436 cm−1. Interestingly, the normal modes involving
ZnCl2, also expected there, show very small intensity and are barely visible, even after
rescaling. The gas phase molecule shows the expected νas

ZnCl2
at 505 cm−1 and a doubly

degenerate bending mode at 105 cm−1. In the crystal, due to different local symmetries,
both νs

ZnCl2
and νas

ZnCl2
are active and visible as two bands at 282 and 311 cm−1, respectively,

while the bending mode appears at 135 cm−1.
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It is instructive to compare the calculated IR spectrum with the case of crystalline
urea [63]. There, the νs

NH2
and νas

NH2
bands are located at 3303 and 3336 cm−1 and 3451 and

3481 cm−1 (each band is split due to two different HB patterns in urea crystal, as discussed
above). Therefore, only the strongest HB observed by us in the c-aligned dimer can
match the situation in pure urea. Other HBs show a much smaller red shift from the gas
phase position. On the contrary, the νC –– O bands in ZnCl2 · 2 CO(NH2)2 and crystalline
urea have roughly the same position, the latter being located at 1540 cm−1 [63]. It is
also worth comparing the ZnCl2 band positions to experiment [64]. In crystalline α and
β-ZnCl2, as well as in the liquid, the stretching and bending modes are located at 260 cm−1

and 100 cm−1, respectively, and the symmetric and asymmetric modes are not resolved.
The band positions found by us are, again, much closer to the ionic crystal than to the
covalent Zn – Cl bond in the gas phase.

4. Conclusions

In this work, we studied the ZnCl2(urea)2 crystal as a ‘proto-DES’ system using
periodic density functional theory. The crystal possesses a molecular character, with Zn – Cl
bonds showing partially ionic behavior. The two nonequivalent types of urea molecules are
located on two perpendicular planes traceable in the crystal structure. One of them contains
the repeating strongly hydrogen-bonded (Cl– ·CO(NH2)2)2 structural motif featuring a
cyclic urea dimer. The interlocking planes are connected via tetrahedrally coordinated
zinc cations. Non-covalent interaction analysis indicates that only the N – H···O hydrogen
bonds in the dimer and the shortest of such bonds to chlorides can be classified as hydrogen
bonds per se, the other displaying more of a van der Waals-type interactions character.
Strong coordination interactions of two chlorides and two urea oxygen atoms with Zn(II)
are revealed, however.

The calculated lattice energy of the studied crystal (vs. gas phase urea and ZnCl2 as
components) is ca. −4 eV per formula unit, but the energetic requirement of deforming
the components to their geometry in the crystal is also large and endothermic and reaches
almost 1.4 eV. The formation of ZnCl2(urea)2 treated as a cocrystal (i.e., from the crystalline
components) is exothermic and equal −0.744 eV.

The calculated infrared spectrum of the ZnCl2(urea)2 crystal confirms differing chemi-
cal environment of each of the four nonequivalent NH2 groups, revealing resolved sets of
νs

NH2
and νas

NH2
bands for each. The hydrogen bonds, however, are generally weaker than

in crystalline urea, with the exception of the ones holding the cyclic dimer, as evidenced by
a smaller red shift from the gas phase free urea than in its crystal. The normal modes of
ZnCl2 in proto-DES are blue-shifted from its crystalline and liquid phases, confirming a
slightly increased covalent character of the Zn – Cl bond.

Overall, the present investigation of the proto-DES crystal brings important impli-
cations for the structure of room-temperature liquids found at other compositions of
this system:

• In ZnCl2–urea systems, the N – H···Cl– hydrogen bonds may compete with the pos-
sibly stronger N – H···O hydrogen bonds, leading to the formation of the ‘urea sub-
network’ in the structure of the liquid and poorer compatibility of the components.
The appearance of cyclic urea dimers is a strong possibility.

• The N – H···Cl– hydrogen bonds are expected to be bidentate, with a single urea
molecule donating two such bonds to a chloride simultaneously. Such bonds are
necessarily strained and far from linear and the urea–Cl– interaction will be labile.

• The tetrahedral Zn(II) solvation complex with mixed coordination type, as seen in the
crystal structure, is also possibly formed in the liquid DES, acting as a linker between
the urea hydrogen bond network and the ZnCl2 subsystem. The existence of other
complex stoichiometries, such as ZnCl+(urea)3 and ZnCl3 – (urea) cannot be ruled
out, however.

• The partially covalent character of the Zn – Cl bonds is probably responsible for the
experimentally observed low conductivity of the ZnCl2–urea DES, along with the
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possibly dominating character of the electrically neutral coordination complexes, as
found in the studied crystal.

• The comparison of the ZnCl2(urea)2 and pure urea crystal structures reveals that
ZnCl2 acts a a disruptor in the long-range hydrogen bond network formed by urea
molecules, thus providing a natural explanation for the deep eutectic character of the
system expressed via the significant lowering of the melting point.

To sum up, proto-DES crystalline systems provide a good model to study the dominant
intermolecular interactions that probably carry on to the liquid phase DES. Whenever possi-
ble, they should be separately investigated in order to shine light on these interactions and
provide guided guesstimates of the causes of DES fluidity. Computational investigations of
such crystals using periodic DFT can further improve the understanding of interactions and
be used, among others, to construct potential models that can be of use for the simulations
of the respective liquid DESs.
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