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Abstract. The paper presents the results of a comparative study of two different methods for preparing 
three-component systems of deep eutectic solvents (DESs) based on tetra atomic alcohol, urea and 
a salt of a quaternary ammonium base. To study the phase equilibrium of mixtures of hydrogen 
bond donors and acceptors, two-component mixtures of different molar ratios of components, from 
1:10 to 10:1 mole fractions, were prepared, followed by determination of the melting/crystallization 
temperature and construction of phase equilibrium diagrams of the components. Based on the 
results of a study of phase equilibrium diagrams of two component systems and the established 
coordinates of eutectic points, a phase equilibrium diagram of a three-component system was 
constructed. A study of two methods for preparing a three-component DES mixture (preparation of 
binary systems with the addition of a third component and a method of simultaneous mixing of three 
components) showed that the most correct is the simultaneous mixing of all three components, based 
on a theoretical calculation of the composition of a three-component mixture from two-component 
mixtures of eutectic composition.

Keywords: deep eutectic solvents, donor-acceptor interaction, eutectic, phase diagram, two-component 
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Аннотация. В работе представлены результаты сравнительного исследования двух разных 
способов приготовления трехкомпонентных систем глубоких эвтектических растворителей 
на основе четырёхатомного спирта, карбамида и соли четвертичного аммониевого основания. 
Для исследования фазового равновесия смесей доноров и акцепторов водородных связей были 
приготовлены двухкомпонентные смеси различного мольного соотношения компонентов, от 1:10 
до 10:1 мольных долей, с последующим определением температуры плавления/кристаллизации 
и построением диаграмм фазового равновесия компонентов. На основе результатов исследования 
диаграмм фазового равновесия двухкомпонентных систем и установленных координат точек 
эвтектики была построена диаграмма фазового равновесия трехкомпонентной системы. 
Исследование двух способов приготовления трехкомпонентной смеси ГЭР (приготовление 
бинарных систем с добавлением третьего компонента и способ одновременного смешения 
трех компонентов) показало, что наиболее верным является одновременное смешение всех 
трех компонентов, основанное на теоретическом расчете состава трехкомпонентной смеси 
из двухкомпонентных смесей эвтектического состава.

Ключевые слова: глубокие эвтектические растворители, донорно-акцепторное взаимодействие, 
эвтектика, фазовая диаграмма, двухкомпонентная и трехкомпонентная система.
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Introduction

In the last decade, deep eutectic solvents (DESs) have attracted enormous attention from researchers 
from various fields of science due to their unique nature and properties, such as low melting/crystallization 
point, non-toxicity, biodegradability and biocompatibility, ease and low cost of preparation, low cost, 
thermal stability, possibility of use as “green” solvents, chemical compatibility with water, etc. [1–9]. 
DESs are formed by self-association or complexation of a hydrogen bond donor and acceptor. DESs 
were first presented in 2003 by Abbott et al. in [10–16].

Despite the growing interest in DESs, there is very little information about the mechanism of 
donor-acceptor interaction between the components of DES. In addition, most of the publications are 
devoted to studies of two-component DESs, while there is practically no information about studies of 
three-component DESs.

Previously, we developed acid oil-displacing compositions based on several DESs [17–20]. The 
research results presented in this article will form the basis for the creation of a new oil-displacing 
composition based on DES.

The paper presents the results of a comparative study of two different methods for preparing three-
component DES systems based on tetra atomic alcohol, urea and a salt of a quaternary ammonium 
base.

Experimental

To study the phase equilibrium of mixtures of hydrogen bond donors and acceptors, two-component 
mixtures of different molar ratios of components, from 1:10 to 10:1 mole fractions, were prepared. To 
do this, samples of components pre-weighed on an analytical balance were placed in mortars, where 
they were mechanically mixed and ground until completely homogeneous. The resulting homogeneous 
mixtures of components were placed in dry flasks and heated in a sand bath with constant stirring until 
transparent melts formed. After this, the flasks with the melts were placed in a thermostat heated to a 
temperature of 80 °C for 4–6 hours, and then cooled to room temperature.

For each melt, characterized by a different molar ratio of components, the melting or crystallization 
temperatures were determined (in  the case of a liquid form of the melt at room temperature). The 
melting point was determined using a “Stuart SMP 30” instrument. To do this, the resulting solid 
melts were ground into powder in a mortar, and then a small amount of finely ground dry melt was 
placed in a thin-walled glass capillary sealed at one end. The initial temperature was set approximately 
5 °C below the expected melting point, and then the glass capillary was heated at a rate of 1 °C/min. 
The temperature at which the last crystal of the melt passed into the liquid phase was recorded as the 
melting point of the mixture under study.

To determine the crystallization temperature in the range from room temperature to minus 30 °C, 
samples were placed in a thermostat (cryostat) filled with a cooling mixture with a temperature 3–5 °C 
lower than the expected crystallization temperature and the temperature at which crystals began to 
form was visually assessed. The crystallization temperature was determined using a setup consisting 
of a glass bottle with the test sample placed in the cryostat coolant, a thermocouple inserted into the 
sample volume, and a temperature change recorder. When the phase state of the sample under study 
changes, the recorder recording the cooling shows a break in the cooling curve corresponding to the 
phase transition temperature (State All-Russian Standard 18995.5–73).
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Based on the results obtained from studying the melting and crystallization temperatures, phase 
equilibrium diagrams were constructed in the coordinates “melting/crystallization temperature”  – ​
molar ratio of the mixture components.

Results and discussion

All chemicals used in the experimental work were of analytical grade and were used without 
further purification. To obtain three two-component and one three-component DES systems underlying 
the future oil-displacing composition, the following substances were used: tetra atomic alcohol 
(pentaerythritol), urea and a salt of a quaternary ammonium base (choline chloride).

For the study, two-component mixtures with different molar ratios of components were prepared: 
pentaerythritol and choline chloride (DES1), choline chloride and urea (DES2), pentaerythritol and urea 
(DES3). Based on the analysis of previously constructed phase equilibrium diagrams, the coordinates 
of the eutectic points were established: eutectic temperature and molar ratio of components (Table 1).

From table 1 it can be seen that each system (DES1, DES2 and DES3) is characterized by one 
eutectic point at a certain ratio of components: DES1–50 % mol. pentaerythritol and 50 % mol. choline 
chloride; DES2–33 % mol. choline chloride and 67 % mol. urea; DES3–40 % mol. pentaerythritol and 
60 % mol. urea. The melting/crystallization temperatures of the eutectic composition at the eutectic 
point were 98, 18 and 96 °C for DES1, DES2 and DES3, respectively.

Based on two-component systems of eutectic composition, three-component mixtures were 
prepared by adding a third component (pentaerythritol, urea and choline chloride). Moreover, the 
principle of preparing the mixtures was similar to that described above; component 1 was the two-
component eutectic composition DES1, DES2 and DES3, and the second component was pentaerythritol, 
urea and choline chloride, respectively, for DES1, DES2 and DES3. Three-component mixtures of 
different molar ratios of components and the construction of diagrams of their phase equilibrium made 
it possible to determine the eutectic point for the prepared three-component systems, characterized 
by the lowest melting/crystallization temperature at a certain molar ratio of components. Three-
component systems are designated below in the text as DES4, DES5 and DES6 (Table 2). Table 2 and 
Fig. 1–5 show the phase diagrams of DES4, DES5, DES6 and DES7.

Fig. 1 shows the phase diagram of the binary system DES4 based on DES1 (50 % mol. pentaerythritol 
and 50 % mol. choline chloride) and urea.

A study of the phase diagram of the DES4 binary system showed that the DES4 system has one 
eutectic point with a component ratio of 20 % mol. DES1 and 80 % mol. urea. The melting point of 

Table 1. Composition and physicochemical characteristics of two-component DES systems: DES1, DES2 and 
DES3

DES Composition of 
DES substance

Component 
ratio, % mol.

Molecular 
weight, g/mol

Melting 
temperature, ° Density, g/cm3

DES1 PER: ChCh 50:50 275.5 98 1.2458
DES2 ChCh: U 33:67 201.5 18 1.2158
DES3 PER: U 40:60 198.0 96 1.2346

Note: PER – ​pentaerythritol, U – ​urea and ChCh – ​choline chloride.
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the DES4 mixture of eutectic composition is 70.2 °C, which is significantly lower than the melting 
temperatures of DES1 and urea. The formation of hydrogen bonds is a key intermolecular force 
leading to a decrease in the melting point [21], which confirms the formation of DES. The presence 
of one eutectic point and the absence of other extrema on the liquidus line indicate the absence of the 
formation of chemical compounds.

Fig. 2 shows the phase equilibrium diagram of a mixture of DES5 based on DES2 (67 % mol. urea 
and 33 % mol. choline chloride) and pentaerythritol.

The DES5 system is characterized by one eutectic point with a component ratio of 70 % mol. DES2 
and 30 % mol. pentaerythritol. The pour point of the DES5 mixture of eutectic composition is minus 14 °C.

Fig. 3 shows the phase diagram of the DES6 system based on DES3 (40 % mol. pentaerythritol and 
60 % mol. urea) and choline chloride.

Table 2. Physico-chemical characteristics: DES4, DES5, DES6 and DES7

DES Component Component ratio, %. 
mol.

Melting point of the mixture  
at the eutectic point, °

DES4 DES1: U 20.0:80.0 70.2
DES5 DES3: PER 70.0:30.0 minus 14
DES6 DES2: ChCh 30.0: 70.0 70
DES7 PER: U: ChCh 27.0:51.5:21.5 minus 14.5

Note: PER – ​pentaerythritol, U – ​urea and ChCh – ​choline chloride.

Fig. 1. Phase diagram of the binary system DES4: L – ​region of existence of liquid (melt), (L + solid. U and  
(L + solid. DES) – ​regions of coexistence of the liquid phase and solid urea and DES based on pentaerythritol 
and choline chloride, respectively; (solid. U + solid. DES) – ​region of existence of a mechanical mixture of solids 
(urea and DES based on pentaerythritol and choline chloride, respectively. AEB and CED – ​liquidus and solidus 
lines, respectively, E – ​eutectic point.
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Fig. 2. Phase diagram of the fusibility of the binary system DES5: L  – ​region of existence of liquid (melt),  
(L  + solid. PER and (L  + solid. DES)  – ​regions of coexistence of the liquid phase and solid pentaerythritol 
and DES based on urea and choline chloride, respectively; (sol. PER + solid. DES)  – ​region of existence  
of a mechanical mixture of solids (pentaerythritol and DES based on urea and choline chloride, respectively. 
AEB and CED – ​liquidus and solidus lines, respectively, E – ​eutectic point.

Fig. 3. Phase diagram of the triple DES6 system: L – ​region of existence of liquid (melt), (L + solid. ChCh and 
(L + solid. DES) – ​regions of coexistence of the liquid phase and solid choline and DES based on pentaerythritol 
and urea, respectively; (sol. ChCh + solid. DES) – ​region of existence of a mechanical mixture of solids (choline 
chloride and DES based on pentaerythritol and urea, respectively. AEB and CED – ​liquidus and solidus lines, 
respectively, E – ​eutectic point.
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The binary system DES6 based on DES3 and choline chloride is characterized by one eutectic 
point for a composition of 30 % mol. DES3 and 70 % mol. Choline chloride. The melting point of a 
mixture of eutectic composition is 70 °C.

The study of phase equilibrium diagrams of the two-component systems DES1, DES2, DES3 
allowed us to theoretically calculate the eutectic composition and synthesize the three-component 
system DES4, DES5, DES6 and DES7 (Fig. 4, Table 2). The ratio of components in such a theoretically 
calculated three-component system was 27.0 % mol. pentaerythritol, 21.5 % mol. choline chloride and 
51.5 % mol. urea. Determination of the melting point of the theoretically calculated and synthesized 
eutectic mixture showed that it is characterized by a lower temperature than the melting point of each 
of the two-component systems of the eutectic composition and is minus 14.5 °C.

The diagram (Fig. 4) also shows the experimentally determined eutectic points of the mixtures 
DES4, DES5 and DES6. It can be noted that the coordinates of the experimentally determined eutectic 
points of three-component systems obtained by mixing two-component mixtures with a third 
component do not coincide with the coordinates of the theoretically calculated eutectic point, which 
was experimentally characterized by the lowest melting point of minus 14.5 °C.

Thus, the above studies have shown that the method of preparing three-component mixtures of 
DES has a significant impact on the formation of complex compounds, but the most correct is the 
simultaneous mixing of all three components, based on a theoretical calculation of the composition of 
a three-component mixture from two-component mixtures of eutectic composition.

Fig. 4. Phase diagram of the ternary system DES based on pentaerythritol, urea and choline chloride: e1, e2 and e3 
are monovariant cotectic lines of simultaneous crystallization of two phases, which begin in double phases and 
converge in a triple eutectic. DES4, DES5, DES6 and DES7 – ​triple (in terms of the number of components) eutectic 
of invariant simultaneous crystallization of three phases from the melt.
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For the theoretically calculated composition corresponding to the eutectic mixture of DES7, 
a mechanism of donor-acceptor interaction of the components of the three-component system is 
proposed.

Fig. 5 shows the appearance of the resulting melts of mixtures of the eutectic composition DES4, 
DES5, DES6 and DES7 at temperatures above their melting temperatures.

Fig. 6 shows the proposed scheme of donor-acceptor interaction of the components of the three-
component system of DES7.

In DES7, based on pentaerythritol, urea and choline chloride, a molecular complex is formed 
due to donor-acceptor interaction, in which choline chloride is an electron pair acceptor in relation to 
pentaerythritol and urea, urea and pentaerythritol are hydrogen bond donors.

Fig. 6. Proposed scheme of donor-acceptor interaction of components of the three-component system of DES7

Note: photographs of DES mixtures were taken at temperatures above their melting/crystallization temperatures.

Fig. 5. Melts of eutectic composition DES: a – ​DES4; b – ​DES5; c – ​DES6; d – ​DES7
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Conclusion

Thus, based on the eutectic compositions of two-component DES systems, a phase equilibrium 
diagram of a three-component DES system was constructed using two methods. The results of the 
study showed that the method of preparing three-component mixtures of DES has a significant impact 
on the formation of complex compounds, but the most correct is the simultaneous mixing of all three 
components, based on a theoretical calculation of the composition of a three-component mixture from 
two-component mixtures of eutectic composition. This is confirmed by the almost identical values of 
the melting temperature of the theoretically calculated and obtained eutectic temperature of the three-
component DES system, which is characterized by a lower temperature than the melting temperature 
of each of the two-component systems of the eutectic composition and is minus 14.5 °C.

The study was carried out within the framework of the project “Conducting proactive research by 
young scientists” of the Presidential program of research projects implemented by leading scientists, 
including young scientists, funded by the Russian Science Foundation (RSF № 23–73–01045).
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