Journal of Siberian Federal University. Chemistry 2024 17(2): 167-176

EDN: NMKFZW
YK 622.276; 544344.9

Study of Changes in Phase Equilibrium

in Three-Component Deep Eutectic Solvents
“Tetra Atomic Alcohol — Urea —

Salt of a Quaternary Ammonium Base”

Depending on the Preparation Method

Mekhrob R. Sholidodov¥,

Anastasia R. Saidentsal, Liubov K. Altunina,
Vladimir V. Kozlov and Vladimir A. Kuvshinov
Institute of Petroleum Chemistry SB RAS (IPC SB RAS)
Tomsk, Russian Federation

Received 28.11.2023, received in revised form 24.04.2024, accepted 01.05.2024

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.
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HccaenoBanue uzmeHenus pa3zoBoro paBHoBecHs:

B TPEXKOMIIOHEHTHBIX INIy0OKHUX IBTEKTHYECKUX PACTBOPUTEISAX
«4eTHIPEXATOMHBIH CIUPT — Kap0amMux —

COJIb YeTBEPTUYHOI0 AMMOHHEBOI0 OCHOBAHM S

B 3aBHCHMOCTH OT CII0C00a NMPUIroTOBJICHUSA

M. P. lllomaonos, A. P. CailiieHnaib,

JI. K. Antynunna, B. B. Ko3ios, B. A. KyBmiunos
Huemumym xumuu ne¢pmu CO PAH (MXH CO PAH)
Poccuiickas ®edepayus, Tomck

AnHoTanus. B pabore nmpencTaBiieHbl pe3yJIbTaThl CPABHUTEIBHOTO HCCIIEIOBAaHUS BYX Pa3HBIX
CHOCO6OB MPUTOTOBJICHUA TPEXKOMIIOHCHTHBIX CUCTEM I‘J'[y6OKI/IX OBTCKTHUYCCKHUX paCTBOpI/ITeHCf/’I
Ha OCHOBE YETHIPEXATOMHOIO CIIMPTa, KapOaMuUIa U COJIM YETBEPTUYHOIO AMMOHHUEBOT'O OCHOBAHHUSI.
Jst uccienoBanusi pa3oBOro paBHOBECHS CMECEH JOHOPOB U aKIIEIITOPOB BOIOPOIHBIX CBsI3EH ObLIN
IIPUTOTOBJICHBI 1By XKOMIOHEHTHBIE CMECH Pa3IMYHOT0 MOJIBHOTO COOTHOIIEHHUSI KOMIIOHEHTOB, oT 1:10
70 10:1 MOJIBHBIX JI0JIEH, C OCIIEY IOIUM OIpE/IeJICHUEM TeMIIepaTy bl IIABJICHHUs/KPUCTAIIN3aAUH
1 MIOCTPOEHHEM narpamMm (a3oBOro paBHOBECH I KOMIIOHEHTOB. Ha OCHOBE pe3ysIbTaToB HCCIIEA0BAHUS
AuarpaMmm (basosoro PpaBHOBECH A ABYXKOMIIOHCHTHBIX CUCTEM U YCTAHOBJICHHBIX KOOPAUHAT TOYCK
9BTEKTUKHU ObliIa MOCTpPOEHA Juarpamma (pa3oBOr0 PaBHOBECHS] TPEXKOMIIOHEHTHOMN CHCTEMBI.
HccnenoBanue AByX Croco0OOB MPUTOTOBJICHUS TPEXKOMITIOHEHTHOH cmecu ['OP (ipurorosieHue
OMHApPHBIX CHCTEM C JI00aBICHUEM TPETHEr0 KOMIIOHEHTA M CIIOCO0 OJTHOBPEMEHHOT'O CMEIICHU
TpeX KOMIIOHEHTOB) IT0Ka3aJi0o, YTO HanboJiee BEPHBIM SIBJSETCS OJIHOBPEMEHHOE CMEILIEHHE BCEX
TpeX KOMIIOHEHTOB, OCHOBAHHOE Ha TEOPETHYECKOM pacdyeTe cOCTaBa TPEXKOMIIOHEHTHON CMECH

N3 JIBYXKOMIIOHCHTHBIX cMecel PBTEKTHUECKOTO COCTaBa.

KuioueBble ciioBa: r1y00KHe IBTEKTHYESCKHUE PACTBOPUTEIH, JOHOPHO-aKLIEITOPHOE B3aHMO/ICHCTBHIE,

OBTCKTHKA, (1)330Ba$[ Auarpamma, 1By XKOMIIOHECHTHA U TPCXKOMIIOHCHTHAs CUCTEMA.

Huruposanue: llonunonos M. P., Caiinenuans A.P., Antynuna JI. K., Koznos B. B., Kysununos B. A. MccinenoBanue n3sMeHeHust
(ha30BOro paBHOBECHS B TPEXKOMIIOHCHTHBIX ITYOOKHX 9BTEKTHYCCKHX PACTBOPUTEIISAX «ICTHIPEXATOMHBIH CITHPT — KapOaMus —
COJIb YETBEPTHYHOTO aMMOHHMEBOT'0 OCHOBAHHUS» B 3aBUCUMOCTH OT criocoba npurortosienus. JKypH. Cud. ¢penep. yH-Ta.
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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 (DES)), choline chloride and urea (DES,), pentaerythritol and urea
(DES:;3). 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 (DES,, DES, and DES;) is characterized by one
eutectic point at a certain ratio of components: DES;—50 % mol. pentaerythritol and 50 % mol. choline
chloride; DES,-33 % mol. choline chloride and 67 % mol. urea; DES;—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 DES,, DES, and DES;, 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 DES;, DES, and DES;, and the second component was pentaerythritol,
urea and choline chloride, respectively, for DES;, DES, and DES;. 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 DES,, DESs and DES; (Table 2). Table 2 and
Fig. 1-5 show the phase diagrams of DES,4, DESs, DES¢ and DES.

Fig. 1 shows the phase diagram ofthe binary system DES, based on DES; (50 % mol. pentaerythritol
and 50 % mol. choline chloride) and urea.

A study of the phase diagram of the DES, binary system showed that the DES, system has one

eutectic point with a component ratio of 20 % mol. DES, and 80 % mol. urea. The melting point of

Table 1. Composition and physicochemical characteristics of two-component DES systems: DES;, DES, and
DES;

Composition of Component Molecular Melting . 5
DES DES substance ratio, % mol. weight, g/mol temperature, ° Density, g/em
DES, PER: ChCh 50:50 275.5 98 1.2458
DES, ChCh: U 33:67 201.5 18 1.2158
DES; PER: U 40:60 198.0 96 1.2346

Note: PER — pentaerythritol, U — urea and ChCh — choline chloride.
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Table 2. Physico-chemical characteristics: DES,, DESs, DES4 and DES,

Y : : :

DES Component Component ratio, %. Melting point of the Amlxgure
mol. at the eutectic point,

DES, DES;: U 20.0:80.0 70.2

DES; DES;: PER 70.0:30.0 minus 14

DES; DES,: ChCh 30.0: 70.0 70

DES; PER: U: ChCh 27.0:51.5:21.5 minus 14.5

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

the DES4 mixture of eutectic composition is 70.2 °C, which is significantly lower than the melting
temperatures of DES; 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 DESs based on DES, (67 % mol. urea
and 33 % mol. choline chloride) and pentaerythritol.

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

Fig. 3 shows the phase diagram of the DES¢ system based on DES; (40 % mol. pentaerythritol and

60 % mol. urea) and choline chloride.
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Fig. 2. Phase diagram of the fusibility of the binary system DESs: 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.
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Fig. 3. Phase diagram of the triple DES¢ 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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Fig. 4. Phase diagram of the ternary system DES based on pentaerythritol, urea and choline chloride: e, e; and e;
are monovariant cotectic lines of simultaneous crystallization of two phases, which begin in double phases and
converge in a triple eutectic. DES,, DESs, DES¢ and DES; — triple (in terms of the number of components) eutectic
of invariant simultaneous crystallization of three phases from the melt.

The binary system DES¢ based on DES; and choline chloride is characterized by one eutectic
point for a composition of 30 % mol. DES; 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 DES;, DES,, DES;
allowed us to theoretically calculate the eutectic composition and synthesize the three-component
system DES,, DESs, DES¢ and DES; (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
DES,, DES; and DES;. 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.
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For the theoretically calculated composition corresponding to the eutectic mixture of DES,,
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 DES,,
DES;, DES¢ and DES; 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 DES.

In DES,, 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.

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

Fig. 5. Melts of eutectic composition DES: a — DES,; b — DESs; ¢ — DESg; d — DES;

+
0 HO. OH
0 -
11k I i
(Nr, HO OH 1:2:1) ,
NH—C
o

.
/\/N\ -
OH | (SN
1 t E
* G 14 oC &
+2 —_— & o
. N 12 ‘:::
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T

H-C m-Ou-HuClEN

Fig. 6. Proposed scheme of donor-acceptor interaction of components of the three-component system of DES,
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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 Ne 23-73-01045).
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