ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2025, No. 5, pp. 125-134 125

UDC 547.233.4:54-145:547.867:54.057:544.537

0.S. Sverdlikovska, M.O. Potapchuk

TECHNOLOGICAL PARAMETERS OF DIMERIC IONENE-TYPE IONIC LIQUIDS
BASED ON TETRAHYDRO-1,4-OXAZINE

Educational and Scientific Institute «Ukrainian State University of Chemical Technology», Ukrainian

State University of Science and Technologies, Dnipro, Ukraine

Experimental studies confirmed that introduction of allyl and hydroxyethyl groups, a
benzyl fragment, and alkylaromatic radicals into the cationic center of dimeric ionene-
type ionic liquids leads to a high ionic conductivity of 107! S cm™' at —123°C. The
synthesized dimeric ionic liquids were found to be thermally stable in the range
107—206°C. The presence of —O—CH(CH;)—CH,— groups in the radical adjacent to the
quaternized nitrogen atom was shown to enhance thermal stability. Studies of how the
nature of the radical near the ionic center affects melting behavior established that the
melting point of the dimeric ionene-type ionic liquids increases with an increasing
number of —O—CH(CH,;)—CH,— units in the radical. In particular, correlations between
temperature, chemical structure of the tetrahydro-1,4-oxazine-based dimeric ionic liquids,
and their ionic conductivity were established; correlation equations are provided and
their chemical basis is discussed. These findings support the proposed mechanism of
property formation and demonstrate the practical relevance of the developed compounds.
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Introduction

The technical and economic advantages of
implementing the strategic direction of development
and effective use of ionic materials, especially their
dimeric and polymeric forms [1,2], have led to a
significant increase in interest in this new class of
materials.

Dimeric ionic liquids are a combination of
different types of ionic centers and spacers and are
characterized by a more controlled architecture of the
spatial distribution of ionic centers and their interaction,
respectively, predictable behavior, which allows creating
ionic materials with a given set of physicochemical
properties [3—5] for predicted applications in a certain

© O.S. Sverdlikovska, M.O. Potapchuk, 2025

field [6,7]. It should be noted that polymeric ionic
liquids with unique properties have a more complex
hierarchical organization with the formation of specific
supramolecular structures [3—5]. Previous studies
[8—12] and comparative analysis of polymeric and
dimeric ionic liquids have shown that the
physicochemical properties demonstrate the advantage
of polymeric compounds in thermal stability and
mechanical strength, but dimeric compounds have better
transport properties and more predictable behavior
during phase transitions; solvation properties indicate
greater versatility of dimeric compounds in interaction
with solvents, while polymeric compounds exhibit
specific selectivity and more complex solvation behavior.

This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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From a practical point of view, the use of dimeric
ionic liquids shows better process ability (due to high
ion mobility and ease of processing), but polymeric
ionic liquids are optimal for longer-term stability of
use in harsh environments [3,10,13].

The economic feasibility of using dimeric ionic
liquids has an advantage in terms of production costs
and scaling, but polymeric ionic liquids require more
complex technological processes but provide a unique
set of properties [14].

Given the fundamental differences and specific
features of dimeric and polymeric systems of ionic
materials that determine their practical application
[14,15], research aimed at further improvement and
development of the technology for obtaining ionic
liquids of polymeric and dimeric nature with a high
operational resource, predictable regulation of their
operational properties by using ionic centers and spacers
of different nature should be considered relevant. There
are reasons [16] to believe that further optimization of
the structure of dimeric ionic liquids to increase stability
and development of new methods for the synthesis of
polymeric ionic liquids to reduce the cost of production
are promising areas of necessary research.

Experimental

The research task of this work was to measure
the ionic conductivity, decomposition temperature and
melting temperature of dimeric ionene-type ionic
liquids based on tetrahydro-1,4-oxazine and, based
on the established correlations between temperature
and their chemical structure, to determine the nature
of the cationic part at the functional center of the
ionic liquid and its relative influence on the
physicochemical properties of ionic monomers with
different organic cationic parts. This allows us to predict
the influence of the nature of radicals near the Nitrogen
atom of the macromolecule of polymeric ionene-type
ionic liquids based on tetrahydro-1,4-oxazine on their
technological parameters (in particular, ionic
conductivity and operating temperature).

The physicochemical properties of ionic monomers
based on tetrahydro-1,4-oxazine, water-soluble
compounds with organic cations and chloride anions,
were studied. The choice of anion was due to the results
of previous studies [17]: «a decrease in the radius of the
anion leads to an increase in the conductivity of
polymeric ionic liquids and ionic liquids of the ionene
type — ionic liquids with a chlorine anion have a high
level of ionic conductivity». In work [18], new dimeric
ionic liquids of the ionene type based on tetrahydro-
1,4-oxazine derivatives were obtained, the structure of
which was confirmed using infrared spectroscopy and
elemental analysis (Table 1).

According to the results of infrared spectroscopy

of the synthesized dimeric ionic liquids of the ionene
type, the absorption bands of the —CH,—N*— group
appear at 1460 cm™! (strong) and 1380 cm™', which
overlap the characteristic scissor vibrations of the
—CH,— group in cyclohexane at 1450 cm™'; between
the usual absorption bands, a band indicating the
characteristic strain vibrations for C—H groups is
determined in the region of 1400—1430 cm™!; the
spectra corresponding to the valence vibrations of the
—CH,N< group (characteristic of tertiary diamine
functional groups) disappear in the frequency range
of 1450—1400 cm™" and the spectra corresponding to
the valence vibrations of the C—CI group (characteristic
of a halogenated compound) in the frequency range
of 660 cm™'; characteristic absorption bands of the
morpholine cycle are present: a group of weak bands
on the low-frequency side of the main band v(CH)
in the region of 2800—2700 cm™!, valence vibrations
of the C—N bond in cyclic compounds at 1230 cm™,
asymmetric valence vibrations of the C—O—C group
at 1150—1070 cm™; the appearance of characteristic
absorption bands corresponding to the bonds of
substituents of the initial molecules of the monomers
of the halogen-derived compound and the tertiary
diamine is determined.

The establishment of correlation dependences
of the influence of the structure of substituents at the
quaternary nitrogen atom of dimeric ionic liquids of
the ionene type in the temperature range from 15 to
50°C on their ionic conductivity was carried out using
conductometry. The melting point and decomposition
temperature of dimeric ionic liquids of the ionene
type were studied using differential scanning
calorimetry, differential thermal and differential
thermogravimetric analyses.

Results and discussions

From a practical point of view, the results of the
study presented in ref. [17] are of particular interest:
dimeric ionic liquids of the ionene type based on
tetrahydro-1,4-oxazine melt at a lower temperature
in some cases than ionic liquids of the monomeric
form. This circumstance is decisive when choosing
objects — monomeric models of polymer ionic liquids
of the ionene type for studying optimal operating
modes, in particular the glass transition temperature.

This work also addressed the issue of increasing
the thermal stability of dimeric ionic liquids by
selecting a certain nature of radicals near the
quaternized nitrogen atom.

An indirect assessment of the influence of the
nature of the radical, which is a residue of the initial
tertiary diamines (both for the synthesis of polymer
ionic liquids of the ionene type and for the synthesis
of dimeric ionic liquids of the ionene type [18]), on
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Table 1

Physicochemical properties of dimeric ionic liquids of the ionene type based on tetrahydro-1,4-oxazine of the general
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Continued Table 1
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technologically important parameters of polymer ionic
liquids of the ionene type was carried out based on
the results of determining the thermal stability, glass
transition temperature and ionic conductivity of model
samples of dimeric ionic liquids of the ionene type.
From a theoretical point of view, such results allow
us to reasonably approach the choice of the nature of
the spacer near the ionic center of polymer ionic
liquids of the ionene type and predict its influence on
practically important characteristics of ionic
compounds of a polymeric nature, which are certain
advantages of such a study. Such conclusions are
considered appropriate from a practical point of view,
because they indicate the possibility of directed
regulation of the processes of formation of the defining
parameters of polymer ionic liquids of the ionene
type directly during the synthesis of these compounds.

According to experimental data on the
decomposition temperature of synthesized dimeric
ionic liquids of the ionene type based on tetrahydro-
1,4-oxazine (Tables 2 and 3), it was found that ionic
liquids of the dimeric form are thermally stable up to
107—206°C.

It should be noted that dimeric ionic liquids of
the ionene type containing radicals with alkyl and
oxyethylene groups are characterized by a more stable
state to thermal oxidation degradation. It is worth
noting that the introduction of alkylaromatic
substituents into the ionic center of dimeric ionic
liquids of the ionene type leads to a decrease in their
decomposition temperature. Based on the results of
the differential thermogravimetric analysis, it can be
stated that there is an interesting pattern associated
with an increase in the thermal stability of dimeric
ionic liquids of the ionic type based on tetrahydro-
1,4-oxazine in the series:
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The results of determining the influence of the
nature of the spacers on the melting point of the
synthesized dimeric ionic liquids of the ionene type
based on tetrahydro-1,4-oxazine derivatives are given

in Tables 2 and 3. It should be noted that the
melting point of the dimeric ionic liquids of the
ionene type is in the range from —123°C to —25°C.
By the degree of decrease in the melting point of the
dimeric ionic liquids of the ionene type based on
tetrahydro-1,4-oxazine, the compounds can be
arranged in the following series:
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The introduction of alkylaromatic substituents
to the nitrogen atom of dimeric ionic liquids of the
ionene type results in a decrease in the melting point
from —98°C to —110°C (Table 2).

In determining the effectiveness of the influence
of the nature of the structural and chemical
characteristics of the carriers on the ionic conductivity
of polymeric ionic liquids of the ionene type, a detailed
analysis of the dependence of the ionic conductivity
of dimeric ionic liquids of the ionene type based on
tetrahydro-1,4-oxazine on the nature of their spacer
at the ionic center was carried out. As follows from
the results obtained (Table 2), it is natural that the
ionic conductivity of dimeric ionic liquids of the ionene
type based on tetrahydro-1,4-oxazine derivatives
decreases in the series:
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Table 2

Decomposition temperature, melting point, ionic conductivity of dimeric ionic liquids of the ionene type based on
tetrahydro-1,4-oxazine of the general formula

cr
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A significant effect on the increase in the ionic
conductivity of ionic liquids of the dimeric form is
exerted by the transition from dimeric ionic liquids
of the ionene type with a radical at the ionic center of
an aliphatic structure to dimeric ionic liquids of the
ionene type with a radical at the ionic center of an
alkylaromatic structure. This occurs due to the
reduction of the interaction with protons of methyl
or oxyethyl groups of substituents at the nitrogen
atom.

Special emphasis should be placed on the fact
that the replacement of the group —O—CHCH,—CH,—
by —O—CH,—C(CH,),—CH,—0— leads to a decrease
in ionic conductivity. This is probably due to an
increase in spatial complications.

The practical feasibility of using radicals near
the cation center of a certain nature to ensure a high

level of ionic conductivity of ionic liquids of the ionene
type while maintaining properties up to very low
temperatures is confirmed by the established correlation
dependencies between the melting point and ionic
conductivity of ionic liquids.

Based on the results of the study (Table 2), it is
possible to state the presence of an interesting regularity
in a number of dimeric ionic liquids of the ionene
type with radicals at the cationic center, which is a
residue of the initial tertiary diamines (both for the
synthesis of polymeric ionic liquids and for the
synthesis of dimeric ionic liquids of the ionene type)
of various nature, which is associated with an increase
in the ionic conductivity of ionic liquids with a decrease
in their melting point. For example, a decrease in
the melting point of dimeric ionic liquids of the ionene

type C-1-1+C-1-5 from —28°C to —110°C leads
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to an increase in the specific conductivity from
The dependence of the ionic conductivity of dimeric ionic

0.127-1073 Sscm™ to 0.362-107! S.cm™.
generalization of this fact was confirmed by the
correlation dependences between the melting point
and ionic conductivity of dimeric ionic liquids of the
ionene type based on tetrahydro-1,4-oxazine:

C-1-1+C-5-5 (6=—0.048-107'T,,—1.9, r=—0.965).

In this case, the multicomponent nature of the
system was taken into account, therefore, the
establishment of correlation dependencies between the
properties of dimeric ionic liquids of the ionene type
based on tetrahydro-1,4-oxazine was carried out by
excluding from consideration the influence of the
covalent radius of the anion.

The peculiarities of the action of the nature of
the radical at the cationic center, which is a residue
of the initial dihalides, of dimeric ionic liquids of the
ionene type on their melting point and ionic
conductivity parameters determine the influence on
the change in these characteristics (Table 3) and the
dependencies were proven, which is confirmed by the
corresponding correlation equations:

C-1-1-1+C-1-3-3 (6=—0.038-107'"T,,—3.9, =—0.994).

The results of determining the temperature

liquids of the ionene type based on tetrahydro-1,4-
oxazine are presented in Figure. The nature of these
dependences is the same, therefore the results of the
study are given on the example of some compounds.
It should be noted that with increasing temperature,
the ionic conductivity of dimeric ionic liquids of the
ionene type increases. This is due to a decrease in the
viscosity of ionic liquids and a decrease in the solvation
of ions, which leads to an acceleration of the speed of
movement of these ions.

A generalization of the research results can be
formulated in the form of the following theses:

— the introduction of allyl and hydroxyethyl
groups to the quaternary nitrogen atom, the presence
of a benzyl fragment at the cationic center and radicals
of alkylaromatic structure will allow to obtain polymeric
ionic liquids of the ionene type with a high level of
ionic conductivity at a low glass transition temperature;

— the ionic conductivity of dimeric ionic liquids
of the ionene type increases with decreasing melting
point and increasing temperature;

— increasing the stability of dimeric ionic liquids
of the Ionene type can be achieved by introducing
groups —O—CHCH;—CH,— into the radical near the

Table 3

Melting point, ionic conductivity of dimeric ionic liquids of the ionene type based on tetrahydro-1,4-oxazine of the

Ccr
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quaternized nitrogen atom.

Such conclusions can be considered expedient
from a practical point of view, since they allow a
reasonable approach to determining the nature of
radicals near the functional center of polymeric ionic
liquids of the ionene type and formulate
recommendations for the development of new
polymeric compounds with high ionic conductivity,
which is confirmed by the established similar
dependences between temperature, substituents at the
quaternary nitrogen atom and the ionic conductivity
of polymeric ionic liquids of the ionene type [19].

Conclusions

Summarizing the results of the study in this
paper, it is impossible not to note that the synthesized
dimeric ionic liquids of the ionene type based on
tetrahydro-1,4-oxazine derivatives with an ionic
conductivity of ~107'—=1073 S-cm™ in the melting
temperature range of —123°C+—25°C have an ionic
conductivity that is three to four orders of magnitude
higher than the known world analogues based on
ionic liquids (c=10—10"° S-cm™'; T,,=—15+—10°C)
[20]. This discovery makes it possible to supplement
a number of existing effective dimeric ionic liquids of
the ionene type with compounds with a higher level
of ionic conductivity in the range of —123°C to
+206°C. Due to this, it can be argued that the scientific
concepts of predicting the relationship “synthesis—
structure—properties” have been further developed,
which is the basis for creating a new methodology for
the development of polymeric ionic liquids of the
ionic type with a high level of properties that retain a
liquid aggregate state in a wide temperature range.
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TEXHOJOI'TYHI ITAPAMETPU JUMEPHUX
IOHHHUX PIIJVUH IOHEHOBOI'O THUITY HA OCHOBI
TETPAT'TAPO-1,4-OKCA3HY

Ceepoaixoscvka O.C., Ilomanuyx M.O.

ExcriepyMeHTaIbHUMM TOCTIIKEHHSIMU TTiATBEPIKEHO,
1110 32 PaxyHOK BBEIECHHS aliJIbHUX i TiIPOKCUETUIIBHUX TPYII,
OeH3WIoBOro (hparMeHTy, paauKalliB ajKizapoMaTUYHOI Oymo-
BU JI0 KaTiOHHOTO LIEHTPY AMMEPHUX iOHHUX PilMH IOHEHOBO-
ro TUIY CHPUSIE OTPUMAHHIO BUCOKOTO PiBHSI iOHHOI
npoginHocti 107! Cmecm™! nipu i 36epexxeHHi 10 TeMrnepaTypu
—123°C. BcraHoBAEHO, 1110 CMHTE30BaHi iOHHI piIWHU AU-
MepHOi dopmu € TepmocTabiibhuMu a0 107-206°C. dosene-
HO, 1o HasgBHicTb rpyn —O—CHCH;-CH,— y paaukani 6ins
KBaTepHizoBaHOro atomy HiToporeHy nMuMepHUX iOHHUX pillMH
iOHEHOBOTO TUIY CHPUSIE MiABUILIEHHIO X TEPMiYHOI CTabiIb-
HOCTIi. 3MilICHEHMMHU AOCTIIKEHHSIMU BIUIMBY TIPUPOAM pa-
JMKaJy Oiisl iOHHOTO LIEHTPY IMMEPHMX CIOJIYyK Ha iX TeMIie-
partypy IJaBJieHHsI BCTAHOBJIEHO, 110 TeMIeparypa IJIaBJIeHHsI
JMMMEPHUX IOHHUX PiIMH IOHEHOBOTO TUITY 3POCTAE i3 301TbILEH-
HaM KigbKocTi rpyn —O—CHCH;-CH,— y paaukaii ioHHUX
CMOJyK. 30KpeMa BCTAHOBJICHO KOPEJSILIHI 3aJeXXHOCTI MixX
TEMIEPATYPOIO0, XiMIUHOIO OyIOBOIO AMMEPHUX iOHHUX PilMH
iOHEHOBOTO THUITY Ha OCHOBI MOXiAHMX TeTparigpo-1,4-okca3u-
HY Ta iX iOHHOIO TPOBIIHICTIO, 1O MiATBEPIKEHO KOpess-
UiMHUMM PiBHSIHHSIMMU 1 MOSICHEHO iX XiMiuHy mpupony. Lle
JO3BOJISIE CTBEP/XKYBAaTH MPO BiAMOBIAHICTb BUSBJIEHOTO Me-
XaHi3My (opMyBaHHS BJACTUBOCTEN Ta MPAKTUYHY TPHU-
BaOJIMBICTb 3aMPOMOHOBAHUX DillIeHb.

KawovoBi caosa: auMepHi iOHHi piguHu, iOHHA
NPOBiAHICTh, TeMIepaTypa poO3KJalaHHS, TeMmIepaTypa
TUIABJICHHSI, BJIACTHUBOCTI.
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Experimental studies confirmed that introduction of allyl
and hydroxyethyl groups, a benzyl fragment, and alkylaromatic
radicals into the cationic center of dimeric ionene-type ionic
liquids leads to a high ionic conductivity of 107" S cm™' at
—123°C. The synthesized dimeric ionic liquids were found to be
thermally stable in the range 107—206°C. The presence of
—O—CH(CH;)—CH,— groups in the radical adjacent to the
quaternized nitrogen atom was shown to enhance thermal stability.
Studies of how the nature of the radical near the ionic center
affects melting behavior established that the melting point of the
dimeric ionene-type ionic liquids increases with an increasing
number of —O—CH(CH,;)—CH,— units in the radical. In
particular, correlations between temperature, chemical structure
of the tetrahydro-1,4-oxazine-based dimeric ionic liquids, and
their ionic conductivity were established; correlation equations
are provided and their chemical basis is discussed. These findings
support the proposed mechanism of property formation and
demonstrate the practical relevance of the developed compounds.

Keywords: dimeric ionic liquids; ionic conductivity;
decomposition temperature; melting temperature; properties.
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