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A set of new experimental data was obtained regarding the influence of the structure of
dimer ionene ionic liquids on their physical and chemical properties, which is the basis of
the methodology for the synthesis of polymer ionene ionic liquids. It was established that
the introduction of allyl and B-hydroxyethyl groups into the quaternary nitrogen atom, the
presence of a dibenzyl fragment at the cationic center and alkylaromatic radicals permit
obtaining polymeric ionic liquids of the ionene type with a high level of ionic conductivity
at a low glass transition temperature. Newly synthesized polymeric ionic liquids and ionene
ionic liquids based on 1,2-epoxy-4,7-dioxononen-8 and tetrahydro-1,4-oxazine derivatives
with an ionic conductivity of ~107'=107* S cm™! with glass transition temperature range of
—140°C to —16°C exhibited five to six orders of magnitude higher ionic conductivity as
compared with known analogues. Recommendations for solving the problem of developing
polymeric ionic liquids and ionene ionic liquids exhibiting high ionic conductivity while
maintaining their liquid state in a wide temperature range have been developed.
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Introduction

Currently, one of the important areas of
polymer chemistry is a development of new polymeric
ionic liquids (ILs) with specific structural and
chemical characteristics of carriers, which ensure the
high efficiency of polymeric ILs as solvents and
catalytic media in organic synthesis and synthesis of
polymers, functional additives for paints and
decorative coatings, components of alternative
solvents of biodegradable materials, etc. [1—7].
Summarizing the results of research in recent years
in the field of polymeric and ionene ILs [8—11] allows
us to predict a high level of ionic conductivity and
wide temperature range of liquid state in polymeric
and ionene ILs based on derivatives of tetrahydro-
1,4-oxazine and 1, 2-epoxy-4,7-dioxononen-8 (PIL
and IIL).

The suitability of tetrahydro-1,4-oxazine and
1,2-epoxy-4,7-dioxononen-8 as monomers for the
synthesis of a new series of polymeric ionene ionic
liquids is confirmed by the high ionic conductivity
of previously synthesized polymeric ionic liquids
based on epoxide derivatives of 1,2-epoxy-4,7-

dioxononen-8 [11], morpholine-based polymeric
ionic liquids and ionene ionic liquids [8—10] at very
low temperatures, as well as significant technical and
economic advantages of using these compounds,
which led to the use of the developed polymeric
ionic liquids and ionic liquids in general in various
fields to solve pressing problems of chemistry and
chemical technology.

Based on the above, it is important to address
the following issues:

— to supplement a number of polymeric ionic
liquids and ionene ionic liquids with new low-cost
compounds from readily available raw materials;

— to improve the scientific and methodical
approach to the synthesis of PIL and IIL with given
properties;

— to establish the dependence of their physical
and chemical properties on the structure and external
factors to solve urgent problems of chemical and
food technologies;

— to solve the scientific and applied problem of
developing ionic liquids with high ionic conductivity
with a wide temperature range of liquid state;
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— to obtain information required for
recommending polymeric ionic liquids and ionic
liquids of the ionene type for solving scientific and
technical problems of chemical and food
technologies.

Experimental

In order to predict the influence of the nature
of the radicals near the nitrogen atom of the PIL
macromolecule, it was of interest to obtain ionic
monomers with various organic cationic parts and
inorganic anionic parts. The most reliable data is
provided by the study of such dependence on objects
with a known molecular weight. In this work, a new
type of ionene-type dimer ILs based on tetrahydro-
1,4-oxazine and 1,2-epoxy-4,7-dioxononen-§ (IIL)
derivatives was obtained.

Starting monomers with different functional
groups for the synthesis of reactive polymeric and
low molecular weight 1Ls with ionic-liquid functional
groups in the main polymer chain based on
tetrahydro-1,4-oxazine and 1,2-epoxy-4,7-
dioxonone-8 derivatives exhibiting liquid aggregate
state in a wide range of temperatures had been
selected due to the availability of precursors, the
possibility of varying the structure and molecular
weight of polymers, and the need to use oligomers
with a certain molecular weight to obtain polymers
with different molecular weights.

Epoxidized derivatives of 1,2-epoxy-4,7-
dioxononen-8 based dihalides (DH) of the brands
EPS-602 (DH-1), EPS-254 (DH-2), EPS-258 (DH-
3), EP -6 (DH-4) were used as starting monomers
for the synthesis of tertiary diamines (TDA) and as
monomers for the synthesis of PIL. Dihalogen
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derivatives of diepoxide compounds, both
alkylaromatic and aliphatic, were used as monomers
for the synthesis of PIL. Bis(chloro) derivatives of
ED-20 (DH-5), diepoxide resin, diglycidyl ether of
diethylene glycol DEG-1 (DH-6), diglycidyl ether
of triethylene glycol TEG-1 (DH-7) were synthesized
(Fig. 1) by the reaction of epoxides with hydrogen
chloride according to the known method given
elsewhere [12]. The reaction of the epoxy group with
hydrogen chloride is well studied and occurs
unambiguously, which is confirmed by the PMR
spectra of epoxy resin and the products of its
interaction with hydrogen chloride at different ratios
of reagents [12].

DHs were obtained (Fig. 1) by the interaction
of 1,2-epoxy-4,7-dioxononen-8 epoxidized
derivatives with concentrated hydrochloric acid [11].
Reaction was carried out in isopropanol at room
temperature for 2 hours.

The original TDA (both for the synthesis of
PIL and for the synthesis of I1L) were obtained (Fig. 2)
by the reaction of tetrahydro-1,4-oxazine with 1,2-
epoxy-4,7-dioxononen-8 epoxidized derivatives-
based DH. The reaction (with a two-fold excess of
tetrahydro-1,4-oxazine) was carried out at a
temperature of 50—60°C for 8 hours. Reactions of
1,2-epoxy-4,7-dioxononen-8 derivatives-based DH
with tetrahydro-1,4-oxazine occur by the mechanism
of nucleophilic substitution of chlorine atoms for
nitro groups [13]. The reactivity of DH is determined
by the large negative charge of chlorine in the C—Cl
group. At the same time, a partial negative charge
appears on the chlorine atom, and a positive charge
on the carbon atom, which causes bond polarization.

Chz~CH-R—~CH-CHp~Cl
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0—CHp—CH,—0— CH 0—
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Fig. 1. Synthesis of dihalogen diepoxide compounds
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TDAs based on tetrahydro-1,4-oxazine and
epoxidized derivatives of 1,2-epoxy-4,7-dioxononen-
8 EPS-602 (TDA-1), EPS-254 (TDA-2), EPS-258
(TDA-3), EP-6 (TDA-4) were selected as starting
monomers for the synthesis of PIL and IIL with
high yields.

Synthesis of dimeric ionene ILs based on
diquaternary ammonium salts with chlorine or
bromine anion was carried out (Fig. 3) by the reaction
of previously synthesized TDA with the
corresponding halogen derivatives. Allyl bromide
(HD-21), benzyl chloride (HD-22), butyl bromide
(HD-23), ethylene chlorohydrin (HD-24) were used
as halogen derivatives (HD) for IL synthesis. The

H

reaction was carried out at a temperature of 50—
60°C for 12 hours. It has been established that IILs
are formed with high yields of ~78—98%.

PILs were synthesized by the Menshutkin
reaction of equimolecular amounts of tetrahydro-
1,4-oxazine derivatives and 1,2-epoxy-4,7-
dioxononen-8 TDA with alkylaromatic and aliphatic
dihalogen derivatives of diepoxide compounds. The
syntheses were carried out according to the general
scheme (Fig. 4). According to ref. [14], the reaction
of TDA with DH occurs by the mechanism (Sy2) of
bimolecular nucleophilic substitution in various
solvents. The possibility of obtaining the largest
molecular mass of new ionene ionic liquids at the
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Fig. 2. Synthesis of tetrahydro-1,4-oxazine and 1,2-epoxy-4,7-dioxononen-8 derivatives based TDA
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Fig. 3. Synthesis of the ionene ionic liquids with chlorine and bromine anions. The code of synthesized I1Ls consists of the letter
«C» and two numbers: the first number is the TDA number, and the second number is the DH number
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Fig. 4. Synthesis of tetrahydro-1,4-oxazine derivatives and 1,2-
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epoxy-4,7-dioxononen-8 PILs. The code of synthesized I1Ls

consists of the letter «C» and two numbers: the first number is the TDA number, and the second number is the DH number

initial concentration of the monomers of 0.4—0.6
mol/l and using an ethanol-water solvent of variable
composition at a temperature of 50—60°C for 18—20
hours has been established.

The PIL structure was confirmed by elemental
analysis and IR spectroscopy. The characteristic
absorption bands in the PIL macromolecule
correspond to the original monomer molecules, not
taking into account end groups and quaternary
nitrogen atoms. In the IR spectra of polymers, the
spectra, characteristic of the functional groups of
monomers, disappear: 2780—2840 cm™' (valence
vibrations of the N—CH, group), 660 cm™! (valence
vibrations of the C—CI group). For alkylaromatic
PIL, there are characteristic vibration bands of the
benzene fragment in the region of 1620—1520 cm™.
The appearance of a strong broad band at 3600—
3100 cm™! corresponds to the fluctuations of
chemically bound moisture (water of crystallization),
which indicates the hydrophilicity of the synthesized
compounds: a property characteristic of high-
molecular quaternary ammonium compounds.

Results and discussion

Previously conducted studies [8—10] of the
influence of the chemical structure, the type of the
anionic part of morpholine-based ionene ionic
liquids, and influence of temperature on their ionic

conductivity in solutions in water and organic solvents
established correlations between the chemical
structure of the morpholine-based ionene ionic
liquids and their ionic conductivity. Thanks to this,
it became possible to formulate recommendations
for the development of new morpholine-based ionene
ionic liquids with high ionic conductivity. That is,
there are reasons to assert the possibility of forecasting
of the processes of creation of morpholine-based
ionene ionic liquids with high ionic conductivity in
a wide temperature range. In support of this, the
dependences between the structure of the substituents
at the quaternary nitrogen atom, the size of the
molecule, the number of charges and the distance
between the quaternary nitrogen atoms in the chain
of the macromolecule, the type of the anionic part
of the morpholine-based polymeric ionic liquids, and
their ionic conductivity are given. The practical
appeal of the proposed recommendations for the
development of morpholine-based polymeric ionene
ionic liquids has been proven.

From a practical point of view, it is very
important to have an idea of the effect of temperature
on the ionic conductivity of ionic liquids: this can
cause difficulties associated with determining the
optimal modes of operation of ionic liquids in
technological systems. That is why this dependence

Polymeric ionic liquids and ionic liquids of ionen type
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must be established for each individual ionic liquid.
The studies conducted earlier [§—10] revealed that
the ionic conductivity of morpholine-based ionene
ionic liquids decreases with increasing melting point
and decreasing temperature, but the ionic
conductivity of morpholine-based polymeric ionene
ionic liquids increases with rising temperature. The
latter dependence correlates well with the viscosity
of morpholine-based polymeric ionene ionic liquids:
with decreasing viscosity, the level of ionic
conductivity increases.

Due to the established analytical dependences,
it becomes possible to vary the cation-anion pair to
ensure the necessary properties of polymeric and
ionene ionic liquids. Despite the practical significance
of those results [§—11], it should be noted that for
each series of ionic liquids, it is necessary to study
the general correlations between individual
parameters and their ionic conductivity separately,
and the established regularities will be inherent only
to ionic liquids of a certain structure.

Considering all of the above, research aimed
at supplementing or confirming the previously
established dependences of the ionic conductivity of
polymeric ionic liquids and ionene ionic liquids on
their structure and temperature should be considered
relevant in order to make a reasonable choice of the
structural and chemical characteristics of the carriers
of ionic liquids, which ensure their high efficiency
in various fields of practical applications.

In order to further develop the foundations for
the synthesis of new polymeric ionic liquids and
ionene ionic liquids with specified properties, the
correlation dependences between temperature,
chemical structure of PIL, IIL and their ionic
conductivity were established. A comparative analysis
of the influence of the chemical structure of PIL
and IIL on their ionic conductivity was carried out
based on the results of research in a wide temperature
range (15—50°C) of the ionic conductivity of PIL
and IIL with different groups at the quaternary
nitrogen atom. Based on the previous
recommendations [8], IIL samples with the smallest
intrinsic radii, IIL with chloride and bromide anions,
were chosen as the objects of this study.

A comparison of IILs with the same radical at
the cationic center, which is a residue of the original
TDA (both for the synthesis of PIL and IIL), clearly
shows (Table 1) that there is a decrease in the ionic
conductivity of butyl- and benzyl-containing IIL due
to an increase in steric hindrance. The series of
dependences of the ionic conductivity on the nature
of the substituents at the quaternary nitrogen atom
of IIL have been established:

CH,CH=CH,>CH,CH,0OH>C,H,>PhCH,.

In general, a similar dependence was proposed
in ref. [8] for monomeric and dimeric morpholine-
based ionene ionic liquids containing a halide anion.

Therefore, the data indirectly indicate the
weakening of interionic interactions, differences
between the diffusion coefficients of ionic liquids.

In order to predict the influence of the structural
and chemical characteristics of the carriers on the
ionic conductivity of PILs, a detailed analysis of the
dependence of the ionic conductivity of I1Ls on their
radical at the cationic center, which is the residue of
the original TDA (both for the synthesis of PIL and
IIL), was carried out. It was established that the
ionic conductivity of IIL decreases in the following
series:

> —H,C—CH—CH,— > ~<CH2—CH2—O>—CH2—CH2—
6
OH

Transition from IIL with an aliphatic radical
at the cationic center to IIL with an alkylaromatic
radical leads to an increase in the ionic conductivity
of IIL, which is probably due to a decrease in the
interaction with protons of hydroxyl or oxyethyl
groups of substituents at the nitrogen atom and the
corresponding anions.

Note that the replacement of the —CH,CH,O—
group by —CH,CH(OH)CH,— leads to an increase
in ionic conductivity, probably due to an increase in
the conformational Ilability of the —
CH,CH(OH)CH,— group compared to that of
oxyethylene. This dependence corresponds to the
previously found dependence [8] for monomeric
morpholene-based ionene ionic liquids: «... the
specific conductivity of ionic liquids increases when
B-hydroxyethyl groups are introduced into the
molecule ...».

It is practically important to establish
correlations between the melting point and the ionic
conductivity of ionic liquids. Thus, previous studies
[8—11] established that the ionic conductivity of
polymeric ionic liquids and morpholine-based ionene
ionic liquids increases in direct proportion with a
decrease in the melting point (glass transition
temperature), which is confirmed by correlations
between these parameters for each ionic liquid.
Thanks to the established correlation dependences,
it becomes possible to more effectively adjust the
cation—anion pair of the ionic liquid to ensure their
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Table 1
Melting point, ionic conductivity of tetrahydro-1,4-oxazene derivatives and 1,2-epoxy-4,7-dioxononen-8

X X

+
; ionic liqui O N—CH;~CH-R—CH—CH,—N
based ionene ionic liquids of the general formula /| 27 | 2 O
R" OH  OH y
Designation R R'=R" X T, ’C c,Scem’!
C-1-22 «%CHZ—CHZ—O}CHZ—CHZ— —CH2@ Cl -95 0.35-107°
6
C-1-23 —<CH2—CH2—O>—CH2—CH2— —CH,—CH,—CH,—CHj Br -117 0.16-102
6
C-1-24 —(CHZ—CH2—0>—CH2—CH2— —CH,—CH,—OH Cl -126 0.28:1072
6
C-1-21 ~<CH2—CH2—O>~CH2—CH2— —CH,—CH=CH, Br -132 0.24-107"
6
C-2-22 @— —CH2© Cl -109 0.73:1072
C-2-23 @— —CHy,—CH,—CH,~CHj Br ~123 0.44-10""
C-2-24 @— —CH,—CH,—OH Cl -129 0.49-107"
c221 — ) —CH,~CH=CH, Br -138 0,78-10"
C-3-22 @ —CHZQ cl 107 0.69-102
C-3-23 @ —CH,—CHy—CH,~CH, Br “122 0.29-10"!
C-3-24 @ —CH,—CH,—OH Cl -129 0.32:107"
C-3-21 @ —CH,~CH=CH, Br -137 0.66:10""
-
C-4-22 @—ﬂ:—@— —CH2@ Cl -113 0.84-107
CH,
G
C-4-23 @—9@— —CH,—CH,—CH,~CHj Br -125 0.56:10""
CH,
i
C-4-24 @—9@— —CH,—CH,—OH cl 130 0.63-10""
CHj3
o
C401 09@ —CH,—CH=CH, Br 140 0.91.10""
CHj3
« _Hzc_CH—CHZ_
C-20-1 | —CH2@ Cl -102 0.59-107*
OH
« —Hzc_CH—CHZ—
C-20-3 | —CH,—CH,—CH,~CH; Br -120 0.12:107"
OH
« —Hzc_CH—CHZ—
C-20-2 | —CH,—CH,—OH Cl -128 0.13-10°"
OH
R —H,C—CH—CH,—
C-20-4 | —CH,—CH=CH, Br -135 0.52:10"
OH
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high level of ionic conductivity while maintaining
properties at very low temperatures.

Summarizing the results of the study of the
melting temperature and ionic conductivity of I1Ls
(Table 1) allows us to state the presence of an
interesting regularity in the series of 1ILs with the
same radical at the cationic center, which is the
residue of the original TDA (both for the synthesis
of PIL and IIL), which is associated with the growth
of the ionic conductivity of ionic liquids with a
decrease in their melting point. A decrease in the
melting point of IIL C-1-21+C-1-24 from —95°C to
—132°C leads to an increase in specific conductivity
from 0.35:-107° Scm™ t0 0.24-107" S cm™! IR (Table 1).
Taking into account the fact that the system is
multicomponent, the establishment of correlation
dependences between the properties of IIL was
carried out while excluding from consideration the
effect of the covalent radius of the anion. For the
first time, the correlation dependences between the
melting temperature and the ionic conductivity of
IIL were established:

IIL C-1-21+C-1-24 (6=—0.046-10T,,—4.7, =—0.663);
IIL C-2-21+C-2-24 (6=—0.024-10"'T,,—2.5, =—0.990);
IIL C-3-21+C-3-24 (6=—0.018-10™'T,,—1.9, =—0.940);
IIL C-4-21+C-4-24 (6=—0.030-10"'T,,—3.3, =—0.989);
IIL C-20-1+C-20-4 (c=—0.011-10"'T,,—1.1, =—0.749).

Based on previous studies, correlation equations
prove the dependence of the ionic conductivity of
IILs on their radical at the cationic center, which is
the residue of the original TDA (both for the synthesis
of PIL and IIL). Thus, the corresponding correlation
equations are as follows:

IIL C-1-22:C-4-22, C-20-1" (6=—0.048-102T,—4.5,

r=—0.974);
IIL C-1-23+C-4-23, C-20-3" (6=—0.066-10"'T,,—7.7,
r=—0.984);
IIL C-1-24+C-4-24, C-20-2" (c=—0.135-10"'"T,,—16.9,
r=—0.943);

IIL C-1-21+C-4-21, C-20-4" (c=—0.087-10"'T,,—11.2,
r=—0.999).

These newly found dependences and their
confirmation by correlation equations are extremely
important for the further synthesis of polymeric ionic
liquids and ionene ionic liquids, due to them being
tied to the defining parameters of ionic liquids:
melting temperature and ionic conductivity.

Taking into account all of the aforementioned
data, we can state that the introduction of allyl and
B-hydroxyethyl groups into the quaternary nitrogen

atom, the presence of dibenzyl fragment at the
cationic center and alkylaromatic radicals will allow
obtaining PILs with high ionic conductivity at low
glass transition temperatures.

Experimental studies have established that the
ionic conductivity of IIL increases with an increase
in the temperature (Fig. 5) due to a decrease in the
viscosity of ionic liquids and a decrease in the
solvation of ions and, consequently, due to increased
speed of movement of the ions. However, this paper
does not provide physical and chemical calculations
to confirm this hypothesis, which can be the basis
of further research.
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()
(=]
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Fig. 5. Dependences of ionic conductivity (logs)
of IILs on reciprocal temperature (1000/T):
1 —C-4-22;2 — C-3-22; and 3 — C-1-22

Thus, the generalization of the established
results of previous work [8—11] and newly obtained
data can be formulated in the form of the following
thesis: «The ionic conductivity of ionene ionic liquids
increases with a decrease in the melting point and
an increase in temperature.»

Further research was aimed at determining the
peculiarities of the influence of the polymeric nature
of the synthesized PILs on their ionic conductivity.
To do so, it was necessary to establish the
dependences between the substituents at the
quaternary nitrogen atom, the distance between the
quaternary nitrogen atoms in the macromolecule,
the chain length of the PIL macromolecule,
temperature and their ionic conductivity; and to
confirm the found dependences with correlation
equations and explain their chemical nature.

In order to prove the correspondence of the
found dependence of the ionic conductivity of IILs
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on their radical at the cationic center, it is sufficient
to carefully study the ionic conductivity of a series
of PILs with a radical that has a dibenzyl fragment
in its structure (Table 2), in which the ionic
conductivity decreases. This correlates well with the
results of the study of their dimeric analogues.

Comparison of the ionic conductivity of PIL
with an alkylaromatic substituent at the nitrogen atom
and PIL with an aliphatic substituent indicates a
higher ionic conductivity in the first case, which is
due to the «loosening» of the packing of the polymer
chain. This does not differ from the practical data of
the predicted results of the dimeric model systems
of PIL and work [8—10], where, from a theoretical
point of view, this fact is related to the greater rigidity
of the macromolecule of a polymer with an
alkylaromatic substituent, which is more expanded
compared to a polymer containing aliphatic
substituents.

The distance between quaternary nitrogen
atoms in the polymer macromolecule is also a
determining factor affecting the ionic conductivity
of a polymer macromolecule: as the distance between
the atoms of quaternized nitrogen in the polymer
macromolecule increases, the ionic conductivity
decreases in the following series of PIL
C-4-6>C-4-7>C-4-1 (Table 2), which is caused by
a decrease in the number of charges in the polymer
macromolecule. However, in contrast to the
conclusions drawn from the research results given in
studies [8—10], the data obtained allows us to state
that the main factor impacting the ionic conductivity
of the studied polymer ionene ionic liquids is not
only the size of the polymer macromolecule, but
also the distance between quaternary nitrogen atoms
in this macromolecule.

So, for PILs it is possible to construct following

fe
CHs
~<CH2—CH2—O>»CH2—CH2— .
6

Comparative analysis of data on PILs with the
same structure, but with different degrees of
polymerization, (Table 2) showed that an increase
in molecular weight leads to a decrease in the ionic
conductivity of PILs. Despite the practical value of
such results, this line of research has not been
sufficiently pursued in this work.

Obviously, this is related to the completeness
of the theoretical and practical results of systematic
research on this issue in the previous works [§—10],
which substantiates the following: an increase in the

chain length of a polymer macromolecule leads to a
decrease in the linearity of the polymer
macromolecule, an increase in the number of steric
hindrances and charges in the chain, and therefore
a decrease in the mobility of charge carriers.

The nature of the temperature dependence of
the ionic conductivity of the synthesized PILs is the
same (Fig. 6). It should be noted that as the
temperature decreases, the ionic conductivity of the
PIL decreases. At the same time, the viscosity of the
solutions of the corresponding PIL increases. This
dependence is explained by a complex of intra- and

intermolecular interactions of polymer
macromolecules.
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Fig. 6. Dependences of ionic conductivity (logo) of polyionens
on reciprocal temperature (1000/T): 1 — C-1-1; 2 — C-1-2;
3—C-1-3;4—C-1-4;5—C-2-2; 6 — C-3-3;and 7 — C-4-4

When establishing the dependences between
the ionic conductivity of PILs and their glass
transition temperature, which follow from the
obtained results, simultaneous decrease in the glass
transition temperature corresponds to an increase in
the ionic conductivity of PIL. This is probably due
to an increase in the entropy factor, which reduces
the order and increases the mobility of the chain
segments of the polymer macromolecule with ionic
groups. In particular, the correlation equations
confirming these dependencies are as follows:

[IL C-1-1:C-1-7 (6=—0.018-102T, —0.5, r=—0.786);
IIL C-2-2:C-2-7 (6=—0.033-102T,— 1.5, =—0.915);
IIL C-3-3:C-3-7 (6=—0.060-102T ,—4.6, =—0.972);
IIL C-4-3:C-4-7 (6=—0.009-10"'T,—0.8, r=—0.943).

Similar dependences of ionic conductivity and

Polymeric ionic liquids and ionic liquids of ionen type
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Table 2
Melting point, ionic conductivity of polymeric ionen ionic liquids of the general formula
oc® oC°
NTH,C—CH—R-CH—CH,=N<CH,~GH—R'~CH—CH,
[] OH  OH [j OH OH
0 0 "
Designation R' R" n 1\_/1n Ne/C, dl/g c,Scm’!
T
C.1.4 ~<CH2—CH2—O>—CH2—CH2— @—9@— 7 | 9639 593 |0.636-10°
6 CH,
o
C-2-4 — ) — )< ) 9 | 10449 | 424 |0.167-10"
CH,
T
C-3-4 @ 09@ 9 | 10449 | 447 |0276-10"
CH,
o 7
C-4-4 AQ—CI:@— @—9@— 8 | 10232 384 [1.732:10"
CH, CH,
T
C-4-1 09@ ‘<CH2_CH2—O>‘CH2—CH2— 5 | 6885 | 472 [0967-10°
CH, °
s
C-4-7 AQ—E:@— —CHZ%O—CHZ—CHZ}O—CHZ— 6 | 6150 481 |0.143-10"
CH, *
s
C-4-6 Og@— —CHZ%O—CHZ—CHZ}O—CHz— 7 | 6867 443 10.186-10"
CHy z

glass transition (melting) temperature were observed
both for IILs and for morpholine-based polymeric
ionic liquids in refs. [§—10].

The conducted studies established the effect of
temperature and chemical structure of synthesized
PILs on their ionic conductivity: the ionic
conductivity of PILs increases with an increase in
the melting point and a decrease in temperature,
with the introduction of alkylaromatic substituents
at the quaternary nitrogen atom, with a decrease in
the distance between the quaternized nitrogen atoms
and chain length of the polymer macromolecule.

The expediency of using low-molecular analogs
of polymeric ionic liquids as model systems for
predicting the behavior of polymeric ionic liquids is
confirmed by the established similar dependences
between temperature, substituents at the quaternary
nitrogen atom, and ionic conductivity of PIL and
their dimeric analogs.

It was shown that synthesized polymeric ionic
liquids and ionene ionic liquids based on tetrahydro-
1,4-oxazine and 1,2-epoxy-4,7-dioxononen-8§
derivatives with an ionic conductivity of ~107'+

+107* S cm™! in the glass transition temperature range
of —140°C+—16°C exhibited five to six orders of
magnitude higher ionic conductivity than the world-
known polymeric ionic liquids-based analogues
(s=10"%+10"1 S ecm™; T,=—8+80°C) [15], which
makes it possible to supplement a number of existing
effective polymeric ionic liquids and their low-
molecular ionene analogs with compounds with a
higher level of ionic conductivity in the range of
—140°C to +330°C.

Thus, scientific ideas regarding polymeric ionic
liquids and ionene ionic liquids were further
developed as a result of the establishing dependences
of the ionic conductivity of these compounds on
temperature, the nature of the substituents at the
quaternary nitrogen atom, the number of quaternary
ammonium groups in the cation radical, and the
length of the macromolecule chain, which were
confirmed by correlation equations.

Based on the results obtained in previous studies
and this work, it is possible to generalize the theories
of existing knowledge of the justified choice of
structural and chemical characteristics of media,
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which will contribute to solving the scientific and
applied problem of the development of polymeric
ionic liquids and ionene ionic liquids with high ionic
conductivity while preserving their liquid state in a
wide temperature range:

1. Ionic conductivity of polymeric and ionene
ionic liquids increases with an increase in temperature
and a decrease in viscosity and glass transition
temperature (melting point).

2. Introduction of allyl and B-hydroxyl groups
into the quaternary nitrogen atom and the presence
of dibenzyl fragment near the cation center lead to
increased ionic conductivity in polymeric and ionene
ionic liquids at low glass transition temperature.

3. Introduction of different radicals into the
quaternary nitrogen atom increases specific
conductivity compared to ionene ionic liquids with
the same radicals.

4. Introduction of an alkylaromatic radical into
the main chain of a macromolecule of polymeric
ionene ionic liquids increases their ionic conductivity
compared to a polymer of an aliphatic structure.

5. Substituting ethylene bridge for the —CH,—
CH(OH)—CH,— group into the cation part radical
of the polymeric and ionene ionic liquids leads to
increased ionic conductivity.

6. Decreasing the length of the polymer
macromolecule leads to increased ionic conductivity
in polymeric ionene ionic liquids.

7. Decrease in radius of an anion leads to an
increase in the conductivity of the polymeric and
ionene ionic liquids: high ionic conductivity is
exhibited by ILs containing chlorine anion.

Conclusions

New experimental data regarding the influence
of the structure of dimer ionene ionic liquids on
their physical and chemical properties has been
obtained and used as the basis of the methodology
for the synthesis of polymeric ionene ionic liquids.
It has been established that the introduction of allyl
and B-hydroxyethyl groups into the quaternary
nitrogen atom, the presence of a dibenzyl fragment
at the cationic center and alkylaromatic radicals will
allow obtaining polymeric ionene ionic liquids with
a high ionic conductivity at a low glass transition
temperature.

It has been shown for the first time that the
synthesized polymeric ionic liquids and ionene ionic
liquids based on 1,2-epoxy-4,7-dioxononen-8 and
tetrahydro-1,4-oxazine derivatives with an ionic
conductivity of ~107'+10™* S cm™! in the glass
transition temperature range of —140°C+—16°C
exhibit five to six orders of magnitude higher ionic
conductivity than the known analogues based on

polymeric ionic liquids. This allows supplementing
the range of existing effective polymeric ionic liquids
and their low-molecular weight ionene analogs with
compounds with a higher ionic conductivity in the
range of —140°C to +330°C.

For the first time, the physicochemical
properties of the synthesized polymeric ionic liquids
and ionene ionic liquids based on 1,2-epoxy-4,7-
dioxononen-8 and tetrahydro-1,4-oxazine derivatives
have been determined; correlations between the
chemical structure of these compounds and their
properties have been established. Said correlations
can be used as the basis for the synthesis of new
compounds. Scientific ideas about polymeric ionic
liquids and ionene ionic liquids have been further
developed by establishing dependences of the ionic
conductivity of these compounds on temperature,
symmetry of the cationic part, the nature of the
substituents at the quaternary nitrogen atom, the
number of quaternary ammonium groups in the
cation radical, and the length of the macromolecule
chain, the type of the anionic part. Parameters
discovered are proposed to be used as correlation
parameters for predicting the efficiency of polymeric
and ionene ionic liquids.

Recommendations for solving the scientific and
applied problem of developing polymeric ionic liquids
and ionene ionic liquids with high ionic conductivity
while maintaining their liquid state in a wide
temperature range have been developed.

REFERENCES

1. Mecerreyes D. Polymeric ionic liquids: broadening the
properties and applications of polyelectrolytes // Prog. Polym.
Sci. —2011. — Vol.36. — P.1629-1648.

2. Synthesis and properties of polymeric analogs of ionic
liquids / Shaplov A.S., Ponkratov D.O., Vlasov P.S., Lozinskaya E.I.,
Komarova L.I., Malyshkina I.A., Vidal F., Nguyen G.T.M.,
Armand M., Wandrey C., Vygodskii Ya.S. // Polym. Sci. Ser. B.
—2013. — Vol.55. — No. 3-4. — P.122-138.

3. Shaplov A.S., Marcilla R., Mecerreyes D. Recent advances
in innovative polymer electrolytes based on poly(ionic liquid)s /
/ Electrochim. Acta. — 2015. — Vol.175. — P.18-34.

4. Architecture, assembly, and emerging applications of
branched functional polyelectrolytes and poly(ionic liquid)s /
Xu W., Ledin P.A., Shevchenko V.V., Tsukruk V.V. // ACS Appl.
Mater. Interfaces. — 2015. — Vol.7. — P.12570-12596.

5. Reactive oligomeric protic cationic linear ionic liquids
with different types of nitrogen centers / Shevchenko V.V.,
Gumennaya M.A., Stryutsky A.V., Klimenko N.S., Trachevskii V.V.,
Klepko V.V., Davidenko V.V. // Polym. Sci. Ser. B. — 2018. —
Vol.60. — No. 5. — P.598-611.

Polymeric ionic liquids and ionic liquids of ionen type



78 ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2022, No. 6, pp. 68-79

6. Kucaosa O.B. [1epcrieKTHBY 3aCTOCYBaHHS iOHHUX PiH
B eslekTpoxiMii // BicH. KuiBchbkoro Hail. yH-TY TEXHOJ. Ta U~
3aitHy. Cep. TexH. Hayku. — 2018. — Ne 3 (122). — C.38-44.

7. Tuzimski T., Petruczynik A. lonic liquids applied to
extraction of xenobiotics from food, environmental, and biological
samples and for analysis by liquid chromatography // J. AOAC
Int. — 2019. — Vol.102. — No. 1. — P.3-22.

8. Ceeponixoscvra O.C. [1oniMepHi YeTBEpTUHHI aMOHI€BI
coJii Ta iX aHaJIOrM — MEPCHeKTUBHI iOHHI pinHuU. — JIHinpo-
MeTpoOBChK, 2014. — 264 c.

9. Sverdlikovs’ka O., Burmistr M., Chervakov O. Perspective
of ionic liquids based on polymeric quaternary salts of ammonium
(derivates morpholine) // Eur. Appl. Sci. — 2014. — No. 10. —
P.109-112.

10. Ceeponixoscvka O.C., Bypmicmp M.B., @edenxo O.A.
ANpOTOHHI noJliMepHi ioHHI piaHu ioHeHoBoro Tuny // Ha-
yKa, TexHoJiorii, inHoBauii. — 2018. — Ne 2(6). — C.61-70.

11. Jonni pinuHM Ha OCHOBi YETBEPTUHHUX AMOHIEBUX
coJieil — MOXiMHMX OKCUPAHOBUX CITOJIYK B SIKOCTi KOMITOHEHTIB
PiIKUX i TOJIMEPHUX €JIEKTPOJITIB VISl €JEKTPOXIMIUHUX TIPU-
crpoiB / bBypmictp O.M., Ceepmiikoscbka O.C., Bypmictp M.B.,
Ilanka B.X. // Borp. xumuu 1 xuM. trexHosoruu. — 2010. — Ne
5. — C.26-31.

12. [laken A.M. DTIOKCUAHBIE COCMUHEHUS] U STTOKCUI-
Hele cMoiel — JI.: Focrxumusmar, 1962. — 964 c.

13. Ilpoussoonsie MopdonuHa. V. Bzaumoneiictsue ito-
JIMCTOTO METHJIA U TAJIOTEHBOMOPOIHBIX KUCIIOT C MPOU3BOMHBI-
MU OKCAIMKJIOOYTaHa, COMepKaMMU MOP(OIMHOMETUIIbHbIC
s3amectutenu / Kaman C.3., 3axaposa H.A., 3Bonmosa A.C.,
Xpomos-bopucos H.B., Koxesnukos C.I1., [Tamouenkosa JI.B.
// Xumusi rerepouuki. coen. — 1974. — Ne 10. — C.1320-1324.

14. Bypmucmp M.B., Bypmucmp E.M. AnkunapoMarudec-
Kue roauroHeHsl. — JIHenporterpoBek: YI'XTY, 2005. — 131 c.

15. Yoshizawa M., Narita A., Ohno H. Design of ionic
liquids for electrochemical applications // Aust. J. Chem. — 2004.
— Vol.57. — No. 2. — P.139-144.

Received 26.07.2022

IIOJIMEPHI IOHHI PITVHU TA IOHHI PIINHN
IOHEHOBOT'O TUI1Y

Ceepoaixoscvka, O.B. Yepesakos, /[.0. Uepsaxos,
b.B. Bypxeeuu, €.11. Jleguenxo

OTprMaHO KOMIUIEKC HOBUX €KCIIEPUMEHTAIbHUX IaHUX
LIO/I0 BIIMBY OyIOBM TMMEPHUX iIOHHUX PiIMH iOHEHOBOTO TUITY
Ha iX (i3MKO-XiMiuHi BJIACTUBOCTI, 1110 € OCHOBOIO METOIOJIOTI1
CUHTEe3Y MOoJiMEPHUX iIOHHUX PiVH i0HEHOBOTO TUITy. BcTaHOB-
JIEHO, 10 BBENEHHS aliJIbHUX i B-TiIPOKCUETUBLHUX TPYI 10
YETBEPTUHHOTO aToMa a3oTy, HasiBHICTb AMOeH3MI0BOTO (hpar-
MEHTa MPU KaTiOHHOMY LIEHTPi Ta paauKaiB alKilapoMaTU4HOI
OyIOBU J103BOJIAATh OIEPXKATH TMOJIIMEPHi iOHHI pilMHMU iOHEHO-
BOTO TUITY 3 BUCOKMM PiBHEM iOHHOI MIPOBIAHOCTI MPY HU3bKIl
TeMIiepatypi ckiryBaHHs. CUHTE30BaHi MoJIiMepHi iOHHI pimuHN
Ta iOHHiI PiIMHU IOHEHOBOTO THMITy Ha OCHOBI TMOXimHUX 1,2-
ernokci-4,7-n1ioKCOHOHEeH-8§ Ta TeTpariapo-1,4-okcasuHy 3 ioH-
Hoto npoBigHicTio ~107'—10* Cm-cM™! y niana3oHi Temneparyp
ckiryBaHHS —140°C...—16°C Ha T’ATh—IICTh MOPSIIKIB MAaOTh
OisblIy iIOHHY MPOBIAHICTb Y MOPIBHSIHHI 3 BiTOMUMU CBITOBU-
MM aHajoramu. Po3pobieHi pekomMeHmallii 11010 BUPIlIEHHS
HayKOBO-TPUKJIAIHOI MPOOIEMU PO3POOKHU MOJIMEPHUX IOHHUX
piIMH Ta iOHHUX PiIMH IOHEHOBOTO TUITYy 3 BMCOKOIO iOHHOIO
MPOBITHICTIO 3i 30epeXEeHHSIM iX PIJIKOTO CTaHy Yy IIMPOKOMY
niara3oHi TeMIeparyp.

KimouoBi cioBa: noJiiMepHi iOHHi piiMHY, 1OHHI PiIUHU,
iOHHa TNPOBIAHICTb, TeMIlepaTypa CKJYBaHHS, TeMmIlepaTrypa
rJaBjieHHs, Pi3uyHi i XiMiuHi BJIaCTUBOCTI.
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A set of new experimental data was obtained regarding the
influence of the structure of dimer ionene ionic liquids on their
physical and chemical properties, which is the basis of the
methodology for the synthesis of polymer ionene ionic liquids. It
was established that the introduction of allyl and B-hydroxyethyl
groups into the quaternary nitrogen atom, the presence of a
dibenzyl fragment at the cationic center and alkylaromatic radicals
permit obtaining polymeric ionic liquids of the ionene type with
a high level of ionic conductivity at a low glass transition
temperature. Newly synthesized polymeric ionic liquids and ionene
ionic liquids based on 1,2-epoxy-4,7-dioxononen-8 and
tetrahydro-1,4-oxazine derivatives with an ionic conductivity of
~107'—=10"* S cm™' with glass transition temperature range of
—140°C to —16°C exhibited five to six orders of magnitude higher
ionic conductivity as compared with known analogues.
Recommendations for solving the problem of developing polymeric
ionic liquids and ionene ionic liquids exhibiting high ionic
conductivity while maintaining their liquid state in a wide
temperature range have been developed.

Keywords: polymeric ionic liquids; ionic liquids; ionic
conductivity; glass transition temperature; physical and chemical
properties.
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