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Four types of ionic liquids (ILs) of [XITFSI (X]* is a cation such as 1-butyl-3-methylimidazolium BMIm™, 1-
butyl-1-methylpyrrolidinium BMPyrr*, 1-butyl-1-methylpiperidinium BMPip* and
methyltrioctylammonium MOczAm* and TFSI™ is the bis(trifluoromethylsulfonyllimide anion) were
confined in halloysite nanoclay (Hal) at an excess ionic liquid concentration (IL : Hal ~55 : 45 wt%) and
studied by X-ray diffraction, TG, DSC analysis and FTIR spectroscopy. It was found that the
physicochemical properties of ILs trapped by halloysite at maximum loading are similar to those of bulk
ILs and change depending on the cation type and size. The cold crystallization temperature (T..) and
melting point (T,») of the crystalline mesophase in confined BMIm* and BMPyrr* ionic liquids are higher
than in the bulk ones, while in the amorphous BMPyrr* mesophase, the T.. and T,, values decrease by
9.7 and 14.2 °C, respectively. Confined BMPip* and MOczAm™* only have the glass transition temperature
(Tg)., which increases by 1.5 and 8.0 °C, respectively, compared to bulk ILs. The onset decomposition
temperature (Ty) decreases by 106.5, 40.7, 19.0 and 7.7 °C in BMIm*, BMPip*, BMPyrr* and MOczAm®*,
respectively. The changes in the properties are explained by the cation and anion interaction with
halloysite, as well as by the transformation of the ionic liquid structure. It is found that in this case the
amount of the TFSI~ anion trans-conformer increases in the following order: BMIm*™ > BMPyrr* ~
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1. Introduction

Ionic liquids (ILs) - salts with a large asymmetric organic cation
and a large organic/inorganic anion - are of great scientific
interest due to their unique combination of physicochemical
properties. ILs are characterized by a low melting point (<100
°C), absence of vapour pressure, high thermal and chemical/
electrochemical stability, a wide range of density and viscosity
values, ability to dissolve a lot of organic compounds and metal
salts, and high polarity and ionic conductivity, which is attrac-
tive in terms of practical application of these compounds. ILs
are recognized as “green” solvents for reactions of chemical
synthesis, biochemical and catalytic processes, as electrolytes
for energy converters and storage devices, etc.'™ It should be
said that high fluidity of ionic liquids is often undesirable as it
makes it more difficult to design some devices. That is why
many of the practical applications require the use of thickened
ionic liquids. Obtaining such ionic liquids (ionogels, IG) that
would retain the characteristic properties of bulk ILs - high
electric conductivity and thermal stability within a wide
temperature range - is an important scientific problem.
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The properties of thickened ionic liquids have been thor-
oughly studied by a lot of researchers in the last few years in
terms of their application in catalysis, production of
membranes and electrochronic materials, lubricants, encapsu-
lation of pharmaceutical preparations, as well as in such devices
as actuators and sensors, solar cells, fuel cells, double-layer
capacitors, lithium batteries and others.®* However, ionogels
remain largely underused because their interphase structure
and dynamics have not been studied well yet.****¢

Clay minerals are quite promising in terms of ionogel
preparation.'” Clay-based nanocomposites are characterized by
viscoplastic properties and high electric conductivity, which
allows them to be used in production of electrochemical
devices. Halloysite nanotubes (HNTs) - natural clay minerals
belonging to the kaolin group - are a promising type of nano-
materials that has attracted scientists’ attention by its low cost,
availability and biocompatibility. Besides, the large surface area
and tubular structure have allowed HNTs to be applied for
a variety of industrial purposes.'® Halloysite nanotubes are
successfully used as bioplastic fillers and coatings in medi-
cine.”?" HNTs are an alternative to synthetic, less
environmentally-friendly, toxic and expensive carbon nano-
tubes®»** and are considered applicable as adsorbents, catalysts,
carriers in drug delivery systems, etc.>*
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Halloysite nanotubes are kaolinite scrolls with a positively
charged internal aluminol surface (-Al-OH) and a negatively
charged external siloxane (-Si-O-Si-) surface.'®** The charge
separation is ensured by different values of the electric potential
of the outer surface consisting of silicon dioxide tetrahedrons
and inner surface made up by alumina octahedrons.*® The
chemical formula of halloysite is Al,Si,O5(OH),-nH,0, and by
the hydration state halloysite nanotubes can be classified into
hydrated HNTs (Al,Si,Os(OH),-4H,0) with an interplanar dyo,
spacing of 10 A and dehydrated HNTs (A1,S1,05(0OH),-2H,0)
with a7 A dyo, spacing. The nanotubes are 0.2-1.5 pm long, and
their inner and outer diameters are within the range of 10-
30 nm and 40-70 nm, respectively.*”

The large surface area (up to 60 m> g~') and structural
features of halloysite nanotubes urge to study the effects of
interactions at the phase interface and confinement on the
properties of ionic liquid molecules in limited ionogel spaces. It
is known that the structure of ILs in ionogels undergoes
considerable changes in comparison with bulk ILs making
them up. Interactions at the solid-liquid interface largely
determine ionogel properties. Ionic liquids are capable of self-
aggregation and microheterogeneity due to their unusual
structure and amphiphilic nature.”® The structural organization
of ILs in ionogels leads to the formation of ordered layers and
unusual properties of ionic liquids near the phase interface.”*

The properties of ionogels are largely dependent on the
confinement phenomenon - restrictions of molecular mobility
of ionic liquid molecules as a result of interaction with the
nanoparticle surface and their inclusion in the nanocavities of
porous fillers.*?**>3** The phenomenon of ionic liquid confine-
ment, when ion-wall interactions become more important than
ion-ion interactions in the bulk may cause changes in ionic
liquid physicochemical properties.*” Interactions of ionic liquid
ions with the nanoparticle surface transform the primary
structure of the initial ionic liquids into lamellar structures
consisting of alternating layers formed by cations and anions,
the location of which depends on the surface charge sign of the
nanoparticles, their shape and size determining the charge
density.*® The layers made up by cations and anions are
repeated in the ionogel bulk over a large distance from the filler
particle surface (tens of nanometers). The interactions between
the cation and anion layers determined by the polarization and
association effects are hindered by the interpermeation of the
anions and cations into the mesophases from the hydrocarbon
chains. This results in the formation of cationic and anionic
channels in the ionogels.*®

IL/HNT nanocomposites have a wide range of potential
applications in production of plastics,>** quasi-solid electro-
lytes for supercapacitors, secondary batteries,**** etc., since they
can have high ionic conductivity with a large proportion of the
reinforcing component.***® We have previously shown*® that
ionogels based on coagulation structures of halloysite in bis
(trifluoromethylsulfonyl) imide ILs with cations EMIm’,
BMIm', BM,Im", BMPyrr', BMPip* and MOc;Am" could be
classified as pseudoplastic fluids of the Bingham type. The
fluidity of these ionogels linearly correlates with the dynamic
viscosity and molar volumes of pure ionic liquids, and the
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temperature dependence of the ionic conductivity of ionogels in
the range from —20 to +80 °C obeys the Vogel-Fulcher-Tamman
equation. The formation of a stabilizing ionic solvation shell on
the surface of filler particles is a factor that affects interparticle
interactions in ionogels.

The aim of this work was to identify the regularities of
confinement effects in ionogels on the properties of ionic
liquids with the same hydrophobic bis(trifluoromethylsulfonyl)
imide anion and different cations (BMIm', BMPyrr', BMPip"
and MOc;Am") immobilized on halloysite nanotubes. Limita-
tions and confinement observed in ionogels affect the temper-
atures of phase transitions of ionic liquids, their thermal
stability, conformational transformations of immobilized ions,
hydration state and supramolecular structure of halloysite.

2. Experimental part

2.1. Materials

The following ionic liquids were used in this work:

- 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide BMIMTFSI (Aldrich, =98%, CAS:174899-83-30); the water
impurity content was 0.035 wt%;

- 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)
imide BMPyrrTFSI (MerkKGaA, high purity, CAS: 223437-11-4);
the water impurity content was 0.04 wt%;

- 1-Butyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)
imide BMPipTFSI (Aldrich, 97%, CAS: 623680-12-9;) the water
impurity content was 0.064 wt%;

- Methyltrioctylammonium  bis(trifluoromethylsulfonyl)
imide MOc;AmTFSI (aber GmbH, 99%, CAS: 375395-33-8); the
water impurity content was 0.12 wt%.

The ionic liquids were used without further purification. The
water impurity content in the ILs given above was determined
by the K. Fischer method in this work.

The structural formulae of the cations in the enumerated
ionic liquids are shown in Fig. 1.

Halloysite nanoclay (Hal), Al,Si,Os(OH),-2H,0 (Sigma-
Aldrich, USA, CAS number 1332-58-7, molecular weight
294.19 g cm °, density 2.53 g cm ™) was used to prepare the IL/
clay composites. The elemental composition, structural and
some physicochemical characteristics of the halloysite had been
determined by us earlier: the length of the nanotubes can
exceed 1 pm, their average outer and inner diameter are about
0.1 um and 7.8 nm, respectively; the pore volume of 0.13 cm’
g~', particle size of 90-280 nm, surface area of 57 m?> g !
(~16 769 m* mol '), and Z-potential of —13 mV.***

2.2. Preparation of ionogels

Samples of an ionic liquid and halloysite that had been kept in
an LT-VO 20 vacuum drying oven (Labtex, Russia) at a temper-
ature of 70 °C for an hour were placed into a hermetically sealed
polypropylene container and mixed for 1 hour with an IKA
VORTEX 4 basic vibration shaker (IKA-Werke GmbH & Co. KG,
Germany). The prepared mixture was stored in an Elmasonic
P30H US-bath (Elma Schmidbauer GmbH, Germany) for 2
hours, then kept in a vacuum drying oven at a temperature of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structural formulas of the cations and anion of the ionic liquids used to prepare the ionogels.

80 °C and a residual pressure of 0.1 MPa for 24 hours. The
effectiveness of using vacuum to increase the loading of organic
molecules into halloysite nanotubes has been confirmed in
several studies.”™* The obtained mixture was centrifuged (on
an OPn-8 desktop laboratory centrifuge, DATSAN, Russia) at
a rotation speed of 6000 rpm for 45 minutes. The centrifugation
in the two-phase system led to layering, after which the excess of
the ionic liquid that could not be retained inside the clay was
removed from the container. The prepared ionogel was satu-
rated with the ionic liquid and retained its sedimentary stability
in all the subsequent studies. The ratio of the components in
the prepared composites is given in Table 1. In addition, a small
amount of the obtained ionogels were washed three times with
ethyl alcohol, dried in a vacuum, and then studied by FTIR
spectroscopy.

2.3. Methods and apparatus

A 209 F1 Iris calorimeter (NETZSCH, Germany) was used to
determine the decomposition point (Ty4) of the ionic liquids,
clays and composites. A 10 mg sample ~ in a platinum crucible
was heated to 650 °C in an argon flow at a rate of 10 °C min™*.
The accuracy of the mass and temperature measurements was
+107° g and 40.1 °C, respectively.

A DSC 204 F1 Phoenix calorimeter (NETZSCH, Germany) was
employed to measure the thermodynamic parameters, such as
temperatures of melting (Ty,), crystallization (T.), glass

Tablel Composition of the ionogels prepared by halloysite saturation
with different ionic liquids

Ionic liquid cation

IL concentration

in the ionogel BMIm" BMPyrr" BMPip" MOc;Am”*
o, wt% 55.2 55.7 54.8 56.3
€, mol/100 g IG 0.131 0.132 0.126 0.086

© 2021 The Author(s). Published by the Royal Society of Chemistry

transition (Ty) and (AH) phase transition enthalpy. A 10 mg
sample~ in a hermetically sealed Al capsule was cooled by
liquid nitrogen to —120 °C at a rate of 10 °C min " and then
heated to 100 °C at a rate of 10 °C min . The measurements
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Fig. 2 Diffraction patterns of halloysite (1) and ionogels (2-5) con-
taining ionic liquids: BMIMTFSI (2), BMPyrrTFSI (3), BMPipTFSI (4) and
MOczAMTFSI (5).
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were made in an argon atmosphere. The accuracy of the mass
and temperature measurements was +10° g and +0.1 °C,
respectively. The enthalpy of the phase transition was calculated
as follows: AH = AH®® a M,,, where AH™P (J g ') is the exper-
imental value of the heat, « is the IL mass fraction in the ionogel
(Table 1), and M,, is the IL molecular weight.

The crystal structure of the clays and composites was studied
by the X-ray diffraction method within the angle range of 26 =
5-50° with a DRON-UM1 diffractometer (Russia), CuKa-radia-
tion, A = 0.154 nm, operating voltage of 40 kV, current of 40 mA.
The scan rate was 0.5 ° min~ .

The FT-IR reflection spectra of the initial ionic liquids and
halloysite and the resulting ionogels were registered on a dia-
mond crystal at room temperature using a VERTEX 80v
Infrared-Fourier spectrometer with a resolution of 0.2 cm™*

(Bruker, Germany) in the range from 500 to 4000 cm™".

3. Results and discussion

3.1. Structural features

Fig. 2 shows diffraction patterns of halloysite in its initial state
and as part of the ionogel prepared. It is evident that the ionic
liquids do not have a significant effect on the basal peak
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position and characteristics. We have earlier reported the value
of the basal spacing in the halloysite under study that was equal
to 7.55 A,* which is typical of the structure of the partially
dehydrated halloysite nanotube form (7 A).* It is shown that the
basal spacing in Hal either remains completely unchanged or
decreases a little as a result of the solvostatic pressure of ILs, as
well as due to the removal of the water initially absorbed on the
outer and inner surfaces of the nanotubes. The effect of basal
spacing narrowing in clays as a result of the interaction with
ionic liquids, in our opinion, is the extreme case of clay swelling
inhibition in aqueous suspensions containing high electrolyte
concentrations.

3.2. Thermal stability

Thermal stability of ionic liquids in ionogels is one of the key
properties for industrial application of these materials. Low
thermal stability can lead to failure or deterioration of the
functional properties in devices using ionic liquids. In contrast,
high thermal stability makes it possible to increase the upper
limit of working temperatures of such devices.

It was shown that the decomposition temperature (T4) of
individual ionic liquids depends on the anion type, increasing

100 200 300 400 S00 600
Temperature,°C

100 200 300 400 500 600
Temperature,°C

585
~
e

T T T T T T L T T T T T
100 200 300 400 500 600 100 200 300 400 500 600
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Hal

Temperature,°C

IL lanogel

Fig. 3 Differential thermogravimetric curves of halloysite, BMIMTFSI (a), BMPipTFSI (b), BMPyrrTFSI (c), and MoczsAmTFSI (d) ionic liquids and

jonogels based on them.
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with its size.** It is also discussed how the cation nature
affects the thermal stability of ionic liquids. For example,
review* summarizes and discusses data on thermal stability of
ILs with a TFSI™ anion and different cations. It was established
that Ty goes down in the cation series: BMIm™ > BMPyrr" >
BMPip'. However, it is noted that the correlation between the
decomposition temperature and IL cation type can hardly be
predicted and, for example, in one of the experiments, the salt
with a pyrrolidinium cation has higher thermal stability than
that with an imidazolium one.

In the adsorbed state, the T4 values can significantly
decrease on metal oxide substrates. It was observed, for
example, in 1-butyl-3-methylimidazolium hexafluorophosphate
adsorbed on SiO,,** where Ty went down from 425 °C to 315 °C.
A similar effect of the adsorbent on T4 was observed in work®®
for 1-methyl-3-octylimidazolium hexafluorophosphate that
decomposed in the bulk at 350 °C and when it was adsorbed on
SiO,, TiO, and v-Al,0;3, it decomposed at 310, 215 and 195 °C,
respectively. The interactions between the IL and metal oxides,
as well as IL solidification on metal oxides,*”*® evidently, have
a considerable effect on the thermal stability limits of the
organic salt in these systems.

Fig. 3 shows differential thermogravimetric curves of the
considered ionic liquids, halloysite and ionogels based on these
compounds. It can be seen that the process of thermal
decomposition of the samples under study consists of several
stages. The onset and end temperatures (Tonser and Tenq) and
the weight loss (Am) at each stage are presented in Table 2. In
the Hal case, the first peak at a temperature of 58.5 °C corre-
sponds to the removal of the physically adsorbed water, the
second peak at a temperature of 471.2 °C corresponds to clay
dehydroxylation. The process of decomposition of pure ionic
liquids consists of one stage. The first peak on the DTG curves
of the ionogels with BMPipTFSI, MOc;AmTFSI and BMPyrrTFSI
reflects the IL decomposition, whereas the second - Hal dehy-
droxylation. Thermal decomposition of BMImTFSI in the pres-
ence of HNTs is a two-stage process (with two mass loss peaks);
the third peak on this DTG curve corresponds to halloysite

Table 2 Decomposition temperature (Tonset, Tena: °C) and mass loss
(Am, %) of the of pure Hal and [X]TFSI sample and [X]TFSI/Hal ionogels”

First stage Second stage

System under study  Tonset  Tend Am Tonset  Tend Am

Hal ~40 88.3 2.4 425.6 497.7 13.1

BMIMTFSI 441.1 491.7 90.4

BMImTFSI/Hal 334.6 383.0 10.8 517.6 574.8 4.7
435.9 468.5 43.4

BMPyrrTFSI 4321 468.6 99.6

BMPyrrTFSI/Hal 391.4 453.8 57.9 513.2 567.4 4.0

BMPipTFSI 419.6 460.5 99.9

BMPipTFSI/Hal 400.6 453.6 56.2 510.5 569.5 4.2

MOc;AmTFSI 377.2 411.7 98.1

MOc;AmTFSI/Hal 369.5 419.3 54.1 495.1 547.5 6.4

% Tonset 1S the onset temperature, Tenq is the end temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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dehydroxylation. The presence of two stages of thermocatalytic
decomposition of imidazolium ILs in the ionogels, as review™
shows, can be caused by removal of hydrocarbon substituents at
the first stage and decomposition of the cyclic amine - at the
second one. It is evident that the bulky imidazolium IL is the
most thermally stable among the considered salts with a TFSI-
“anion, which agrees with the data in work.>* The IL thermol-
ysis in the ionogels is observed at other temperatures; however,
this change is not one-directional: the peak temperature goes
down by 23.4, 23.6, 6.4 °C for the salts with BMIm", BMPip",
BMPyrr" cations respectively, and increases by 3.2 °C for the salt
with an MOczAm" cation (Fig. 3). It should be said that in the
salts with an imidazolium cation and DCA™ and OTf anions
that we had studied earlier, we also observed lower thermal
stability in the presence of halloysite,* montmorillonite K10
and bentonite.**** We made a suggestion that the thermal
stability of the ionic liquid entrapped by halloysite decreased
due to the confinement and the effect of the interaction with
both the clay wall and the water molecules absorbed by the
halloysite.*> At the same time, the dehydroxylation temperature
of halloysite as an ionogel component did not only remain the
same but also increased by 40-60 °C.

Thus, the exposure of IL/Hal ionogel to higher temperatures
causes halloysite to produce a catalytic effect on the thermal
decomposition of ionic liquids, and the onset decomposition
temperature (T4) decreases by 106.5, 40.7, 19.0 and 7.7 °C in
BMIm', BMPip', BMPyrr" and MOc;Am’, respectively.

3.3. DSC studies

Fig. 4 shows the DSC curves of [X]TFSI (X = BMIm', BMPyrr",
BMPip" and MOc;Am") ionic liquids in bulk and confined in
halloysite. The following types of phase transitions are
observed: glass transition (Ty), when a compound transforms
from the glass state into the “supercooled liquid” phase,
exothermic cold crystallization or devitrification (T¢.) (crystalli-
zation on cooling), exothermic “solid-solid” phase transition

—= endo

DSC/my mg™
o
1

eH0 -
A
1

-100 -80 -B0 -40 -20 ] 20 40 6O B8O
Temperature,OC

Fig. 4 DSC heating curves of the second cycle of the pure [X]TFSI
jonic liquids (solid line) and [X]TFSI/Hal ionogels (dashed line).
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(Tss) and endothermic melting (Ty,). The phase behavior of the
bulk BMPipTFSI and MOc;AmTEFSI ionic liquids is character-
ized by the formation of the amorphous glass phase only. The
phase behavior of the bulk BMImTFSI and BMPyrrTFSI ILs is
typical of polymorphic compounds owing to the combination of
a small cation and a TFSI™ anion, which has the property of cis-
trans isomerism.>>*** It was found that the ability to crystallize
decreases in the following order: BMIm" > BMPyrr".®

The confined ionic liquids have the same phase transitions
as the bulk ones (Fig. 4). This behavior is typical of an ionic
liquid excess, when its molecules are located both on the
surface and inside the pores of the inorganic host matrix.**®
The phase transition temperatures, as well as the correctly
calculated values of the enthalpy (AH.. and AH,,) and entropy
(ASy,) for the bulk and confined ionic liquids, found taking into
account the IL content in the ionogel, are given in Table 3. For
the bulk ILs, the obtained values are consistent with the liter-
ature data.>*7*

It follows from the presented data that the glass transition
temperature of the ionic liquids confined in halloysite increases
compared to that of the bulk IL by the values of AT, (°C) (AT, =
T — T9"'Y) equal to 1.5, 2.4, 1.5 and 8.0 for BMIm', BMPyrr",
BMPip' and MOc;Am', respectively. This feature can be
explained by the change in the amorphous phase of the
confined ionic liquid due to interaction with halloysite and was
also observed in EMIMTFSI and EMImBF, encapsulated in
SC2A carbon.® The AT, value is higher in MOc;Am" due to the
hydrophobic interactions of long octyl chains. Since no events
except glass transition were observed in confined BMPip" and
MOc;Am’, their phase behavior will not be discussed further.
The evident difference between the confined and bulk ionic
liquids is the change in the freezing and melting points. At the
same time, confinement of the two other ionic liquids in hal-
loysite has a significant effect on the cold crystallization and
melting (Fig. 4).

When BMIm' is captured by halloysite, the T.. and Ty,
temperatures shift to higher values by 8.5 and 2.0 °C,
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respectively. The same trend is observed for the melting point
determined as the peak point during the first and second
heating cycles.*® This feature can be explained by the structural
transformation of the chaotically distributed ions in the bulk
phase into an ordered arrangement inside the halloysite
nanotubes, which leads to the anomalous phase transition from
the liquid to crystallites with higher crystallization and melting
temperatures.®>’>”* It should be noted that the - stacking of
imidazolium rings is an additional factor in the formation of
the more ordered structure of the BMIm" ionic liquid.

The DSC curve of confined BMPyrr® has two separate
exothermic peaks with the onset temperature T, (A) and T, (B),
as well as the multiplex endothermic sharp peak at Ty, (C) and
a weak wave at Ty, (D), and there is no exothermic transition T
(Fig. 4. As in case of BMIm', T. (A
(AT = T — T2 increases by 1.0 °C and Ty, (C) (AT =
T — ThYN) by 2.1 °C, while the values of T (C) and Ty, (D)
decrease by 9.7 and 14.2 °C, respectively. The depression in the
melting point is explained by the interaction of the confined IL
with the pore wall.®***”* The TFSI™ anion is mainly adsorbed on
the positively charged inner surface of halloysite, which
weakens the interaction between the cation and the anion. In
this case, some of the ions are included in the rotating motion,
and the melting point decreases. The cis-conformer is obviously
better adsorbed on the wall surface than the ¢rans-conformer
due to its structure and ability to form more hydrogen bonds.
The endothermic wave T, (D) at —25.5 °C can be attributed to
the low-melting mesophase of the cis-conformer, while the T,
(C) at —9.2 °C corresponds to the trans-conformer of the anion.
This assumption is consistent with the infrared data presented
below on the tendency towards changes in the equilibrium of
the TFSI" anion cis-trans isomers in the studied ionogel series.
In addition, it is known that the anion adopts a transoid
conformation in the crystalline phase of the low-melting
BMIMTFSI ionic liquid.”

Thus, the DSC data show that the phase behavior of the
confined ionic liquids in the studied ionogels is similar to the

Table 3 Thermodynamic parameters of phase transitions of bulk and confined [X]TFSI in Hal (second heating, 10 °C min~4)¢

BMIMTFSI BMPyrrTFSI BMPipTFSI MOCc;AmTFSI
Parameter Bulk? Con® Bulk Conf Bulk Conf Bulk Conf
M,,/g mol* 419.37 422.41 436.43 648.85
T,/°C —87.7 —86.2 —87.1 —84.7 —73.1 —71.6 —86.6 —78.6
Te/°C —48.6 —40.1 —57.5 —56.5 (A)°
—67.2 (B)
AH, /K] mol™* —19.6 —15.2 —16.1 —4.1 (A
—3.1 (B)
Tss/°C —40.0
AH/k] mol ™" —2.6
Tw/°C —6.5 —4.5 —11.3 -9.2 (C)°
—-25.5 (D)
AH,,/k] mol™* 18.8 16.0 26.5 20.7 (C + D)
AS/] mol * K¢ 68.3 59.6 101.2 83.6 (C + D)°

“ Ty is the glass transition (midpoint). T is the cold crystallization (onset point). T,_ is the solid-solid transition (onset point). Ty, is the melting
(onset point). ? is the first heating. ¢ (A), (B), (C), (D) are the onset points in Fig. 4. ¢ AS = AH/T.
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phase behavior of the bulk ionic liquids. At the same time, the
change in the phase transition temperatures depends on the
cation type. It was found that when the ionic liquid was
confined in halloysite, the melting point decreased by about
14 °C for BMPyrrTFSI and increased by about 2 °C for the
BMIMTFSI ionic liquid.

3.4. FT-IR spectra

The selected regions of the initial halloysite, initial ionic liquids
- [X]TFSI and [X|TFSI/Hal ionogels are shown in Fig. 5. The

View Article Online
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ionogel spectra show vibration bands of both halloysite and
ionic liquids, indicating the formation of a hybrid compound.

The bands of pure ILs were identified and assigned in
accordance with the literature.”* When [X]|TFSI was captured
by halloysite, all the »C-H stretching modes of the cation, such
as »(C-H)ar from the aromatic ring and »(C-H)al from the
aliphatic hydrocarbon chains, remained unaffected (Fig. 5a).
The weak bands between 1400 and 1600 cm ™" (Fig. 5b), which
are attributed to different frequency modes of the cation, such
as bending 6CH,, 6CHj;, rocking rNC2-H, rNCH, vNCN and
stretching vC=C, vCHN, »CH;CN types,”*”” changed noticeably.

(a) (b) (c) (d)
T SCALO-Sh
V7 (A1-OH) ¥ (51-0-5) § 5 (Si-0-5i)
26232 o x . 536 470
3697 S - 2
v (OH) = 2
Hal 3480 1636 5a0
B 2, .
3500 3600 3400 3200 3000 2200 1600 1400 1400 1200 1000 800 600 400

VICH)ar V{CHjal

BMim™*

3693 3629

1
3692 3627

BMPip*

36938 3627

1

529
1134 452

11?? IJIJS

110

1 cag 962
3693 3637 2L .,\J%
Y,
2 : i -——-—--"rh\-" 1182 ~ 1007 /"J
3300 3600 3400 3200 3000 2200 1600 1400 1400 1200 1000 200 GO0 400

Wavenumber, cm ™

Fig.5 Selected regions of FTIR reflection spectra of Hal, [XITFSI (1) and [XITFSI/Hal (2) between (a) 3800 and 2800 cm ™2, (b) 1700 and 1400 cm™?,
(c) 1400 and 800 cm ! and (d) 700 and 400 cm™*. The spectra are shifted for convenience.
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As Fig. 6a and b shows, new peaks and blue shifts ~1 to 2 cm ™!
were clearly observed in confined ionic liquids. The stretching
modes v,,CF; and »,SO, of the TFSI™ anion also exhibit blue-
shifts in the spectra of all the ionogels (Fig. 5¢). Such spectral
perturbations can be the result of both interactions with clay
and altered interactions within the ionic liquid itself due to the
confinement effect.

A careful study of the 6,,S0, bending mode showed that two
peaks at 600 and 610 cm™ " (Fig. 5d), which correspond to the
cis- and trans-conformers of the TFSI™ anion, respec-
tively,*>7>78-8 demonstrate redistribution of intensity (I) in favor
of the trans isomer (Fig. 6 c). It was found that the I;;,,/Is ratio
in the ionogel increased compared to that of pure IL by 19, 16,
15 and 5% for BMIm', BMPyrr’, BMPip' and MOc;Am",
respectively. This indicates that the trans-conformer amount in
the ionic liquid confined by halloysite depends on the cation
structure.

The bands of pure halloysite were identified and assigned in
accordance with the literature data.**** The main differences
between the spectral bands of the initial halloysite and ionogels
are as follows: (i) both bands at 3480 and 1636 cm ™', attributed
to the OH stretching and H-O-H bending vibrations of the
surface-absorbed H,O0, respectively, almost disappeared due to
the decrease in the amount of “free” water; (ii) the peak at
3622 cm ™" from the inner OH hydroxyl, in contrast to the peak
at 3697 cm™ "' from the inner-surface OH hydroxyl, blue-shifted
significantly, and the I36,,/I360, ratio decreased in comparison
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with that of pure halloysite by 9, 10, 8 and 18% for BMIm",
BMPyrr', BMPip' and MOc;Am', respectively, indicating a lower
amount of the interlayer water; (iii) all the halloysite bands in
the range <1400 cm ™" were significantly shifted towards lower
frequencies, apparently, due to the non-covalent bonding of the
corresponding functional groups.® Fig. 7 shows the main shifts
of fundamental frequencies of the halloysite and ionic liquids
observed in the ionogel spectra.

It follows from the presented data that the [X]TFSI ionic
liquid confined by halloysite replaces the water absorbed on the
outer and inner surfaces of the halloysite tubes. Halloysite
dehydration changes in the following order: BMIm"* ~ BMPyrr"
~ BMPip' << MOczAm". It can be assumed that the trapped
ionic liquids were mainly located on the outer wall of the hal-
loysite nanotubes, and also partially enclosed in their inner
cavity. To confirm that the ionic liquid was encapsulated in
nanotubes, the ionogel samples were washed three times with
ethyl alcohol® then dried under vacuum. In the IR spectra of the
washed samples, the frequencies of both the cation and the
anion of the studied ionic liquids were observed. An addition,
according to TG, the amount of the ionic liquid encapsulated
into nanotubes was found to be about 2% of the sample weight.

Inside nanotubes, the ionic liquid is retained due to elec-
trostatic interactions of the TFSI™ anion with the positively
charged inner aluminol (-Al-OH) surface, as well as due to
hydrogen bonds (CF, SO---HO-Al). In this case, the TFSI" anion
mainly adopts a sic-conformation. On the outer wall of the

0.201 (a) 0.15- 1467 (b}
1573 1566 1463 r"‘\ 1861
- Ty 1567 = 1474
= 1575 =
k" , & 010
2 010 A /< g [19e
10+ 1560 ]
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= _/—/ S| 0.05- J
0.004 L% 0.00 _'f i
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0.6 - rans s [C]
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z
£ 0z
0.2191
ool , , ,
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Wavenurmber, cm ™!

Fig. 6 Infrared spectra of (1) [XITFSI and (2) [XITFSI/Hal in the range of (a) 1600-1540 cm~* assigned to ¥NCN, rNC2-H, vC=C and rNCH; (b)
1500-1400 cm ™t assigned to 6CH,, 6CH3, ¥yCHN, vCH3CN; (c) 640-580 cm ™ of the 6,,50, mode; X = BMIm™ (a and c), BMPyrr* (b). The spectra

are shifted for convenience.
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halloysite nanotubes, the [X]" cation interacts with the nega-
tively charged outer siloxane (-Si-O-Si-) surface through elec-
trostatic and hydrogen bonds (CH---OSi). The structure ionic
trapped by halloysite could be also change due to weakening or
strengthening of inter- and intramolecular interactions of the
ionic liquid.**®*** Inside nanotubes, an ionic liquid can self-
assemble, forming a pseudocrystalline structure. In this case,
the TFSI™ anion mainly adopts a trans-conformation, and this
tendency, depending on the cation type, changes in the
following order: BMIm" > BMPyrr' ~ BMPip" >> MOc;Am".

4. Conclusion

In this work, we obtained ionogels based on BMImTFSI,
BMPyrrTFSI, BMPipTFSI and MOc;Am (~55%) ionic liquids
and nanotube halloysite (~45%) by mechanically mixing the
components with subsequent degassing at 80 °C in order to
reach the maximum degree of filling the tubular halloysite
space with ionic liquids. The formation of ionogels is caused by
electrostatic and hydrogen interactions of the cation (CH:--OSi)
and the anion (CF---HO-Al, SO---HO-Al) with halloysite and
results in the removal of the water initially absorbed on the
outer and inner surfaces of the nanotubes, which leads to lower
basal spacing in the halloysite. It was shown that the IL thermal
stability in the ionogels decreases as a result of the Hal ther-
mocatalytic effect, and their thermal decomposition represents
a one-stage process (ILs with BMPyrr*, BMPip*, and MOc;Am"
cations) or a two-stage process (BMIMTFSI).

In the confined geometry of halloysite, the structure and
phase behavior of the studied ionic liquids depends on the
cation type and size. An IR spectroscopy study showed that the
ratio of the cis/trans conformers of the TFSI™ anion changes in
favor of the trans conformation in the following order: BMIm" >
BMPyrr' ~ BMPip" >>MOc;Am". This finding is consistent with
the DSC data that the confined BMIm" ionic liquid forms

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a structured phase, predominantly from the transoid TFSI™
isomer, with the cold crystallization and melting temperatures
higher than in the bulk one, and this ability is weaker in poly-
morphic BMPyrr". The latter also forms a less structured phase,
predominantly from the cisoid TFSI™ isomer, with the temper-
ature of cold crystallization and melting lower than in the bulk
IL. The larger ionic liquids - BMPip" and MOczAm" - exist
mainly in the amorphous phase, which becomes more struc-
tured inside the halloysite, especially in MOcz;Am" due to three
long octyl chains. The presented results suggest a different
location and structural organization of the cation and anion of
the studied ionic liquids on the inner and outer surfaces of
halloysite nanoscrolls and can be of use when developing high-
temperature electrochemical devices with quasi-solid electro-
Iytes based on ILs and halloysite clay.
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