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Preface to ”Polymers and Ionic Liquids: 
Shaping up a New Generation of High 
Performances Nanomaterials”

In the past few years, the scientific community, including in academic and industrial research, 
has made unprecedented efforts to develop new functional polymeric nanomaterials, in terms of 
water or gas barriers, electrical, mechanical, fire retardancy, or self-healing properties. In order to 
achieve this, the introduction of organic–inorganic hybrids, based on silica, carbon nanotubes and 
layered silicates, or ionomers and block copolymers, have been widely reported in the literature. 
Very recently, ionic liquids that are organic salts have demonstrated their great potential as new 
components of advanced polymer materials. In fact, they can be used as interfacial agents of 
nanoparticles to develop high performance nanocomposites, as compatibilizing agents of polymer 
blends, as electrolytes in batteries, as flame retardant of polymer materials, as structuration and 
self-healing agents of thermoplastic and thermosets, and as processing aids of renewable resources. 
Thus, the main objective of this Special Issue is to highlight a glimpse of the real potential of ionic 
liquids in polymer nanoscience.

Jannick Duchet-Rumeau, Jean-François Gérard, Sébastien Livi

Editors
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Abstract: Here, ionic liquids (ILs) based on imidazolium and ammonium cations were used as
modifying agents for poly(methyl methacrylate) (PMMA) by extrusion. The effects of the chemical
nature of the cation and/or counter anion on the resulting properties of IL-modified PMMA blends
were analyzed. It was found that the use of low amounts of ILs (2 wt.%) improved the thermal
stability. A plasticizing effect of ILs is evidenced by a decrease in glass transition temperature Tg
of the modified PMMA, allowing to get large strains at break (i.e., up to 280% or 400%) compared
to neat PMMA. The deformation and fracture mechanisms of PMMA under uniaxial tensile stress
(i.e., crazing) reveal that the presence of IL delayed the strain during the initiation step of crazing.

Keywords: ionic liquids; PMMA; plasticizer; mechanical behavior; crazing; thermal behavior

1. Introduction

In the field of engineering polymer materials, poly(methyl methacrylate) (PMMA) is a polymer
material that is considered in many applications because of its low density, high optical clarity,
high rigidity, easiness for processing, as well as its excellent chemical and ultraviolet resistance [1,2].
Thus, PMMA has been integrated in numerous applications such as medical devices, glass replacement,
automotive parts, and so on [3–9]. However, PMMA is a brittle polymer material that has a low
fracture toughness, which limits its uses [10]. In order to enhance its properties, different routes have
been investigated: (i) the incorporation of inorganic particles such as silica, alumina, layered silicates,
calcium carbonate, or carbon nanotubes [11–14]; (ii) the use of a dispersed rubber phase [15–17] or the
blending with other thermoplastic polymers such as polyethylene (PE) and polycarbonate (PC) [18];
and (iii) the introduction of low molar mass components that act as plasticizers [19,20]. The addition of
silica nanoparticles is a very promising route to enhance the thermal and mechanical properties of
PMMA [21,22]. Different authors highlighted that the incorporation of silica nanoparticles could lead
to a significant improvement of fracture toughness of the PMMA matrix [23,24].

Recently, ionic liquids (ILs) have appeared as new additives in polymers, allowing the design of
advanced polymer-based materials [25]. ILs are organic salts that exhibit a low melting temperature,
good ionic conductivity, good thermal stability, and negligible vapor pressure [26–28]. In fact, ILs were
commonly used as suitable compounds for compatible agents of polymer blends [29–32], such as
(nano)structuration agents of fluorinated polymers and copolymers [33,34], non-conventional initiators
of epoxy reactive systems [35,36], as well as surfactants or plasticizers of different polymers [37–40].
Recent works reported the advantages ILs used as plasticizers in synthetic and biosourced polymers.
The ability to act as plasticizers for imidazolium-based ILs was also reported for starch. In fact,
1-butyl-3-methylimidazolium chloride ((C4mIm)(Cl)) IL contributes in screening the numerous
hydrogen bonds leading to a significant decrease of the glass transition temperature, Tg, and acts as
a processing aid in the molten state of thermoplastic starch [38]. Others authors have investigated

Nanomaterials 2019, 9, 1376; doi:10.3390/nano9101376 www.mdpi.com/journal/nanomaterials1
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the influence of trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonylimide) ((P6,6,6,14)(TFSI))
and 1-pentyl-3-methylimidazolium hexafluorophosphate ((C5mIm)(PF6)) ILs in poly(vinyl chloride)
(PVC) [41] and poly(lactic acid) (PLA) [42], respectively. Rahman et al. also demonstrated that ILs
based on ammonium, imidazolium, and phosphonium cations could be an alternative to traditional
plasticizers of PVC, as such compounds have a diffusion rate (i.e., better leaching and migration
resistance) [37]. Concerning amorphous polymers being glassy at room temperature, Scott et al.
demonstrated the ability of imidazolium-based ILs to induce plastic deformation in PMMA. In fact,
one of the conventional plasticizer agents used in PMMA (i.e., dioctyl phthalate, DOP) has a molecular
structure close to the imidazolium cation, (i.e., an aromatic ring with saturated alkyl chains) [43,44].

As a consequence, the main goal of this work is to study the effect of a small quantity (2 wt.%) of
ILs on the physical properties of IL-modified PMMA. Moreover, the influence of the chemical nature of
the cation and/or anion on the morphology, thermal stability, and surface properties as well as the
mechanical properties of PMMA have been studied. Deeper attention was brought for the first time,
to our knowledge, to the crazing mechanism in PMMA under uniaxial tensile stress in order to identify
the basic mechanisms involved in the large strain mechanical properties of IL-modified PMMA.

2. Materials and Methods

2.1. Materials and Characterization Methods

PMMA was provided by Oroglas (Arkema Group). The molar masses were determined
by Size-exclusion chromatography (SEC) with values of 30,300 and 36,000 g·mol−1, respectively.
Imidazolium and ammonium-based ILs were supplied by Solvionic Co. and were denoted as
1-butyl-3-methylimidazolium hexafluorophosphate ((C4mIm)(PF6)), N-trimethyl-N-butylammonium
hexafluorophosphate ((N1,1,1,4)(PF6)), N-trimethyl-N-hexylammonium bromide ((N1,1,1,6)(Br)),
and N-trimethyl-N-hexylammonium bis(trifluoromethanesulfonyl)imide ((N1,1,1,6)(TFSI)). All the
structures of ILs and PMMA are given in Figure 1. In addition, the designation of ILs as well as their
melting temperatures, Tm, and molar masses, Mm, are reported in Table 1.

(C4mIm)(PF6) 

(N1,1,1,4)(PF6) (N1,1,1,6)(Br) 

(N1,1,1,6)(TFSI) 

PMMA 

Figure 1. Chemical structures of ionic liquids (ILs) considered in this study. PMMA, poly(methyl
methacrylate); TFSI, bis(trifluoromethanesulfonyl)imide; PF6, hexafluorophosphate; Br, Bromide.
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Table 1. Designation of imidazolium and ammonium ILs used in this work.

Designation Cation Anion
Tm

(K)
Mm

(g·mol−1)

(C4mIm)(PF6) 1-butyl-3-methylimidazolium Hexafluorophosphate 283 284
(N1,1,1,4)(PF6) N-trimethyl-N-butylammoniun Hexafluorophosphate 393 289
(N1,1,1,6)(Br) N-trimethyl-N-hexylammonium Bromide 268 224

(N1,1,1,6)(TFSI) N-trimethyl-N-hexylammonium Bis(trifluoromethanesulfonyl)imide 308 424

Fourier transform infrared spectroscopy (FTIR) spectra were recorded at 25 ◦C using a Nicolet
iSO10 ThermoScientific spectrometer equipped with an Attenuated Total Reflectance (ATR) mode
setup from 4000 to 600 cm−1.

Differential scanning calorimetry (DSC) analyses were performed using a Q20 TA instrument
(TA Co. Ltd., New Castle, DE, USA). The samples were investigated from 193 to 453 K at a heating rate
of 10 K·min−1 under N2 flow (50 mL·min−1). Before analysis, the samples were heated to 393 K to erase
the thermal history. From DSC measurements, the glass transition temperature, Tg, was determined.

Thermogravimetric analysis (TGA) was performed using a Q500 thermogravimetric analyzer
from TA Instruments. All samples were heated from 298 to 1173 K at different heating rates under
inert atmosphere. Tonset, Tmax, and Tfinal temperatures were determined. The plots ln(β/T2) versus
1/T obtained from TGA traces for each mass degradation and heating rate provided the activation
energy of the degradation mechanism [45]. The degradation kinetics were analyzed according to the
Kissinger–Akahira–Sunose method (KAS) equation [46].

ln
(
β

T2

)
= Constant − Ea

RT
,

where β is the heating rate (in K·min−1), T is the temperature (in K) recorded at each degree of
degradation (defined as the fraction of the total mass loss in the process, ranging from 10 to 90%), R is
the universal gas constant, and Ea is the activation energy (in kJ·mol−1).

Transmission electron microscopy (TEM) was performed at the Technical Center of Microstructures,
at University of Lyon, using a Phillips CM 120 field emission scanning electron microscope (Philips,
Amsterdam, The Netherlands) with an accelerating voltage of 80 kV. First, the samples were sliced
using an ultramicrotome (Leica, Weitzlar, Germany) equipped with a diamond knife to obtain ultrathin
sections 60 nm thick. Then, they were set on cooper grids for observation.

The surface energy of PMMA/IL materials was determined from the sessile drop method using a
DataPhysics Instruments (GmbH) OCA 20 (Filderstadt, Germany). Water and diiodomethane were
used as probe liquids for contact angle measurements. The nondispersive and dispersive components
of surface energy were determined according to the Owens–Wendt model [47].

Uniaxial tensile tests were performed on IL-modified PMMA samples in order to determine the
Young’s modulus and the strain at break. The dumbbell-shaped specimens were tested using an
MTS 2/M eletromechanical testing system (MTS, Eden Prairie, MN, USA) at 295 K under 50% relative
humidity (RH) with a crosshead speed of 2 mm·min−1. In addition, in order to analyze more deeply
the crazing mechanism, the samples were strained under a uniaxial tensile stress at different levels of
strain (i.e., ranging from 20% to 80%) to be observed by optical microscopy (OM).

2.2. Processing of IL-Modified PMMA

PMMA was combined with 2 wt.% of ionic liquid ((C4mIm)(PF6), (N1,1,1,4)(PF6), (N1,1,1,6)(Br),
or (N1,1,1,6)(TFSI)) in molten state using a 15 g capacity microextruder (DSM 15) with co-rotating twin
screws. PMMA/IL mixtures were processed with the following parameters: 5 min at 100 rpm at a
temperature of 180 ◦C and injected at 90 ◦C in order to generate samples for mechanical tests.
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3. Results & Discussion

3.1. PMMA/IL Interactions

The miscibility of ILs in the PMMA matrix after melt mixing was examined by TEM. The TEM
micrographs of neat PMMA and IL-modified PMMA materials are shown in Figure 2. The first
conclusion is that the evidenced morphologies were in the nanometer range, which can explain why
the IL-modified PMMA blends kept the initial PMMA optical properties.

D) 500 μm

A) 500 μm
B) 500 μm

C) 500 μm E) 500 μm

Figure 2. TEM micrographs of neat PMMA and IL-modified PMMA materials: (A) neat PMMA;
(B) PMMA/(C4mIm)(PF6); (C) PMMA/(N1,1,1,4)(PF6); (D) PMMA/(N1,1,1,6)(Br); and (E) PMMA/
(N1,1,1,6)(TFSI) (2 wt.% IL).

TEM micrographs did not show large differences between PMMA, PMMA/(C4mIm)PF6),
PMMA/(N1,1,1,4)PF6), and PMMA/(N1,1,1,6)(TFSI) morphologies. Such a phenomenon can be explained
by the excellent miscibility of such imidazolium and ammonium ILs into the PMMA matrix [48].
On the other hand, one can notice on TEM micrographs of PMMA/(N1,1,1,6)(Br) the presence of tiny
voids (with about 0.5 μm in diameter) scarcely dispersed in the PMMA matrix. This suggested a poor
miscibility of the (N1,1,1,6)(Br) ionic liquid in PMMA.

To provide a better understanding of the type of intermolecular interactions between PMMA
and imidazolium or ammonium-based ILs, FTIR spectroscopy was used. FTIR spectra of ILs, PMMA,
and the different IL-modified PMMA materials are given in Figure 3.

The ammonium and imidazolium ionic liquids were well characterized by the absorption
bands at 2939 and 2878 cm−1, attributed to the C–H stretching vibration, and by the bands at
1467 and 751 cm−1, corresponding to the C=N and C–N stretching, respectively (Figure 3A). The
symmetric as well as asymmetric stretching of the (PF6)− anion appeared at 819 and 740 cm−1,
respectively [41]. For (N1,1,1,4)(PF6), the absorption bands associated to the anion shifted to 823 and
738 cm−1. Despite the different lengths of the alkyl chains of ammonium cations (i.e., (N1,1,1,4)+ and
(N1,1,1,6)+), the characteristic absorption bands were similar (Figure 3): C–H stretching was evidenced
in the 3050–2860 cm−1 range; C–H bending at 1490–1480 cm−1; and at the lowest wavelengths, 970 and
900 cm−1, the characteristic vibrations of the C–N–C torsion bonds occurred. Concerning (N1,1,1,6)(Br)
IL, the broad absorption band from 3600 to 3000 cm−1 was related to the water uptake, due the more
pronounced hydrophilic character of this IL, which is associated to the (Br)− anion. On the other
hand, for the (N1,1,1,6)(TFSI) IL, the strong hydrophobicity of the (TFSI)− anion prevents water uptake,
and there was no evidence of residual water. The same conclusion could be made for (PF6)− -based
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ILs [49]. The (TFSI)− anion was characterized by strong absorption bands between 740 and 1350 cm−1:
at 1347, 1328, and 1133 cm−1 for the SO2 group; from 1226 to 1178 cm−1 for the –CF3 group; and at 1052
and 788 cm−1 for S–N–S and C–S vibrations, respectively [50,51].

Figure 3. FTIR spectra of: (A) neat imidazolium and ammonium-based ILs, (+) and (−) captions
highlight the main absorption bands for the cation and anion, respectively; (B1) neat PMMA and
IL-modified PMMA materials; and (B2) displays the same spectra ranging only from 3100 to 2800 cm−1).

Figure 3B reports the spectra of PMMA and IL-modified PMMA materials. For PMMA, absorption
bands appearing at 2990 and 2847 cm−1 corresponded to the asymmetric and symmetric stretches
of C–H in the CH3 group, respectively. At 2950 cm−1, the –CH2– groups of the polymer backbone
displayed their asymmetric stretching vibration mode. The C=O vibration modes were evidenced at
1723 (stretching), 808 (in-plane banding), and 750 cm−1 (out of-plane bending). The –CH3 deformation
modes (1477, 1446, and 1434 cm−1), twisting (1142 cm−1), and the C–O bond stretching mode at
1238 cm−1 were also present.

For FTIR spectra of all IL-modified PMMA materials, one can notice that only the vibrational
bands assigned to PMMA were observed according to the very small amount of IL added to PMMA.
Nevertheless, it is possible for IL-modified materials to evidence shifts in the absorption bands related
to methyl stretching vibrations (from 3100 to 2800 cm−1—see Figure 3B2). Thus, whatever the IL used,
strong interactions between PMMA and IL took place.

5
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In fact, according to the PMMA structure, the negative charge delocalized between the two
oxygens of the methacrylate group induced a positive charge on the hydrogens of the methyl group.
As a consequence, the (PF6)−, (Br)−, and (TFSI)− anions can interact with the –OCH3 groups of PMMA
(especially for (PF6)− and (TFSI)− because of the strong electronegativity of fluorine). As a consequence,
one can consider that the compatibility between PMMA and the IL is dictated by the nature of the anion
rather than the cation. In fact, this conclusion was indicated by Ueno et al. who analyzed the solubility
of PMMA in several ILs. The authors demonstrated that the interactions between the polymer and ILs
were governed by the anion structure, whereas the cation had secondary effects [52].

As reported in Figure 3B2 for PMMA/(N1,1,1,6)(TFSI), both C–H symmetric and asymmetric
stretching absorption bands shifted by 4 cm−1 compared to the ones of neat PMMA. On the other side,
for PMMA combined with (C4mIm)(PF6) or (N1,1,1,4)(PF6), only a shift of the C–H symmetric vibrational
band could be evidenced (i.e., from 2847 cm−1 for neat PMMA to 2843 cm−1 for PMMA/(C4mIm)(PF6),
and 2841 cm−1 for PMMA/(N1,1,1,4)(PF6)). No significant difference could be noticed between FTIR
spectra of neat PMMA and PMMA/(N1,1,1,6)(Br). From these observations, one can conclude that
(TFSI)− displayed higher interactions with PMMA, whereas no specific interactions were created
between (N1,1,1,6)(Br) and PMMA. These conclusions are in agreement with the literature, which reports
that PMMA and ILs interact via van der Waals forces, and that (TFSI)− exhibits the highest affinity
with PMMA among a series of anions according to its high hydrophobicity [52–54].

Differential scanning calorimetry was also carried out to analyze the consequences of these
intermolecular interactions between PMMA and ionic liquids on the Tg of PMMA (Table 2).

Table 2. Effect of imidazolium- or ammonium-based ILs on the Tg (DSC) and thermal stability—Tonset,
Tmax, and Tfinal corresponding to the starting, maximum, and end of degradation—considering the
first derivative of the weight loss vs. temperature, respectively.

Material Tg/K Tonset/K Tmax/K Tfinal/K

PMMA 367 614 656 691
PMMA/(C4mIm)(PF6) 360 627 667 708
PMMA/(N1,1,1,4)(PF6) 364 617 662 705
PMMA/(N1,1,1,6)(Br) 363 502 a/614 b 548 a/659 b 693
PMMA/(N1,1,1,6)(TFSI) 367 619 666 699

a,b correspond to values obtained for the first and second step of degradation, respectively.

The Tg of PMMA remains the same after the addition of (N1,1,1,6)(TFSI) ionic liquid, whereas a
decrease was noticed for the other IL-modified PMMA materials. As expected from the conclusions on
the poor interactions of (N1,1,1,6)(TFSI) with PMMA, no plasticization occurred [24]. In the opposite,
the incorporation of ILs such as (N1,1,1,4)(PF6) and (N1,1,1,6)(Br)− into PMMA led to a slight decrease of
the Tg (4 ◦C). Comparing the cation structures, it is evident that the acid hydrogen of the imidazolium
ring (N = CH − N) can interact with the carboxyl group, enhancing the compatibility between the
IL and polymer matrix. On the other hand, the Tg for PMMA/(C4mIm)(PF6) decreased about 7 ◦C
compared to PMMA because of the specific interactions between PMMA and both (C4mIm)+ and
(PF6)−, which compete with the intermolecular interactions between the polymer chains. As previously
mentioned, many works described the use of ILs as plasticizing agents of polymer materials, especially
because of their similar characteristics to conventional plasticizers, such as low volatility, low leachability,
high temperature stability, and compatibility with polymers [43,55]. Moreover, ideal plasticizers possess
a solvating group located internally rather than as terminal groups. Thereby, the charged structures of
ILs are not much different [37].

Based on FTIR and DSC analyses, the respective interactions between PMMA and ILs can be
summarized as reported in Figure 4. (As no interactions between PMMA and ammonium cations
occur, the structures of (N1,1,1,4)+ and (N1,1,1,6)+ for (N1,1,1,4)(PF6) and (N1,1,1,6)(TFSI) ionic liquids are
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not represented.) On the other hand, (N1,1,1,6)(Br) is represented as a ion pair to highlight its poor
interactions with PMMA.

 
Figure 4. Schematic representations of the interactions between the methyl group of PMMA (–OCH3)
and (A) (C4mIm)(PF6), (B) (N1,1,1,4)(PF6), (C) (N1,1,1,6)(Br), and (D) (N1,1,1,6)(TFSI) ILs.

3.2. Consequences of the Presence of ILs on the Thermal Stability of PMMA

The thermal stability, determined by TGA, of neat ILs, neat PMMA, and IL-modified PMMA
materials is shown in Figure 5.

Figure 5. TGA (a) and DTG (first derivative) (b) traces of imidazolium- and ammonium-based ILs and
IL-modified PMMA materials.

3.2.1. Thermal Stability of ILs

Among ILs, (N1,1,1,6)(TFSI) displayed the better thermal stability (i.e., higher than (C4mIm)(PF6)
and (N1,1,1,4)(PF6)). The thermal stabilities of the counter anions can be ranked in the following order:
(TFSI)− > (PF6)− >> (Br)−, which is in agreement with the literature. In fact, it is well known that
the thermal stability of ILs is primarily dependent on the hydrophobicity of the anion, which could
be associated with its nucleophilicity [56,57]. Indeed, the thermal decomposition of ILs have been
attributed to the decomposition of the cation induced by nucleophilic attack of the anion [58–60]. Thus,
the poor nucleophilicity of (TFSI)− and (PF6)− confers a high thermal stability to the IL [61].

In addition, other works highlighted that the thermal degradation of ILs is mainly controlled by
the chemical nature of the counter anion [62,63]. Our results show a decrease of 13 K of the Tonset of
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(N1,1,1,4)(PF6) compared to (C4mIm)(PF6), which demonstrates clearly the effect of the nature of the
cation. Usually, imidazolium cations are considered more thermally stable than the corresponding
ammonium ones. Such an effect can be related to the fact that the thermal treatment of imidazolium
cations induces rearrangements in the 1-substitute imidazole groups to prevent ring scission, whereas
ammonium cations undergo Hofmann’s elimination under heating [61,64,65].

It is also important to notice that several works reported, as a general feature, that the longer the
alkyl chain length, the less thermally stable the IL, as a longer alkyl chain confers an increased stability
to the carbocation [56]. However, our results do not show any evidence about the effect of the alkyl
chain of the cation on the thermal properties of ILs. (N1,1,1,6)(TFSI), having the longer alkyl chain,
is the most stable compound. Such evidence contradicts the expectation that the imidazolium-based IL
((C4mIm)(PF6)) is more thermally stable than the ammonium ones. Overall, a clear effect of the nature
of the anion on the thermal stability is observed for such ILs.

3.2.2. Thermal Stability of IL-Modified PMMA Materials

The lowest values for Tmax, Tonset, and Tfinal were related to neat PMMA, and improved thermal
stability was achieved for IL-modified PMMA materials (Table 3). PMMA/(C4mIm)(PF6) displayed
the highest thermal stability compared to PMMA/(N1,1,1,4)(PF6) and PMMA/(N1,1,1,6)(TFSI). The main
information obtained from TGA analyses for neat PMMA and IL-modified PMMA materials was
the good compatibility between PMMA and (C4mIm)(PF6), (N1,1,1,4)(PF6), and (N1,1,1,6)(TFSI), as a
single-step of degradation was evidenced. In the opposite, the use of (N1,1,1,6)(Br) as a modifying agent
for PMMA led to the appearance of an additional degradation peak at lower temperatures (about 553 K).
In fact, this first step occurred in the same temperature range for the thermal decomposition of neat
(N1,1,1,6)(Br). Such a phenomenon evidences the nonmiscibility of this IL with PMMA and confirms
the conclusions issued from TEM analyses.

3.3. Surface Properties of IL-Modified PMMA

The influence of the introduction of ILs on the surface properties of IL-modified PMMA materials
was studied by a sessile drop method. The data values obtained for neat PMMA and IL-modified
PMMA materials are summarized in Table 3.

Table 3. Determination of nondispersive and dispersive components of the surface energy of neat
PMMA and IL-modified PMMA materials from contact angles with water and diiodomethane.

Sample θH2O (◦) θCH2I2 (◦) γt (mN·m−1) γd (mN·m−1) γnd (mN·m−1)

PMMA 71 ± 1 40.1 ± 1.7 40.7 30.3 10.4
PMMA/(C4mIm)(PF6) 72 ± 1 27.0 ± 1.1 45.3 40.1 5.2
PMMA/(N1,1,1,4)(PF6) 72 ± 1 26.6 ± 1.7 45.3 40.5 4.8
PMMA/(N1,1,1,6)(Br) 66 ± 1 34.0 ± 0.9 44.6 35.1 9.5
PMMA/(N1,1,1,6)(TFSI) 73 ± 1 40 ± 0.7 43.0 37.8 5.2

Whatever the chemical nature of ILs, their incorporation into the PMMA matrix induced an
increase in the total surface energy. The major contribution to this phenomenon was the significant
increase in the dispersive component combined with a decrease in the nondispersive component
for IL-modified PMMA materials. This increase in the total surface energy lies on the nature of
interactions acting at the surface [66]. In fact, in the case of PMMA, only van der Waals forces were
involved, whereas Coulomb forces were superimposed for IL-modified PMMA surfaces. The changes
observed with the nature of the IL can be explained by their chemical structures. In fact, ILs are
usually considered as moderate polar compounds due to their 3D structuration (i.e., a polar core
surrounded by dispersive domains). Thus, an increase in the alkyl chain length of the cation and in the
anion size leads to a decrease in the surface energy of the IL, especially because of the ion charge [67].
As shown by Santos et al., for various imidazolium-based ILs, the dispersive domain increases when
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the alkyl chain increases. Thus, the number of van der Waals interactions between ion pairs increases,
while the Coulombic forces remain constant [68]. Thus, as (N1,1,1,6)+ has a longer alkyl chain than the
butyl chains present in (C4mIm)+ and (N1,1,1,4)+ cations, a decrease in the ratio of Coulomb to van
der Waals forces is expected (i.e., a slighter decrease in the surface energy of materials prepared with
(N1,1,1,6)+-based ILs is induced). In addition, we can assume that the lowest surface energy obtained for
PMMA/(N1,1,1,6)(TFSI) is due to the additional effect in this balance of intermolecular forces of the large
[TFSI]− anion compared to the small (Br)− anion. The nondispersive components of all IL-modified
PMMA materials were lower than the one obtained for neat PMMA, as the incorporation of ILs led to
more hydrophobic materials. However, it is important to notice that the nondispersive components for
PMMA/(C4mIm)(PF6), PMMA/(N1,1,1,4)(PF6), and PMMA/(N1,1,1,6)(TFSI) were quite similar compared
to the higher value obtained for PMMA/(N1,1,1,6)(Br). These results are in agreement with the expected
phenomena, as it is widely reported in the literature that [PF6]− and (TFSI)− could be considered as
hydrophobic anions, while (Br)− is considered hydrophilic [69]. In fact, the anion could be used to
tailor the hydrophobicity/hydrophilic balance of the IL, but the size of the cation could also play a
role [38,39].

3.4. Mechanical Properties of IL-Modified PMMA

Figure 6 reports the mechanical curves of neat PMMA and IL-modified PMMA materials (see Table 4
summarizing the Young’s modulus as well as elongation at break for the various materials).

Figure 6. Strain–stress curves in uniaxial tension for neat PMMA and IL-modified PMMA materials
(295 K, 50% RH, 2 mm·min−1).

Table 4. Effect of ILs on the tensile properties of IL-modified PMMA at 295 K. (50% RH, 2 mm·min−1).

Material Young’s modulus (MPa) Strain at Break (%)

PMMA 953 ± 7 24 ± 1
PMMA/(C4mIm)(PF6) 939 ± 2 96 ± 3
PMMA/(N1,1,1,4)(PF6) 943 ± 5 70 ± 4
PMMA/(N1,1,1,6)(Br) 920 ± 7 92 ± 3

PMMA/(N1,1,1,6)(TFSI) 934 ± 2 68 ± 4

PMMA is considered as a rigid and brittle polymer having a high Young’s modulus and low
elongation at break [1,70]. Thus, usually, plasticizers are added to the polymer in order to enhance the
ability of the material to sustain large deformations and improve toughness [71]. As shown in Table 4,
a slight plasticizing effect of the ILs could be observed, whereas a very large increase in the strain at
break was obtained for IL-modified PMMA materials compared to neat PMMA, whatever the nature
of the added ionic liquid was. In addition, one can notice that for all the IL/PMMA materials, the yield
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stress remained similar, whatever the ionic liquid nature was, and was slightly higher than the one of
the neat PMMA.

In fact, the addition of 2 wt.% of IL did not significantly impact the Young’s modulus of IL-modified
PMMA. These results are similar to those reported by Scott et al., who studied PMMA plasticized
with two imidazolium-based ILs at higher concentrations [43,44]. In fact, these authors reported that
the Young’s modulus of PMMA is the same with the addition of 10 wt.% of IL, whereas it decreases
dramatically for IL contents from 20 to 50 wt.%. Nevertheless, the lowest value of Young’s modulus
obtained for PMMA/(N1,1,1,6)(Br) could be attributed to the poor interactions between this IL and
PMMA, as reported previously. This fact leads to some exudation of the IL and voids formation.

As mentioned, the presence of ILs in PMMA strongly influences the strain at break of the material.
In a similar work done for polyvinylchloride, Rahman et al. reported the ability of an ILs series to
improve the flexibility of PVC [37]. In their work, the strain at break of the various IL-plasticized
PVC was in the range from 2% to 94% depending on the chemical nature of IL (i.e., much higher than
that of the strain at break obtained for neat PVC (1.4%)). In our work, we demonstrated very clearly
that even larger improvements could be achieved with the addition of IL into PMMA without main
changes to the Young’s modulus. Except for PMMA/(N1,1,1,6)(Br), the extent to which the different
ILs imparted plastic deformation of PMMA clearly lies with the Tg values (shown Table 2). In fact,
PMMA/(C4mIm)(PF6) material, which has the lowest Tg, displayed the highest strain at break, whereas
PMMA/(N1,1,1,4)(PF6) and PMMA/(N1,1,1,6)(TFSI) materials, having similar Tgs, displayed a strain at
break of about 280%.

According to these observations on Young’s modulus and yield stress, it is obvious that the
presence of IL mainly influenced the plastic deformation mechanisms (i.e., crazing- and/or shear
bands-based phenomena).

3.5. Influence of ILs on the Deformation Phenomena of IL-Modified PMMA

In order to have a better understanding of the role of the IL on the deformation processes of
IL-modified PMMA materials, the initiation and growth crazing mechanisms have been investigated
The process of deformation and fracture of polymers under mechanical stress involves three main steps:
the first one occurs at the molecular scale involving polymer chain re-arrangements, conformations
changes, disentanglements, and scissions; the second step is governed by the appearance of crazes
(crazing initiation, growth, and breakdown) at the microscale level, followed by initiation and
propagation of microcracks; and the final step occurs at the macroscopic level with the material failure
induced by the extension of cracks [72].

Under uniaxial tension, crazes propagate perpendicular to the direction of uniaxial stress and
grow by extension and break of internal fibrils under specific conditions (see the scheme of a craze in
Figure 7) [72,73]. Thus, the crazing mechanism of IL-modified PMMA materials was followed as a
function of strain under uniaxial tensile stress. Figure 7 reports the optical microscopy micrographs
of neat PMMA and IL-modified PMMA materials at different strain levels. In order to provide a
quantitative analysis of the crazing process, the values for the average craze length and width were
recorded as a function of the tensile strain (from 20% to 80% strain) (Table 5). Neat PMMA has a strain
at break that is too low to sustain large tensile strains as the IL/PMMA materials. Thus, the crazes
characteristics are reported only for 20% strain.
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20 % 
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40 % 50 % 60 % 

PMMA/[N1,1,1,4][PF6] 

30 % 40 % 60 % 

PMMA/[N1,1,1,6][TFSI] 
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PMMA/[C4mIm][PF6] 
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1 mm 
Craze length
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Figure 7. OM micrographs of neat PMMA and IL-modified PMMA materials at different tensile
strain levels.

Table 5. Craze width, length, and density obtained for neat PMMA and IL-modified for different given
strains during a uniaxial tensile test performed at 20 ◦C.

Strain
(%)

Craze Width
(μm)

Craze Length (μm)
Craze Density
(crazes·mm−2)

PMMA 20 256 415 770

PMMA/
(C4mIm)(PF6)

40 18 332 1060
50 23 361 1030
60 24 395 970

PMMA/
(N1,1,1,4)(PF6)

40 22 416 490
50 30 499 520
60 39 531 550

PMMA/
(N1,1,1,6)(TFSI)

40 24 285 340
50 31 464 340
60 39 535 350

As observed on OM micrographs, in the case of the neat PMMA, the appearance of crazes preceded
the fracture to an extremely limited extent, whereas for IL-modified PMMA materials, the crazing
growth mechanism was considerably slower and depended on the chemical nature of the IL used to
modify PMMA.

It is known that the appearance and growth of crazes is an efficient phenomenon for toughening
thermoplastics. In fact, craze growth plays a key role by absorbing energy from surface creation and
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chain pull out during the deformation process [74–77]. Thus, the generation of numerous nucleation
sites of crazing enhances the amount of energy absorbed and contributes efficiently to the material
toughness by delaying fracture. It is also well known that by enhancing the chain mobility, usually by
increasing temperature, crazing initiation and the extension of the internal fibrils from chain pull out
are facilitated [74,75]. It was previously demonstrated that ILs lead to a decrease in the intermolecular
interactions between polymer chains. In fact, the presence of ILs delays the strain at which the first
crazes appear. Observable crazes appeared at 20% of strain for neat PMMA, whereas 30% of strain
must be reached for (N1,1,1,6)(Br)- and (N1,1,1,6)(TFSI)-modified PMMA and 40% for (C4mIm)(PF6)- and
(N1,1,1,4)(PF6)-modified PMMA.

On the other hand, comparing the craze widths and lengths as a function of strain could give
information on the effect of the presence of ILs on the toughening mechanisms of IL-modified PMMA.
The presence of (C4mIm)(PF6) IL clearly induced the appearance of the smallest crazes in PMMA for a
given strain but also led to the slowest crazes growth mechanism. One can mention that for 60% of
strain, the values for the average craze width and length of the PMMA/(C4mIm)(PF6) blend are smaller
than the those of the neat PMMA at 20% of strain. These craze parameters (craze widths and lengths)
displayed intermediate values for PMMA/(N1,1,1,4)(PF6) and (N1,1,1,6)(TFSI) blends but considerably
large ones for the PMMA/(N1,1,1,6)(Br) blend. In addition, the special role of the (C4mIm)(PF6) ionic
liquid could be evidenced from the craze density (i.e., crazes per mm−2), compared to the neat PMMA
and the other PMMA/IL blends. This peculiar behavior can be attributed not only to the more
efficient plasticizing effect of (C4mIm)(PF6) but also to its better miscibility (see Table 3). Compared
to the effect of (C4mIm)(PF6), which induces a high strain at break associated to the plasticizing
effect of the imidazolium-based IL, the introduction of (N1,1,1,6)(Br) did not induce any plasticization
of PMMA/(N1,1,1,6)(Br) according to its poorest miscibility (Table 2). Hence, the tiny voids might
explain the high strain at break observed for PMMA/(N1,1,1,6)(Br). As a consequence, the domains of
(N1,1,1,6)(Br) observed by TEM in the PMMA are supposed to act as stress concentration zones inducing
a failure at lower strain. In fact, up to 70% of strain, craze lengths and widths considerably increase,
whereas the craze density decreases; this phenomenon is mainly governed by the propagation and
coalescence of the previously formed crazes.

As a conclusion, crazing initiation and propagation analyses clearly evidence the effect of the
nature of the IL on the mechanical properties of IL-modified PMMA. For PMMA/(C4mIm)(PF6),
PMMA/(N1,1,1,4)(PF6), and PMMA/(N1,1,1,6)(TFSI), a substantial increase in the strain at break was
due to the plasticizing effect induced by the addition of IL, whereas for PMMA/(N1,1,1,6)(Br), the poor
miscibility leading to low cohesion (N1,1,1,6)(Br) IL inclusions acted as stress concentration zones,
which limited the strain break value of the corresponding blend.

4. Conclusions

The effect of the introduction of a low amount (2 wt.%) of imidazolium- and ammonium-based
ILs in PMMA was evaluated in order to highlight the role of the cation and the anion on the final
properties of the blends. Morphology analyses suggest a good miscibility between (C4mIm)(PF6),
(N1,1,1,4)(PF6), and (N1,1,1,6)(TFSI) ionic liquids with PMMA. On the other hand, a poor interaction
between PMMA and (N1,1,1,6)(Br) IL was observed, which can be explained by the strong cohesion
between the ions of this IL in preventing interactions with the polymer. FTIR spectroscopy evidences
that specific van der Waals interactions exist between the highly miscible ILs (i.e., (C4mIm)(PF6),
(N1,1,1,4)(PF6), and (N1,1,1,6)(TFSI)) and the PMMA chains (due to the anion of the IL and the methyl
groups of PMMA). In addition, the extent of these interactions contributes to the plasticizing effect of
the ILs, as demonstrated by the slight decrease of the glass transition temperature. As no change on
the Tg of PMMA/(N1,1,1,6)(Br) was noticed compared to neat PMMA, blends based on (N1,1,1,4)(PF6),
(N1,1,1,6)(TFSI), and(C4mIm)(PF6) display an increase in the polymer chain mobility, as evidenced by a
decrease of Tg. One can conclude that the specific interactions between PMMA and both [C4mIm]+

and [PF6]− ions can explain the larger plasticizing effect induced by (C4mIm)(PF6) IL on PMMA.
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The stronger the intermolecular interaction between IL and PMMA, the more thermally stable
the PMMA/IL blends are, as evidenced by thermal analysis. These conclusions are issued from
the increase of the activation energies, Ea, of the thermal degradation, which suggests that the ILs
can stabilize the radicals released during thermal degradation of PMMA. ILs positively influence
the mechanical properties of the IL-modified PMMA blends. In fact, very limited decreases
of the Young’s modulus combined with improved strain at break were observed and could be
related to the plasticizing effect imparted by imidazolium and ammonium-based ILs on PMMA,
except for PMMA/(N1,1,1,6)(Br). In addition, crazing initiation and propagation investigations
clarified the influence of the IL on the mechanical behavior of PMMA. For PMMA/(C4mIm)(PF6),
PMMA/(N1,1,1,4)(PF6), and PMMA/(N1,1,1,6)(TFSI), the large increase of the strain at break of the
IL-modified PMMA could be attributed to the plasticization effect of the IL. In the opposite direction,
for PMMA/(N1,1,1,6)(Br), which was evidenced by TEM to be nonmiscible in PMMA, the intermediate
behavior could be attributed to the heterogeneity of the IL-modified PMMA blend, as (N1,1,1,6)(Br)-rich
domains act as stress concentration zones (i.e., defects). As a conclusion, imidazolium- and
ammonium-based IL can be proposed as efficient additives of PMMA, acting as processing aids in melt
extrusion, and they lead to PMMA-like materials having improved thermal and mechanical behaviors.
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Abstract: Polyoxymethylene (POM) blends with excellent stiffness–toughness balance are successfully
developed using Tributyl(octyl)phosphonium bis(trifloromethanesulfonyl) imide (TBOP-TFSI),
one type of room-temperature ionic liquid, as the nucleating agent. Crystallization behaviors of POM
blends have been studied by differential scanning calorimetry (DSC) and polarized light microscopy
(PLM). The incorporation of TBOP-TFSI induces the crystal nucleation and fine crystal grain of POM,
and also a much shorter hemi-crystalline time with only 0.5 wt% addition. The nucleation effect
of ionic liquid leads to considerable improvement in the impact strength of POM blends while not
sacrificing its tensile strength. Moreover, antistatic properties with a long-time stable performance
are achieved by TBOP-TFSI addition as the electrical resistance reaches 1011 Ω/sq.

Keywords: polyoxymethylene; ionic liquid; crystallization behavior; nucleation

1. Introduction

Polyoxymethylene (POM) is one of the most important engineering plastics and is broadly
used in many areas, such as automobiles, the coal industry, and also in architecture materials [1–6].
POM is a kind of weakly polar linear crystalline polymer, and its molecular structure is: [CH2O]n.
Due to its highly regularly structured molecular chain, POM can easily crystallize to form spherulites,
and exhibits high crystallinity. The main reason for its excellent performance is that POM has the
high density and crystallinity. For example, POM has a high strength and flexural modulus, excellent
chemical and creep resistance, and excellent dimensional stability, wear and friction properties. Though
high crystallinity of POM brings excellent mechanical properties, the large spherulites of POM also lead
to low impact toughness and gap-sensitivity. Moreover, POM has a high surface resistivity of about
1014 to 1017 Ω/sq. Such high resistivity leads to easily accumulated electrostatic charges on the surface
of POM. Such features limit the application of POM in industry and daily life [4–10]. Improving its
crystallization performance can enhance the properties of POM and expand the application in industry.

Many scientists have investigated the effects of nucleating agents on the crystallization
performance of POM [6,11–19]. Zhao [19] showed that multi-walled carbon nanotubes (MWCNTs)
had an excellent nucleation effect on POM, which lead to an increase in crystallization temperature
and crystallization rate. Hu [20] showed the isothermal and non-isothermal crystallization behavior
and morphology of POM blended with a small amount of polyamide (PA) as the nucleating agent.

Nanomaterials 2019, 9, 206; doi:10.3390/nano9020206 www.mdpi.com/journal/nanomaterials17
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They illustrated that the addition of PA reduced the spherulite size and improved the crystallization
growth rate and the crystallinity of POM due to the nucleation effect of PA on POM.

Recently, ionic liquids, have been proposed as lubricants [21], plasticizers [22], and surfactants [23]
in many polymer blends as a new type of modification agent due to their low melting point, low toxicity,
and high chemical and physical stability. Ionic liquids have also been reported as nucleating agents
for a few semicrystalline polymers. Liu [24] reported one pyrrolidinium ionic liquid served as the
nucleating agents for PET and shortened induction time and enhanced crystallization rate. Previously,
it is reported by our group that a kind of ILs, 1-butyl-3-methylimidazolium hexafluorophosphate
[BMIM][PF6], can increase the γ-phase content of poly(vinylidene fluoride) (PVDF) by simply mix
blending, which indicates [BMIM][PF6] played a role as a γ-phase nucleating agent in these blends [25].
However, literatures on the nucleation effect of ionic liquids on crystallization behavior for other
semicrystalline polymers are quite limited.

Moreover, ionic liquids have been utilized as antistatic agents due to their excellent ionic
conductivity. Combining conductive agents into insulative polymers is of some importance to
prevent electrostatic-charge accumulation on the surface of neat polymers, especially for those applied
in electronic devices [26,27]. Pernak [28] et al. first incorporated ionic liquid into polyethylene matrix to
investigate antistatic ability related to the chemical structure of ionic liquid. Since then, ionic liquids have
been reported as antistatic agents for various polymers, such as polypropylene [12,29], poly(vinylidene
flouride) [25,30], polystyrene [31], and also biodegradable poly(L-lactic acid) (PLLA) [32]. It is believed
compatibility and interaction between ionic liquid and matrix are of crucial importance when designing
antistatic composites. Ionic liquids with moderate compatibility or intermolecular interactions should
be considered as suitable modification agents.

In this work, we used Tributyl(octyl)phosphonium bis(trifloro methanesulfonyl) imide
(TBOP-TFSI, short for convenience as TBOP-TFSI), one type of room-temperature ionic liquid
(RTIL), as a nucleating agent and antistatic agent, which showed a partial compatibility and a weak
ion–molecular interaction with the matrix to obtain multi-functional POM materials by simple mixing.
It was found that small amounts of TBOP-TFSI could facilitate the nucleation of POM, and decrease
the sizes of POM spherulites, which resulted in the improvement in the toughness of POM. More
importantly, the tensile strength of composites did not decrease. Moreover, the POM composite
achieved antistatic effects by adding only 0.5 wt% TBOP-TFSI. In a word, we fabricated antistatic POM
composites with simultaneously excellent stiffness–toughness balance.

2. Materials and Methods

2.1. Materials

POM (MC 90) used was commercially available from Shenhua Co., Ltd. (Yinchuan China).
TBOP-TFSI was supplied by Solvay Co., Ltd (Brussels, Belgium). All of the samples were used as received.

2.2. Preparation of POM/TBOP-TFSI Blends

All materials were vacuum-dried at 80 ◦C for 12 h before use. The composites were prepared
by extruder with single screw at 170 to 200 ◦C with a rotation speed of 50 rpm after simply mixing
physically. After Extrusion, some samples were hot-pressed at 200 ◦C under a 10 MPa pressure for
3 min to a 300 μm film, followed by cool-pressing for 2 min at room temperature. The obtained sheets
were used for the following characterization. The specimens for tensile tests and notched impact test
were prepared by injection molding. The IL loadings in this work were calculated based on only the
amount of matrix POM by weight.
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2.3. Characterization

2.3.1. Antistatic Properties

Electrical conductivity was tested by an ultrahigh resistivity meter, using a piece of URS probe
electrode (MCPHT450) at 100 V with a 300 μm-thickness sample.

2.3.2. Mechanical Properties

Tensile test were measured by Instron universal material testing system (model 5966) at
25 ◦C. The tensile rate was 5 mm/min. The notched impact test was performed according to the
GB/T16420-1996 standard. Samples for tensile test and notched impact test were prepared by injection
molding (Haake MINIJET PRO).

2.3.3. Scanning Electron Microscopy

The microstructure of cross-fractured surface of samples was obtained using field emission
scanning electron microscopy (FESEM, SEM-JSM 6700). The acceleration voltage was 3 kV and the
fractured surface was coated with a thin layer of gold before the SEM observation.

2.3.4. Fourier Transfrom Infrared (FTIR)

The Fourier transfrom infrared (FTIR) measurements were carried out in transmittance mode on
grinding samples by FTIR spectroscopy (FTIR, Bruker Tensor). The FTIR spectra were recorded at a
resolution of 2 cm−1, and 64 scans from 4000 to 400 cm−1 were averaged. The samples were prepared
by spin-coating after dissolving neat POM and the blends in hexafluoroisopropanol.

2.3.5. Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) measurements were carried out by a differential
scanning calorimetry (DSC, TA-Q2000). Some samples were first heated to 200 ◦C and held for 5 min
to eliminate previous thermal history, then cooled to 20 ◦C. Both the cooling and heating rates were
10 ◦C/min. The others were first heated to 200 ◦C like the previous one, then cooled to 152 ◦C as fast as
possible for isothermal crystallization process. The experiments were carried out under a continuous
high purity nitrogen atmosphere.

2.3.6. Polarized Light Microscopy

The morphologies of the POM spherulites were observed by polarizing light microscopy (PLM,
Olympus BX51) equipped with a digital camera, using a Linkham LTS 350 hot stage to control the
temperature at 152 ◦C. All samples were spin-coated onto clean glass sheets, and the thickness of
samples on the glass sheet was about 10 mm.

3. Results

3.1. Morphologies of POM/TBOP-TFSI Blends and the Interactions between POM and TBOP-TFSI

Figure 1 shows SEM images of fracture surface morphologies of POM/TBOP-TFSI thin films with
indicated TBOP-TFSI loadings. No visible phase was observed for the blend containing 0.5 wt% ionic
liquid before or after methanol extraction, suggesting a homogeneous distribution of TBOP-TFSI within
POM matrix. However, several domains of less than 100 nanometers were observed for blending with
1 wt% ionic liquid loading, indicating a phase-separated structure. Increasing TBOP-TFSI loading
induced the aggregation of ionic liquid and domain formation in the matrix. A typical sea-island
structure was observed at 3 wt% TBOP-TFSI loading, of which domain size of ionic liquid became over
several hundred nanometers. Some anomalous domains could be seen for this sample after extracting
ionic liquid by methanol at 98 ◦C for 24 h, implying the partial compatibility nature of POM and
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TBOP-TFSI. It is believed that the dispersion of TBOP-TFSI within matrix was responsible for several
properties as surface conductivity of binary blends. POM and TBOP-TFSI remained compatible at very
low ionic liquid content. Consequently, an electrical conducting pathway could be formed due to the
high mobility of ionic liquid. However, for blends containing more than 1 wt% of ionic liquid, typical
sea-island structures were formed due to phase separation between ionic liquid and matrix.

Figure 1. SEM images of fracture surface morphologies of polyoxymethylene (POM)/
tributyl(octyl)phosphonium bis(trifloromethanesulfonyl) imide (TBOP-TFSI) blends with indicated
TBOP-TFSI loadings before (a–d) and after extracting with methanol (e–h).

We then utilized FTIR to observe the intermolecular interaction between POM and TBOP-TFSI.
Figure 2a shows the molecular structure of TBOP-TFSI, Figure 2b shows the FTIR spectra of
POM/TBOP thin films. It is found that the absorption bands appearing at 2922 cm−1 and 2790 cm−1

are due to the symmetric stretching vibration of C-H, and the absorption peak at 2979 cm−1 is assigned
to the C-H asymmetric stretching vibration of POM [33]. The three peaks shift to lower wavenumbers
for POM/TBOP-TFSI mixture samples, and the absorption peaks for POM/TBOP-TFSI samples are at
2975, 2917, and 2788 cm−1, respectively, indicating the electrostatic interaction between TBOP-TFSI
and POM. Because of the existence of this interaction, POM and TBOP-TFSI are partially miscible,
consisting of the morphology of composites (as shown in Figure 1).

Figure 2. (a) Molecular structure of TBOP-TFSI; (b) Fourier transfrom infrared (FTIR) spectra of POM
with TBOP-TFSI.

3.2. Crystallization Behaviors of POM/TBOP-TFSI Blends

The effects of TBOP-TFSI on the crystallization of POM have been investigated by isothermal
and non-isothermal crystallization. It was found that TBOP-TFSI improves both the crystallization
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temperature and degree of crystallinity of POM as Table 1 shows, indicating that the incorporation
of TBOP-TFSI accelerates the crystallization of POM. The crystallinity of POM in all samples was
determined by Equation (1).

χc = ΔHm/(Wm × ΔH◦
m)× 100% (1)

where ΔH◦
m is the theoretical melting enthalpy of POM with a value of 247 J/g [9] and Wm is

the weight fraction of matrix in composites. Figure 3c,d reveal that the isothermal crystallization
time for POM blending with TBOP-TFSI is shorter than that of neat POM. For the POM blended
with 0.5 wt% TBOP-TFSI, the t1/2 is about 2.4 min, while it takes neat POM for about 5.9 min at
152 ◦C. The isothermal crystallization behaviors of POM/TBOP-TFSI blends are consistent with the
non-isothermal crystallization behaviors, as shown in Figure 3a,b. What is more, the value of (Tm–Tc)
for POM becomes lower, which means the incorporation of TBOP-TFSI results in a fine crystal grain.
From both isothermal and non-isothermal crystallization of POM/TBOP-TFSI thin films, 0.5 wt%
addition of ionic liquid, showed a better nucleating ability than other content. We believed this was
due to homegeneous dispersion of ionic liquid within the matrix as they were compatible with less
than 0.5 wt% content, and also responsible for enhanced mechanical performance.

Table 1. Differential scanning calorimetry (DSC) results of polyoxymethylene (POM)/
tributyl(octyl)phosphonium bis(trifloromethanesulfonyl) imide (TBOP-TFSI) composites.

Samples Tc (◦C) Tm (◦C) Tm–Tc (◦C) t1/2 (min) at 152 ◦C χc (%)

Neat POM 145.5 165.4 19.9 5.9 51.1
POM/TBOP-TFSI (100-0.25) 145.7 164.9 19.2 6.4 51.3
POM/TBOP-TFSI (100-0.5) 147.1 165.2 18.1 2.4 53.2
POM/TBOP-TFSI (100-1) 146.2 165.0 18.8 5.5 53.6
POM/TBOP-TFSI (100-3) 146.8 164.9 18.1 5.3 52.9
POM/TBOP-TFSI (100-5) 146.8 164.8 18.0 5.3 52.0

Figure 3. Differential scanning calorimetry (DSC) curves for POM/TBOP-TFSI composites: (a) first
cooling and (b) second heating (after 5 min isothermal for erasing heat history); (c) isothermal
crystallization process at 152 ◦C; (d) relative crystallinity as a function of crystallization time at 152 ◦C.
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The nucleation effect of the ionic liquid can also be confirmed by optical polarize microscopy
as in Figure 4. The sizes of POM spherulites became smaller with more loading of TBOP-TFSI
(370 μm of neat POM spherulites decreased to 98 μm with 3 wt% of TBOP-TFSI loading). With higher
crystal nucleation density and fine crystal grain, the mechanical properties of POM blends achieved a
satisfactory enhancement.

    

(a) (b) 

(c) (d) 

Figure 4. Polarized light microscopy (PLM) images of (a) neat POM; (b) POM/TBOP-TFSI (100-0.5);
(c) POM/TBOP-TFSI (100-1); (d) POM/TBOP-TFSI (100-3) isothermally crystallized at 152 ◦C.

3.3. Mechanical Properties of POM/TBOP-TFSI Blends

The strain–stress curves of POM and POM/TBOP-TFSI specimens are shown in Figure 5 (Table 2).
One can observe a significant enhancement of elongation at the break of POM with the addition
of a small amount of TBOP-TFSI. At the same time, the tensile strength has a slight improvement.
Furthermore, the impact strength of the blends also increases to 4.7 kJ/m2 with 0.5 wt% TBOP-TFSI
loading as compared with neat POM (4.25 kJ/m2), as shown in the exact values of mechanical properties
listed in Table 2. In general, the addition of a small amount TBOP-TFSI not only improves the ductility
but also maintains the strength of POM matrix. We believe that the smaller sizes of spherulites induced
by ionic liquid nucleation were responsible for improved mechanical performance, especially impact
strength. However, the addition of more ionic liquid induced worse mechanical properties due to
phase separation between TBOP-TFSI and matrix as showed in Figure 2.
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Figure 5. Stress-elongation curves of POM/TBOP-TFSI composites.
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Table 2. Mechanical properties of POM/TBOP-TFSI composites.

Sample Yeilding Strength (MPa) Elongation at Break (%) Impact Strength (kJ/m2)

Neat POM 55.2 ± 0.8 40.2 ± 10 4.2
POM/TBOP-TFSI (100-0.25) 53.8 ± 0.7 56.1 ± 11 4.6
POM/TBOP-TFSI (100-0.5) 54.7 ± 0.5 47.0 ± 9 4.7
POM/TBOP-TFSI (100-1) 54.2 ± 0.8 63.3 ± 12 4.5
POM/TBOP-TFSI (100-3) 51.5 ± 0.5 42.0 ± 6 4.4
POM/TBOP-TFSI (100-5) 48.3 ± 1.0 39.2 ± 13 4.5

3.4. Antistatic Properties of POM/TBOP-TFSI Blends

The combination of ionic liquid usually results in the antistatic property for polymer blends.
Figure 6 shows the electrical conductivity of POM/TBOP-TFSI films corresponding to TBOP-TFSI
loading. It is illustrated that the electrical conductivity of POM/TBOP-TFSI blends decreases with
the increasing of TBOP-TFSI content. Generally, the surface resistivity of antistatic material is less
than 1012 Ω/sq, and neat POM is an insulating material with a surface resistivity higher than
1013 Ω/sq. It could be observed in Figure 6 that trace amounts of ionic liquid would be adequate
for fabricating antistatic POM materials. The antistatic property can be achieved with only 0.5 wt%
TBOP-TFSI addition which indicates the formation of a continuous conducting network within the
matrix. The surface resistivity could be further reduced by increasing TBOP-TFSI loading. For blends
containing 3 wt% of TBOP-TFSI, the surface resistivity is 3.78 × 109 Ω/sq, which was 2 orders of
magnitude less than the 0.5 wt% one. Although electrical conductivity of POM blends could be
improved by higher addition of TBOP-TFSI, an excess ionic liquid bleeding was observed for blends
with more than 3 wt% TBOP-TFSI loading during mixing for their moderate compatibility with POM,
which is unfavorable for mechanical property. Moreover, the values of surface resistivity of all blends
stayed almost the same or even lower after storage for a few weeks. The stable antistatic property
resulted from partial compatibility of TBOP-TFSI and POM matrix (Figure 1). Ionic liquids were found
miscible with POM at very low content (0.5 wt%), leading to the formation of a conductive path due to
homogeneous dispersion of TBOP-TFSI in the matrix. At relatively high loadings (1 wt%), although
TBOP-TFSI started to aggregate, there were still no large domains observed. One can still obtain the
reduced surface resistivity. This excellent long term antistatic performance is of crucial importance
for practical applications as internal dust-free parts in electronic devices and industrial structural
components that meet the requirement of both mechanical strength and dissipation of static electricity.

Figure 6. Surface resistivity of POM/TBOP-TFSI composites.
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4. Conclusions

We investigated crystallization behavior of POM with a very small amount of ionic liquid in
binary blends. In POM/TBOP-TFSI blends, ionic liquid acted as a nucleation agent for POM molecules,
leading to a higher crystallization temperature and a shorter crystallization time. The size of POM
spherulites decreased magnificently as nucleation density increased with ionic liquid addition. Due to
the nucleation effect, enhanced mechanical properties could be achieved for POM/TBOP-TFSI binary
blends. Furthermore, binary blends exhibited stable surface conductivity which might extend the
practical application of POM.
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Abstract: In this work, new gelled electrolytes were prepared based on a mixture containing
phosphonium ionic liquid (IL) composed of trihexyl(tetradecyl)phosphonium cation combined
with bis(trifluoromethane)sulfonimide [TFSI] counter anions and lithium salt, confined in a host
network made from an epoxy prepolymer and amine hardener. We have demonstrated that the
addition of electrolyte plays a key role on the kinetics of polymerization but also on the final
properties of epoxy networks, especially thermal, thermo-mechanical, transport, and electrochemical
properties. Thus, polymer electrolytes with excellent thermal stability (>300 ◦C) combined with good
thermo-mechanical properties have been prepared. In addition, an ionic conductivity of 0.13 Ms·cm−1

at 100 ◦C was reached. Its electrochemical stability was 3.95 V vs. Li0/Li+ and the assembled cell
consisting in Li|LiFePO4 exhibited stable cycle properties even after 30 cycles. These results highlight
a promising gelled electrolyte for future lithium ion batteries.

Keywords: ionic liquids; thermosets; Lithium salts; electrolytes

1. Introduction

These last years, the development of storage energy system such as lithium ion batteries has
witnessed a real boom in academic and industrial research [1,2]. In fact, rechargeable batteries with high
energy/power density, cycling stability, and safety were developed [3,4]. However, many challenges
must be overcome, such as the development of safe electrolytes [5]. In this case, gelled electrolytes
represent a promising way to prevent leakage of liquid electrolyte when the electrolytes are used
in electrochemical devices. Indeed, gelled electrolytes confine the liquid electrolyte in a polymer
matrix, which plays the role of host. Thus, many works were reported and were investigated from the
confinement of a conventional electrolyte (organic solvent with lithium salt) and extended to the use of
ionic liquids (ILs) as a solvent [6,7]. Recently, ionic liquids (ILs) have appeared as promising candidates
to replace flammable organic solvents thanks to their excellent thermal and chemical stability, their
good ionic conductivity, their low vapor pressure, and their endless cation/anion combinations [8–11].
Moreover, some ILs have presented a high compatibility with linear polymer [12–14], such as
polyethylene oxide (PEO), polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP), poly(ionic
liquids) PILs (polydiallylmethylammonium), and thermosets such as epoxy networks [15–19]. The use
of a crosslinked polymer as a host polymer is an interesting route to develop polymer electrolytes with
good mechanical performances despite a large quantity of introduced ionic liquids. Moreover, the

Nanomaterials 2018, 8, 435; doi:10.3390/nano8060435 www.mdpi.com/journal/nanomaterials27
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main advantage of these gelled electrolytes is that no solvent is required during their processing. For
example, Stepniak et al. have prepared a gelled electrolyte based on N-methyl-N-propylpiperidinium
[MPPip] trifluroromethanesulfonimide [TFSI] obtained by photopolymerization of bisphenol A
diacryalate [18]. These authors have highlighted the significant mechanical strength of the electrolyte
even with 80 wt % of confined electrolyte and an ionic conductivity of 0.63 mS·cm−1. In addition,
a good electrochemical performance in Li|LFP battery at 25 ◦C with moderate rate C/10 getting
a specific capacity superior to 150 m Ah·g−1 was demonstrated. Other authors such as Sotta et al.
have developed a gelled electrolyte based on epoxy networks (DGEBA/polyetheramine) containing
1-Butyl-3-methylimidazolium bis(trifluoromethyl-sulfonyl)imide [BMIM] [TFSI] and have obtained
excellent transport properties with an ionic conductivity of approximately 0.4 mS·cm−1 at 20 ◦C [20].
However, the electrochemical stability window of imidazolium-based ILs being limited to 1.5–5 V vs.
Li+/Li0 prevents the development of high-voltage devices.

More recently, the use of phosphonium ionic liquids as an electrolyte solvent for the energy
storage system has also been investigated [21–24]. MacFarlane et al. have shown the compatibility of
tributylmethylphosphonium [P1444] bis(fluorosulfonyl)imide [FSI] with metallic lithium, getting a
good cycling performance at 30 ◦C with 160 m Ah·g−1 for 50 cycles at 0.03 C. But these phosphonium
ionic liquids may play a significant role in the curing process of epoxy networks as well as on the
final properties of the resulting thermosets [25–27]. Livi et al. have shown that the chemical nature of
anion has a clear impact on the polymerization of epoxy networks. Indeed, counter anions such as
dicyanamide [DCA] or trimethylphosphinate [TMP] act as initiators of the anionic polymerization
of the epoxy prepolymer which is due to their basic nature. For these different reasons, the design
of electrolyte with good transport properties and its effect on the polymerization of epoxy-amine
networks are required in this study.

The main objectives of this work were to investigate the electrochemical transport properties of the
gelled electrolytes based on phosphonium ILs confined in an epoxy-amine network by electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV), and galvanostatic cycling Li|LFP cell. Thus,
the transport properties of phosphonium electrolytes were performed in order to determine the ionic
conductivity as well as the diffusion coefficient by Nuclear Magnetic Resonance (NMR). Then, the
influence of phosphonium electrolyte on the polymerization kinetics of a rubbery epoxy network
was investigated. Their thermal and thermo-mechanical behaviors were also studied by dynamical
mechanical analysis (DMA) and thermo-gravimetric analyses (TGA).

2. Materials and Methods

2.1. Materials and Characterization Methods

Table 1 reviews all the structure and properties of the materials used in this study.
Epoxy prepolymer based on Diglycidyl ether of polypropylene glycol (PPO) was purchased
from Sigma Aldrich (St. Quentin Fallavier, France). The hardener used for the curing
process is Jeffamine® D-2000 polyoxypropylene-diamine, and was supplied by Huntsman
(Everslaan, Belgium). The ionic liquids (ILs) denoted trihexyl(tetradecyl)phosphonium
bis(2,4,4-trimethyl-pentyl)phosphinate [P66614][TMP] and tri-hexyl(tetradecyl)phosphonium bis
(trifluoromethanesulfonyl) imide [P66614][TFSI] were supplied by Cytec, Inc (Thorold, ON, Canada).
Their structures have quaternary phosphonium cations with n-alkyl chains combined with different
anions, phosphinate [TMP] and trifluoromethanesulfonimide [TFSI]. The lithium salts denoted lithium
bis(2,4,4-trimethyl-pentyl)phosphinate LiTMP and lithium bis(trifluoromethanesulfonyl)imide LiTFSI
were supplied by Solvionic (Toulouse, France) and Sigma Aldrich, respectively.

28



Nanomaterials 2018, 8, 435

Table 1. Chemical structures and characteristics of the main compounds.

Name Structure Characteristics

PPO Sigma Aldrich; 320 g/eq

Jeffamine®D2000
Supplied by Huntsmann;

514 g/eq

[P66614][TMP]

Supplied by Cytec; Molar
mass = 773.27 g·mol−1

m.p. =−72 ◦C Td
max = 350 ◦C

[P66614][TFSI]

Supplied by Cytec; Molar
mass = 764.0 g·mol−1

m.p. = −72.4 ◦C
Td = 450 ◦C

LiTFSI Supplied by Sigma Aldrich;
Molar mass = 287.0 g·mol−1

LiTMP Supplied by Solvionic Molar
mass = 780.27 g·mol−1

Near-infrared spectroscopy (NIR) was recorded by using a Bruker Spectrometer (Marne la vallée,
France) equipped with a heating cell to monitor changes in adsorption in the region of 10,000 to
4000 cm−1 with a resolution of 4 cm−1 on 32 scans. A temperature control was used to monitor the
curing of the sample in the same conditions. The reactive mixture was injected in a glass cell with a
path-length of 8 mm when the controller reached the curing temperature.

Dynamic mechanical thermal analysis was performed using a Rheometrics Solid Analyser RSA II
(TA instruments, New Castle, DE, USA) at 0.01% tensile strain and a frequency of 1 Hz. The heating
rate was 3 ◦K·min−1. The temperature range was [−70 ◦C, 20 ◦C] in the case of epoxy/amine systems
in stoichiometric ratio and [−70 ◦C, 70 ◦C] for the epoxy/amine systems in sub-stoichiometric ratio.
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Thermogravimetric analysis (TGA) of Epoxy-Jeffamine/[ILs] blends were performed on a Q500
thermogravimetric analyzer (TA instruments, New Castle, DE, USA). The samples were heated from
30 to 550 ◦C at a rate of 20 K·min−1 under nitrogen flow.

Ionic conductivity was measured between aluminum electrodes by electrochemical impedance
techniques using VMP 3-BioLogic (Seyssinet-Pariset, France). AC impedance measurement was
measured over the frequency range from 106 Hz to 10 mHz with the potential amplitude of 50 mV.
In order to investigate the temperature dependence of ionic conductivity for the electrolyte gel, the
measurement was carried out on a range of temperatures between 20 and 220 ◦C. As the EIS spectrum
did not present any semi-circle because the electrolyte was a sufficient conductor and the electrodes
were blocking. Thus, the different Nyquist plots were fitted with a common model where the model
circuit used is shown in the Scheme 1 as follows:

Scheme 1. Model circuit used for the fitting of Nyquist plots.

where R1 corresponding to Rel.
Electrochemical stability windows (ESWs) of the gelled electrolyte and neat polymer were evaluated

by cyclic voltammetry in a linear sweep at a sweep rate of 0.05 Mv·s−1 at 100 ◦C. The measurements
were performed using the VMP 3-Biologic system.

Electrochemical stability window of gel material: Starting from Open Circuit Voltage, the ESW was
measured in coin cells in oxidation by cycling at 0.05 mV/s @ 100 ◦C from OCV to 4 V vs. Li+/Li for
20 cycles. A similar experiment was made in reduction, on other coin cells, by cycling at 0.05 mV/s @
100 ◦C from OCV to 0.05 V vs. Li+/Li for 20 cycles.

The electrochemical performance of the Li|LFP cells was characterized using galvanostatic
charge/discharge tests using VMP 3-Biologic system at the same potential range from 2.5 to 4.1 V at
100 ◦C.

The 31P and 7Li high-resolution liquid state NMR experiment were performed using an Avance
DPX 400 spectrometer (Bruker, Wissembourg, France), operating at 400 MHz for 1H. For the scaling
of 31P and 7Li chemical shifts, their 0 ppm references were set up using H3PO4 and LiCl D2O
solutions respectively.

1H and 7Li Pulsed Field Gradient NMR measurements were performed with an Advance Bruker
spectrometer operating at 200 MHz for 1H nucleus and 70.8 MHz for 7Li. A multinuclear self-diffusion
probe was used (Bruker Diff30 probe, gradient coil equal to 0.3 T·m−1·A−1). The maximum magnetic
field gradient was 12 T·m−1. A standard stimulated echo sequence with a diffusion time in between
10–100 ms was used [28]. The diffusion constant was obtained from the gaussian attenuation of
the NMR spectrum integral versus the field gradient increase. The sample temperature controller
was a Bruker BVT3000 with a+/−0.1 ◦C stability. Solid-state 7Li NMR was carried out on the same
spectrometer using a 7 mm CPMAS probe, the rotors were filled with the sample to analyze. Direct 7Li
excitation with high power proton decoupling during signal acquisition was applied.

2.2. Preparation of Gelled Electrolyte

The network was prepared from a mixture of amine and epoxy prepolymer with a stoichiometric
ratio of 1.56. The homogenization of the mixture was carried out by magnetic stirring at 80 ◦C. In a first
step, the epoxy-amine mixtures were precured during 6 h at 110 ◦C. In a second step, different contents
(from 50 to 70 wt %) of phosphonium ILs were added to the precured system under mechanical stirring
at 80 ◦C for 10 min. The solutions were degassed in an ultrasonic bath for 10 min and poured into a
silicon rubber mold or coated on a PET (polyethylene terephthalate) sheet. The cure was performed at
130 ◦C for 6 h (to complete the polymerization).
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In addition and to avoid the moisture content of the ionic liquids dramatically modifying both
the ionic conductivity as well as the viscosity, all the preparation of the gelled electrolytes and the
conductivity measurement have been performed in an argon-filled glove box or in coin cells assembled
in an argon-filled glove box. Prior to this entry in the glove-box, the IL and the Li salt have been dried
under a vacuum at 120 ◦C for 48 h, to remove any traces of moisture.

2.3. Preparation of the Cathode (LiFePO4) and Assembly of the Cell

The cathode was prepared by casting a slurry of LiFePO4 (Sigma-Aldrich) as an active material
(45 wt %), filled with carbon black (5 wt %) and gelled electrolyte precured as a binder (50 wt %) in
N,N-Dimethylformamide (DMF, Sigma-Aldrich) on an aluminum current collector. After the cure at
130 ◦C for 6 h and evaporation of the solvent at mild heating under vacuum (10 m Bar), the electrode
disc (14 mm diameter) was an average mass coating of 2 mg·cm−2.

The lithium polymer cell (Li|LFP) was assembled by placing it in a proper order: a lithium metal
disc as an anode, a film of the gelled electrolyte, and the LFP as a cathode in a coin cell (CR2032).
The cell system was prepared in the Argon filled glove box.

3. Results & Discussion

3.1. Transport Properties in Phosphonium Electrolyte

3.1.1. Ionic Conductivity

The amount of lithium salt corresponding to the maximum soluble in ionic liquid was determined
to 0.75 M for LiTFSI in [P66614][TFSI] and 0.2 M for LiTMP in [P66614][TMP]. The ionic conductivity of
phosphonium electrolytes measured by Electrochemical Impedance Spectroscopy (EIS) and calculated
by Equation (1) is reported in Figure 1.

σ =
d

S. Rel
(1)

where d is the electrolyte thickness (cm), S the activity area (cm2), and Rel the resistance of the
electrolyte (Ω).

Figure 1. Ionic conductivity of phosphonium electrolytes with two types of anion: (a) [P66614][TFSI]
with 0.75 M of LiTFSI and (b) [P66614][TMP] with 0.2 M of LiTMP.

The ionic conductivity of electrolyte [TFSI] is two decades higher compared to electrolyte [TMP]
one. 1. Figure 1 shows that the log of the measured ionic conductivity is linear with respect to 1/T
(the Arrhenius law). By modelling with an Arrhenius law, the activation energy could be determined
and associated to the ion mobility in the electrolyte. The values obtained are summarized in Table 2.
The activation energy of electrolyte [TFSI] (470 J·mol−1) is lower than electrolyte [TMP] one (530
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J·mol−1), which can explain a better ion mobility in the electrolyte [TFSI]. In addition, this difference
of ionic conductivity between [TFSI] and [TMP] based electrolytes can be explained by a higher salt
concentration for electrolyte [TFSI] due to the difference in solubility. Moreover, TMP is a larger and
non-fluorinated anion that has a significant influence on the mobility of the global ion in the electrolyte.
The dissociation coefficient of the LiTMP is largely lower than for LiTFSI, due to the lower acidity of
the corresponding acid.

Table 2. Activation energy and correlation coefficients of phosphonium electrolytes.

Sample Ea (J·mol−1) R2

[P66614][TFSI] + LiTFSI 470 0.999
[P66614][TMP] + LiTMP 530 0.998

3.1.2. Diffusion Coefficient

The ionic conductivity of the electrolyte corresponds to the ion mobility present in the electrolyte.
To understand the mobility of ions in the electrolyte, the diffusion coefficients of proton (D[H]) and
lithium (D[Li]) were investigated by Pulsed Field Gradient NMR and are presented in Table 3.

Table 3. Diffusion coefficient (in cm2·s−1) of phosphonium electrolytes.

T (◦C) [P66614][TFSI] + LiTFSI T (◦C) [P66614][TMP] + LiTMP

D [H] 28.5 9.25 × 10−8 54 2.3 × 10−8

86 1.1 × 10−7

D [Li]
21 9.35 × 10−9 54 No signal

86 No signal

For the electrolyte [TFSI], the measurement of D[H] associated to the phosphonium cation is
of 9.25 × 10−8 cm2·s−1. This result is in agreement with the literature [29]. MacFarlan and al. have
measured two diffusion coefficients corresponding to anion and cation. The values obtained for
the cation is the same order (10−8 cm2·s−1). The diffusion coefficient D[Li] (10−9 cm2 s−1) is lower
than the diffusion coefficient D[H]. The lithium ion has a lower mobility in the IL [P66614][TFSI].
The structuration of the electrolyte and particularly the complex steric hindrance around the lithium
ions decreases its mobility compared to the mobility of the phosphonium cation. An increase of
temperature would allow for getting a higher lithium mobility.

For the electrolyte [TMP], the value of D[H] is the same order as the electrolyte [TFSI] one. But, no
signal is observed for the lithium ion. Two main assumptions can be made to explain this phenomenon:
(i) a low dissociation of lithium salt in the electrolyte or (ii) a poor lithium salt solubility in the IL
[P66614][TMP].

3.1.3. Lithium Solubility

To understand the absence of lithium signal, 7Li and 31P NMR spectroscopy were carried out
under high-resolution liquid-state NMR conditions, in a temperature range from 25 ◦C up to 150 ◦C.
The recorded spectra are shown in Figure 2.

For the spectra of 7Li NMR (Figure 2a), only one peak was observed, corresponding to a lithiated
species. However, the chemical shifts and the peaks widths clearly change with the temperature; the
linewidth becomes larger as the temperature decreases. These changes can be unambiguously assigned
to the solubility feature of the lithiated species in the medium. In fact, the temperature increases
the solubility of salt in the solvent. It means that between 100 ◦C and 25 ◦C the salt becomes less
and less mobile due to its lower solubility. Around 25 ◦C, the NMR signal completely disappears
under liquid-state NMR conditions. As a matter of fact, a broad line cannot be observed using the
high-resolution liquid-state NMR probe. However, using solid-state NMR conditions, a 7Li signal of
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200 ppm (not shown in this article) could be recorded, which is fully consistent with the immobilized
state of the salt. The line broadening is due to a chemical shift in the anisotropy and dipolar interactions.
This observation is fully consistent with the fact that no signal was measured during the analysis of
diffusion coefficient at 54 ◦C and 86 ◦C. The signal of lithium becomes finer and more intense from
130 ◦C.

The 31P NMR spectrum determines the temperature from which the lithium salt is soluble
through the phosphinate anion, which is common to lithium salt and to IL. The peak associated to the
phosphonium cation (34 ppm at 25 ◦C) was used as a reference since it appeared unchanged regardless
of the salt solubility. The second peak at 27 ppm at 25 ◦C corresponds at the anion phosphinate
signal [30]. As for the 7Li NMR, an evolution of the chemical shift of the two 31P signals with the
temperature can be observed. The cation peak shifts about 1.2 ppm, while a larger shift of about
3.1 ppm is observed for the anion. The temperature dependence of the chemical shift of the anion
clearly presents two regimes since a significant change appears between 100 ◦C and 130 ◦C. That could
be assigned to a chemical environment change of the anion associated to the better solubility of the
lithium salt above 100 ◦C.

 

Figure 2. 7Li NMR (a) and 31P NMR (b) of electrolyte [TMP] ([P66614][TMP] + 0.2 M LiTMP) at
different temperatures.

The relative intensity of the anion peak compared to of the relative intensity of the cation peak
(considered as reference) as a function of temperature is presented in Figure 3. The relative intensity
of the anion peak is higher than 1 from 100 ◦C, which indicates the beginning of the lithium salt
solubilization in the medium. For an optimal solubilization, it was necessary to use an operating
temperature around 150 ◦C. This is a relatively high temperature for using an electrolyte in a
lithium battery.

To conclude this part, the electrolyte [TFSI] presents a better ability to be used as an electrolyte in a
lithium battery. Therefore, this gelled electrolyte [TFSI] was chosen and its properties were investigated.
Specifically, the electrochemical performance in the Li|LFP cell was discussed.
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Figure 3. Evolution of the normalized relative intensity of the phosphinate anion compared to the
relative intensity of the cation as a function of the temperature for the electrolyte [TMP] ([P66614][TMP]
+ 0.2 M LiTMP).

3.2. IL Confinement within the Epoxy Network

3.2.1. Effect of IL Content on the Exudation

Table 4 presents the exudation behavior of cured epoxy networks modified with varying
electrolyte content. The electrolyte exhibits a high miscibility since a maximum of ionic liquid of 70 wt
% can be incorporated in a gel state. However, when more electrolyte is added, the sample becomes
difficult to handle.

Table 4. Name and composition of different gelled electrolytes.

Sample
Composition (wt %)

Exudation
Polymer IL LiTFSI

PPO [TFSI]-50 50 41.0 9.0 No
PPO [TFSI]-60 40 49.2 10.8 No
PPO [TFSI]-65 35 53.3 11.7 No
PPO [TFSI]-70 30 57.4 12.6 No

3.2.2. Effect of IL on Reaction Progress

A NIR analysis was investigated to understand the differences in the reaction mechanism within
an epoxy prepolymer-amine system with and without ionic liquids. In all the cases, the curing
procedure was kept the same; i.e., 6 h at 110 ◦C and 6 h at 120 ◦C. The different band assignments are
listed in Table 5 [31]. At the beginning, the spectrum of the initial mixture displays an absorption peak
of the epoxy group at 4530 cm−1, an absorption peak of the primary amine group at 4935 cm−1, and an
absorption peak of secondary and primary amine groups at 6500 cm−1. The evolution of these peaks
follows the reaction, particularly after the gel time.

The cross-linking process is quantified from the decrease of these absorption peaks at 4530 and
4935 cm−1. The conversion (α) of epoxy group is calculated from the relationship (2) [31].

αepoxy,t = 1 − (Aepoxy,4530)t
(Aepoxy,4530)t=0

(2)

where Aepoxy are the areas of the epoxy peak at the curing time (t) and at the start of the reaction (t = 0).
Equation (3) can also be applied to calculate the conversion of the primary amine characterized

by the band at 4935 cm−1:

αPA,t = 1 − (APA,4935)t
(APA,4935)t=0

(3)
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where PA represents the primary amine (PA) absorption band at 4935 cm−1.
Equation (4) permits to follow the evolution of the both primary and secondary amine functions

(A) at 6500 cm−1:

αA,t = 1 − (AA,6500)t
(AA,6500)t=0

(4)

where A represents the primary and secondary amine (A) absorption band at 6500 cm−1. The evolution
of secondary amine can be determined with Equation (5):

βSA,t = αPA,t − αA,t (5)

Table 5. Near infrared (IR) Band Assignments of PPO-Jeffamine polymerization.

Wavenumber (cm−1) Peak Assignment

7099 O–H overtone

6600–6480 Primary and Secondary amine combination band
Overtones of N–H stretching

6072 Terminal epoxy first overtone of C–H stretching

5880–5500 C–H overtone (CH2, CH3)

5249 −OH due to moisture
(O–H asymmetric stretching and bending)

4935 Primary amine combination band
N–H stretching and bending

4530 Epoxy combination band
(C–H stretching and epoxy ring breathing)

Thus the conversion of the epoxide groups (E), primary amine (PA), and the evolution of secondary
amine versus reaction time were plotted in Figure 4 for 50 wt % of ([P66614][TFSI + 0.75 M LiTFSI). The
kinetic modelling of epoxy and primary amine functions conversion is made according to a first-order
kinetic law according to Equation (6):

dx
dt

= k(1 − x)x = x∞ − x0 exp−kt (6)

where x is the conversion, k is the kinetic constant of the reaction, x∞ is the conversion at an infinite
time (usually equal to 1), x0 is the conversion at t = 0 or t = 6 h. The kinetic constants from the modelling
are shown in Table 6.

For the neat PPO-Jeffamine network, during the first step of curing, the reaction between the
epoxy and primary amine groups is favored since the kinetic constant associated to the primary amine
is higher than the one corresponding to the secondary amine (kAP = 0.534 h−1/2). The temperature
increase results in the kinetic constants of the epoxy and secondary amines function higher. The
function conversion does not reach 100% along the curing process because the temperature is limited
at 120 ◦C during the second curing cycle.

The addition of the 50 wt % electrolyte induces a strong increase of kinetic constants of epoxy,
as well as the secondary and primary amine functions. A total conversion of the amine and epoxy
functions is reached at the end of the curing process. Therefore, the addition of electrolyte has a
catalytic effect on the polymerization of the PPO-Jeffamine network. These results are in agreement
with literature [32,33] that proves lithium salt LiTFSI, which is a lewis acid, helps the opening of the
epoxy ring and thus catalyzes the polymerization of the epoxy amine network. This effect is different
compared to our previous works where the anions of ionic liquids initiated the epoxy etherification [27].
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In summary, it was shown that the ionic liquid [P66614][TFSI] presents a good compatibility with
the network. The NIR analysis for monitoring the polymerization kinetics highlights the effect of
the anion as a catalyzer of PPO-Jeffamine polymerization. Let us now consider the influence of the
electrolyte on the final properties of the epoxy networks.

Figure 4. Epoxy conversion (E), and primary amine (PA) and evolution of secondary amine (SA) during
the reaction time at 110 ◦C for 6 h and at 120 ◦C for 6 h of (a) neat PPO-Jeffamine networks compared
to (b) PPO-Jeffamine/Electrolyte system with 50 wt % of ([P66614][TFSI] + 0.75 M LiTFSI).

Table 6. The kinetic constants (h−1/2) of reaction for epoxy functions (kE), for primary amine functions
(kPA) and for secondary amine functions (kSA) and correlation coefficients.

System PPO-Jeffamine PPO-Jeffamine + ([P66614][TFSI] + LiTFSI)

Step of Curing First Step Second Step First Step Second Step

kE (h−1/2) 0.272 0.988 0.268 7.989
(R2) (0.994) (0.996) (0.989) (0.993)

kPA (h−1/2) 0.534 0.534 0.532 30.266
(R2) (0.999) (0.999) (0.999) (0.999)

kSA (h−1/2) 0.190 0.243 0.186 3.039
(R2) (0.988) (0.996) (0.990) (0.990)

3.3. Influence of the Electrolyte on the Final Properties of Epoxy Based-Networks

3.3.1. On the Thermal Stability of Networks

The thermal stability of PPO-Jeffamine/Electrolyte networks was investigated by
thermogravimetric analysis (TGA) and compared to a neat epoxy-amine network and pure
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electrolyte. Figure 5 gives the weight loss and the corresponding derivative (DTG) of the networks as
a function of the electrolyte content.

Figure 5. Thermo-gravimetric analyses (TGA) (a) and dynamical mechanical analysis (DTG) (b) of
electrolyte ([P66614][TFSI] + 0.75 M LiTFSI) alone and introduced in PPO-Jeffamine networks prepared
with an electrolyte varying content (heating ramp: 10 K·min−1; atmosphere: Nitrogen).

In Figure 5, the thermal stability of the electrolyte (Td5% = 370 ◦C) is much higher than the epoxy
network (Td5% = 319 ◦C). The gelled electrolytes have an intermediate thermal stability between one
of the host networks and the electrolyte one, depending on the electrolyte content. The DTG (Figure 5b)
clearly identifies two degradation peaks corresponding to the degradation of the network between
300 and 385 ◦C and the second one to the degradation of the electrolyte localized between 385 and
460 ◦C. All the gelled samples present a high thermal stability but are limited by the epoxy network
(Td5% = 310 ◦C).

3.3.2. On the Viscoelastic Properties

The effect of electrolyte content on the viscoelastic properties of PPO-Jeffamine networks was
investigated by dynamical mechanical analysis. The relaxation temperature (Tα), defined as the
maximum value of tan δ and the storage modulus E′ at rubbery state at −10 ◦C are summarized in
Table 7.

In both cases, one single peak of relaxation was observed, suggesting a homogeneous network
without a macroscale phase separation phenomenon. Then, the addition of the electrolyte induces
systematically a slight increase of Tα from −49 ◦C to −43.0 ◦C in the presence of 70 wt % of electrolyte.
On the other side, the addition of the electrolyte leads to a strong decrease of storage modulus E′ at
a rubbery state, which can be attributed at a decrease of network crosslink density [34,35]. Thus, E′

decreases 80% in the presence of 70 wt % of electrolyte. So, the addition of a large amount of electrolyte
in the gel significantly impacts the mechanical strength of the gelled electrolyte by increasing the gel
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flexibility and making it even more difficult to handle. This observation can be correlated at the diluted
effect of the medium, where the probability of the prepolymers to meet each other decreases with the
addition of the electrolyte. The semi-diluted medium then promotes intra-molecular reactions like
cyclization are considered defective and increase the apparent elasticity of the network.

Table 7. DMA data of PPO-Jeffamine/Electrolyte networks.

Electrolyte Content
Tα (◦C) Rubbery State E′ (MPa)

(wt %)

0 −49.2 0.33
50 −48.8 0.25
60 −46.9 0.20
70 −43.0 0.06

3.4. Effect of Electrolyte on the Transport and Electrochemical Properties

3.4.1. Transport Properties

To confirm the potential use of this system as a gelled electrolyte for lithium-ion battery, a film with
low thickness (<100 μm) was prepared by solvent casting. The gelled electrolytes were prepared with
different amounts of electrolyte containing [P66614][TFSI]/lithium salt (LiTFSI). The ionic conductivities
were measured by Electrochemical Impedance Spectroscopy (EIS) and calculated by Equation (1).

Figure 6 shows the temperature dependence (in the range of 20–140 ◦C) of the ionic conductivities
of the gelled electrolyte with different amounts of electrolyte in comparison with the neat electrolyte.
The ionic conductivity of the gelled electrolyte increases both with the amount of electrolyte and with
the temperature with a maximum value of 0.13 mS·cm−1 at 100 ◦C for 70 wt % electrolyte based gel.
This phenomenon results from a higher number of ions and faster ion movements since it is thermally
activated and leads to higher ionic conductivity. The ionic conductivity of the gelled electrolyte is
lower than the neat electrolyte, because of the decrease of ion mobility confined in the host network.

By modelling the ionic conductivity plots with an Arrhenius law, the activation energy values
were determined and reported in Table 8. These Ea values are independent on the electrolyte content
because only the electrolyte trapped between the polymer chains is responsible for the ionic conduction.

Figure 6. Ionic conductivity of gelled electrolyte with different amount of electrolyte ([P66614][TFSI]
with 0.75 M of LiTFSI).
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Table 8. Activation energy and correlation coefficients of gelled electrolyte.

Sample Ea (J·mol−1) R2

[P66614][TFSI] + LiTFSI 440 0.999
PPO [TFSI]-50 500 0.999
PPO [TFSI]-60 470 0.997
PPO [TFSI]-65 475 0.999
PPO [TFSI]-70 490 0.999

3.4.2. Electrochemical Stability

To confirm the electrochemical stability of the gelled electrolyte, a cyclic voltammetry (CV) has
been used to know this electrochemical stability window. The CV curves are shown in Figure 7. The
measurement has been performed in coin cells. The working electrode is a stainless steel disk. The
counter electrode is metallic lithium, acting as well as a reference electrode.

Figure 7. Cyclic voltammetry of gelled electrolyte prepared with 70 wt % of electrolyte (a) in reduction
to 0.05 V vs. Li+/Li0 and (b) in oxidation to 4 V vs. Li+/Li0.

In the reduction (Figure 7a), the electrochemical phenomenon at 1.5 V and 1 V are observed with
a current intensity measured at −0.014 mA·cm−2 and at 0.01 mA·cm−2, respectively, for the first cycle.
This phenomenon, observed as well for the electrolyte [TFSI], was attributed to the formation of a
passivation layer that stabilizes at the 6th cycle. As the electrolyte is based on ionic liquids, the SEI
should be different, as in conventional carbonate based electrolytes. The nature of the passivation layer
is attributed to the chemical nature of the IL. In oxidation (Figure 7b), the current measured is very low
(<2 μA·cm−2). Thus, it is possible to consider the gelled electrolyte is electrochemically stable with
stainless steel to 4 V vs. Li+/Li0.

The cathodic and anodic limiting potentials are about 0.05 V and 4 V vs. Li+/Li0, respectively,
and ESW is 3.95. These results suggest that gelled electrolyte PPO [TFSI]−70 is a good candidate to be
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used as an electrolyte in lithium ion batteries with the metallic lithium anode and the LiFePO4, with
an active plateau at about 3.4 V vs. Li+/Li0.3.

3.4.3. Cycling Performance of Li|LiFePO4 Cell

The gelled electrolyte was tested in the Li|LiFePO4 cell at different current densities (C/100,
C/50, and C/20) between 2.5 V and 4 V at 100 ◦C. The results are presented for the cycle 3, 7 and 15 in
Figure 8.

Figure 8. Cycling performances of Li|LiFePO4 cell at different current densities (C/100, C/50 and
C/20) between 2.5 V and 4 V at 100 ◦C of gelled electrolyte prepared with 70 wt % of electrolyte.

The charge/discharge curves for the cell under a low current rate (C/100) are relatively flat lines
at about 3.3 and 3.5 V, respectively. The curves obtained for the higher current rates (C/50 and C/20)
deviate from this linear behavior. This can be explained by a lower ion diffusion within the electrolyte
and at the electrode/electrolyte interface.

The Li|PPO [TFSI]−70|LiFePO4 shows a good cycling performance, with large charge/discharge
capacities ranging from 210 m Ah·g−1 (slightly upper of the theoretical capacity) at C/100 and the
initial coulombic efficiency is ~90% (Figure 9). The additional current consumption in charge was
attributed to the degradation of the gelled electrolyte. When the current rate was increased to C/50, and
then to C/20, the charge and discharge capacity was approximately the same with a better coulombic
efficiency. However, the specific capacity was decreased to around 120 m Ah·g−1 then to 70 m Ah·g−1,
which corresponds to 40% of the theoretical capacity. This decrease could be correlated to the lower
ionic conductivity of the gelled electrolyte, which could induce an additional ohmic resistance and
concentration gradients within the electrolyte. Therefore, the charge transfer could be more difficult to
the electrodes and the polarization of the cell would be increased. Nevertheless, a good cycle stability
was observed at C/20 over 20 cycles with a capacity of around 70 m Ah·g−1.

Figure 9. Cycling performance of the Li|PPO [TFSI]−70|LiFePO4 cell at indicating rates at 100 ◦C.
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4. Conclusions

In this work, the transport properties of different phosphonium electrolytes denoted [P66614][TMP]
+ LiTMP and [P66614][TFSI] LiTFSI were investigated. We have shown that the electrolyte [TMP] have a
low solubility of the lithium salt at ambient temperature. The NMR analysis determines the operating
temperature at 150 ◦C. This temperature is too high to consider its use as an electrolyte for lithium
battery. However, the electrolyte [TFSI] has shown a better ability for this use.

So, the electrolyte [TFSI] was confined within epoxy-amine networks. The influence of the
electrolyte on the polymerization kinetics as well as on the final properties (thermal and mechanical) of
the epoxy networks was performed. Thus, we have demonstrated that the electrolyte [TFSI] catalyzed
the polymerization of the epoxy/amine prepolymer. We have highlighted the ability to develop flexible
epoxy networks swollen with high amounts of electrolyte [TFSI] (70 wt %).

The gelled electrolyte has an ionic conductivity of 0.13 mS·cm−1 at 100 ◦C with an electrochemical
stability window at 3.95 V. The test of cycling performance has shown for the first time the possibility
to use a phosphonium gelled electrolyte in the Li|LFP cell. A low current rate was necessary to obtain
a theoretical capacity of the material. Thus, a proof of concept has been achieved. In summary, this
system could find some applications in extreme conditions, as very high temperature use requires
high safety protocols. For conventional applications, a modification of the system (shorter IL, different
polymer) is required to fit the expected performances as well as an optimization of the cell and the
understanding that some phenomena involved at the interface of the electrolyte/electrode require
further study.
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Abstract: Currently, highly demanded biodegradable or bio-sourced plastics exhibit inherent
drawbacks due to their limited processability and end-use properties (barrier, mechanical, etc.).
To overcome all of these shortcomings, the incorporation of lamellar inorganic particles, such
as layered double hydroxides (LDH) seems to be appropriate. However, LDH delamination
and homogenous dispersion in a polymer matrix without use of harmful solvents, remains a
challenging issue, which explains why LDH-based polymer nanocomposites have not been scaled-up
yet. In this work, LDH with intercalated ionic liquid (IL) anions were synthesized by a direct
co-precipitation method in the presence of phosphonium IL and subsequently used as functional
nanofillers for in-situ preparation of poly (butylene adipate-co-terephthalate) (PBAT) nanocomposites.
The intercalated IL-anions promoted LDH swelling in monomers and LDH delamination during the
course of in-situ polycondensation, which led to the production of PBAT/LDH nanocomposites with
intercalated and exfoliated morphology containing well-dispersed LDH nanoplatelets. The prepared
nanocomposite films showed improved water vapor permeability and mechanical properties and
slightly increased crystallization degree and therefore can be considered excellent candidates for food
packaging applications.

Keywords: poly (butylene adipate-co-terephthalate); ionic liquid; layered double hydroxide; in-situ
polymerization; nanocomposite; permeability; biodegradable polymer

1. Introduction

Currently, engineering plastics are designed as sustainable materials with an adjustable lifetime in
order to minimize their impact on the environment. The challenging issue is thus to prepare advanced
plastics either with (i) increased durability or (ii) easy and fast degradability by means of abiotic factors
(humidity, temperature, pH, etc.) and/or biological (microbial) attack. The first are hi-performance
materials with a long service life, while the latter are often designed as biodegradable polymers for
packaging with a typical life-time shorter than one year.

Poly (butylene adipate-co-terephthalate) (PBAT) is a typical representative of aliphatic-aromatic
copolyesters, which provide balance between biodegradability of aliphatic segments and
thermo-mechanical properties of aromatic units. PBAT is a flexible material with high elongation at
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break and thus suitable for coatings and film applications [1]. However, its low crystallization degree
results in insufficient stiffness and modulus. Together with low water vapor barrier properties, these are
the main drawbacks limiting the PBAT usage for food packaging [2,3]. A possibility to overcome
the PBAT shortcomings is to incorporate lamellar inorganic particles, such as cationic clays (talc and
montmorillonites [2,4–7]), anionic clays such as layered double hydroxides (LDH) [8], and carbon
compounds such as graphite or graphene-based nanoplatelets [9,10] in the PBAT matrix.

LDH are particularly advantageous due to their mild and efficient synthesis, chemical structure
versatility and anionic exchange ability, which enables tuning of the LDH surface interactions for
targeted nanocomposite fabrication [11]. The LDH or hydrotalcite-like compounds are represented
by the general formula [M2+

1−xM3+
x(OH)2]x+(An−)x/n·mH2O, where M2+ and M3+ are divalent

(Ca2+, Mg2+, Fe2+, Zn2+, Cu2+, Co2+) and trivalent (Fe3+, Al3+, Bi3+, In3+, La3+, Ga3+) layer cations,
respectively, and An− is the exchangeable inorganic anion (Cl−, OH−, CO3

2−, SO4
2−, NO3

−) in the
interlayer space with x being the relative substitution rate generally ranging between 0.20 < x < 0.33
resulting in M2+/M3+ ratios of 2/1–4/1 [12,13].

The layered inorganic compounds can act as nano-sized fillers in a polymer matrix providing high
reinforcing and barrier effects only when their structure is delaminated [14]. Additionally, the resulting
nanocomposites with an intercalated or, more preferentially, exfoliated structure must exhibit strong
interfacial interactions between the nanofiller surface and the polymer matrix. In our last paper, we have
demonstrated that phosphonium ionic liquids (IL) can act as surfactants to LDH, which disperse the
LDH nanoparticles in the PBAT matrix during the melt intercalation [8]. The improved compatibility
between LDH and the PBAT matrix was shown to result in increased mechanical and water barrier
properties of the PBAT/LDH nanocomposites as compared to neat PBAT. However, melt blending did
not allow for full exfoliating of the LDH structure and thus only partially intercalated PBAT/LDH
nanocomposites were prepared.

There exist several strategies in how to delaminate the multi-lamellar structure of LDH and to
prepare fully exfoliated PBAT/LDH nanocomposites: Solvent intercalation, melt blending, and in-situ
polymerization. During solvent intercalation, LDH is exfoliated using a solvent (e.g., chloroform)
in which PBAT is soluble [15]. The method is not suitable for preparation of bulk PBAT/LDH
nanocomposites since a volatile organic solvent is used and must be subsequently removed. The melt
blending involves dispersing of LDH in PBAT in the molten state using a strong shear force [16,17].
This straightforward technique does not require any solvent and is most commonly used for the
dispersion of cationic clays (smectitic clay minerals, e.g., montmorillonites, MMT) in PBAT [2], while its
application for exfoliation of bulky anionic clays (LDH) was found more difficult due to their high
charge density [18]. This method, however, does not permit full exfoliation of all LDH particles,
and often a mixture of mono- and multi-lamellar sheets is received [8]. The in-situ polymerization
consists of LDH swelling in the mixture of monomers, followed by polycondensation during which the
chain growth in the interlayer space accelerates LDH delamination [19,20]. The exfoliation process of
the swollen LDH layers is further supported by external forces via ultrasonic treatment or mechanical
high shear mixing [18]. A suitable organic modification of LDH by anionic exchange is often necessary
in order to facilitate monomer diffusion into the LDH interlayer space and at the same time initiate or
catalyze the polymerization process. It has been shown that IL are ideal candidates for this kind of
LDH treatment.

Ionic liquids (IL) are organic salts with low melting temperature (<100 ◦C) exhibiting several
unique properties, e.g., excellent thermal and chemical stability, low vapor pressure and no flammability,
which makes them suitable for instance as additives for polymers [21]. Moreover, ILs offer broad range
of organic anions, which are not always commercially available as simple salts. Finally, the prices
of ILs and simple salts are comparable. Therefore, their use for LDH (or in general inorganic filler)
modification is convenient and furthermore mild conditions can be applied for filler modification.
We have shown that organic anions of IL introduced into the LDH interlayer space are able to delaminate
the LDH compounds and simultaneously initiate in-situ polymerization of ε-caprolactone [22].
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In this paper, we use a similar approach to investigate in-situ prepared PBAT/LDH nanocomposites.
First, Mg-Al LDH modified with different IL-anions are synthesized using direct co-precipitation.
Contrary to the previously used anion exchange reaction producing mainly IL-surface-modified
LDH [8], the co-precipitation technique enables it to reach higher content of intercalated IL-anions
and thus to promote LDH exfoliation during polymerization. In the next step, PBAT nanocomposites
are prepared in the presence of modified LDH via in-situ polycondensation. Finally, the influence of
1.5 and 5 wt % addition of IL-modified LDH on morphology, water/gas permeability, thermal, and
mechanical properties of the PBAT/LDH nanocomposites is determined.

2. Materials and Methods

Trihexyltetradecylphosphonium bis (2,4,4-trimethylpentyl) phosphinate (IL-phosphinate),
trihexyltetradecylphosphonium decanoate (IL-decanoate), and trihexyltetradecylphosphonium bis
(2-ethylhexyl) phosphate (IL-phosphate) (see Table 1) were provided by IoLiTec (Heilbronn, Germany).
MgCl2·6H2O, AlCl3·9H2O, NaOH, NH4OH, NaCl, THF (p.a.), CHCl3 (p.a.), ethanol (p.a.), and methanol
(p.a.) were supplied by Lach-Ner (Neratovice, Czech Republic). All chemicals necessary for synthesis
of LDH were used as received without further purification.

Table 1. Ionic liquids used for the modification of layered double hydroxides (LDH).

Ionic Liquid Chemical Structure Designation

Trihexyltetradecylphosphonium
bis (2,4,4-trimethylpentyl)

phosphinate

 

IL-phosphinate

Trihexyltetradecylphosphonium
decanoate

 

IL-decanoate

Trihexyltetradecylphosphonium
bis (2-ethylhexyl) phosphate

 

IL-phosphate
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2.1. Preparation of LDH with Intercalated IL-Anions

Direct co-precipitation of metal salts in the presence of different ILs was used for the preparation
of the LDH with intercalated IL-anions. Calculations were made for 2 g of LDH; ratio of IL/LDH was
1.5/1 (calculated according to anionic exchange capacity of LDH 3.35 meq/g). In a three necked flask,
IL was first dissolved in a suitable organic solvent and subsequently an aqueous solution (25 mL) of
MgCl2·6H2O and AlCl3·9H2O (Mg/Al molar ratio of 2/1) was added dropwise. The exact weights
were as follows: 7.8 g (0.01 mol) of IL-phospinate was dissolved in 50 mL of THF and the solution of
MgCl2·6H2O (4.3 g, 0.02 mol) and AlCl3·9H2O (2.6 g, 0.01 mol) in deionized water (25 mL) was added;
6.7 g (0.01 mol) of IL-decanoate was dissolved in 40 mL of CHCl3 and the solution of MgCl2·6H2O
(4.3 g, 0.02 mol) and AlCl3·9H2O (2.6 g, 0.01 mol) in deionized water (25 mL) was added; 8.1 g
(0.01 mol) of IL-phosphate was dissolved in 40 mL of ethanol and the solution of MgCl2·6H2O (4.3 g,
0.02 mol) and AlCl3·9H2O (2.6 g, 0.01 mol) in deionized water (25 mL) was added. The molar IL/Al
ratio of 1/1 was always used. In the case of IL-decanoate, we first tried to apply mixtures of miscible
solvents but IL-decanoate remained dissolved, having no tendency to bond anions onto LDH and
stack layers together. LDH with no significant IL-decanoate intercalation were obtained. Therefore, an
immiscible CHCl3/water mixture together with vigorous stirring led to swelling of the created LDH
and its subsequent intercalation. The pH was kept constant at pH = 10 with the addition of NH4OH.
The resulting slurry was then aged at 60 ◦C for 24 h. Finally, the LDH precipitate was filtered, washed
with a mixture of water and organic solvent, and dried at 80 ◦C for 48 h under vacuum. All steps
were conducted under nitrogen atmosphere to avoid contamination by carbonate. Powders of three
LDH modified with IL-phosphinate, IL-decanoate, and IL-phosphate were prepared and denoted as
LDH-phosphinate, LDH-decanoate, and LDH-phosphate, respectively.

As reference material, Cl−-intercalated Mg-Al LDH (pristine LDH) was prepared by the
co-precipitation method adapted from [23]. Briefly, 150 mL of an aqueous solution of NaOH (35 mmol)
and NaCl (34 mmol) was slowly titrated with an ethanol-water solution of MgCl2·6H2O and AlCl3·9H2O
(Mg/Al molar ratio of 2/1, cations concentration 0.375 mol/L) at 80 ◦C under nitrogen atmosphere.
The formed precipitate was then aged for 1 h. The final sludge was filtrated on a Büchner funnel,
washed with deionized water, and dried at 80 ◦C for 12 h to obtain the white powder of pristine LDH.

2.2. Preparation of PBAT/LDH Nanocomposites

Poly (butylene adipate-co-terephthalate) (PBAT)/LDH nanocomposites were prepared via an
in-situ polycondensation of 1,4-butanediol (BD, >99%, Sigma-Aldrich, Saint Louis, MO, USA),
dimethyl terephthalate (DMT, >99%, Sigma-Aldrich, Saint Louis, MO, USA), and dimethyl adipate
(DMA, >99%, Sigma-Aldrich, Saint Louis, MO, USA) and catalyzed by 0.3% tetra-n-butyl orthotitanate
(>97%, Sigma-Aldrich, Saint Louis, MO, USA) according to the two-step procedure adapted from [24].
Prior to the first step, a given amount of LDH powder was freshly dried (80 ◦C under vacuum) and then
dispersed in BD using an ultrasound bath for 10 min. In the first step, BD (62 mmol, 20% molar excess)
with dispersed LDH, DMT (21 mmol) and catalyst (0.15 mmol) were charged into a 100 mL three-neck
flask equipped with a magnetic stirrer, a nitrogen inlet and a distillation column. The reaction took
place under nitrogen flow at 190 ◦C for ca 1 h until methanol was completely distilled out. In the
second step, DMA (31 mmol) was added into the reaction flask. As soon as methanol distillation was
completed, the temperature of reaction mixture was increased to 220 ◦C and the pressure was gradually
decreased under a final reduced pressure lower than 25 Pa for 2 h. The prepared highly viscous melt of
PBAT was then cooled down to room temperature, dissolved in chloroform, precipitated into methanol,
and dried at 60 ◦C under vacuum. The obtained nanocomposite was analyzed using 1H NMR (Figure
S1) and SEC (PS standards) showing the ratio of butylene adipate (BA)/butylene terephthalate (BT)
units of 59/41 (theor. 60/40) and Mw of ca. 45,000 g/mol (Mw/Mn = 1.6). The LDH content in PBAT
nanocomposites was 1.5 and 5.0 wt %. The same two-step procedure was used for the synthesis of
reference neat PBAT.
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For further characterization and testing, the PBAT and PBAT/LDH nanocomposites were prepared
as films (the thickness of 200μm) using compression molding (PTFE molds) at 130 ◦C with a compression
force of 50 kN for 2 min.

2.3. Characterizations

Infrared (FTIR) spectra of the LDH samples were measured using the attenuated total reflectance
(ATR) technique on a spectrometer Spectrum 100T FT-IR (PerkinElmer, Waltham, MA, USA) with
a deuterated triglycine sulfate (DTGS) detector fitted with a Universal ATR accessory with a
diamond/ZnSe crystal. All spectra were recorded in the wavenumber range of 650–4000 cm−1

at 16 scans per spectrum and 4 cm−1 resolution.
1H NMR spectra (600 MHz) of the prepared PBAT and PBAT/LDH nanocomposites were

obtained using a Bruker Avance III 600 MHz NMR spectrometer with CDCl3 as the solvent at 25 ◦C.
The chemical shifts are relative to TMS using hexamethyldisiloxane (HMDSO, 0.05 ppm from TMS) as
the internal standard.

X-Ray diffraction (XRD) patterns were obtained using a high-resolution diffractometer explorer
(GNR Analytical Instruments, Novara, Italy) equipped with a one-dimensional silicon strip detector
Mythen 1K (Dectris, Baden, Switzerland). The CuKα radiation (wavelength λ = 1.54 Å) was produced
by a sealed X-ray tube operated at 40 kV and 30 mA and monochromatized with Ni foil (β filter).
The measurements were performed in Bragg-Brentano geometry in the range of 2θ = 2–70◦ with a step
0.2◦. The exposure time at each step was 10 s.

Thermogravimetric analysis (TGA) of the LDH samples and the PBAT/LDH nanocomposite
films was performed using a Pyris 1 TGA (PerkinElmer, Waltham, MA, USA) in a temperature
range from 35 to 750 ◦C at a rate of 10 ◦C/min; the purge gas flow rate was fixed at 25 mL/min
of nitrogen. Temperature of 5% weight loss (Td5%) was evaluated for the nanocomposite samples.
Standard deviation of TGA measurement was under 5%.

Transmission electron microscopy (TEM) was performed on a Tecnai G2 Spirit Twin 12
microscope (FEI, BrNo, Czech Republic) in the bright field mode at the acceleration voltage of
120 kV. The PBAT/LDH nanocomposite films were cut into ultrathin sections (approximately 60 nm
thick) by a Cryo-ultramicrotomy (Ultracut UCT, Leica, Wetzlar, Germany) using sample and knife
temperatures of −80 ◦C and −40 ◦C, respectively.

Oxygen, carbon dioxide and water vapor transport properties of the PBAT/LDH nanocomposite
films were examined by time-lag permeation method [25]. Each sample was inserted into a membrane
cell which was then placed into a permeation apparatus and exposed to high vacuum (10−4 mbar) and
a temperature of 45 ◦C for 12 h. After evacuation the temperature was set to 30 ◦C. Feed pressure pi
was 1.5 Bar. The permeability coefficient P was determined from the increase of the permeate pressure
Δpp per time interval Δt in a calibrated volume Vp of the product part during the steady state of
permeation. For the calculation of the permeability coefficient, the following formula was used:

P = (Δpp/Δt)·[Vpl/ (Api)]·[1/(RT)] (1)

where l is the membrane thickness, pi feed pressure, A the area, T the temperature, and R the gas
constant. Two or three specimens of each PBAT/LDH nanocomposite films were measured and the
average reported. Relative standard deviations (SD) of Δpp and Δt were lower than 0.3% (given by
the 10 mbar MKS Barratron pressure transducer precision). Relative SD of membrane thickness
measurement was 1%, relative SD of calibrated volume was lower than 0.5%, and relative SD of feed
pressure was 0.3%. Therefore P values had the relative SD 2.4%. Gas diffusivities were estimated from
the time-lag data, using the relation:

D = l2/(6θ) (2)
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where l is the film thickness and θ is the time lag. Relative SD of diffusion coefficients was 4%. Apparent
solubility coefficients were calculated using the following equation:

S = P/D (3)

The overall ideal selectivity (αij) of a polymer membrane for a pair of gases i and j is commonly
expressed by the following relation:

αij = Pi/Pj = (Si/Sj)·(Di/Dj) (4)

where Pi and Pj are pure gas permeabilities, Di/Dj is the diffusion selectivity, and Si/Sj is the
solubility selectivity.

The thermal behaviors of the PBAT/LDH nanocomposite films were investigated using a DSC
Q2000 calorimeter (TA Instruments, New Castle, DE, USA) with nitrogen purge gas (50 mL/min).
The instrument was calibrated for temperature and heat flow using indium as a standard. Samples of
about 10 mg were encapsulated into aluminum pans. Differential scanning calorimetry (DSC) was
performed with a heating-cooling-heating cycle from −90 ◦C to 200 ◦C at 10 ◦C/min. Before and
after the ramps, a two minute isothermal plateau was inserted. The glass transition temperature (Tg),
melting temperature (Tm), and melting enthalpy (ΔHm) were determined from the second heating scans.
The crystallinity (Xc) of PBAT and PBAT nanocomposites was calculated using the following expression:

Xc = 100·ΔHm/[ΔHm
o·(1 − wf)] (5)

ΔHm is the specific melting enthalpy of the sample, ΔHm
o is the melting enthalpy of the 100%

crystalline PBAT (114 J/g [26,27]), and wf is the weight fraction of LDH filler.
The tensile tests on the PBAT/LDH nanocomposite films were conducted at ambient temperature

using an Instron model 6025/5800R (Instron Limited, Norwood, MA, USA) equipped with a 100 N
load cell at room temperature with a cross-head speed of 50 mm min−1. Dumbbell-shaped specimens
(ISO 527-3/5, half size) were used having the length of 60 mm, length and width of the narrow part: 16.5
and 3 mm, resp. and average thickness of ca 0.2 mm. Five specimens of each PBAT/LDH nanocomposite
films were measured and the average reported.

3. Results and Discussion

3.1. Synthesis of Layered Double Hydroxide with Intercalated Ionic Liquid Anions

3.1.1. FTIR Spectra

The FTIR spectra of modified LDH (Figure 1) confirmed a significant content of organic phase due
to the presence of IL-anions. A strong band of methylene deformation (PCH2-) of phosphonium cations
at 1466 cm−1, typical for all the used phosphonium ILs (see FTIR spectra in the supplementary material,
Figure S2) [28], was absent in all of the modified LDH (Figure 1b–d). The presence of phosphonium
cations in all prepared IL-modified LDH was not detected. Therefore, the content of ILs adsorbed on
the LDH surface can be neglected. It can be concluded that direct synthesis has led to a successful
intercalation of IL-anions and the prepared LDH contains an organic part composed uniquely of
the IL-anions.

The FTIR spectrum of LDH-decanoate (Figure 1c) exhibited strong asymmetric and symmetric
carboxylate anion stretching bands at 1551 cm−1 and 1406 cm−1, respectively [29,30], proving the
presence of IL-decanoate anions in the LDH-decanoate.

The FTIR spectrum of LDH-phosphinate (Figure 1d) clearly evidences the presence of phosphinate
anions as the band at 1467 cm−1 can be assigned to methylene deformation of PCH2– [29] and the
peaks at 1131 cm−1 and 1026 cm−1 correspond to asymmetric and symmetric (P = O) O-stretching [30].
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Figure 1. FTIR spectra of (a) pristine LDH, (b) LDH-phosphate, (c) LDH-decanoate, and
(d) LDH-phosphinate.

The strong bands at 1351 cm−1 and the medium bands at 1203 cm−1, 1086 cm−1, and 1021 cm−1

in the FTIR spectrum of LDH-phosphate (Figure 1b) were assigned to P–O–CH2– stretching [29],
which evidences the presence of IL-phosphate anions.

Besides the IL-anions, the presence of carbonate anions in all of the modified LDH (as well as
in the pristine LDH) was confirmed by the FTIR band at ca 1360 cm−1 (Figure 1) [31]. The direct
synthesis was found to be highly efficient and led to preparation of LDH with a much higher content of
organic anions (see the TGA results bellow) compared to the regeneration method published in our last
study [22]. However, the presence of carbonate anions cannot be completely avoided, probably due to
very high affinity of CO3

2− to LDH [32]. The FTIR spectra of all LDH also contained absorption band
at ca 1650 cm−1 typical for H–O–H deformation vibration of the interlayer water [11,33].

3.1.2. XRD Patterns

The XRD measurements enabled us to indicate whether the IL-anions were intercalated into
the basal spacing of LDH. The XRD pattern of pristine LDH (Figure 2a) showed the formation of
a single-phase, well-ordered crystalline-layered structure. The peaks located at 2θ = 11.53◦, 23.38◦,
and 35.28◦ were attributed to the diffraction by (003), (006), and (009) planes, respectively. The (003)
reflection of pristine LDH corresponded to the basal spacing value of 0.77 nm, which is typical for
unmodified Mg-Al LDH [34–36].

The XRD patterns of the LDH modified with ILs demonstrated that the layered structure of
the LDH was preserved during the one step LDH synthesis via co-precipitation. The presence of
(003) reflection in the lower 2θ range—3.39◦, 3.05◦, and 2.19◦ for LDH-phosphate, LDH-decanoate,
and LDH-phosphinate, respectively (Figure 2), denotes the basal spacing expansion to 2.6 nm, 2.9 nm,
and 4.0 nm, respectively. This proves that the intercalation of IL anions, which size is larger than Cl−,
into the interlayer of LDH occurs. The obtained basal spacing expresses the sum of the thickness of one
brucite-like octahedral layer and interlayer spacing. The later can be affected by the size and orientation
of interlayer anion [36]. Assuming the thickness of brucite-like layer of ca 0.48 nm [37], then the
interlayer spacing for LDH-phosphate, LDH-decanoate, and LDH-phosphinate expanded from 0.29 nm
(for the pristine LDH) to approximately 2.1 nm, 2.4 nm, and 3.5 nm, respectively. The position and
shape of broad XRD peaks at 10.77◦, 11.20◦, and 11.45◦ present for LDH-phosphate, LDH-decanoate,
and LDH-phosphinate, respectively, suggest overlapping of two peaks. One of them could be ascribed
to the shifted (006) reflection of intercalated LDH phase, while the second suggests possible generation
of the second phase with smaller basal spacing. This is also supported by the shape of the peaks
in 2θ = 20◦–23◦ present in all modified samples, which are also much broader than corresponding
peaks in pristine LDH sample. The formation of the second phase could be caused by the different
orientation of IL-anions inside the LDH interlayer spacing as was described by other authors [36] or by
the generation of CO3

2−-intercalated Mg-Al LDH (as supported by FTIR, Figure 1).
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Figure 2. XRD patterns of (a) pristine LDH, (b) LDH-phosphate, (c) LDH-decanoate, and
(d) LDH-phosphinate.

3.1.3. Thermogravimetric Analysis

Thermogravimetric (TG) and derivative weight TG curves of all LDH samples display an initial
weight loss (8–13 wt %) between 50 ◦C and 250 ◦C (Figure 3) due to the release of physisorbed and
interlayer water [17,22]. The TG curve of pristine LDH exhibits the removal of an interlayer carbonate
anion and dehydroxylation of –OH groups between 250 ◦C and 500 ◦C (weight loss of ca 30 wt %) [38].
Moreover, TGA results of the modified LDH clearly show the degradation of intercalated IL-anions
in the range of 250–500 ◦C. Significant weight loss of ca 42 wt % was observed in all modified LDH.
Minimal contents of intercalated IL-anions in the modified LDH were estimated from the mass loss
differences between the pristine LDH and the modified LDH to 11.8 wt % (LDH-phosphate), 12.6 wt %
(LDH-decanoate), and 7.4 wt % (LDH-phosphinate, Figure 3). Unfortunately, the exact amount of
intercalated IL-anions cannot be determined from TGA, because the IL-anion degradation, the interlayer
CO3

2− decomposition, and dehydroxylation of the metal hydroxides proceed simultaneously.

Figure 3. Thermogravimetric and derivative weight curves of pristine LDH, LDH-phosphate, LDH-decanoate,
and LDH-phosphinate. The heating ramp was performed at 10 K·min−1 under N2 atmosphere.
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3.2. Characterization of PBAT/LDH Nanocomposites

3.2.1. Morphology

TEM images revealed that the type of LDH modification had strongly affected the final morphology
of PBAT nanocomposites with 5 wt % of LDH filler (Figure 4). The non-modified LDH showed poor
dispersion in the PBAT precursors with a low tendency to swell during the in-situ polymerization,
which resulted in a composite containing large stacks of LDH (Figure 4a). Contrary to that, the successful
IL-anion intercalation promoted LDH dispersion and swelling in the mixture of monomers resulting
in the intercalated and exfoliated morphology of the final PBAT nanocomposites. Delamination of the
modified LDH during the in-situ polymerization proceeded more easily due to weaker forces between
organic IL-anions and the LDH layers as compared to small inorganic anions that hold the LDH layers
together [39,40]. However, a fully exfoliated morphology of PBAT nanocomposites was not reached
because a certain amount of CO3

2−-intercalated into Mg-Al LDH was always present as a contaminant.
The PBAT nanocomposites containing LDH-phosphate (Figure 4b) and LDH-phosphinate (Figure 4d)
displayed single LDH layers (exfoliated structure) homogenously dispersed in the PBAT matrix although
a few agglomerates of non-exfoliated LDH layers could also be observed, especially in the latter case.
In contrast, the PBAT nanocomposite with LDH-decanoate (Figure 4c) showed the formation of LDH-rich
domains in the PBAT matrix. The LDH-decanoate filler was swelled in monomers and delaminated
during the in-situ polymerization (as evidenced from the XRD patterns—Figure 5) but the formed LDH
sheets covered with IL-decanoate anions showed a low tendency to migrate into the surrounding PBAT
matrix probably due to limited PBAT/IL-decanoate miscibility. It is known that a few % addition of
phosphonium ILs into PBAT leads to a phase separation and formation of ionic clusters [41].

Figure 4. TEM images of PBAT nanocomposites containing 5 wt % of (a) pristine LDH,
(b) LDH-phosphate, (c) LDH-decanoate, and (d) LDH-phosphinate.
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Figure 5. XRD patterns of (a) neat PBAT and PBAT nanocomposites with 5 wt % of (b) pristine LDH,
(c) LDH-phosphate, (d) LDH-decanoate, and (e) LDH-phosphinate.

The XRD patterns of PBAT nanocomposites clearly confirmed the morphologies observed by
TEM. The XRD pattern of PBAT nanocomposite with pristine LDH (Figure 5b) shows the intensive
(003) diffraction peak at 2θ = 11.8◦ (slightly shifted to higher angles due to a lower content of
interlayer water in freshly dried LDH) revealing that the layered particles were neither exfoliated nor
intercalated during the in-situ polycondensation. On the contrary, a complete disappearance of the
reflection peak at a low angle range (2θ < 4◦) was observed for all PBAT nanocomposites with the
modified LDH (Figure 5c–e) suggesting extensive exfoliation of the IL-anion-intercalated LDH particles.
Moreover, in the cases of PBAT nanocomposites with the modified LDH, the XRD peak attributed to the
second phase of LDH with smaller basal spacing, originally present at 2θ = 10.77–11.45◦ (see Figure 2)
was significantly decreased, broadened, and/or even shifted to lower angles (Figure 5c–e). It indicates
that this LDH fraction was also partially delaminated and intercalated by PBAT chain during the
in-situ polycondensation in the presence of IL-anion modified fillers.

The crystalline reflections associated with the PBAT matrix were observed at higher 2θ angles of
16.2◦, 17.5◦, 20.5◦, 23.2◦, and 24.9◦ (Figure 5) relating to the characteristic ( ), (010), ( ), (100), and
( ) planes, respectively [5,26]. The XRD data for all samples were identical in this region confirming
that the LDH additions up to 5 wt % had not affected the crystalline structure of the PBAT matrix [26].

3.2.2. Water Vapor and Gas Barrier Properties

The transport properties of O2, CO2 gases, and water vapor in the neat PBAT and the PBAT
nanocomposites were investigated and permeability (Table 2), diffusion (Table S1), and solubility
(Table S2) coefficients, as well as their ideal selectivities were determined.

The permeability coefficients of all samples increase in the order of O2 < CO2 <<H2O (Table 2).
The permeability measurements were performed at temperatures at which the PBAT nanocomposites
were in a rubbery state (above Tg—see the DSC result below). In such conditions, the permeation,
diffusion, and solubility mechanisms in the system resembled gas transport in liquids. Crystallinity
of the neat PBAT film (8%) was slightly enhanced by the presence of LDH fillers (<13%—see the
DSC result below). However, such low overall crystallinity in the PBAT/LDH nanocomposites has a
negligible effect on the evolution of gas transport properties [10].
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Table 2. Comparison of O2, CO2, and water vapor permeabilities and ideal selectivities of neat PBAT
and PBAT nanocomposites with 1.5 and 5 wt % of pristine LDH, LDH-phosphate, LDH-decanoate,
and LDH-phosphinate.

Permeability Coefficient (Barrer) 1 Ideal Selectivity

O2 CO2 H2O CO2/O2 H2O/O2 H2O/CO2

Neat PBAT 1.55 16.9 2730 10.9 1770 162
+1.5% pristine LDH 1.42 15.5 2660 10.9 1880 172
+1.5% LDH-phosphate 1.35 14.3 1570 10.6 1170 110
+1.5% LDH-decanoate 1.48 16.1 2010 10.9 1358 125
+1.5% LDH-phosphinate 1.48 16.3 1980 11.0 1338 121
+5% pristine LDH 1.33 15.1 2550 11.4 1930 169
+5% LDH-phosphate 1.30 14.1 2300 10.8 1770 163
+5% LDH-decanoate 1.21 12.5 1530 10.3 1264 122
+5% LDH-phosphinate 1.43 14.0 1740 9.8 1217 124

1 Barrer = 1 × 10−10 cm3 (STP) cm·cm−2·s−1 cmHg−1 = 3.3539 × 10−16 mol·s−1·m−1·Pa−1.

Since the permeability of gas and water vapor molecules was directly proportional to diffusion
and solubility coefficients, the more dominating process can be determined based on the diffusion
and solubility selectivities. In the cases of neat PBAT and PBAT/LDH nanocomposites, the gas and
water vapor permeabilities were preferably driven by solubility in PBAT rather than by diffusion
(the values of solubility selectivities were much higher than the diffusion ones) (Tables S1 and S2).
Generally, solubility is correlated with the amount and intensity of interactions between the penetrant
and polymer matrix [4,42,43].

It seems that the relatively high polarity of the PBAT backbone caused by the presence of ester
groups promotes strong interactions between PBAT and polar molecules such as CO2 and H2O [2].
As a result, the determined solubility coefficients of CO2 and H2O are much higher than those of
O2, which further results in significantly faster permeation of these polar molecules through PBAT
materials as compared to O2. Neutral oxygen interacted weakly with PBAT and therefore relatively
high selectivities for CO2/O2 gases were obtained.

The LDH fillers in PBAT nanocomposites were shown to slightly lower CO2 and O2 permeations
by acting as a physical barrier, decreasing diffusion but only negligibly affecting solubility, which is
in agreement with the theory of transport properties of polymeric materials filled with impermeable
particles [44,45]. Gas molecules penetrate through free volume among the PBAT chains and the
presence of LDH particles increases tortuosity of the gas molecule pathways. In our case, creation of
longer diffusion paths for gas molecules depended mainly on the uniform dispersion and the aspect
ratio of the 2D nanoplatelets. In the cases of nanocomposites with the modified LDH, the intercalated
IL-anions promoted the LDH delamination, giving an abundance of homogenously dispersed LDH
nanoplatelets throughout the PBAT matrix (Figure 4). This then contributed to the decreased values of
diffusion coefficients at 5 wt % LDH (Table S1). Below this filler content, the effect of LDH addition
and delamination was negligible due to a relatively low aspect ratio of the produced nanoplatelets.
Unfortunately, the one-pot co-precipitation method of LDH synthesis in the presence of ILs did not
allow for the formation of LDH with high lateral dimension as shown for materials synthesized by
anion-exchange reaction, published in our previous study [8].

Contrary to CO2 and O2 transport properties, the neat PBAT exhibited high water vapor
permeabilities (WVP, Table 2), which limits its use for food packaging [2,3]. The addition of pristine
LDH resulted in a very slight WVP decrease (6.5%) due to poor filler dispersion in the PBAT matrix
(Figure 4a). In contrast, the incorporation of modified LDH into the PBAT matrix led to significant WVP
decreases varying in function of the chemical nature of the IL-anions. The most significant decrease
in WVP coefficient was observed for the PBAT nanocomposite with 5.0 wt % of LDH-decanoate
(44% reduction). However, it is of great importance to improve the water vapor barrier properties
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of PBAT at low nanofiller loadings to avoid viscosity increase and limited processability for food
packaging films fabrication [3]. From the point of view of this application, the PBAT nanocomposite
with 1.5 wt % of LDH-phosphate, in which WVP was reduced by 46% (Table 2) was selected as
the most promising and used for comparison with other PBAT/filler nanocomposites with similar
nanofiller loadings. Relative permeabilities (Ps/Pp), where Ps and Pp are WVP of PBAT/filler (in our
case PBAT/LDH) nanocomposite and neat PBAT, respectively, are depicted in Figure 6.

 
Figure 6. Comparison of relative permeability values (Ps/Pp) between this work (PBAT nanocomposite
with 1.5 wt % of LDH-phosphate) and other PBAT/filler nanocomposites.

Our results are promising compared to the results so far published in the literature. They show
the most significant improvement in the water vapor barrier properties of PBAT/LDH-phosphate
nanocomposites, especially considering the relatively low nanofiller content (1.5 wt %). The materials
prepared in our last study displayed similar WVP results only when higher amounts (2 wt %) of
IL-modified LDH was incorporated into the PBAT matrix [8]. In that case, the PBAT nanocomposites
exhibited partially exfoliated/intercalated morphology since the LDH delamination occurred to a
minor extent due to the low content of intercalated IL. It seems that the vapor barrier properties of
PBAT/LDH/IL systems are driven by the dispersion and exfoliation degree of LDH particles as well
as by the formation of ionic clusters [8]. Highly polar surface (OH groups) of well dispersed LDH
particles create more sorption sites (increased interactions) for polar water molecules which can more
feasibly form clusters in the permeation pathways causing a significant decrease of water diffusion
and thus overall decreased water permeation through the nanocomposites.

Other lamellar fillers (e.g., the most frequently used organically modified
montmorillonite—OMMT, [2,3,46]) have been shown to provide similar WVP decrease of the PBAT
nanocomposites at much higher OMMT loadings (e.g., 5 wt % [2], Figure 6). However, when non-polar
phosphonium IL-modified montmorillonite is introduced, the relative permeability values of the
PBAT/OMMT nanocomposites can be decreased even further (down to 0.2, Figure 6) [47].

3.2.3. Thermal Properties

Table 3 summarizes the results obtained by DSC. The glass transition temperature (Tg) values
increased with the increasing content of the modified LDH containing IL-anions, which indicates
homogenous nanofiller dispersion in the PBAT matrix and LDH delamination into individual LDH
layers thus reducing mobility of PBAT chains. In contrast, the incorporation of pristine LDH showed
no influence on Tg due to poor nanofiller dispersion in the PBAT matrix. The increase in crystallinity
(Xc) and the decrease in melting temperature (Tm) of PBAT with increasing content of modified LDH
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indicates that the particles act as heterogeneous nucleating agents promoting the PBAT crystallite
growth [8,9,15].

Table 3. DSC and TGA results of neat PBAT and PBAT nanocomposites with 1.5 and 5 wt % of pristine
LDH, LDH-phosphate, LDH-decanoate, and LDH-phosphinate.

Tg [◦C] Tm [◦C] ΔHm [J/g] Xc [%] Td5% [◦C]

Neat PBAT −40 116 9.7 8 354
+1.5% pristine LDH −39 108 11.8 11 351
+1.5% LDH-phosphate −36 111 10.1 9 336
+1.5% LDH-decanoate −38 103 11.4 10 331
+1.5% LDH-phosphinate −38 110 10.9 10 342
+5% pristine LDH −40 113 8.3 8 346
+5% LDH-phosphate −37 102 11.3 10 317
+5% LDH-decanoate −37 99 13.6 13 310
+5% LDH-phosphinate −35 101 13.2 12 324

The TGA results show that all prepared materials were thermally stable up to ca 280 ◦C. The LDH
incorporation had slightly decreased the thermal stability (Td5%) of the PBAT matrix (Table 3).
This effect was more significant for the modified LDH with IL-anions and thus probably connected to
the degradation of IL-anions and possible catalytic effect of IL-anions on thermal degradation of PBAT
at elevated temperature [15].

3.2.4. Mechanical Properties

Table 4 summarizes the results of uniaxial tensile properties of the prepared PBAT nanocomposite
films. The LDH addition has led to a general improvement in stiffness (the increased Young moduli) as
a consequence of increased rigidity induced by the nanofiller incorporation into the PBAT matrix and a
slightly higher amount of the crystalline phase. However, tensile strength values have improved only
in the PBAT/LDH nanocomposites with IL-phosphate and IL-phosphinate modifications. It means that
these two modifications provided the most homogeneous LDH dispersion within the PBAT matrix.
The best affinity between the LDH filler and PBAT was provided by IL-phosphinate as shown by the
improved values of elongation at break. As we demonstrated in our last study, the IL-phosphinate
modifier promotes formation of well-dispersed ionic clusters in PBAT, which can be responsible for
increased ductility without reducing stiffness of the material [8,48]. In contrast, the decreased values
of tensile strength and elongation at break of the PBAT nanocomposites containing LDH modified
with IL-decanoate give evidence of material brittleness originating probably from the phase-separated
morphology with LDH-rich domains in the PBAT matrix (see Figure 4). The brittle behavior was
also observed for the PBAT nanocomposites with non-modified LDH as a result of poor nanofiller
dispersion and a presence of large LDH agglomerates.

Table 4. Tensile properties of neat PBAT and PBAT nanocomposites with 1.5 and 5 wt % of pristine
LDH, LDH-phosphate, LDH-decanoate, and LDH-phosphinate.

Young Modulus [MPa] Tensile Strength [MPa] Elongation at Break [%]

Neat PBAT 76 ± 4 5.6 ± 0.3 122 ± 23
+1.5% pristine LDH 92 ± 4 5.9 ± 0.4 121 ± 18
+1.5% LDH-phosphate 110 ± 2 6.8 ± 0.4 133 ± 20
+1.5% LDH-decanoate 104 ± 4 5.0 ± 0.2 13 ± 3
+1.5% LDH-phosphinate 94 ± 2 8.7 ± 0.5 227 ± 15
+5% pristine LDH 99 ± 4 5.2 ± 0.5 29 ± 16
+5% LDH-phosphate 106 ± 4 6.2 ± 0.2 20 ± 3
+5% LDH-decanoate 137 ± 4 5.1 ± 0.1 10 ± 1
+5% LDH-phosphinate 112 ± 5 8.3 ± 0.6 225 ± 43
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4. Conclusions

In this work, the preparation of PBAT/LDH nanocomposites by in-situ polycondensation in the
presence of IL-anion modified LDH was reported.

First, a direct co-precipitation of metal salts in the presence of phosphonium ionic liquids (IL) was
used for synthesis of IL-anion intercalated LDH. Using this technique, bis (2-ethylhexyl) phosphate
(IL-phosphate), decanoate (IL-decanoate), and bis (2,4,4-trimethylpentyl) phosphinate (IL-phosphinate)
anions were successfully introduced into the interlayer space of LDH compounds. The produced LDH
show the increased interlayer spacing and high content of IL-anions. The results surprisingly show
that LDH-IL prepared by this technique practically does not contain surface-bonded IL (in contrast to
anion exchange technique used in our last study [8]). The way in how to prepare LDH containing both
intercalated IL-anions and surface bonded IL is still challenging and under our investigation.

In the next step, LDH with intercalated IL-anions were shown to delaminate readily in a mixture
of monomers during in-situ polycondensation. The produced PBAT/LDH nanocomposites exhibited
exfoliated morphology either with homogenously dispersed LDH nanoplatelets in the PBAT matrix
(the cases of IL-phosphate and IL-phosphinate intercalated LDH) or formation of LDH-rich domains in
the PBAT matrix (the case of IL-decanoate intercalated LDH). Moreover, the IL-phosphinate modifier
was shown to ensure the strongest LDH-PBAT affinity resulting in optimized mechanical performances.
The presence of IL-anion intercalated LDH exhibited a relatively low effect on CO2 and O2 permeability
reduction while the water vapor permeation was significantly decreased for all PBAT/IL-modified LDH
nanocomposites. From this point of view, the produced PBAT/LDH nanocomposites are considered
excellent candidates for food packaging applications.
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Figure S1: 1H NMR spectrum of synthesized PBAT, Figure S2: FTIR spectra of (a) IL-phosphate, (b) IL-decanoate
and (c) IL-phosphinate, Table S1: Dependence of oxygen, carbon dioxide and water vapor diffusion coefficient and
ideal selectivity of neat PBAT and PBAT nanocomposites with 1.5 and 5 wt % of pristine LDH, LDH-phosphate,
LDH-decanoate and LDH-phosphinate, Table S2: Dependence of oxygen, carbon dioxide and water vapor
solubility coefficient and ideal selectivity of neat PBAT and PBAT nanocomposites with 1.5 and 5 wt % of pristine
LDH, LDH-phosphate, LDH-decanoate and LDH-phosphinate.
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Abstract: The swelling mechanism is widely used to explain the response of ionic liquids (ILs)
or poly(ionic liquid)s (PILs) to moisture. While a fairly broad consensus has been attained,
there are still some phenomena that are not well explained. As a complement to the swelling
mechanism, we systematically studied the free volume theory in the rapid response and recovery
of PIL humidity performance. We chose poly(1-ethyl-3-vinylimidazolium bromide) (PIL-Br),
poly(1-ethyl-3-vinylimidazolium tetrafluoroborate) (PIL-BF4) and poly(1-ethyl-3-vinylimidazolium
bis(trifluoromethane sulfonimide)) (PIL-TFSI) as model materials and investigated the impact of PIL
structure including anion type, film thickness and affinity to moisture on performance to obtain the
humidity sensing mechanism for PILs based on free volume theory. Hence, we can combine free
volume theory with the designed PIL structures and their affinity with moisture to obtain a high
concentration of free ions in PIL sensing films. Furthermore, the PIL humidity sensors also show
fast, substantial impedance changes with changing humidity for real-time monitoring of the human
respiratory rate due to a fast response and recovery performance. Therefore, our findings develop
a new perspective to understand the humidity performance of PILs based on free volume theory,
resulting in fast response and recovery properties realized by the rational design of PIL sensing films.

Keywords: poly(ionic liquid)s; humidity sensing; free-ion concentration; fast response and recovery;
respiratory rate monitoring

1. Introduction

The advent of air-stable ionic liquids (ILs) is a milestone in modern analytical science and ILs have
been widely used as signal-enhancing elements in electroanalytical applications [1]. As is well known,
ILs consist entirely of cations and anions with very specific properties [2], such as high ionic conductivity
and negligible vapour pressure, and they have been used in many fields of electrochemical research [3].
In particular, the physical and chemical properties of ILs can be controlled to an unprecedented level
through the rational design of cation–anion pairs. Thus, ILs are also known as designer materials
or task-specific ILs [4]. Owing to these distinctive features, ILs could be designed and serve as the
recognition elements for various sensing platforms [5]. Nevertheless, it should be noted that the direct
usage of ILs as sensing materials in their liquid state is inconvenient [6]. It is necessary to immobilize
ILs in solid devices for practical applications while keeping their attractive properties [7]. To address
this issue, poly(ionic liquid)s (PILs), or polymerized ionic liquids [8], have been studied and represent
a class of polymers (or polyelectrolytes) that feature an IL monomer in each repeating unit which
is connected through a polymeric backbone to form a macromolecular architecture. Thus, PILs can
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alleviate the shortcomings, such as leakage and instability, of liquid electrolytes in electrochemical
devices [9]. However, the IL moiety is covalently attached to the macromolecule in a PIL which means
the organic cation or anion is restricted in mobility. Compared with ILs or IL/polymer mixtures where
both the cations and anions are mobile, PILs are considered as single-ion conductors with relatively
lower ionic conductivity [10]. Given that the ionic conductivity of PILs has a significant impact on their
sensing performance, unfortunately there are relatively few reports on rationalizing the relationship
between the PIL molecular structure and its ion transport properties. Therefore, it is truly a big
challenge to obtain a fundamental understanding of a molecular-scale framework for designing PILs
and its relationship with bulk properties.

PIL responses to chemical species include changes in optical, electric and charge transport
properties, each of which have been explored for PIL chemical sensors [11–13]. In chemiresistive
sensors, PILs are well suited materials as their adjustable conductivity permits a host of well-documented
sensing mechanisms. For example, some of the earlier studies utilized PIL-based chemical sensors
to detect analytes (such as moisture [14], CO2 [15], volatile organic compounds (VOCs) [16], etc.)
via a swelling mechanism. In this case, the PIL is well-doped and the analyte is absorbed causing
a solvated IL moiety, reducing the viscosity of the PIL and increasing the ionic conductivity, thus
creating a reduction in electrical resistance [13]. Under the guidance of this principle, Huang et al. [17]
fabricated an optical humidity sensor using PIL photonic crystals as sensing materials. By rational
combination of PIL and photonic structure, the optical humidity sensor can be used to rapidly,
sensitively and visually detect environmental humidity via a colour change in the whole visible
range [18]. To improve the conductivity of PIL-based sensors, single-walled carbon nanotubes [19]
and La2O2CO3 nanoparticles [20] were introduced with improved sensing properties because of
the synergistic effect. Although the swelling mechanism [21] has been widely applied in IL-based
sensors [14], there are still several points that need further improvements. For instance, according to
the swelling mechanism, the IL-based humidity sensors often exhibit a fast response property, owing
to a strong affinity with water molecules, which usually means that a long recovery time is required.
However, this prediction conflicts with our previous experimental results that the PIL-based humidity
sensor exhibits both a fast response and recovery properties. Hence, more research is needed for a
comprehensive understanding of PIL-based sensors, especially in terms of ionic transport.

Owing to flexibility and easy processing, polymers are considered as attractive sensing materials
for humidity sensors, and some polymeric humidity sensors are commercially available [22]. However,
conventional polymeric sensing materials, including most neutral polymers or inorganic salt doped
polymers, often display poor conductivity due to a low free-ion concentration, resulting in a slow
response when exposed to humid conditions. A sub-minute or sub-second response can be achieved
by rational design of PIL sensing materials with an adjustable free-ion concentration. Thus, on-line
monitoring of humidity is expected to be realized and applied to various healthcare areas [23], such as
pulmonary-function diagnostics [24], management of patients undergoing anaesthesia and critical care
medicine [25]. In this regard, we systematically investigated the humidity sensing performance of
imidazolium-based PIL films. We combine the free volume theory with the designed PIL structures
including anion types, film thickness and affinity with moisture to obtain a high concentration of
free-ions in PIL sensing films. Thus, the conductivity of PIL humidity sensors was found to vary
sensitively over a wide range of relative humidity levels (RH) with a fast response and recovery
properties. Furthermore, the PIL humidity sensors also confirmed a fast, substantial impedance change
with a change in humidity for real-time monitoring of the human respiratory rate due to their fast
response and recovery performance. Therefore, our findings develop a new perspective to understand
the humidity performance of PILs based on free volume theory, resulting in a fast response and
recovery properties realized by the rational design of PIL sensing films. It is highly expected that the
PIL humidity sensors can be implemented for continuous monitoring of humidity in various arenas.
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2. Materials and Methods

2.1. Chemicals and Reagents

1-vinyl-3-ethylimidazolium bromide (VEIm-Br) was obtained from Lanzhou Greenchem ILS, LICP,
CAS, China. Then, 2,2′-azobis(2-methylpropionitrile) (AIBN), sodium tetrafluoroborate (NaBF4) and
lithium bis(trifluoromethane sulfonimide) (LiTFSI) were purchased from the Sigma-Aldrich Company
(Shanghai, China) and were used as received without further purification. The water that was used
was deionized.

2.2. Synthesis of Poly(1-ethyl-3-vinylimidazolium bromide) (PIL-Br)

In a typical synthesis process, 10.38 g of 1-vinyl-3-ethylimidazolium bromide, 30 mg of AIBN and
70 mL of absolute ethanol were added into a 250 mL round-bottom flask. The mixture solution was
stirred for 2 h under nitrogen atmosphere and was then heated to 70 ◦C for 24 h. After that, the resulting
PIL was washed with tetrahydrofuran (THF) and then dried at 70 ◦C overnight. The schematic diagram
is as follows:

 

2.3. Synthesis of Poly(1-ethyl-3-vinylimidazolium tetrafluoroborate) (PIL-BF4)

In this synthesis process, 2.04 g of PEVIm-Br was dissolved in a mixed solution composed of 9 mL
of deionized water and 9 mL of absolute ethanol (solution A) under magnetic stirring in an ice-water
bath for 30 min. Then, 1.10 g of NaBF4 was dissolved in another mixed solution composed of 9 mL of
deionized water and 9 mL of absolute ethanol (solution B) under magnetic stirring in an ice-water
bath for 30 min. Subsequently, solution B was slowly added into solution A and then the mixture was
stirred in an ice-water bath for 30 min and was left to stand for 1 h. Finally, the resulting yellowish
white solid was cleaned with deionized water and absolute ethanol several times before drying at
70 ◦C for 24 h. The schematic diagram is as follows:

 

2.4. Synthesis of Poly(1-ethyl-3-vinylimidazolium bis(trifluoromethane sulfonimide)) (PIL-TFSI)

The protocol for the synthesis of PIL-TFSI is similar to that of PIL-BF4: 2.04 g of PIL-Br reacts
with 2.81 g of bis(trifluoromethane sulfonimide) through an ion exchange reaction and the resulting
yellowish solid was finally gained. The schematic diagram is as follows:
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2.5. Characterization

The as-prepared PILs were characterized by Fourier-transform infrared spectroscopy (FTIR), 1H
NMR spectra, etc. TMDSC (NETZSCH DSC 204 F1) was used to determine the Tg of PIL-Br equilibrated
at varying RH levels under nitrogen. First, a 250 mL bottle containing saturated aqueous solutions of
K2SO4 salts was used to equilibrate PIL-Br for 2 h. Then, the sample was placed into a non-hermetically
sealed aluminium differential scanning calorimeter (DSC) pan for measurement. The TMDSC runs
consisted of cooling at a rate of 5 ◦C/min to −60 ◦C, followed by heating to 100 ◦C (with the same
heating rate of 5 ◦C/min) and a temperature modulation of ±0.80 ◦C every 60 s. The DSC heats from 30
to 250 ◦C at a heating rate of 10 ◦C/min.

2.6. Humidity Sensor Preparation and Measurements

The humidity sensors were fabricated by spin-coating the PIL dispersion onto pre-cleaned
interdigitated electrodes. Alumina ceramic was used as the substrate due to its high dielectric strength
and excellent stability. Interdigitated electrodes composed of 10 nm of titanium and 80 nm of gold
with a linewidth of 80 μm were fabricated by sputtering, as shown in Figure S1.

Spin-coating PIL onto the interdigitated electrodes: 0.06 g of PIL-Br was added into 600 mL
of absolute ethanol and the mixture solution was then stirred for 2 h until completely dissolved.
The sensors were fabricated by spin coating 4.0 μL of the mixture solution onto the pre-cleaned
interdigitated electrodes at a speed of 4000 rad/s for 60 s. After that, the sensor was dried at room
temperature for 48 h. For the case of PIL-BF4, the solution was replaced by N,N-dimethylformamide
(DMF) with the other conditions preserved to be the same. The PIL-Br thickness can be easily tuned by
adjusting the solution concentration and revolving speed.

Humidity sensing properties were tested by an impedance analyser (Agilent 4294, 40 Hz to 110 MHz).
The applied voltage amplitude was 500 mV and the measuring temperature was approximately 25 ◦C.
Several 250 mL bottles containing different saturated salt solutions including LiCl, MgCl2, K2CO3,
NaBr, NaCl, KCl and K2SO4 were used as the sources of humidity for 11%, 33%, 43%, 59%, 75%, 85%
and 98% RH, respectively.

3. Results and Discussion

3.1. Structural Characterization of PILs

The obtained PILs were first characterized by FTIR and 1H NMR. The FT-IR spectra for the IL
and PILs are shown in Figure 1 and the absorption peaks for the imidazolium rings in the IL and PILs
are obvious. The C−H bonds in the imidazolium rings show a deformation vibration in-plane peak
at 1170 cm−1 and external bending vibration peaks at ~750 cm−1, ~650 cm−1. The absorption peak at
~3140 cm−1 arises from the stretching vibration of the C−H bonds, and that at ~1570 cm−1 is due to the
C=N bonds in the imidazolium rings. Thus, the results from the FT-IR spectra can clearly confirm
the integrity of the imidazolium ring in the PILs. However, a complete disappearance of the band
corresponding to Br− (960 cm−1) is observed with the appearance of new bands attributed to BF4

−
(1053 cm−1) or TFSI− (~1187 cm−1), which also proves the success of the anion exchange. In addition,
the absorption peak at 3450 cm−1 is attributed to the hydroxyl groups (H−O) of water molecules
mechanically adsorbed by the IL or PILs.
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Figure 1. FT-IR spectra for IL-Br, PIL-Br, PIL-BF4 and PIL-TFSI.

The 1H NMR spectra for PIL-Br and IL-Br is shown in Figure 2 and the chemical formulae are
shown in the illustration. The vinyl signals at 7.5, 6.1 and 5.4 ppm are observed to disappear, with the
appearance of new signals at 2.7 and 4.5 ppm attributed to the protons of the polymeric backbone.
Under the influence of the chemical group, the transformation and shift of signals near 10.5 and 8 ppm
are distinct. We ensure that the polymerization by IL-Br monomer is successful via 1H NMR test.

Figure 2. 600-MHz 1H NMR spectra for PIL-Br and IL-Br.

Wetting, usually associated with hydrophilicity, is a phenomenon based on two-phase interface
changes from a solid-gas interface to a solid-liquid interface. The wettability of a film material can
be expressed by the contact angle (1–180◦) and a large contact angle indicates a worse wettability.
The static water contact angles for PIL-Br (34.6◦), PIL-BF4 (52.9◦) and PIL-TFSI (97.8◦) are shown in
Figure 3, revealing the hydrophilicity: PIL-Br>PIL-BF4>PIL-TFSI. The result corresponds to the effect
of the anionic polarity to water molecules in theory.
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Figure 3. Static water contact angles corresponding to the as-prepared poly(ionic liquid)s (PILs):
(a) PIL-Br, (b) PIL-BF4 and (c) PIL-TFSI.

3.2. Swelling Mechanism for a Hydrophilic PIL-Br Humidity Sensor: The Effect of Thickness

When polymers are used in humidity sensing, the swelling process is usually exploited: (i) diffusion
of water molecules through the polymer matrix, (ii) relaxation of polymer chains and (iii) expansion
of the polymer network upon relaxation. To confirm that the humidity performance of the PILs
can be affected by their swelling behaviour, a series of controllable experiments were exemplified
using hydrophilic PIL-Br. Since the swelling behaviour of a PIL sensing film is directly related to its
thickness, we thus investigate the effect of PIL-Br thickness on the humidity performance. The thickness
of PIL-Br sensing films can be easily controlled by adjusting the concentration of the spin-coating
solution, denoted as PIL-Br-10, PIL-Br-20 and PIL-Br-30, respectively. It is well known that the working
frequency has an important impact on the humidity performance of a PIL sensor. To explore the
optimum frequency for the PIL humidity sensors, we first investigated the impedance as a function
of RH at different frequencies. The relationships between the impedance modulus of PIL-Br-10 and
RH with measuring frequency from 100 Hz to 25 kHz are shown in Figure 4a. In the low frequency
region from 100 Hz to 1 kHz, the PIL-Br-10 sensor presents good linearity with a total impedance
modulus change of more than two orders of magnitude, which indicates high sensitivity in the
whole RH range from 11% to 98% RH. However, the impedance curve gradually turns flat and the
total impedance modulus change is reduced when the measuring frequency is higher than 2.5 kHz.
This is mainly because the polarization of the water molecules cannot catch up with the directional
change of the electrical field under high frequency and only electronic-displacement polarization and
ion-displacement polarization can take place. Since the capacitance and dielectric constant of the
PIL sensor is very small, it becomes independent of RH at high frequencies. The best linearity of the
impedance versus RH curve for the PIL-Br-10 sensor appears at 500 Hz; thus, 500 Hz was defined as
the ideal working frequency for the PIL-Br-10 sensor and was used in the following measurements.
Similarly, the optimum measuring frequencies for PIL-Br-20 and PIL-Br-30 can be calculated to be
500 Hz (Figure 4d) and 2.5 kHz (Figure 4g), respectively. The dynamic impedance response of PIL-Br
sensors within the step changes from 11% to 98% RH followed by a return to the initial state were also
performed, as shown in Figure 4b,e,h. All sensors exhibited a good reversibility during the step change
in the humidity levels, revealing good reliability of the as-prepared humidity sensors. In addition,
humidity hysteresis—another criterion that is commonly used to estimate the reliability of humidity
sensors—was also tested for PIL-Br sensors with varying thickness. The humidity hysteresis is defined
as the maximum difference of the humidity sensor between the adsorption and desorption process [26];
thus, the humidity hysteresis was calculated to be 3.2% RH (Figure 4c), 4.3% RH (Figure 4f) and 5.2%
RH (Figure 4i) for PIL-Br-10, PIL-Br-20 and PIL-Br-30 within the working range of 11%–98% RH,
respectively. This result can further confirm the good reliability of PIL-Br humidity sensors.
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Figure 4. Thickness-dependent performance of PIL-Br humidity sensors: the impedance at varying RH
levels measured under various frequencies: (a) PIL-Br-10, (d) PIL-Br-20, (g) PIL-Br-30, respectively;
the dynamic response of PIL-Br sensors for increasing RH from 11% to 98% RH followed by a return
to the initial state: (b) PIL-Br-10, (e) PIL-Br-20, (h) PIL-Br-30, respectively; the humidity hysteresis of
(c) PIL-Br-10, (f) PIL-Br-20 and (i) PIL-Br-30, respectively.

The repeatability of PIL-Br sensors was further characterized by switching the measurement
environments between 11% RH and various RH for five cycles, as shown in Figure 5a–c. All the PIL-Br
sensors with varying thicknesses possess good repeatability. At the same time, the response and
recovery times of these sensors were characterized in Figure 6. The sensor with the thinnest film has
pretty short response and recovery times (6 s/10 s). In addition, we wondered the differences between
these PIL-Br sensors in long-term stability, so we tested these sensors repeatedly per 15 days under the
fixed humidity levels. The PIL-Br-10 sensor can maintain quite a stable dynamic response, as shown in
Figure 5d. The data show good consistency of the PIL-Br-10 sensor at each humidity region. These
results demonstrate that the as-prepared PIL-Br-10 sensors possess high stability and durability in a
wide RH range. In contrast, the long-term stabilities of two other sensors which have thicker film are
not good enough. This can be seen in Figure S2.

Figure 5. The repeatability characteristic of PIL-Br sensors from 11% to 98% RH: (a) PIL-Br-10,
(b) PIL-Br-20 and (c) PIL-Br-30, respectively, (d) Long-term stability of a PIL-Br-10 humidity sensor.
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Figure 6. Response and recovery properties for PIL-Br humidity sensors with varying thickness.

For further discussion, the experimental impedance results obtained for the PIL-Br humidity
sensors were fitted via equivalent circuits by using Z-View software, as shown in Figure 7. Here, RS is
related to the resistance of the electrode/film, R1 is the bulk resistance of film, ZCPE is a constant phase
element (CPE) and ZW is a Warburg impedance [27]. As shown in Figure 7a, the total impedance of the
PIL-Br humidity sensors almost achieves a three orders of magnitude response and superior linear
correlation coefficient under RH ranging from 11%–98%, which is advantageous for humidity sensors.
The values for RS and ZCPE were hardly affected by ambient humidity, as shown in Figure 7b,d, because
RS relates only to the inter-contact between the electrode and film and ZCPE is characterized as the
influence of polarization in the sensing film. In addition, RW decreases drastically as RH increases
from 43% to 98%, leading to high-concentration and fast-action of mobile ions in the diffusing process
due to the formation of continuous multi-water layers at 33%RH(PIL-Br-30) or 44%RH(PIL-Br-10,
PIL-Br-20). It is worth noting that continuous multi-water layers can promote jumping of hydronium
ions (H3O+) and free hydrogen ions (H+) for conduction based on the Grotthuss mechanism [28].
Hydrogen-ion jump conduction occurs when a H+ (H3O+) passes from one end to the other through
an adjacent water molecule, rather than a H+ (H3O+) going from one end to the other, with the former
being faster. The value of R1 decreases linearly by approximately three orders of magnitude within
the full measured RH range (Figure 7c), which can be attributed to the improved conductance of the
PIL-Br sensing film because of the increased number of absorbed water molecules. In addition, the
results show that it is easy to increase the conductivity in thicker films because of the absorption of
more water molecules. In summary, the PIL-Br-30 sensor has pretty outstanding conductivity during
the ion diffusion process.

Figure 7. Dependence of the values of (a) total, (b) Rs, (c) R1 and (d) ZCPE and ZW on varying RH
levels for PIL-Br sensors with different thicknesses.
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3.3. Humidity Mechanism for PILs Based on Free Volume

As mentioned above, PILs are usually considered to be single-ion conductors that are comprised of
polymeric imidazolium-based cations and anions. In these cases, cations are structurally constrained as
part of the polymer skeleton, which largely restricts their movement. Owing to the asymmetric volume
of the cation and anion, there are large spaces (i.e., holes and voids) in the PILs. These spaces are also
denoted as free volume, which can provide sorption sites to accommodate penetrate of water molecules
and to allow ion-movement through the PIL matrix [29]. The permeation of water molecules through
the free volume can induce a swelling of the PILs, thus altering their properties. Kasapis et al. [30]
reported the swelling behaviour of polymers exposed to a hot and humid environment. The hygroscopic
swelling of a polymer can cause a change in volume, similar to the thermal expansion caused by an
increase in temperature, leading to a linear expansion of the free volume (f ) of the polymer. Following
derivation from the Williams-Landel-Ferry (WLF) expression [31], the time-temperature-humidity
equivalence principle can be expressed as follows:

f = f0 + eT(T − T0) + eM(M−M0) (1)

where f is the free volume of a polymer, f 0 is the free volume fraction of a sample at the reference
temperature T0; eT and eM is the free volume fraction of the thermal expansion coefficient and humidity
swelling coefficient, respectively; M0 is the water content of a sample at the reference temperature T0.
Assuming that a sample remains in the same ambient temperature, the free volume will increase as
the ambient humidity increases. According to the free volume theory, the relationship between the
viscosity (η) and the free volume (f ) of the polymer follows the Doolittle equation [32]:

ln η = ln A + B
[

1
f
− 1
]

(2)

where A and B are constants for a given material. Thus, the viscosity of PILs will decrease as the free
volume increases. Furthermore, the relationship between conductivity (η) and viscosity (σ) of the PILs
can be built by the following Walden equation:

lgσ = lgk + αlgη−1 (3)

where k is a temperature dependent constant and α is a fitting parameter [33]. Thereby, the conductivity
in PILs is inversely proportional to the viscosity and proportional to the free volume. Therefore,
the conductivity of the PIL sensing films can be optimized by adjusting their free volume, which is
conducive to the design of sensing materials for better performance.

Generally, the glass transition temperature (Tg) is defined as the temperature at which the
mechanical properties of a polymer material radically change due to internal movement of the polymer
chains [34]. For the as-prepared PILs, a lower Tg promotes a higher ionic conductivity. To verify that
the PIL conductivity changes with a change in humidity based on free volume theory, we take PIL-Br
as an example and investigate its Tg change under varying RH levels using temperature-modulated
differential scanning calorimetry (TMDSC). From Figure 8a, the Tg of PIL-Br under dry conditions was
measured to be 185.2 ◦C according to a DSC scan. For comparison, a typical TMDSC scan obtained from
PIL-Br equilibrated to 98%, as shown in Figure 8b. The endotherm of the total signal at approximately
88 ◦C, which corresponds to the evaporation of the absorbed water, is exclusively present in the
non-reversing heat-flow signal. The inflection point in the reversing signal at 40.3 ◦C occurs at a
temperature that is well below the onset of water evaporation and designates the Tg of PIL-Br under a
98% RH condition. Thus, the Tg of PIL-Br decreases with increasing RH, which benefits improved ion
movement. According to the Vogel-Tamman-Fulcher (VTF) equation: σ = σ0e−B/T−T0 , where σ is the
conductivity, σ0 and B are constants and T0 is the Vogel temperature where ion motion first occurs
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(T0 = Tg − 50 K) [35]. Therefore, the conductivity of PIL-Br increases under a high RH condition, which
is well consistent with our hypothesis.

Figure 8. (a) DSC thermogram of PIL-Br equilibrated under dry conditions. (b) TMDSC thermogram
of PIL-Br equilibrated under 98% relative humidity levels (RH): total, reversing and non-reversing
heat-flow signals.

3.4. The Effect of Anion Type on Humidity Sensing Performance of PIL

Molecules with polar groups, which have a great affinity with water, can attract water molecules
or be dissolved in water easily. Furthermore, the excellent hydrophilic PILs can absorb a large volume
of water to increase their free volume according to the WLH equation. Thus, it is interesting to study
the sensing performance of different hydrophilic PILs films. Adjusting the anion type in PILs film is
an effective route to change free volume. A series of controllable experiments were designed using
PILs with different anions to investigate the effect of anion type on humidity performance. PIL-BF4

and PIL-TFSI were applied as humidity materials in our work because of their different hydrophilic
performances. The method used to spin-coat PIL onto the interdigitated electrodes is similar to that
used for the humidity sensor based on PIL-Br, as shown in Supporting S1. The humidity performance
of the PIL sensors was tested at the working frequency, as shown in Figures S3–S8. To clearly observe
the effect of anion type, we list the performance parameters for the PIL-based humidity sensors in
Table 1. Here, S/T-res is defined as the ratio of the sensitivity to response time and, similarly, S/T-rec
is defined as the ratio of the sensitivity to recovery time. These ratios are perfect for reflecting the
velocity for response or recovery, especially for a response with different orders of magnitude. Figure 9
shows the performance of the PIL-based humidity sensors, with data far away from the origin of the
coordinates representing high sensitivity, high response and recovery velocity. The different level of
performance among the three PIL-based humidity sensors could be clearly distinguished, with the
PIL-Br humidity sensors showing an obviously higher sensitivity, response and recovery velocity.

Table 1. The performance parameters of the as-prepared PIL-based humidity sensors.

Sensor Sensitivity Response Time (s) Recovery Time (s) S/T-res S/T-rec

PIL-Br-10 1190 6 10 198.3 119.0
PIL-Br-20 1392 7 11 198.9 126.5
PIL-Br-30 2916 11 11 265.1 265.1

PIL-BF4-10 46 4 2 11.5 23.0
PIL-BF4-20 319 5 3 63.8 106.3
PIL-BF4-30 708 7 4 101.1 177.0
PIL-TFSI-10 4 2 2 2.0 2.0
PIL-TFSI-20 9 4 3 2.3 3.0
PIL-TFSI-30 254 2 3 127.0 84.7
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Figure 9. Response of sensors based on PILs(PIL-Br, PIL-BF4 and PIL-TFSI) at the working frequency.

The PIL structure is special because of the many three-dimensional spaces which are due to the
staggered connections between the polymer chains, similar to an overpass-type structure. Meanwhile,
these three-dimensional spaces are conducive to increase the free volume by absorbing water molecules
for current carrier transport. At this basis, the synergistic effect of three-dimensional space and
hydrophilic PIL can significantly improve the humidity performance of sensors. For example, the
PIL-based humidity sensors exhibit varying sensitivity from 11% to 98% RH at room temperature
(25 ◦C), as shown in Figure 9. Based on the static water contact angle, the hydrophilicity follows the
order PIL-Br > PIL-BF4 > PIL-TFSI. Among the PILs in our work, the PIL-Br sensor which has the
optimum hydrophilicity possesses a biggest free volume based on the swelling theory. Fortunately,
the larger free volume can provide more absorption sites to make water molecules permeate into the
PIL film for more carrier transport channels at the same ambient humidity and temperature. Due to
the electrostatic fields of the PIL-Br film, the absorbed water molecules will dissociate as 2H2O→
H3O+ + OH−. In addition, the conduction in polymer films mainly occurs along the hydrogen bond
via hydrogen-ion jumps based on the Grotthuss mechanism, i.e., H2O + H3O+→ H3O+ + H2O. Thus,
the PIL-Br film has more free ions and carrier transport channels to achieve outstanding conductivity,
high sensitivity and a large response and recovery velocity, which is verified by our experimental data.

3.5. Possible Mechanism for the Fast Response and Recovery of PILs

As mentioned above, the conductivity of the PIL is inversely proportional to the viscosity and
proportional to the free volume through the free volume theory. At the same time, the free volume
of PIL has affinity with moisture. Therefore, the mechanism of the fast response and recovery of the
PILs can be explained by the free volume theory, as shown in Figure 10. The response process of
the PIL-based humidity sensor is described from low RH to high RH as follows: (i) increase of the
free volume of PIL film through combining with water molecules to provide more carrier transport
channels, (ii) obtain a high concentration of free ions because of the relaxation and disintegrate effect of
the polymer chains and dissociation of the absorbed water molecules and (iii) increased conductivity
in a PIL film because of the fast free-ion movements in the channels. The PIL structure including
anion types and film thickness affected the free volume of the PIL film at the same ambient humidity
at 25 ◦C; then, the hydrophilic anion and slightly thick film benefits an increase in the free volume.
In addition, the magnitude of the free volume of the PIL film can decide the lowest humidity required
to achieve continuous multi-water layers for providing more carrier transport channels. Meanwhile,
the concentration of free ions including H+, H3O+, Br− and BF4

− can increase as the ambient humidity
increases. Therefore, our findings develop a new perspective to understand the humidity performance
of PILs based on free volume theory and we can rationally design PIL structures including anion types
and film thickness to obtain super properties including fast response and recovery in PIL sensing films.
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Figure 10. Schematic illustration of the humidity sensing mechanism for a PIL film with varying
thickness and anion type.

3.6. Real-Time Monitoring of Human Respiratory Rate

Human breath is a highly complex mixture of more than 100 types of gases, many of which can
provide useful information in the monitoring of the human health condition [36]. Water vapour—one
of the main ingredients of human breath—is easily detected by a humidity sensor and the change in
humidity for respiratory airflow can be used to effectively evaluate human health status. Nowadays,
the increase in the incidence of sleep apnea syndrome (SAS) has aroused people’s attention to the
monitoring of human sleep and has led to a large number of related studies. Apnea during sleep may
cause serious consequences and even death. However, this situation will be ameliorated if the sleep
apnea of a human is found in a timely manner and appropriate rescue measures are taken.

In recent years, great breakthroughs have been made in research on human respiration monitoring.
For example, Yun-Ze Long et al. [37] prepared 1D sensing materials by electrospinning, which were
utilized as smart fabrics for avoiding sleep apnea. Youju Huang et al. [38] fabricated a hybrid
PNIPAm/AuNP aerogel-based humidity sensor and used it to detect human breath in different states
or from different individuals for human health monitoring. Jin Zhou et al. [39] prepared humidity
sensors based on a polysquaraine, poly(1-phenylpyrrole-2-ylsquaraine) (PPPS) loaded with varying
amounts of Au nanoparticles, which were applied to human respiratory monitoring, showing excellent
moisture sensitivity and practicality. In our work, the humidity sensor based on PIL-Br-10 has superior
performance, including a fast response, high sensitivity and excellent long stability, and it can be
applied in the real-time monitoring of the human respiratory rate. The PIL-Br-10 film could easily
detect the change in humidity in respiratory airflow, which could effectively evaluate human health
status. Hence, we put the humidity sensor based on the PIL-Br-10 into a mask to fabricate a breath
mask, as shown in Figure S9; the sensor was placed at a distance of 3.5 cm from the nose and 2.5 cm
from the mouth of a tester. A volunteer (healthy female) wore the breath mask to breathe in a fast,
normal or low rate, and the testing results are shown in Figure 11. We can obviously see the distinction
for breathing fast, normally or at a low rate, even obtaining a breathing period between 0.9 to 4.3 s, as
shown in Figure 11; the frequency of the curve varies with the rate of respiration, revealing that our
PIL-Br-10 sensor can capture the signals of humidity change under different rates. This proves that the
sensor has practicable application for real-time monitoring of human respiratory rates.
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Figure 11. Response of the sensor based on PIL-Br-10 at varying respiratory rates at the working
frequency (500 Hz).

4. Conclusions

In summary, PILs were successfully synthesized by typical polymerization and an anion exchange
method and were used as humidity materials. We studied the effects of the PIL structure including
film thickness and anion type on PIL-based humidity sensor performance. The results showed that
a hydrophilic anion and slightly thick film can benefit an increase in the free volume of PIL films to
obtain a high concentration of free ions and effective carrier transport channels. Furthermore, the
humidity sensing mechanism of PILs was superbly explained by the free volume theory. It is worth
noting that our work develops a new perspective to understand the humidity performance of PILs
based on free volume theory, resulting in fast response and recovery properties realized by the rational
design of PIL sensing films. In our work, the PIL-Br-10 humidity sensor shows high sensitivity (1190),
small hysteresis (3.2%), enhanced durability and rapid response (6s)/recovery (10s). We also apply the
PIL-Br-10 sensor to monitor human breath under varying conditions, revealing excellent performance
and practicability values. Therefore, the PIL-based sensor with novel and reasonable design is highly
promising for a broad range of applications.
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27. Solmaz, R.; Altunbaş Şahin, E.; Döner, A.; Kardaş, G. The investigation of synergistic inhibition effect of
rhodanine and iodide ion on the corrosion of copper in sulphuric acid solution. Corros. Sci. 2011, 53,
3231–3240. [CrossRef]

74



Nanomaterials 2019, 9, 749

28. Miyake, T.; Rolandi, M. Grotthuss mechanisms: From proton transport in proton wires to bioprotonic devices.
J. Phys. Condens. Matter 2016, 28, 023001. [CrossRef]

29. Macedo, P.B.; Litovitz, T.A. On the Relative Roles of Free Volume and Activation Energy in the Viscosity of
Liquids. J. Chem. Phys. 1965, 42, 245–256. [CrossRef]

30. Kasapis, C.; Thompson, P.D. The effects of physical activity on serum C-reactive protein and inflammatory
markers: A systematic review. J. Am. Coll. Cardiol. 2005, 45, 1563–1569. [CrossRef]

31. Sopade, P.A. Application of the Williams–Landel–Ferry model to the viscosity–temperature relationship of
Australian honeys. J. Food Eng. 2003, 56, 67–75. [CrossRef]

32. Budzien, J.; McCoy, J.D. Solute mobility and packing fraction: A new look at the Doolittle equation for the
polymer glass transition. J. Chem. Phys. 2003, 119, 9269–9273. [CrossRef]

33. Subbiah, B.; Morison, K.R. Electrical conductivity of viscous liquid foods. J. Food Eng. 2018, 237, 177–182.
[CrossRef]

34. Keddie, J.L.; Jones, R.A.L.; Cory, R.A. Size-Dependent Depression of the Glass-Transition Temperature in
Polymer-Films. Europhys. Lett. 1994, 27, 59–64. [CrossRef]

35. Vila, J.; Ginés, P.; Pico, J.M.; Franjo, C.; Jiménez, E.; Varela, L.M.; Cabeza, O. Temperature dependence of the
electrical conductivity in EMIM-based ionic liquids. Fluid Phase Equilib. 2006, 242, 141–146. [CrossRef]

36. Shin, W.; Goto, T.; Nagai, D.; Itoh, T.; Tsuruta, A.; Akamatsu, T.; Sato, K. Thermoelectric Array Sensors with
Selective Combustion Catalysts for Breath Gas Monitoring. Sensors 2018, 18, 1579. [CrossRef]

37. Zhang, J.; Wang, X.X.; Zhang, B.; Ramakrishna, S.; Yu, M.; Ma, J.W.; Long, Y.Z. In Situ Assembly of
Well-Dispersed Ag Nanoparticles throughout Electrospun Alginate Nanofibers for Monitoring Human
Breath-Smart Fabrics. ACS Appl. Mater. Interfaces 2018, 10, 19863–19870. [CrossRef]

38. Ali, I.; Chen, L.; Huang, Y.; Song, L.; Lu, X.; Liu, B.; Zhang, L.; Zhang, J.; Hou, L.; Chen, T. Humidity-Responsive
Gold Aerogel for Real-Time Monitoring of Human Breath. Langmuir 2018, 34, 4908–4913. [CrossRef]

39. Zhou, J.; Xiao, X.; Cheng, X.-F.; Gao, B.-J.; He, J.-H.; Xu, Q.-F.; Li, H.; Li, N.-J.; Chen, D.-Y.; Lu, J.-M. Surface
modification of polysquaraines to sense humidity within a second for breath monitoring. Sens. Actuators
B Chem. 2018, 271, 137–146. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

75





nanomaterials

Article

Pressure-Dependent Confinement Effect of Ionic
Liquids in Porous Silica

Teng-Hui Wang, En-Yu Lin and Hai-Chou Chang *

Department of Chemistry, National Dong Hwa University, Shoufeng, Hualien 974, Taiwan;
810712101@gms.ndhu.edu.tw (T.-H.W.); 410312036@gms.ndhu.edu.tw (E.-Y.L.)
* Correspondence: hcchang@gms.ndhu.edu.tw; Tel.: +886-3-8903585

Received: 13 March 2019; Accepted: 10 April 2019; Published: 16 April 2019

Abstract: The effect of confining ionic liquids (ILs) such as 1-ethyl-3-methylimidazolium
tetrafluoroborate [C2C1Im][BF4] or 1-butyl-3-methylimidazolium tetrafluoroborate [C4C1Im][BF4] in
silica matrices was investigated by high-pressure IR spectroscopy. The samples were prepared via the
sol-gel method, and the pressure-dependent changes in the C–H absorption bands were investigated.
No appreciable changes were observed in the spectral features when the ILs were confined in silica
matrices under ambient pressure. That is, the infrared measurements obtained under ambient
pressure were not sufficient to detect the interfacial interactions between the ILs and the porous
silica. However, dramatic differences were observed in the spectral features of [C2C1Im][BF4] and
[C4C1Im][BF4] in silica matrices under the conditions of high pressures. The surfaces of porous silica
appeared to weaken the cation-anion interactions caused by pressure-enhanced interfacial IL-silica
interactions. This confinement effect under high pressures was less obvious for [C4C1Im][BF4].
The size of the cations appeared to play a prominent role in the IL-silica systems.

Keywords: ionic liquid; IR spectroscopy; silica; high pressure

1. Introduction

Porous silica, synthesized using established procedures such as the sol-gel method, have a high
surface area and are used in many applications [1–6]. The high surface area property makes porous
silica promising candidates for the development of ionogels, biological applications, and the fabrication
of mechanical systems [1]. The concept of ionogels is associated with ionic liquids immobilized by
solid-like matrices (porous silica, for example) [2–6]. The precursors of porous silica are usually silicon
alkoxides such as tetramethyl orthosilicate (TMOS) and tetraethylorthosilicate (TEOS) [5,6].

Ionic liquids (ILs) are salts whose melt temperature is less than 100 ºC because of the difficulty of
stacking asymmetric and bulky cations and anions [7–17]. Due to the non-volatility and liquid state at
room temperature, ILs have been used in energy storage devices, carbon dioxide absorptions, and
dye-sensitized solar cells [7–10,12]. Typically, imidazolium-based ionic liquids are most extensively
studied, and the cations are characterized by an imidazolium polar head and alkyl tail [7–10].
Aggregation of cations and anions in bulk ILs via Coulombic forces and hydrogen bonding has been
proposed, where the cation-anion interactions lead to heterogeneous or organized cluster structures in
the IL [7–10].

The confinement effect is a phenomenon wherein molecules or ions are trapped in
molecular-dimension rooms (caves in porous materials), where their interactions with the pore-wall
surfaces may change the physicochemical behaviors of the molecules or ions [1,8]. The molecules or
ions entrapped in porous networks may show physical properties dissimilar to those of the neat liquid
states, and the surface interactions with the pores may disturb the molecular or ionic associations [1,8].
As ILs are confined in an inorganic matrix, the mixtures form a two-phase structure, where the solid and
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liquid phases interconnect throughout the mixture. Much effort has been made to probe the changes in
the properties of the ILs, upon physical confinement. These have led to the ILs in immobilized forms,
owing to the solid porous matrix [1–6] being applied in a wide variety of applications. Some studies
have shown that ILs entrapped in silica matrices (ionogels) have unique properties as compared to
the neat ILs [3–6]. The physicochemical nature of the ionogel is determined by the interplay of the
cation-anion associations and IL-surface interactions. The confinement of ILs in the host matrix leads
to a partial disruption of the cation-anion interactions and cluster structures and cause ion–matrix
interactions, resulting in changes to the phase-transition temperatures [3–6]. The confinement effect
may also relax the crystallization rate of ILs. In addition to porous silica, some authors proposed that
polyvinylidene fluoride (PVDF) and the matrix made from amine hardener and an epoxy prepolymer
could act as the host network [11]. Gelled electrolyte-containing ILs may have applications in the
future of lithium-ion batteries [12]. Understanding the interfacial structures of ILs at solid surfaces is
crucial for extending the application of ILs in energy-storage devices. However, hysteretic anion-cation
exchanges on a solid surface (in the first ionic layer) makes it demanding to understand what happens
if various surfaces are interfaced with ILs [18,19].

The application of high pressure is an excellent technique to investigate the ordering of ILs
on a solid surface [20–22]. The changes in the spectral characteristics induced by high pressures
are of particular interest. The local structures of ILs appear disturbed under high pressure, and
pressure-enhanced interfacial interactions may occur between the ILs and the solid surfaces, under high
pressures. The various degrees of associations between the ILs and the solid surfaces at high pressures
may arise from a reorganization of local structures and the hydrogen bonding network [20–23]. Upon
compression, the relative weights of the intermolecular forces defining the aggregation states and
the intramolecular interactions (molecular bonding) are changed. To obtain a further understanding
of the pressure-dependence of the confinement effect [24], we applied high pressure to study the
local structures of the ILs confined in porous silica. We note that P > 30 GPa is needed to change
the electronic structures of the samples. Thus, the pressure used in this study (approximately 2 GPa)
mainly affect local structures and interionic distances. Infrared spectroscopy is sensitive to monitor the
local structures and potential energy environments, although the crystal and glass conformations may
not be conclusively determined by IR. Thus, high-pressure IR spectroscopy may offer a specific means
to detect the local structures of ionic liquids in confined geometries.

2. Materials and Methods

1-Ethyl-3-methylimidazolium tetrafluoroborate ([C2C1Im][BF4], 97%, Sigma-Aldrich, St. Louis,
MO, USA), 1-butyl-3-methylimidazolium tetrafluoroborate ([C4C1Im][BF4], ≥97.0%, Sigma-Aldrich),
tetraethylorthosilicate (TEOS, 99.999%, Sigma-Aldrich), and formic acid (FA, 98–100%, Merck-KGaA,
Darmstadt, Germany) were used to prepare the samples. The ionogels (IL/porous silica) were
synthesized according to the template method [5,6]. Formic acid and TEOS were mixed in a molar
ratio of 8:1, followed by the addition of the IL ([C2C1Im][BF4] or [C4C1Im][BF4]) at 5 wt%. The mixture
was allowed to gellify for approximately one week. Afterward, the ethanol, ethyl formate, and the
remaining FA were removed by vacuum for 24 h. The powder-like samples were dried at 180 ºC using
a moisture analyzer (MS-70, A&D Company, Tokyo, Japan).

Fourier transformed infrared spectra of the samples were collected on an IR spectrophotometer
(Spectrum RXI, Perkin-Elmer, Naperville, IL, USA) equipped with a lithium tantalite (LITA) detector and
a 5× beam condenser. A DAC (diamond anvil cell) of the Merrill–Bassett design was used to generate
pressures of up to approximately 2 GPa. For high-pressure infrared measurements, two type-IIa
diamonds were used. The infrared spectra of empty DAC were measured first in order to remove
the infrared absorption of the two diamond anvils. The samples were placed in a 0.3-mm-diameter
hole in a metal gasket (thickness 0.25 mm) mounted on the diamond anvil cell. To avoid saturation
of the infrared absorption bands, part of the sample-hole was filled with CaF2 crystals. For each
high-pressure spectrum, 1000 scans were collected. The FTIR spectrometer was operated at data point
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resolution of 2 cm−1 (a resolution of 4 cm−1). The pressure calibration was carried out following Wong’s
method [25,26]. The FTIR spectra of the ionogel samples at ambient pressure were obtained by the
CaF2 pellet method.

3. Results and Discussion

Figure 1 displays the IR spectra of the pure [C2C1Im][BF4] (curve a) and [C2C1Im][BF4] in a
silica matrix (curve b) recorded under ambient pressure. The IR spectrum of neat [C2C1Im][BF4]
in Figure 1a shows two demarcated peaks at 3124 and 3164 cm−1, corresponding to the C2–H and
C4,5–H vibrations, respectively, of the aromatic imidazolium cation [27,28]. There exist three alkyl
C–H bands located in the 2925–3025 cm−1 region as shown in Figure 1a. The absorption baseline in
Figure 1b can be attributed to the Si–OH groups in the silica surface of the ionogel [20]. A comparison
of the spectral absorptions in Figures 1b and 1a showed no significant band-shift or feature-change
for the C–H vibrational absorptions of the [C2C1Im][BF4] confined in the silica matrix at ambient
pressure. The results in Figure 1 indicate that the vibrational spectroscopic measurements of the IL
and ionogel, at ambient pressure, were not sufficient to distinguish the IL-silica interactions from the
IL-IL associations.

 

Figure 1. Infrared spectra of the (a) pure [C2C1Im][BF4] and (b) [C2C1Im][BF4] in a silica matrix,
recorded at ambient pressure.

Figure 2 shows the IR spectra of neat [C2C1Im][BF4] obtained under ambient pressure (curve a)
and at pressures of 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve f), and 2.5 GPa
(curve g). In the pressure range from ambient to 0.7 GPa (in Figure 2a–c), the peak broadens in width
and blue-shifts in frequency are observed, upon compression, in the C2–H bands (at ~3124 cm−1)
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and C4,5–H bands (at ~3164 cm−1); these are blue-shifted to 3135 and 3177 cm−1, respectively, at a
pressure of 0.7 GPa (Figure 2c). The alkyl C–H bands in the 2925 to 3025 cm−1 region also exhibit
broadening and blue-shifts with an increase in pressure (≤0.7 GPa), as shown in Figure 2a–c. As the
pressure is raised to 1.1 GPa, as in Figure 2d, the wavenumber of the C2–H stretching band increased
to 3143 cm−1 with a decrease in the bandwidth. A phase transition or the formation of organized
structures may occur, as shown in Figure 2d. As shown in Figure 2d, the C4,5–H band (at ~3177 cm−1)
is split into three peaks at 3170, 3187, and 3206 cm−1 because of the pressure-enhanced interactions.
That is, as the [C2C1Im][BF4] is compressed to 1.1 GPa, solid [C2C1Im][BF4] may be present in multiple
stable local structures for the C4,5–H groups. The imidazolium C–H absorptions in the range between
3100 and 3200 cm−1 are complicated by the hydrogen bonding in a cluster mode and Fermi-resonance
interactions [27,28]. Previous studies indicated that imidazolium C–H stretching modes of large cluster
structures (hydrogen-bonding network) occurred at high wavenumbers [28]. Thus, we assigned the
C4,5–H bands at 3170, 3187, and 3206 cm−1 in Figure 2d to the vibrations of isolated, medium, and
large associated local structures, respectively, of the C4,5–H groups. The alkyl C–H bands located at
~2967 and 3007 cm−1 became dramatically sharp in bandwidth at 1.1 GPa, as shown in Figure 2d.
The differences in the spectral absorptions of Figure 2c (0.7 GPa) and d (1.1 GPa) can be related to
the generation of an anisotropic environment in Figure 2d, owing to the local alkyl C–H structure
changes. It is known that hydrogen bonding leads to ring stacking of ILs and vibrational frequency
shifts of imidazolium cations [7–9]. Our results in Figure 2 indicate the important roles played by
micro-heterogeneity and hydrogen bonding in [C2C1Im][BF4]. As the pressure is increased to 1.5 GPa,
the absorption intensity of the C4,5–H band at ~3209 cm−1 decreases slightly, accompanied by band
broadening, as shown in Figure 2e. The decrease in the absorbance of the C4,5–H absorption at
~3209 cm−1 in Figure 2e may originate from the relaxation of the C4,5–H local structures of the pure
[C2C1Im][BF4] high-pressure phases upon further compression. The C–H absorptions show continuous
band broadening in Figure 2f,g.

Figure 3 shows the IR spectra of [C2C1Im][BF4] in a silica matrix obtained under ambient pressure
(curve a) and at pressures of 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve f), and
2.5 GPa (curve g). The C4,5–H and C2–H absorptions show the blue-shifts in frequency to 3174 and
3128 cm−1, respectively, with subtle band broadening in Figure 3c during compression. The aliphatic
C–H modes of the alkyl group absorptions display band broadening and a slight blue-shift in the
frequency at the pressure of 0.7 GPa in Figure 3c. As the pressure is elevated to 1.1 GPa, the splitting of
the C4,5–H absorptions is not observed in Figure 3d, unlike the case of the pure [C2C1Im][BF4], being
split into three separate bands in Figure 2d. The C4,5–H of [C2C1Im][BF4] in a silica matrix shows
monotonic blue-shifts in frequency and band-broadening in Figure 3d–g. The alkyl C–H bands in
Figure 3d–g also show blue-shifts in frequency and band-broadening, in contrast to the sharp alkyl
C-H absorptions in Figure 2d–g. The results in Figure 3d–g suggest that the IL-IL associations have
changed as [C2C1Im][BF4] is confined in a silica matrix. The local structures of [C2C1Im][BF4], i.e.,
the multiple stable local structures, may be perturbed by the silica matrices via the porous surface-IL
interactions. In other words, the porous silica may intervene in the organization of the [C2C1Im][BF4]
at high pressures (1.1–2.5 GPa), as shown in Figure 3d–g.
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Figure 2. Infrared spectra of the pure [C2C1Im][BF4] obtained at (a) ambient pressure and at (b) 0.4,
(c) 0.7, (d) 1.1, (e) 1.5, (f) 1.8, and (g) 2.5 GPa.
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Figure 3. Infrared spectra of [C2C1Im][BF4] in a silica matrix obtained at (a) ambient pressure and at
(b) 0.4, (c) 0.7, (d) 1.1, (e) 1.5, (f) 1.8, and (g) 2.5 GPa.

Figure 4 shows the pressure-dependence of the band-shifts in frequency for imidazolium C–H
absorptions of the neat [C2C1Im][BF4] and [C2C1Im][BF4] in a silica matrix. The stretching frequencies
of the C4,5–H (Figure 4a) and C2–H (Figure 4b) bands at ambient pressure are almost identical for pure
[C2C1Im][BF4] and [C2C1Im][BF4] in a silica matrix. At the pressures of 0.4 and 0.7 GPa, the C4,5–H
(Figure 4a) and C2–H (Figure 4b) stretching modes undergo mild red-shifts in frequency upon adding
the silica matrix. The red-shifts in frequency induced by the presence of the silica matrix became
obvious for C2–H under high pressure (1.1–2.5 GPa), as shown in Figure 4b. Ludwig’s group reported
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that the imidazolium C2–H stretching band could be described by a major peak at ~3125 cm−1 associated
with a minor absorption at 3104 cm−1, corresponding to the associated structure and isolated structure,
respectively [28]. The absorption components at 3125 cm−1 and 3104 cm−1 may arise from the large
clusters (associated structures) and small clusters (isolated structures), respectively. The decrease in
bandwidth of the C2–H absorption in Figure 2d can be attributed to the decline in the molar ratio
of the isolated/associated forms of pure [C2C1Im][BF4] at high pressures. The dramatic decrease
in the intensity of the isolated form (shoulder) is not observed in Figure 3d for [C2C1Im][BF4] in
the silica matrix under high pressure. Therefore, the red-shifts in frequency in Figure 4b induced
under high pressures by the silica matrix for C2–H may originate from the partial switch of the
associated form to the isolated form. These results indicate the prominent role of hydrogen bonding
in [C2C1Im][BF4]/silica systems [22,27]. The presence of the silica matrix appears to force the IL to
form another arrayed structure, causing the C2–H isolated structures to increase in intensity under
high pressure. We note that the C2–H associated structures remain the dominant species even at high
pressures. As shown in Figure 4a, the C4,5–H peak of pure [C2C1Im][BF4] at ~3164 cm−1 is blue-shifted
upon compression at P ≤ 0.7 GPa, and is then split into three absorptions (~3206, 3187, and 3170 cm−1)
at P ≥ 1.1 GPa, corresponding to the isolated, medium, and large structures, respectively. Nevertheless,
the C4,5–H absorptions of [C2C1Im][BF4] in a silica matrix show monotonic blue-shifts in frequency
upon compression, as observed in Figure 4a. The top peak positions of C4,5–H of [C2C1Im][BF4] in
a silica matrix are almost identical to the position of the isolated structures of pure [C2C1Im][BF4].
Consistent with the results of C2–H, the C4,5–H band also reveals an increase in the absorption intensity
of the isolated form under high pressures. We note that in contrast to C2–H, the isolated C4,5–H
structure is the dominant local conformation for the [C2C1Im][BF4] confined in the silica matrix.
According to the experimental results in the literature [5], confinement of [C2C1Im][BF4] may result in
the decrease in the dimensionality of solidification of the [C2C1Im][BF4] from a three-dimensional to
a one-dimensional structure. Compared to published results [5], our pressure-dependent behaviors
observed in Figures 2–4 seem to support the trend of reduced dimensionality for [C2C1Im][BF4] in a
silica matrix.

Figure 4. Cont.
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Figure 4. Pressure dependence of the C–H stretching frequencies at (a) 3164 and (b) 3124 cm−1 of the
pure [C2C1Im][BF4] (squares) and [C2C1Im][BF4] in a silica matrix (diamonds).

To obtain a clear comprehension into the consequence of the cation size on the pressure-induced
isolation/association for pure ILs and IL in a silica matrix, the vibrational spectra of pure [C4C1Im][BF4]
and [C4C1Im][BF4] in a silica matrix are studied. Figure S1 (in the Supplementary Materials) shows the
IR spectra of the pure [C4C1Im][BF4] (curve a), and [C4C1Im][BF4] in a silica matrix (curve b) recorded
under ambient pressure. The IR spectrum of pure [C4C1Im][BF4] in Figure S1a shows two imidazolium
C–H peaks at 3120 (C2–H vibrational bands) and 3163 cm−1 (C4,5–H vibrational bands), similar to
those displayed for the pure [C2C1Im][BF4] in Figure 1a. Three demarcated alkyl C–H bands at 2967,
2939, and 2876 cm−1 are observed, caused by the longer alkyl side-chain of the imidazolium of the
[C4C1Im][BF4] cation as shown in Figure S1a. Similar to the case in Figure 1, the results obtained
at ambient pressure for [C4C1Im][BF4] and [C4C1Im][BF4] in a silica matrix in Figure S1 are not
sensitive enough to study the isolated/associated forms of pure [C4C1Im][BF4] and [C4C1Im][BF4] in a
silica matrix.

Figure 5 shows the IR spectra of the pure [C4C1Im][BF4] obtained under ambient pressure (curve
a) and at pressures of 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve f), and 2.5 GPa
(curve g). As the pressure is increased (ambient–2.5 GPa), the C2–H (3120 cm−1), C4,5–H (3163 cm−1),
and alkyl C–H (2967 cm−1) absorptions are blue-shifted in frequency accompanied by band broadening,
in the case of the pure [C4C1Im][BF4], as shown in Figure 5. Upon compression to high pressures
(ambient–2.5 GPa) in Figure 5, the C4,5–H band does not show the band-splitting, and the C2–H band
does not reveal band-narrowing, as observed in Figure 2 for the pure [C2C1Im][BF4]. That is, the pure
[C4C1Im][BF4] may form a less organized structure at high pressures. This phenomenon of forming
a less organized structure, presented in Figure 5, is quite different from that of forming organized
structures (in the case of pure [C2C1Im][BF4] in Figure 2), which can be attributed to the longer alkyl
side-chains of the aromatic ring of the [C4C1Im][BF4] cation. That is, the possibility of the organization
is more for symmetric cations such as [C2C1Im] than for asymmetrical structures, such as [C4C1Im].
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Figure 5. Infrared spectra of the pure [C4C1Im][BF4] obtained at (a) ambient pressure and at (b) 0.4,
(c) 0.7, (d) 1.1, (e) 1.5, (f) 1.8, and (g) 2.5 GPa.

Figure 6 shows the IR absorptions of [C4C1Im][BF4] in a silica matrix obtained under ambient
pressure (curve a) and at pressures of 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve
f), and 2.5 GPa (curve g). The spectral features of [C4C1Im][BF4] in a silica matrix, shown in Figure 6,
are similar to those displayed for pure [C4C1Im][BF4] in Figure 5. In Figure 6, which presents the
results of [C4C1Im][BF4] in a silica matrix, the C4,5–H (3164 cm−1), C2–H (3120 cm−1), and alkyl C–H
(2967 cm−1) bands are blue-shifted accompanied by band broadening, as the pressure is surged from
ambient to 2.5 GPa.

85



Nanomaterials 2019, 9, 620

 
Figure 6. Infrared spectra of [C4C1Im][BF4] in a silica matrix obtained at (a) ambient pressure and at
(b) 0.4, (c) 0.7, (d) 1.1, (e) 1.5, (f) 1.8, and (g) 2.5 GPa.

Figure 7 shows the pressure-dependence of the band-shifts in frequencies for imidazolium C–H
absorptions of pure [C4C1Im][BF4] and [C4C1Im][BF4] in a silica matrix. Figure S2 in the Supplementary
Materials shows the pressure-dependence of the band-shifts of the alkyl C–H absorptions at ~2967 cm−1

for the pure [C4C1Im][BF4] and [C4C1Im][BF4] in a silica matrix. As shown in Figure 7 and Figure S2,
remarkable blue-shifts in frequency occur upon compression to 0.4 GPa for pure [C4C1Im][BF4].
This observation suggests a phase transition of pure [C4C1Im][BF4] at 0.4 GPa. For [C4C1Im][BF4]
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in a silica matrix, initially, the C–H bands shift slightly in frequency (or show almost no change)
at 0.4 GPa, but blue-shifts in frequency occur upon further increase of the pressure to 0.7 GPa,
as shown in Figure 7 and Figure S2. These results indicate that the presence of the silica matrix may
inhibit the solidification of [C4C1Im][BF4] via pressure-enhanced interfacial interactions. The C–H
bands show mild frequency-shifts upon further compression for both pure [C4C1Im][BF4] and
[C4C1Im][BF4] in a silica matrix. Minor differences are observed in the C–H vibrational frequency,
between pure [C4C1Im][BF4] and [C4C1Im][BF4] in a silica matrix, under high pressures, as observed
in Figure 7 and Figure S2. In other words, silica can be employed to change the hydrogen-bonded
structure of [C4C1Im][BF4], as the pressure is increased. However, the changes in the aggregation
behavior of [C4C1Im][BF4] via pressure-enhanced IL-surface interactions are less obvious than those of
[C2C1Im][BF4].

Figure 7. Pressure dependence of the C-H stretching frequencies at (a) 3163 and (b) 3120 cm−1 of the
pure [C4C1Im][BF4] (squares) and [C4C1Im][BF4] in a silica matrix (diamonds).

To develop insight into the effect of anions, the preliminary pressure-dependent results of pure
[C4C1Im][PF6] and [C4C1Im][PF6] in a silica matrix are displayed in Figures S3 and S4, respectively,
in the Supplementary Materials. Figure S5 (in Supplementary Materials) shows pressure dependence
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of the C–H stretching frequencies at 3170 cm−1 of the pure [C4C1Im][PF6] and [C4C1Im][PF6] in a silica
matrix, and the changes in aggregation behavior of [C4C1Im][PF6] caused by silica are revealed in
Figure S5.

4. Conclusions

We conclude that ILs with short alkyl side-chains ([C2C1Im][BF4]) tended to form organized
structures and that local C–H structures were affected significantly by the surface-IL interactions at high
pressures. Both isolated and associated conformations existed in the pure [C2C1Im][BF4]. However,
the associated form partially dissociated into isolated structures caused by pressure-enhanced IL-silica
interfacial interactions. On the other hand, compared to [C2C1Im][BF4], the asymmetric [C4C1Im][BF4]
could form a less organized solid, and the confinement effect induced by the silica matrix, upon
compression, became less obvious for [C4C1Im][BF4] in a silica matrix. We note that evidence on
the crystalline or glass-like state of ionic liquids can be offered by diffraction. Therefore, a sensitive
detection technique such as diffraction may be helpful for future applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/4/620/s1,
Figure S1: Infrared spectra of (a) pure [C4C1Im][BF4] and (b) [C4C1Im][BF4] in a silica matrix, recorded at ambient
pressure, Figure S2: Pressure dependence of the C–H stretching frequencies at 2967 cm−1 of the pure [C4C1Im][BF4]
(squares) and [C4C1Im][BF4] in a silica matrix (diamonds). Figure S3: Infrared spectra of the pure [C4C1Im][PF6]
obtained at (a) ambient pressure and at (b) 0.4, (c) 0.7, (d) 1.1, (e) 1.5, (f) 1.8, (g) 2.5 GPa, and (h) back to ambient.
Figure S4: Infrared spectra of [C4C1Im][PF6] in a silica matrix obtained at (a) ambient pressure and at (b) 0.4, (c)
0.7, (d) 1.1, (e) 1.5, (f) 1.8, and (g) 2.5 GPa. Figure S5: Pressure dependence of the C–H stretching frequencies at
3170 cm−1 of the pure [C4C1Im][PF6] (squares) and [C4C1Im][PF6] in a silica matrix (diamonds).
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Abstract: In this study, we report a cross-linker-based poly(ionic liquid) (PIL) for the sensitive
detection of 4-nonylphenol (4-NP). PIL was poly(1,4-butanediyl-3,3′-bis-l-vinylimidazolium
dibromide) (poly([V2C4(mim)2]Br2)). Poly([V2C4(mim)2]Br2) was prepared via one-step
free-radical polymerization. The poly([V2C4(mim)2]Br2) was characterized by infrared
spectroscopy, Raman spectroscopy, thermal gravimetric analyzer and scanning electron microscope.
The poly([V2C4(mim)2]Br2) was then drop-cast onto a glassy carbon electrode (GCE) to obtain
poly([V2C4(mim)2]Br2)/GCE. In comparison with a bare GCE, poly([V2C4(mim)2]Br2)/GCE exhibited
higher peak current responses for [Fe(CN)6]3−/4−, lower charge transfer resistance, and larger
effective surface area. While comparing the peak current responses, we found the peak
current response for 4-NP using poly([V2C4(mim)2]Br2)/GCE to be 3.6 times higher than a
traditional cross-linker ethylene glycol dimethacrylate (EGDMA) based poly(EGDMA) modified
GCE. The peak current of poly([V2C4(mim)2]Br2) sensor was linear to 4-NP concentration from
0.05 to 5 μM. The detection limit of 4-NP was obtained as 0.01 μM (S/N = 3). The new PIL based
electrochemical sensor also exhibited excellent selectivity, stability, and reusability. Furthermore, the
poly([V2C4(mim)2]Br2)/GCE demonstrated good 4-NP detection in environmental water samples.

Keywords: poly(ionic liquid); cross-linker; electrochemical detection; 4-nonylphenol

1. Introduction

Nonylphenol ethoxylates are widely used for manufacturing various commercial products such
as detergents, lubricating oil, paints, pesticides, and emulsifier, etc [1]. Nonylphenol ethoxylates
degrade to produce 4-nonylphenol (4-NP) in an aquatic environment [2]. Since 4-NP can be produced
industrially, naturally and through biodegradation of alkylphenol ethoxylates, the high prevalence
of 4-NP in environment has been a grave concern due to its ability to mimic estrogen activity [2].
It is a well-known endocrine disruptor and xenoestrogen, causing serious harm to the reproductive
health of human and wildlife [3]. Therefore, detection of 4-NP is of great significance. Various
analytical methods including enzyme-linked immunosorbent assay [4], liquid chromatography [5], gas
chromatography [6], fluorescence analysis [7] and electrochemical method [8] have been developed
for the determination of 4-NP. Among these methods, the electrochemical method has received an
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increasing attention due to its many advantages such as time-saving, low cost, high sensitivity, and
real-time detection.

Poly(ionic liquids)s (PILs), a sub-class of polyelectrolytes, are polymeric materials in which
the polymer backbone contains an ionic liquid (IL) species in each repeating unit [9]. Therefore,
PILs are smart materials having the advantages of ILs (enhanced ionic conductivity and high
electrochemical stability) combined with excellent processability and good mechanical performances
and resulting from the polymeric structure [10,11]. Owing to such unique combination of properties,
PILs find applications [12] in diverse fields such as electrochemical supercapacitors [13], catalyst [14],
gas adsorption [15], extraction [16–19], capillary electrochromatography [20], electrochemical
sensors [21,22] and fluorescent determination [23]. In recent years, PIL-based materials prepared with
IL monomer as modifiers for electrochemical sensors have been found to exhibit high sensitivity for
analytes [24–27]. For example, Wang and co-workers prepared graphene oxide-poly(1-[3-(N-pyrrolyl)
propyl]-3-butylimidazolium bromide) and used it as a modifier to construct an electrochemical sensor
of bisphenol A detection [24]. In our previous work, we reported an electrochemical sensor with
the composite of reduced graphene oxide and poly(1-vinyl-3-ethylimidazolium tetrafluoroborate)
for sensitive detection of phenylethanolamine A [26]. Yu et al. utilized the composite of dual
hydroxyl-functionalized poly (ionic liquid) and 2,2’-Azinobis-(3-ethylbenzthiazoline-6-sulfonate) as
the support to construct a ratiometric electrochemical biosensor for Cu2+ determination [25].

Although monomer-based PIL composites as modifiers for electrochemical sensors have been
extensively investigated [24–27], cross-linker based PILs or only PILs without any functionalization
as modifiers for electrochemical sensors have rarely been studied [28–31]. This prompted us to carry
out the current research, where we prepared a cross-linker-based PIL poly(1,4-butanediyl-3,3′-bis-l-
vinylimidazolium dibromide) (poly([V2C4(mim)2]Br2)) for sensitive electrochemical detection of 4-NP.
Poly([V2C4(mim)2]Br2) was synthesized using a simple one-step free-radical polymerization method.
The peak current responses of 4-NP using poly([V2C4(mim)2]Br2) and a traditional cross-linker ethylene
glycol dimethacrylate based poly (EGDMA) modified glassy carbon electrodes were investigated.
Apart from selectivity, stability and reproducibility, we applied poly([V2C4(mim)2]Br2) sensor for 4-NP
detection in environmental samples.

2. Materials and Methods

2.1. Materials

4-Nonylphenol and 2,2’-azobisisobutyronitrile (AIBN) were obtained from Aladdin Industrial
Corporation (Shanghai, China). Ethylene glycol dimethacrylate (EGDMA), 1-vinylimidazole, 1,4-
dibromobutane, 2-nitroaniline, 3-nitroaniline, and 4-nitroaniline were procured from Sigma-Aldrich
(St. Louis, MO, USA). IL [V2C4(mim)2]Br2 was prepared in our laboratory. Chitosan was procured
from Sinopharm Chemical Regent Co., Ltd. (Shanghai, China). Phosphate buffer was prepared using
NaH2PO4 and Na2HPO4. Deionized water of 18 MΩ cm was applied in the experiments.

2.2. Instrumentation

Fourier transform infrared (FT-IR) spectra were obtained with Nexus-470 FT-IR spectrometer
(Nicolet, Madison, USA). Surface morphology measurements were performed using a JSM-7500F
scanning electron microscope (SEM) (JEOL, Tokyo, Japan). Raman spectra were acquired on a Thermo
Scientific DXR2xi Raman spectrometer (Waltham, MA, USA). Thermal gravimetric analysis (TGA)
was obtained on a STA-449F3 instrument (Netzsch, Selb, Germany). All electrochemical experiments
were accomplished on a CHI660D electrochemical workstation using a three-electrode system, where a
modified glassy carbon electrode (GCE) as the working electrode, a platinum wire electrode used as
the auxiliary electrode and a saturated calomel electrode (SCE) as the reference electrode.
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2.3. Preparation of Poly(Ionic Liquid) with [V2C4(mim)2]Br2 as Cross-Linker

Scheme 1 shows the synthesis route of poly([V2C4(mim)2]Br2) as a PIL, involving two
steps. IL [V2C4(mim)2]Br2 was first synthesized from 1-vinylimidazole and 1,4-dibromo butane
following a previously published method [30,31]. Poly([V2C4(mim)2]Br2) was then prepared using
[V2C4(mim)2]Br2 as a cross-linker. [V2C4(mim)2]Br2 (0.01 mol) and 50 mg of AIBN were added to 30 mL
of mixed solvent containing acetonitrile and toluene (30 mL, Vacetonitrile:Vtoluene = 1:1). The reaction
mixture was purged with nitrogen for 30 min and allowed to polymerize for 24 h at 60 ◦C. The obtained
product was washed with acetonitrile three times and dried at 60 ◦C under vacuum overnight to obtain
a white solid of poly([V2C4(mim)2]Br2). For comparison, poly(EGDMA) with traditional cross-linker
was synthesized following the same procedure, only replacing [V2C4(mim)2]Br2 by EGDMA.

Scheme 1. The synthesis route of poly([V2C4(mim)2]Br2) and the 4-NP detection process using
poly([V2C4(mim)2]Br2)/GCE.

2.4. Electrochemical Measurements

Scheme 1 shows the 4-NP detection process using poly([V2C4(mim)2]Br2) as an electrochemical
modifier. Poly([V2C4(mim)2]Br2) (3.0 mg) was dispersed in HAc (1 mL, 1 M) containing chitosan
(0.5 wt%) by ultrasonication for 30 min. Each suspension (3.0 μL) was drop-cast onto a cleaned GCE and
dried under an infrared lamp. Chitosan was applied as an adhesive to stabilize poly([V2C4(mim)2]Br2)
onto GCE. The modified GCE were incubated with 4-NP in 0.1 M phosphate buffer (10 mL, pH 6.0) for
6 min and measured by DPV from 0.2 to 0.9 V.

3. Results

3.1. Characterization of Poly([V2C4(mim)2]Br2)

Figure 1A illustrates FT-IR spectra of [V2C4(mim)2]Br2, poly([V2C4(mim)2]Br2), EGDMA and
poly(EGDMA). The peak at 1634 cm−1 in the FT-IR spectrum of [V2C4(mim)2]Br2 corresponds
to exocyclic C=C stretching vibration. The characteristic peaks at 1500, 1401, and 1160 cm−1

for [V2C4(mim)2]Br2 are attributed to C=N, C=C, and C-N bonds of the imidazolium cation
vibrations [32]. The peaks at 1723, 1636, 1295 and 1153 cm−1 are ascribed to C-O stretching vibration of
carboxylic ester, C=C, C–O stretching vibration of symmetric and asymmetric ester [33], respectively.
Poly([V2C4(mim)2]Br2) and poly(EGDMA) display similar FT-IR peaks with [V2C4(mim)2]Br2 and
EGDMA, respectively. Figure 1B shows Raman spectra of poly([V2C4(mim)2]Br2) and poly(EGDMA).
The peaks at 2933 and 2955 cm−1 from Figure 1B were due to CH2 stretching vibration [34].
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Curve a shows the characteristic vibration bands (1429, 1343, 1022 cm−1) corresponding to the
imidazolium cation [34], respectively. The peaks at 1726, 1461 cm−1 are ascribed to C=O, CH2 bonds of
poly(EGDMA) (Curve b) [35]. The results show the successful synthesis of poly([V2C4(mim)2]Br2) and
poly(EGDMA). Figure 2 displays the TGA curves of poly([V2C4(mim)2]Br2) and poly(EGDMA). A total
weight loss of poly([V2C4(mim)2]Br2) and poly(EGDMA) are 88.9% and 94.4% at 800 ◦C, respectively.
The results suggests the thermal instability of poly([V2C4(mim)2]Br2) and poly(EGDMA). Figure 3
presents the SEM image of poly([V2C4(mim)2]Br2), revealing spherical morphology with diameter
ranging from 0.65 to 1.85 μm.

Figure 1. (A) FT-IR spectra of [V2C4(mim)2]Br2 (a), poly([V2C4(mim)2]Br2) (b), EGDMA (c), and
poly(EGDMA) (d). (B) Raman spectra of poly([V2C4(mim)2]Br2) (a) and poly(EGDMA) (b).

Figure 2. TGA curves of poly([V2C4(mim)2]Br2) (a) and poly(EGDMA) (b).

 

Figure 3. (A) SEM image of poly([V2C4(mim)2]Br2). (B) Size distribution diagram of
poly([V2C4(mim)2]Br2).
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3.2. Electrochemical Behavior of Poly([V2C4(mim)2]Br2)

We studied the electrochemical behaviors of the bare GCE and poly([V2C4(mim)2]Br2)/GCE using
cyclic voltammetry (CV). Figure 4A shows the CVs of the bare GCE and poly([V2C4(mim)2]Br2)/GCE
in 0.1 M KCl containing 5.0 mM [Fe(CN)6]3−/4−. Compared with the bare GCE (curve a),
poly([V2C4(mim)2]Br2)/GCE exhibits higher peak current response, suggesting good electrical
conductivity of poly([V2C4(mim)2]Br2), which improves the electron transfer kinetics of [Fe(CN)6]3−/4−

at the PIL electrode. In addition, we studied the electrochemical impedance spectroscopy (EIS) of
the two electrodes. The charge transfer resistance (Rct) represents the electron transfer kinetics of a
redox probe at the electrode surface. We found lower Rct value of poly([V2C4(mim)2]Br2)/GCE when
compared with the bare GCE and attributed the results to the good electron transfer conductivity of
poly([V2C4(mim)2]Br2).

The effective surface areas of the bare GCE and poly([V2C4(mim)2]Br2)/GCE were calculated
from the plots of Q vs. t1/2, obtained by chronocoulometry (Figure 4C) in 0.5 mM K3[Fe(CN)6]
following the Anson method [36,37]. We obtained the effective surface areas of the bare GCE and
poly([V2C4(mim)2]Br2)/GCE as 0.0669, and 0.151 cm2 from the slopes of Q vs. t1/2 plot (Figure 4D).
The results demonstrate the ability of poly([V2C4(mim)2]Br2) to increase the effective surface area.
Therefore, we can infer that the effective surface area of poly([V2C4(mim)2]Br2)/GCE can enhance the
total adsorption ability for 4-NP, thus increasing the detection sensitivity.

Figure 4. (A) Cyclic voltammograms of bare GCE (a) and poly([V2C4(mim)2]Br2)/GCE (b)
in 0.1 M KCl containing 5.0 mM [Fe(CN)6]3−/4−. (B) Nyquist plots of bare GCE (a) and
poly([V2C4(mim)2]Br2)/GCE (b) in 0.1 M KCl containing 5.0 mM [Fe(CN)6]3−/4−. (C) Plot of bare GCE
(a) and poly([V2C4(mim)2]Br2)/GCE (b) in 5.0 mM [Fe(CN)6]3−/4−. (D) Plot of Q-t1/2 curves for bare
GCE (a) and poly([V2C4(mim)2]Br2)/GCE (b) in 5.0 mM [Fe(CN)6]3−/4−.

To highlight the advantage of PIL, we compared the electrochemical responses of
poly([V2C4(mim)2]Br2)/GCE with poly(EGDMA)/GCE. Poly([V2C4(mim)2]Br2)/GCE and
poly(EGDMA)/GCE were incubated with a 4-NP solution in phosphate buffer for 6 min, before
carrying out the CV and DPV measurements (Figure 5). We noted oxidation of 4-NP on two electrodes
(Figure 5A), but no cathodic signal was observed in the scanned potential range. The result indicates
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an irreversible oxidation process for 4-NP [38]. As shown in Figure 5, poly([V2C4(mim)2]Br2)/GCE
exhibited higher CV and DPV peak current responses for 4-NP than those of poly(EGDMA)/GCE.
The peak current response for 4-NP of poly([V2C4(mim)2]Br2)/GCE was 3.6 times than that of
poly(EGDMA)/GCE. We ascribed the higher current response to the excellent electrical conductivity
and large effective surface area of poly([V2C4(mim)2]Br2)/GCE.

Figure 5. (A) Cyclic voltammograms of poly(EGDMA)/GCE (a) and poly([V2C4(mim)2]Br2)/GCE
(b) after adsorbing 2 μM 4-NP in 0.1 M phosphate buffer (pH = 6.0) for 6 min. Scan rate: 100 mV/s.
(B) Differential pulse voltammograms of poly(EGDMA)/GCE (a) and poly([V2C4(mim)2]Br2)/GCE (b)
after adsorbing 2 μM 4-NP for 6 min in 0.1 M phosphate buffer (pH = 6.0).

3.3. Optimization of Experimental Conditions

To investigate the influence of pH of the test solution on the current of 4-NP, we measured the DPV
of 2 μM 4-NP at the poly([V2C4(mim)2]Br2)/GCE over the pH range of 4–8. As shown in Figure 6A,
the peak current increased with pH from 4.0 to 6.0; however, we observed a decrease in the peak
current beyond pH 6. Hence, we selected pH 6.0 as the optimum pH for subsequent experiments.

Figure 6. The influence of test solution pH (A) and incubation time (B) on DPV peak currents at
poly([V2C4(mim)2]Br2)/GCE after incubating in 2 μM 4-NP in phosphate buffer.

Moreover, Figure 6B shows increase in the peak current response from until 6 min before reaching
a plateau. This indicates that the poly([V2C4(mim)2]Br2)/GCE was saturated by 4-NP adsorption.
Thus, further accumulation of 4-NP onto the electrode (beyond 6 min) did not contribute to the
enhancement of peak current. Based on our findings, we employed an optimum accumulation time of
6 min for 4-NP adsorption onto the poly([V2C4(mim)2]Br2)/GCE in all subsequent experiments.

3.4. Analytical Performance of Poly([V2C4(mim)2]Br2)/GCE

Under the optimized experimental conditions, the DPV curves of 4-NP at different concentrations
were measured by poly([V2C4(mim)2]Br2)/GCE (Figure 7A). We observed a linear increase in the
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peak current with 4-NP concentration from 0.05 to 5 μM (Figure 7B). We obtained a limit of detection
(LOD) of 0.01 μM (S/N = 3) for 4-NP using the following linear regression equation: I(μA) = 0.102
C(μM) + 0.0087 (R2 = 0.9980). Compared with the other electrodes reported for 4-NP [1,27,39–43],
the poly([V2C4(mim)2]Br2)/GCE exhibited satisfactory analytical parameters (Table 1). To demonstrate
the advantage of poly([V2C4(mim)2]Br2) sensor, we also investigated the linearity of a traditional
cross-linker-based poly(EGDMA) sensor for 4-NP (Figure 7B). The poly(EGDMA)/GCE had a detection
limit of 0.8 μM (S/N = 3) for a linear 4-NP concentration range of 1.0 to 5 μM. The above findings
clearly demonstrate higher sensitivity of poly([V2C4(mim)2]Br2) based sensor towards 4-NP when
compared with the poly(EGDMA)-based sensor.

Figure 7. (A) Differential pulse voltammograms of poly([V2C4(mim)2]Br2)/GCE for 4-NP from 0 (a),
0.05 (b), 0.1 (c), 0.2 (d), 0.5 (e), 1 (f), 2 (g), 3 (h), 4 (i), 5 (j) μM. (B) Calibration plots for 4-NP with
poly(EGDMA)/GCE (a) and poly([V2C4(mim)2]Br2)/GCE (b) (n = 3).

Table 1. Comparison with other electrochemical methods for the determination of 4-NP.

Detection Method Linear Range (μM) Detection Limit (μM) Ref.

CTAB a/carbon paste electrode 0.1–25 0.01 [1]
AuNPs/PILs b/GCE 0.1–120 0.033 [27]

β-CD-SH-GR c/Au electrode 0.07–70 0.061 [39]
GR d-DNA/GCE 0.05–4 0.01 [40]

MIL-101(Cr)@Rgo e/GCE 0.1–12.5 0.033 [41]
MIP f/AuNPs/TiO2/GCE 0.95–480 0.32 [42]

IL-FGNS g/GCE 0.5–200 0.058 [43]
Poly([V2C4(mim)2]Br2)/GCE 0.05–5 0.01 This work

a: Cetyltrimethylammonium bromide; b: Poly(1-butyl imidazole-3-(2-ethyl methacrylate) tetrafluoroborate) ionic
liquid hollow nanospheres; c: Thiol-β-cyclodextrin (β-CD-SH) and graphene (GR) hybrid; d: Reduced graphene;
e: Chromium terephthalate metal-organic frameworks@reduced graphene oxide; f: Molecularly imprinted polymer;
g: Ionic liquid-functionalized grapheme nanosheet.

3.5. Reproducibility, Stability and Selectivity of Poly([V2C4(mim)2]Br2)/GCE

To study reproducibility and stability of poly([V2C4(mim)2]Br2)/GCE, we performed DPV
measurements of 2 μM 4-NP solution using seven modified GCEs prepared independently. We
obtained the relative standard deviation (RSD) as 4.35%, confirming good reproducibility of the method.
To check the stability, we carried out similar measurements with the poly([V2C4(mim)2]Br2)/GCE after
storing for two weeks at 4 ◦C, and found that the sensor could retain 93.7% of its original response
(2 μM 4-NP), thus exhibiting good stability.

To evaluate the selectivity, we subjected our poly([V2C4(mim)2]Br2)/GCE to detect 4-NP in
presence of some possible interfering substances. Table 2 lists the tolerable ratio, which is defined as
the maximum amount of foreign species resulting in an error lower than ±5c/o for detecting 2 μM
4-NP. We found that 100-fold of Na+, K+, Fe2+, Mg2+, Ni2+, Co2+, Cu2+, Cl−, NO3

−, SO4
2−, and 10-fold
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hydroquinone, catechol, benzene, 1,2-dimethylbenzene, 2-nitroaniline, 3-nitroaniline and 4-nitroaniline
had no influence on the determination of 2 μM 4-NP by the poly([V2C4(mim)2]Br2)/GCE.

Table 2. Effects of foreign species on the determination of 4-NP.

Foreign Species Tolerable Ratio

Na+, K+, Fe2+, Mg2+, Ni2+, Co2+, Cu2+, Cl−, NO3
−, SO4

2− 100
Hydroquinone, catechol, benzene, 1,2-dimethylbenzene,

2-nitroaniline, 3-nitroanilie, 4-nitroaniline 10

3.6. Analytical Application

Furthermore, we evaluated the validity of the proposed method using the lake water samples
collected from Nanhu Lake and rain water samples in Jiaxing city. The environmental water samples
were filtered through 0.45 μm filter before use. Since no 4-NP was detected in the water samples by the
poly([V2C4(mim)2]Br2)/GCE, we applied the standard addition method of spiking the samples with
4-NP for the method validation purpose. As shown in Table 3, the recovery was from 97.3% to 104.0%,
and the RSD was less than 4.47%. This suggests the potential of the poly([V2C4(mim)2]Br2)/GCE for
the detecting 4-NP in environmental water samples.

Table 3. Detection of 4-NP in water samples by poly([V2C4(mim)2]Br2)/GCE (n = 3).

Sample Added 4-NP (μM) Found 4-NP (μM)
Recovery

(%)
RSD (%)

Lake water
0.1 0.104 104.0 4.38
1 0.991 99.1 4.47
2 1.946 97.3 3.45

Rain water
0.1 0.0982 98.2 3.24
1 1.031 103.1 4.43
2 2.026 101.3 4.04

4. Conclusions

In an attempt to construct a sensitive electrochemical sensor for 4-NP, we synthesized
a cross-linker-based PIL of poly([V2C4(mim)2]Br2) as the sensing agent via a simple one-step
free-radical polymerization method. Poly([V2C4(mim)2]Br2)/GCE with a large effective surface
area exhibited good electrical conductivity and higher peak current response for 4-NP than
that of poly(EGDMA)/GCE, indicating the advantage of poly([V2C4(mim)2]Br2). In addition to
excellent sensitivity, the poly([V2C4(mim)2]Br2) based sensor also demonstrated 4-NP detection in
environmental water samples.
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Abstract: This paper reports the successful construction of novel polymerizable ionic liquid
microemulsions and the in situ synthesis of poly(ionic liquid) adsorbents for the removal of Zn2+ from
aqueous solution. Dynamic light-scattering data were used to confirm the polymerization media and
to illustrate the effect of the crosslinker dosage on the droplet size of the microemulsion. FTIR and
thermal analysis were employed to confirm the successful preparation of the designed polymers
and characterize their thermostability and glass transition-temperature value. The optimization of
the adsorption process indicates that the initial concentration of Zn2+, pH, adsorbent dosage and
contact time affected the adsorption performance of poly(ionic liquid)s toward Zn2+. Furthermore,
our research revealed that the adsorption process can be effectively described by the pseudo
second-order kinetic model and the Freundlich isotherm model.

Keywords: polymerizable ionic liquid microemulsions; poly(ionic liquid)s; adsorption

1. Introduction

Poly(ionic liquid)s (PILs), which possess ionic liquid species in each of the repeating units,
have attracted much attention in the field of polyelectrolyte preparation, porous membrane synthesis,
adsorption and separation [1,2]. Among these applications, the adsorption of organic pollutants and
metal ions in industrial wastewater has received increased attention from researchers [3]. PILs are
polymerized from ionic liquid monomers, and thus possess the excellent physical and chemical
properties of ionic liquids, such as molecular designability, negligible evaporation, and excellent
thermal stability [1,4–6]. Moreover, PILs have overcome most of the disadvantages of ionic liquids,
such as the high viscosity, recycling difficulty, and consequent toxic and corrosive risk [3,7].

Earlier research on PILs focused on their adsorption performance towards organics with ionic
groups or aromatic nucleus, such as anionic dyes and triazole fungicides [8,9]. Currently, PILs are also
showing an increased potential for heavy metal ion adsorption [10]. Interestingly, the “designability”
of the ionic liquid monomers makes hydrophobic anions inducible into the molecular chain of PILs to
introduce hydrophobic polymers, which increases their reusability for adsorbing heavy metal ions.
Moreover, the adsorptive selectivity could be enhanced due to the “designability” of the monomers.
The reported application of PILs focused on the removal of Cr(VI), but the adsorption capacity was
unsatisfied. The hydrophobic PILs synthesized by Kong only showed a maximum adsorption capacity
of 17.9 mg/g for hexavalent chromium [10]. The sulfonic acid-functionalized PILs synthesized by
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Khiratkar showed a higher adsorption capacity for hexavalent chromium in water, but there was still a
gap compared to other adsorbents [11].

The traditional synthesis method of PILs was almost bulk-free radical polymerization at normal
pressure. Our previous research showed that functional materials could be synthesized in situ
within ionic liquid microemulsions [12]. Nowadays, microemulsions involving ionic liquids have
attracted much attention in the world. As a “green solvent”, ionic liquid has been applied in various
areas depending on its low volatility, designability, negligible vapor pressure and excellent stability
advantages [13]. Previous research indicated that ionic liquids could replace any of the constituents
in traditional microemulsions and form a new system named ionic liquid microemulsion [1,3,14,15].
This innovative finding not only enlarged the research scale of ionic liquid and microemulsion to a
greater extent, but also promoted the development of the relevant subjects. Due to the controllability
of the nanosized structure of the ionic liquid microemulsion droplets, nanomaterials such as TiO2,
phosphate nanocrystals and polyaniline could be easily synthesized by controlling the microstructure
of the designed microemulsions [16–18]. Moreover, ionic liquid monomers could also be used as
the polar and/or non-polar phase of microemulsions, and these types of polymeric ionic liquid
microemulsions could be used as an in situ synthesis media for PILs [19].

In the present study, we constructed a new type of ionic liquid microemulsion, in which all
components were polymerizable. The polar phase was a mixture of 1-allyl-3-methylimidazolium
chloride ([AMIM][Cl]) and cross-linking agent poly(ethylene glycol) diacrylate (PEGDA).
The nonpolar phase was 1-allyl-3-methylimidazolium hexafluorophosphate ([AMIM][PF6]). Sodium
3-(allyloxy)-2-hydroxypropane-1-sulfonate (HAPS) was used as the surfactant, and no co-surfactant
was involved. Compressed bulk free-radical polymerization was adopted to synthesize PILs in the
polymerizable ionic liquid microemulsions (PILMs). The resulting PILs were used as an adsorbent
for metal ions in aqueous solution. Zn(II), which mainly comes from metallurgical processing,
electroplating and batteries industries [20], was selected here as the object metal ion. The effect
of PEGDA dosage on the droplet size and size distribution of PILMs was investigated by dynamic light
scattering (DLS). The influence of thermosynthesis time, synthesis temperature, adsorbent dosage, pH,
initial concentration and contact time on the characteristic and adsorption capability of PILs for Zn(II)
removal were investigated in detail.

2. Materials and Methods

2.1. Materials

[AMIM][PF6] (>99 wt%) and [AMIM][Cl] (>99 wt%) were purchased from Lanzhou Institute
of Chemical Physics. HAPS (>99 wt%) was obtained from Hanerchem Ltd. PEGDA (Mn = 575),
azobisisobutyronitrile (AIBN, >99 wt%) and zinc chloride (ZnCl2, >98 wt%) were purchased from
Sigma Aldrich. Prior to the experiment, HAPS was vacuum-dried at 70 ◦C for 6 h to remove excess
water. The other chemicals were used without further purification.

2.2. Methods

In a typical experiment, the polymerization process of PILs included the following steps:
(1) [AMIM][PF6], [AMIM][Cl], HAPS and PEGDA at different mass ratios were mixed at 60 ◦C
for 40 min under moderate magnetic stirring, and the microemulsions named PILM-1 to PILM-4 were
obtained. (2) The mixture was transferred into a sealed Teflon-lined autoclave and subsequently kept at
80–120 ◦C for 12–28 h. (3) The reaction set was cooled to room temperature, and the obtained products
were precipitated by ethyl acetate followed by deionized water three times. (4) The brown precipitate
was collected by rotary evaporation and vacuum-dried overnight at 40 ◦C, and the final products,
named PIL-1 to PIL-5, were obtained. The general recipe used in the synthesis of PILs is shown in
Table 1. In addition, the synthesis process of the PILs is shown in Scheme 1.
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Table 1. The general recipe used in the preparation of poly(ionic liquid)s (PILs a).

Sample
Names

m(AMIMCl)

/g
m(AMIMPF6)

/g
m(HAPS)

/g
m(PEGDA)

/g
m(AIBN)

/g
Temp.

/◦C

PILM-1 3.0611 4.0031 6.0065 0.7221 \ 60
PILM-2 3.0618 4.0243 5.9999 1.0731 \ 60
PILM-3 3.0481 4.0031 6.0145 1.7653 \ 60
PILM-4 3.0814 4.0005 6.0062 2.8480 \ 60

PIL-1 3.0615 4.0207 6.0125 2.8482 1.1188 80
PIL-2 3.0588 4.0515 6.0003 2.8548 1.1196 90
PIL-3 3.0492 4.0054 6.0082 2.8395 1.1172 100
PIL-4 3.0630 4.0943 6.0168 2.8704 1.1361 110
PIL-5 3.0346 4.0721 6.0270 2.8555 1.1231 120

a The uncertainty limits are ±0.1%.

Scheme 1. The synthesis process of PILs.

2.3. Characterization of PILs

A Malvern Nano ZS was applied to determine the droplet size, size distribution and zeta potential
of PILMs. A Perkin Elmer Spectrum 2000 was applied to determine the FTIR spectrum of PILMs.
The thermogravimetric data of the PILMs were collected by a Netzsch STA449C F3 instrument at a
heating rate of 10 ◦C/min under argon atmosphere from room temperature to 600 ◦C. Differential
scanning calorimeter (DSC) analysis was performed on a Netzsch 204F1 calorimeter and carried out
over a temperature range of −50 ◦C to 150 ◦C with a heating rate of 10 ◦C/min. The yield was obtained
using the gravimetric method. The equilibrium degree of swelling (Es) of the PILs was measured
by gravimetry.

Es is defined as:

Es =
Ws

Wd
,

where Ws is the weight of the PILs after equilibrium swelling, and Wd is the dry weight of the PILs.
In order to evaluate the PILs’ adsorption capacities toward Zn(II) in aqueous solution, the batch

adsorption experiments were performed as follows. In a typical experiment, the mixtures of the
designed PILs and 20 mL of 50 mg/L Zn(II) solution were added into a series of 100 mL Erlenmeyer
flask with a glass stopper. At a constant temperature of 25 ± 1 ◦C in a thermostatic water bath,
the samples were shaken at about 100 rpm for certain contact time. The Zn(II) ion concentrations
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of the after-adsorbed samples were determined by flame atomic absorption spectroscopy (AAS).
The adsorption capacities (qe in mg/g) of the designed PILs were calculated according to Equation (1):

qe = (C0 − Ce)× V
m

, (1)

where C0 is the initial concentrations of Zn(II) ion (mg/L), Ce is the equilibrium concentrations of
Zn(II) ion (mg/L), V is the volume of Zn(II) solution (L), and m is the dosage of PILs (g).

3. Results and Discussion

3.1. Droplet Size and Size Distribution

Transparent PILMs involving [AMIM][Cl], [AMIM][PF6], PEGDA and HAPS were constructed
successfully. Normally, dynamic light scattering (DLS) is used to determine the droplet size and size
distribution of microemulsions containing ionic liquids [21]. Herein, the average droplet size and size
distribution of the [AMIM][Cl]/[AMIM][PF6]/PEGDA/HAPS microemulsions with different amounts
of PEGDA were collected and shown in Figure 1. It can be noticed that the size distribution of each
PILMs was monodispersed, and the average size ranged from 10–40 nm, which was in accordance
with the microemulsion’s nature (<150 nm) [22]. Besides, with the increasing amount of PEGDA,
the average size of PILMs increased slightly, and this could be attributed to the droplet structure
of PILMs. According to the molar weight of each component in the construction of the PILMs,
PEGDA was stable as the inner phase of the microemulsion when the ionic liquids acted as the outer
phase. Therefore, the increment dosage of PEGDA enlarged the size of the inner core, and hence,
increased the droplet size. The zeta potential values of the [AMIM][Cl]/[AMIM][PF6]/PEGDA/HAPS
microemulsions were −24.13 ± 0.85 mV indicating that the polymerizable ionic liquid microemulsions
had good stability.

Figure 1. Size and size distribution of the [AMIM][Cl]/[AMIM][PF6]/PEGDA/HAPS microemulsion
with different amounts of PEGDA.

3.2. FTIR Analysis

The in situ synthesized PILs with different reaction temperatures—80 ◦C, 90 ◦C, 100 ◦C, 110 ◦C
and 120 ◦C, represented by PIL-1, PIL-2, PIL-3, PIL-4 and PIL-5, respectively—were characterized
by Fourier transform infrared spectroscopy (FTIR). The results are shown in Figure 2, where the
adsorption peak around 1724 cm−1 and 1090 cm−1 can be attributed to the stretching vibration of
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C=O and C–O in PEGDA, respectively. The peak that appeared at 2913 cm−1 was attributed to the
C–H stretching vibration in the saturated carbon chain. The absorption peak located at 830 cm−1 and
550 cm−1 was characteristic of PF6

− and Cl−, respectively, which suggested the successful synthesis of
the PILs within the PILMs.

Figure 2. FTIR spectra of PILs synthesized under different temperature.

3.3. Thermal Analysis of PILs

The thermogravimetry curves of [AMIM][Cl], [AMIM][PF6] and the as-prepared PILs are
presented in Figure 3A. Each PIL weight loss exhibited two distinct temperature scopes. Due to
the evaporation of the absorbed water, the PILs showed an initial stage of weight loss in the range of
room temperature to 100 ◦C. This absorbed water was mainly combined with chlorine salt because of
the water-absorbing quality of [AMIM][Cl]. The second stage of weight loss was found in the range
of 300 ◦C to 400 ◦C, which can be ascribed to the fracture of the imidazole ring in the PILs as well
as the [AMIM][Cl] and [AMIM][PF6] monomers. These results showed that PILs synthesized within
the PILMs had combined the thermogravimetry characteristics of [AMIM][Cl] and [AMIM][PF6].
The water resistance of PILs synthesized over 80 ◦C manifested improvements to a certain extent
compared to [AMIM][Cl]. PIL-3, which was synthesized at 100 ◦C, showed the best thermogravimetry
performance within the range of study.

The swelling behavior of PILs in Zn(II) solutions was further investigated with the gravimetry
method. As shown in Table 2, the designed PILs could be well-swelled in solutions, and the
complexation of the ester group of PEGDA with Zn(II), and the hydroxy and the sulfonic group
of HAPS with Zn(II) occurred simultaneously. Since five PILs had the same ionic liquid and crosslinker
content, the effect of the synthesis temperature of the PILs on Es was not obvious.

Table 2. Es of PILs in water.

PIL PIL-1 PIL-2 PIL-3 PIL-4 PIL-5

Es 21.37 21.01 20.82 21.18 20.85

Figure 3B shows the DSC curves of different PILs. The results showed that the glass transition
temperatures (Tg) of the PILs were approximately −30 ◦C, which indicated their phase transformation
point. Altering the reaction temperature of the PILs did not produce obvious changes in the Tg position.
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Figure 3. Thermogravimetric curves of [AMIM][Cl], [AMIM][PF6] and PILs. (A) DSC curves of PILs (B).

3.4. Influence on the Adsorption Potential of PILs

The as-prepared PILs were employed in the removal of Zn2+ from water, and PIL-3 was selected
as the model adsorbent because of its distinct properties mentioned above. In addition, the adsorption
performance of PIL-5 was investigated for comparison (volume—25 mL, pH—4.5, dose—10 mg,
time—8 h and temperature—25 ± 1 ◦C). As shown in Figure 4A, within the studied range of the
initial concentration of Zn2+ (C0), the PIL-3 sample exhibited better adsorption performance than
PIL-5. Moreover, with the increment of C0, the adsorption capacities of both PIL samples toward Zn2+

increased gradually.
The effects of pH and adsorbent dosage on the adsorption of Zn2+ onto PIL-3 were investigated,

and the results are provided in Figure 4B,C, respectively. It can be observed that the saturated
adsorption capacity grew up slightly with the increase in solution pH from 3.5 to 5.5, suggesting
that electrostatic attraction played a role in the adsorption process (C0—0.01 M, volume—25 mL,
dose—10 mg, time—8 h and temperature—25 ± 1 ◦C). Notably, lowering the adsorbent dosage brings
about the increasing of adsorption capacity, which can be ascribed to the excess adsorption sites
(C0—0.01 M, volume—25 mL, pH—4.5, time—8 h and temperature—25 ± 1 ◦C).
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Figure 4. The effect of C0 on the adsorption performance of PIL-3 and PIL-5 for Zn2+ (A), the effect of
pH (B), adsorbent dosage (C), contact time (D) and continuous times (E) on the adsorption performance
of PIL-3 for Zn2+.

Figure 4D shows the adsorption behavior of PIL-3 with Zn2+ as a function of contact time
(C0—0.01 M, volume—25 mL, pH—4.5, dose—10 mg and temperature—25 ± 1 ◦C). The adsorption
capacity of PIL-3 toward Zn2+ increased rapidly from 58.34 to 179.81 mg/g when the contact time
was raised from 20 to 80 min. On further raising of the contact time to 300 min, the adsorption
capacity increased slowly. In order to achieve sufficient adsorption, 480 min was selected as the
optimum contact time. The influence on the adsorption potential of the designed PILs indicated that
the maximum adsorption capacity of the PILs for Zn(II) was greater than the values of various reported
adsorbents [23–28].

In addition, PIL-3 was easily released in 0.1 mol/L HCl after absorbing Zn2+ from the water.
After washing with deionized water and drying in a vacuum at 50 ◦C, PIL-3 was able to be continuously
used more than three times without a significant decrease in Zn2+ removal efficiency (<12%), as shown
in Figure 4E.
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3.5. Adsorption Kinetics

The sorption kinetics for the adsorption of Zn2+ onto PIL-3 was investigated, and the resulting
data were fitted in the pseudo-first-order and pseudo-second-order kinetic models, as shown in
Figure 5. The calculated kinetic parameters are shown in Table 3. Obviously, the adsorption process
was more aligned with the pseudo-second-order model (R2 = 0.997) than with the pseudo-first-order
model (R2 = 0.874). Besides, for the pseudo-second-order model, the calculated saturated adsorption
capacity value was also closer to the experimental data. These findings indicate that the ion exchange
and physical adsorption on the surface and the hydroxyl complexation may control the valence forces
between PIL-3 and Zn2+.

Figure 5. Pseudo-first-order kinetic model fitting (A) and pseudo-second-order kinetic model fitting
(B) of the adsorption process for PIL-3 toward Zn2+.

Table 3. Adsorption kinetic parameters of Zn2+ on PIL-3.

Qe,exp
mg/g

Pseudo-First Order Pseudo-Second Order

Qe,cal
mg/g

k1 R2 Qe,cal
mg/g

k2 × 104 H
mg/(g min)

R2

273.03 196.17 0.0120 0.8743 312.5 0.5172 5.0505 0.9969
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3.6. Adsorption Isotherms

The adsorption isotherm of Zn2+ on PIL-1 was investigated using typical Langmuir and Freundlich
adsorption isotherm models [29,30]. The fitting of the two models is presented in Figure 6, and the
calculated parameters are listed in Table 4. It can be noted that the adsorption process was more
effectively described by the Freundlich adsorption isotherm model (R2 = 0.9970) than the Langmuir
adsorption isotherm model (R2 = 0.1056). This indicates that the adsorption surface of PIL-1 was
heterogeneous. The reason for this could be the increasing porosity of PILs during the thermosynthesis
process, which conformed to the Freundlich assumption [31]. In addition, the value of n (1.1325)
showed that the adsorption of Zn2+ onto PIL-3 was favorable.

Figure 6. Langmuir (A) and Freundlich (B) adsorption isotherm for the adsorption of Zn2+ onto PIL-3.

Table 4. Adsorption isotherm parameters of Zn2+ on PIL-3.

Langmuir Isotherm Freundlich Isotherm

Qmax
mg/g

kL
L/mg

R2 Kf

L/g
n R2

0.1505 0.6801 0.1056 8.9991 1.1325 0.9970
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4. Conclusions

Novel PILMs were constructed and used as the in situ synthesis media for the polymerization
of PILs. The designed polymers were proved to be useful adsorbents for the removal of Zn2+ from
aqueous solution. DLS analysis showed the ionic liquid microemulsion nature of the polymerization
media and indicated that the dosage of PEGDA affected the average size of the PILMs. The FTIR
spectra confirmed the successful preparation of the designed PILs. Thermal analysis showed that the
PILs synthesized within PILMs combined the thermogravimetric characteristics of [AMIM][Cl] and
[AMIM][PF6], showing good thermostability, and the Tg of PILs were about −30 ◦C. Within the range
of study, PIL-3 showed the best thermogravimetric performance. C0, pH, adsorbent dosage and contact
time affected the adsorption performance of Zn2+ on PILs. In addition, the adsorption process was
effectively described by the pseudo-second-order kinetic model and the Freundlich isotherm model.
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Abstract: During recent years, synthetic methods combining microwaves and ionic liquids became
accepted as a promising methodology for various materials preparations because of their high efficiency
and low energy consumption. Ionic liquids with high polarity are heated rapidly, volumetrically
and simultaneously under microwave irradiation. Hence, combination of microwave irradiation as
a heating source with ionic liquids with various roles (e.g., solvent, additive, template or reactant)
opened a completely new technique in the last twenty years for nanomaterials and polymers
preparation for applications in various materials science fields including polymer science. This review
summarizes recent developments of some common materials syntheses using microwave-assisted ionic
liquid method with a focus on inorganic nanomaterials, polymers, carbon-derived composites and
biomass-based composites. After that, the mechanisms involved in microwave-assisted ionic-liquid
(MAIL) are discussed briefly. This review also highlights the role of ionic liquids in the reaction and
crucial issues that should be addressed in future research involving this synthesis technique.

Keywords: ionic liquids; microwave; synthetic methods; nanomaterials; polymers

1. Introduction

Green chemistry has received increasing attention during the past few decades because of energy
crises and environmental pollution. The green chemistry principles led to the development of cleaner
and more benign chemical processes, especially in chemical syntheses. Both ionic liquids (ILs) and
microwave irradiation are known as a promising technology tool capable of contributing to green
chemistry development because of their fast and easy applications, high efficiency and relatively
environmental friendliness.

ILs are molten salts in a liquid form at low temperatures (usually below 100 ◦C) and are composed
of large organic cations and small inorganic or organic anions. Comparing with conventional organic
solvents, ILs have many unique properties, such as negligible vapor pressure, high temperature stability,
non-volatility, chemical stability, large electrochemical stability window and ionic conductivity. Some
ILs are also relatively environmentally friendly solvents compared with organic solvents because of
their low vapor pressures especially when taking in account volatile organic compounds (VOCs) [1–9].

There are currently three different generations of ILs that have been identified. The first
generation of ILs were mainly composed of cations like dialkylimidazolium or alkylpyridinium
derivatives and anions like chloroaluminate or other metal halides, which have been described as
toxic, non-biodegradable and oxygen-sensitive [10]. After that, the water and oxygen sensitive anions
were replaced by halides (Cl−, Br−, I−) or anions such as BF4

−, PF6
− and C6H5COO−, which are

stable in water and air. These ILs possess lower melting points, different solubilities in classic organic
solvents, and different viscosities, with an important disadvantage of low toxicity. This generation
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of ILs attract wide attention and provide interesting and novel application in materials areas [10].
The third generation of ILs named deep eutectic solvents (DESs) based on more hydrophobic and stable
anions such as [(CF3SO2)2N−], sugars, amino or organic acids, alkylsulfates or alkylphosphates, and
cations such as choline [11]. DESs are formed by hydrogen bond acceptors and hydrogen bond donors,
which can be associated with each other by means of hydrogen bond interactions. Due to their low
cost and analogous physico-chemical properties, DESs have attracted considerable attentions in recent
years [12–14]. Generally, ILs can be synthesized by chemical synthesis, electrochemical synthesis,
microwave-assisted synthesis and ultrasound-accelerated processes [15]. Because of variety of cations
and anions, approximately 1018 different combinations are possible for IL syntheses [3]. Therefore, ILs
will always be referred to as “designed liquids” with properties able to be tuned by adjusting their
cations and anions [16–20]. In other words, ILs can be tweaked to meet different requirements by
changing types of anions and cations used. For instance, the combination of an imidazolium cation
with Cl− or BF4

− results in a hydrophilic IL, whereas its combination with PF6
− results in a hydrophobic

IL [17]. Furthermore, ILs containing metal speciations demonstrate additional functionalities such
as magnetic, optical or catalytic activities [21,22]. Thus, ILs demonstrate wide applicability to the
synthesis of various materials.

On the other hand, consumption of energy for heating is also an integral part of any chemical
process. Microwave irradiation is one of the highly desirable energy sources to overcome this
problem. Microwave irradiation refers to high frequency electromagnetic waves with wavelengths
ranging from 1 mm to 1 m and alternating current signals with frequencies in the 0.3–300 GHz range.
Exposure to microwaves results in rapid volumetric heating without the heat conduction process, thus,
uniform heating can be achieved in a short period of time [23–28]. In comparison with traditional
heating methods, not only can microwave heating rapidly provide high temperature and pressure
and significantly decrease reaction time in a closed system but also can replace many organic solvents
with water or even enable the reactions to proceed under solvent-free conditions with maximum
efficiency [29,30]. Microwave heating provides several additional reaction parameters including power
of the microwaves, combination of various organic solvents or even aqueous systems [31,32], inert
atmosphere, etc., all of which provide possibilities to obtain a variety of morphologies [33]. Taking
advantages of all the above-mentioned benefits, microwaves are widely used not only for common
reactions such as materials syntheses, polymerization reactions and biomass extraction but also for
some unique process such as hierarchical self-assembly of nanomaterials [32,34], etc.

ILs consist of organic multi-ring and/or organic alkane chains and bulky inorganic anions with
high polarizability in a microwave field, which enables them to be heated uniformly and quickly
throughout the whole reaction volume. Therefore, ILs are known as excellent microwave absorbers [35].
The first usage of ILs in a microwave-assisted process was reported by Varma and Namboodiri in
2001 [36]. Since then, an ever-increasing number of studies on microwave-assisted ionic-liquid (MAIL)
methods were reported. The combination of microwaves and ILs delivers advantages of both, which
provides a great potential to meet an ever increasing demand for effective, non- or low-toxicity and
economic chemical processes [37].

This paper reviews recent progress on applications of the microwave/ILs technique for rapid
and eco-friendly syntheses of functional materials. Preparation of inorganic nanomaterials (such as
metal nanoparticles, metal oxides and other complex metal structures using this method) is discussed
first. Then, an overview of the polymerization reactions conducted using MAIL methods is provided,
followed by a research overview on syntheses of carbon-derived composites. Finally, a review of
preparation techniques and various applications of biomass-based nanocomposites and biomass
extraction products concludes this paper. The mechanisms and prospects of this method are also
discussed briefly.

116



Nanomaterials 2019, 9, 647

2. Preparation of Inorganic Nanomaterials

Over the past few decades, inorganic nanomaterials science experienced exponential growth in
various fields because of unique physical and chemical properties of nanomaterials [38]. Properties of
inorganic materials often depend on their morphology and dimensionality, thus, a lot of strategies
to control shape of such nanomaterials were developed and reported in the literature [39]. ILs are
widely used for inorganic material syntheses as microwave absorbers, solvents, additives and even as
templates to optimize synthesis parameters.

2.1. Metal Nanostructures

The very first report on the preparation of inorganic nano-metals was published by Zhu et al. in
2004 [40]. They synthesized single-crystalline tellurium nanorods and nanowires by MAIL method at
180 ◦C using a N-butylpyridinium tetrafluoroborate ([BuPy][BF4]) IL. The whole synthesis took only
10 min. In this work, they demonstrated that combination of an IL and microwave heating played an
important role in the synthesis of these metal nanostructures. When conventional heating methods
(e.g., oil bath) and other solvent were used, fewer or no nanostructures formed. Other studies also
reported successful syntheses of nanostructures of Au, Pt and Rh using the MAIL technique [41–51].
Many researchers emphasize that ILs act as steric stabilizers, solvents and/or microwave absorbers
during synthesis of metal nanostructures [41].

Gold nanostructures are the most studied metal nanomaterials because of their wide use.
Li et al. synthesized large-size single-crystal gold nanosheets by microwave heating of HAuCl4
in a 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim][BF4]) IL for 10 min without any
additional template agents [42]. These Au nanosheets were over 30 μm in size. Most recently,
Bhawawet et al. designed colloidal gold nanoparticles capped with oleylamine to use them for
synthesis of gold nanoparticles by the MAIL method (Figure 1) [43]. They demonstrated shorter
reaction times (from 30 s to 1 h) when microwaves were used compared to conventional methods. Their
MAIL reactions involved toluene and 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)
imide ([C4mpy][Tf2N]). Usage of this IL as reaction solvent increased polydispersity of Au nanoparticles
(NPs) and reduced reaction time. They also demonstrated that their ILs could be reused and could
provide the same reaction effect as fresh ILs.

 

Figure 1. Scheme (A–D) representative transmission electron microscopy (TEM) images of Au
nanoparticles (NPs) synthesized using conventional and microwave methods carried out in either
toluene (panels A and C) or [C4mpy][Tf2N] (panels B and D) [43].Copyright Royal Society of
Chemistry, 2018.

Li et al. synthesized Ag nanoparticles by a microwave-assisted hydrothermal technique using
1-dodecyl-3-methylimidazolium chloride ([C12mim]Cl) [44]. Their transmission electron microscopy
(TEM) showed spherical Ag NPs ~12 nm in size on average. Morphology of Ag NPs was homogeneous.
Additionally, particles were crystalline and showed no significant agglomerations. All these factors
were attributed to IL participation during Ag NP synthesis. Coulomb coupling forces between Cl− and
[C12mim]+ ions resulted in their alignment, which, in turn, ensured an arrayed structure of the final
reaction product. These Ag NPs improved cell activation properties.
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The MAIL method was also used for synthesis of other noble metal nanoparticles.
For example, Safavi synthesized spherical Pt and Pd nanostructures using various IL media [45].
Schütte et al. prepared Cu, Zn and Cu/Zn brass alloy nanoparticles from metal amidinate precursors
using [Bmim][BF4] [46]. Another study also reported the important role of [Bmim][BF4] in the synthesis
of transition-metal nanoparticles (M-NPs) (M = Ni, Cu). [47].

Carbon materials (e.g., graphene) are well-known substrates for metal NP deposition [48].
Synthesis of metal NPs on such materials can also be implemented using ILs and microwaves. Thus,
Lee et al. synthesized Pt NPs on graphene/graphite oxide using 2-hydroxyethanaminium formate
([HOCH2CH2NH3][HCO2]) in combination with microwaves [49] and obtained structures with catalytic
hydrogenation capability much higher than commercially-available catalysts. Esteban et al. synthesized
stable hybrid iridium@graphene (Ir@TRGO) nanomaterials in a [Bmim][BF4] IL also using microwave
irradiation [50]. Ir@TRGO nanomaterials with average particle diameters <5 nm were used as catalysts
of benzene and cyclohexene hydrogenation.

2.2. Metal Oxide Nanostructures

2.2.1. Zinc Oxide (ZnO)

ZnO is a wide bandgap semiconductor with a variety of practical applications. Wang et al. was
the first research group to report ZnO synthesis using the MAIL method [51]. They obtained flower-
and needle-like ZnO using [Bmim][BF4] as an additive upon exposure of the whole synthesis system
to microwaves for only 5–10 min. They observed that the morphology of the resulting product
was dependent on the temperature of the microwaves and IL amount used during the synthesis.
Morphology of ZnO changed between flower-like and needle-like by changing the reaction conditions
(Figure 2). Flower- and shuttle-like ZnO nanomaterials were later synthesized by the MAIL method
using 1-butyl-3-methylimidazolium chloride ([Bmim]Cl) and [Bmim][BF4] ILs [52]. It was concluded
that besides shorter reaction time, movement and polarization of ions under microwave irradiation
resulted in the formation of transient and anisotropic micro-domains in the system, which led to the
formation of ZnO with different morphologies. Thus, both the IL and microwave irradiation played an
important role in the generation of ZnO with different morphologies.

 

Figure 2. TEM micrographs: (a,b) Flowerlike ZnO; (c,d) needlelike ZnO [51]. Copyright Elsevier, 2004.

Because of their favorable bandgap values, ZnO-based materials are usually used as photoanodes
and photocatalysts. Rabieh et al. synthesized photocatalytic ZnO NPs using a [Bmim]Cl IL and 400 W
microwave irradiation for only 1 min [53]. In this case, the IL acted as a surface agent and as a
microwave absorbent. The resulting spherical ZnO NPs showed excellent photocatalytic performance
toward photodegradation of the malachite green. Esmaili et al. also prepared nanocrystalline
ZnO in a 1-ethyl-3-methylimidazolium ethylsulfate ([Emim][EtSO4]) IL for methylene blue (MB)
photodegradation [54]. They proposed that using the IL as a reaction medium could decrease ZnO
crystalline size and improve its nucleation rate, which eventually would lead to increased photocatalytic
activity. One example using ZnO as a photoanode for solar cells is sensitized ZnO particles prepared
with different amounts of a 1,3-dimethylimidazolium iodide ([Dmim]I) IL (da Trindade et al.) [55].
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In their system the IL was a dry solid. It did not change ZnO phase formation and/or morphology, but
decreased ZnO particle size and converted shallow defects into deep ones, which led to a significant
increase of photocurrent density.

2.2.2. Titanium Dioxide (TiO2)

TiO2 is most frequently used as a photocatalyst because of its low cost, non-toxicity, high activity
and stability. TiO2-based nanomaterials with different morphologies were fabricated to enhance
photocatalytic activity of TiO2 under visible light. Some studies reported that ILs could facilitate
formation of hollow TiO2 [56], self-assembled TiO2 nanosheets [57], mesoporous TiO2 [58], etc.

Recent research reported synthesis of TiO2 with higher photocatalytic activity using microwave
irradiation combined with ILs. Zhang et al. first proposed synthesis of micro-sheet anatase with
reactive (001) facets using microwave and a [Bmim][BF4] IL [59], as shown in Figure 3. The IL in their
study provided a fluorine-rich environment and helped to expose (001) facets. Usage of microwaves
decreased reaction time and increased crystallinity of TiO2. As a microwave absorbent, the IL also
enhanced microwave efficiency. Chen et al. also mentioned that [BF4]− anion in the IL was a critical
factor for the synthesis of Ti3+ self-doped TiO2 hollow nanocrystals under microwave irradiation [60].
They used [Bmim][BF4] to take advantage of its microwave absorbing and morphology-controlling
properties. As a result, they obtained TiO2 mesoporous nanocrystals. It was suggested that the IL
also facilitated decreasing recombination of photoelectrons and holes, which normally favors high
photocatalytic activity [61].

Figure 3. Field emission scanning electron microscope (FESEM) image (a), simulated model (b),
TEM image of a representative anatase single crystal recorded along the (001) axis (c), selected area
electron diffraction (SAED) pattern and (d) high resolution transmission electron microscope (HRTEM)
image [59]. Copyright Royal Society of Chemistry, 2009.

Xiao et al. synthesized in situ carbon nanotubes (CNTs) threaded with TiO2 single crystals with
exposed (001) active facets (CNTs–TiO2) in a 1-methyl imidazolium tetrafluoroborate ([Hmim]BF4)
IL using microwave irradiation [62]. The system was heated at 13 ◦C min/L to 150 ◦C and kept at
that temperature for 30 min. Field emission scanning electron microscope (FESEM) images of the
resulting CNTs–TiO2 structures with different initial concentrations of TiCl3 are shown in Figure 4.
To prepare CNTs–TiO2-4 (see Figure 4), which demonstrated the highest photocatalytic activity for
NO removal, 0.5 M of TiCl3 was used as a precursor. They suggested that presence of [BF4]− groups
was critical for the formation of a photocatalyst with such high activity. These groups (1) assisted
rutile→anatase phase transition, (2) coordinated with Ti3+ to oxidize TiO2 crystals and (3) helped
formation of decahedrons with exposed (001) facets. Microwaves helped to increase the surface of the
“super-hot” dots to accelerate formation of TiO2 crystals.
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Figure 4. FESEM images of carbon nanotubes (CNTs)–TiO2 (different concentrations of TiCl3) (a–d),
TEM (e) and HRTEM (f) image of CNTs–TiO2-4 (0.5M TiCl3), together with the CNTs–TiO2-4 SAED
image (inset) [62]. Copyright Royal Society of Chemistry, 2016.

2.2.3. Other Metal Oxide Nanomaterials

CuO is a narrow bandgap transition metal oxide widely used for photoconductive and
photochemical applications [63]. CuO synthesis by MAIL methods can change the structure of
nano-CuO, improve its performance or increase the reaction efficiency. Different morphologies of
CuO were prepared by MAIL methods: Nanosheets and nano-whiskers [64], flower- and leaf-like
nanomaterials [65], feather- and flower-like crystals [66], CuO NPs [67] and CuO/Cu2O composites [68].

Flower-like Cu2O with high photochemical activity also can be prepared by the MAIL method [69]
often using 1-octyl-3-methylimidazolium trifluoroacetate ([Omim][TA]) and [Bmim][BF4] ILs. ILs again
played an important role in controlling Cu2O-based nanomaterials morphologies, which are needed to
enhance Cu2O performance in different applications. Xia et al. achieved different morphologies of
CuO crystals (flower-like to leaf-like) by controlling the concentration of an [Omim][TA] IL with high
ionic conductivity and polarizability (see Figure 5) [65]. The first step of their morphology-controlling
mechanism involved microwave energy absorption by [Omim]+, which led to high heating rate
and shorter reaction time. The second step was weak long-range ordering of [Omim][TA] at higher
concentrations, which prevented particles accumulating and forming ordered and/or organized
structures [70]. Hence, different concentrations of IL resulted in the formation of CuO structures with
different morphologies.

 

Figure 5. TEM and SAED images of flower-like and leaf-like CuO nanosheets prepared in a reflux system
at 80 ◦C for 10 min under microwave irradiation, (a) 2 mL ionic liquid 1-octyl-3-methylimidazolium
trifluoroacetate ([Omim]TA) and (b) 3 mL ionic liquid [Omim]TA. Scale bar: (a) 500 nm and (b)
500 nm [65]. Copyright Elsevier, 2009.
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Iron oxides are functional materials of great industrial and scientific importance because of their
chemical stability and non- or low-toxicity. Ahmed et al. fabricated α-Fe2O3 quantum dots using
a [Bmim][BF4] IL and a microwave-assisted solution synthesis method [71]. These quantum dots
were ~10–13 nm in diameter with the outstanding photocatalytic properties. Cao and Zhu reported a
microwave- and IL-assisted hydrothermal method for the synthesis of α-Fe2O3 and Fe3O4 NPs with
good photocatalytic activity [72]. They demonstrated that it was indeed the [Bmim][BF4] IL that
influenced phase composition and morphology of the final product. Yin et al. showed that temperature
and time of microwave exposure also influenced morphology of Fe3O4 during MAIL synthesis with a
[Bmim][BF4] IL [73]. Fe3O4 nanowires were obtained at 70 ◦C while nanorods were obtained at 90 ◦C.

The MAIL method was also successfully used to synthesize other metal oxide nanostructures.
Jadhav et al. obtained controlled MgO nanostructures with various green IL solvents using microwave
irradiation [74]. Their ILs were N-methyl imidazolium and 3-methyl pyridinium cations with
various halide anions. They used ILs not only as solvents but also as structural directing
agents. MgO nanostructures with various morphologies were obtained using different ILs and
MW conditions (Figure 6). SnO, a very popular anode material, can also be synthesized by the MAIL
method. Qin et al. synthesized SnO at low temperature with excellent cycling performance using
1-ethyl-3-methlyl-imidazolium acetate ([Emim][Ac]) and microwave irradiation [75]. ILs played a role
of a microwave absorbent to reduce reaction temperature and time.

 
Figure 6. FESEM (a–c) and FETEM (d,e) images, and SAED pattern (f) of MgO nanohexagons obtained
in bis(3-methyl imidazolium-yl) butane dichloride [74]. Copyright Royal Society of Chemistry, 2006.

2.2.4. Other Complex Metal Structures

Using a combination of microwave irradiation and ILs, other complex metal structures with
enhanced performance were synthesized. Cybinska et al. prepared Ln3+-doped (Ln = Sm, Eu, Tb, Dy)
BiPO4 NPs with particle sizes<10 nm from the respective metal acetates and choline or butylammonium
dihydrogen-phosphate in a microwave at 120 ◦C for 10 min [76]. In their work, ILs acted as a solvent,
microwave susceptor and reaction stabilizer; they also affected particle morphology and size. A big
advantage of MAIL methods is that no post processing (including heat treatment) of the final product
is needed, which helps to avoid particles aggregation.
newpage

Siramdas et al. successfully synthesized luminescent InP nanocrystals with different sizes using a
1-butyl-4-methylpyridinium tetrafluoroborate ([BmPy][BF4]) IL [77]. The resulting products exhibited
color-tunable luminescence in the visible region with 20%–30% quantum yields. They compared
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products obtained without an IL in the reaction system (see Figure 7) and concluded that IL presence
was a key factor responsible for efficient nanocrystals luminescence. This simple procedure provides
a pathway to obtain luminescent nanocrystals using a simple preparation method with just a
single precursor.

 

Figure 7. Scheme of microwave-assisted synthesis of InP nanocrystals in ionic liquid (IL) with
color-tunable luminescence [77]. Copyright American Chemical Society, 2017.

Olchowka et al. fabricated fluoridosilicates A2SiF6 (A=Li, Na, K, Rb, Cs) by the MAIL method using
1- butyl-3-methylimidazolium hexafluorophosphate ([Bmim][PF6]). These materials are promising
host lattices for LEDs [78]. During their synthesis, an IL was used as a low-temperature solvent and
as a fluorine source, which helped to eliminate usage of hazardous HF. They suggested expanding
usage and variety of different ILs as well as reaction time to explore this green method to obtain
a variety of fluoride-containing LED host materials with different particle sizes and shapes as well
as functionalities.

Various ILs were used by Alammar et al. to synthesize nano-SrSnO3 photocatalysts using
microwaves [79]. They used ILs with different cations (e.g., 1-butyl-3-methylimidazolium
([C4mim]+), 6-bis(3-methylimidazolium-1-yl)hexane ([C6(mim)2]2+), butylpyridinium ([C4Py]+),
tetradecyltrihexylphosphonium ([P66614]+)) and bis(trifluoromethanesulfonyl)amide ([Tf2N]−) as
an anion. They concluded that usage of different ILs could lead to products with different morphologies
and sizes. They also emphasized, that unlike the IL cation, the choice of anion had little effect on
morphologies of the formed products.

Besides the mentioned references above, Table 1 lists an updated review of other metal structures
prepared by microwave-assisted ionic-liquid (MAIL) methods reported in the literature.
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3. Polymers Preparation

In order to reduce consumption of volatile organic compounds (VOCs), the polymer industry
is in search for alternatives, some of which are water or supercritical CO2 [88]. However, some
polymer-related processes cannot be exposed to moisture, and practices involving supercritical CO2

require high pressure [89]. Another alternative is the implementation of ILs as polymer reaction
media. Polymerization reactions conducted in ILs exhibited higher polymerization rate and higher
molar weight of the resulting polymers. The application of microwave irradiation in the procedures
involving polymers also attracts attention because of its higher efficacy compared to conventional
heating methods. Thus, the combination of ILs and MW could promote development of greener and
more efficient polymer reactions with significant energy savings as well as with reduced or completely
eliminated VOCs [90].

3.1. Ring Opening Polymerization

Cationic ring opening polymerization (CROP) is an easy route to synthesize poly(2-oxazoline)s
(POxs) [91–93]. POxs are functionalized polymers with various applications, however, they often
have low polymerization rates and high VOC emissions during their production which limits their
vast development [94–96]. The first study showing the application of ILs as reaction media for
CROP under MW was reported by Guerrero-Sanchez et al. [97]. Even though they performed
CROP of 2-ethyl-2-oxazoline in different ILs, their main focus was CROP in a [Bmim][PF6] IL
because poly(2-ethyl-2-oxazoline) is more soluble in water than an IL which can improve polymer
isolation and IL recycling. The polymerization process was finished within 1 min under MW,
and faster polymerization rate and lower polydispersity was observed during this reaction in
comparison with reactions using other common organic solvents. Additionally, the [Bmim][PF6]
IL was efficiently recovered by water extraction and reused with similar results. They also
successfully synthesized 2-phenyl-2-oxazoline and 2-(m-difluorophenyl)-2-oxazoline in water-soluble
1-butyl-3-methylimidazolium trifluoromethanesulfonate ([Bmim][TfO]) and [Bmim][BF4] ILs in just
30 min by microwave-assisted reaction [98]. Their results showed that polymers obtained in ILs
demonstrate broad molecular weight distributions and higher polydispersity.

Poly(ε-caprolactone) (PCL) is one of the most common industrial biodegradable materials for bio-
and medical packaging applications. Ring opening polymerization (ROP) of ε-caprolactone(ε-CL) to
obtain PCL requires over 24 h when conventional heating is used [99]. Liao et al. obtained PCL in just 30
min by performing ROP with ZnO as a catalyst and under the presence of [Bmim][BF4]. They observed
that at the same microwave power, temperature of the reaction mixtures can be increased by just varying
concentration of [Bmim][BF4]. Additionally, ROP of ε-CL was also successfully performed without
a catalyst but with [Bmim][BF4] at higher temperature. The same team studied microwave-assisted
ROP of another biodegradable material—poly(trimethylene carbonate) (PTMC) [100]. When 5 wt.%
of [Bmim][BF4] was added, PTMC with molar weight equal to ~36,400 g/mol was obtained at 5 W
microwave power in 60 min. Molar weight and reaction rate were both increased when the combination
of ILs and MW were used.

3.2. Polycondensation

Polycondensation reactions using the MAIL technique were mainly reported by Mallakpour’s
team. They prepared chiral poly(amide–imide) nanostructures, active poly(ester–imide) and other
polyamides [101,102] using tetrabutylammonium bromide (TBAB), 1,3-diisopropylimidazolium
bromide([1,3-(isopr)2im]Br) ILs, etc [103]. In a typical reaction, 5-(2-Phthalimidiylpropanoyl-amino)
isophthalic acid, diamines [1,3-(isopr)2im]Br and 1,5-Naphthalenediamine or other aromatic diamines
were placed in a porcelain dish and then triphenyl phosphite (TPP) was added [104]. The mixtures
were heated under microwave irradiation for a total of 90 s. After filtering and drying, the yield was
93%. They also compared their MAIL methods to conventional heating ones. Products obtained under
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microwave irradiation had remarkable solubility, optically activity and good thermal stability. At the
same time, reaction time was reduced remarkably, and ILs used were harmless green solvents. Thus, the
techniques developed by Mallakpour’s team are environmentally friendly polycondensation reactions.

3.3. Free Radical Polymerization

During heterogeneous free-radical polymerization (FRP) reactions, ILs can also act as reaction
media, as surfactants and as microwave absorbents. Guerrero-Sanchez et al. first investigated FRP
of methyl methacrylate in [Bmim][TfO] and [Bmim][BF4] ILs under microwave irradiation [98]. ILs
in this reaction provided a more efficient absorption of microwave irradiation and increased the
heating rates. At the same time, because of the dispersed phase, type of IL and its concentration
also influenced yield and molecular weight of the resulting polymer. After the reaction, ILs were
recovered and reused, which confirmed that MAIL-based FRP reactions are not only efficient but also
environmentally friendly.

Glück’s team studied systematic variation of MAIL FRP reaction conditions to compare them with
conventional heating methods and solvents [105,106]. They found that when conventional solvents
(such as N,N-Dimethylformamide(DMF) or methanol) were used, conversion rates of the FRP reaction
conducted using microwaves and using conventional heating were the same. However, when ILs were
used as solvents, FRP conversion rate upon microwave heating was higher relative to conventional
heating whether with or without ILs. Polymerization rate rp was higher in ILs than in conventional
solvents upon microwave irradiation but only for some reactions. In other reactions, rp was nearly
the same in ILs and in DMF/methanol. These differences might be because of complexity of polar
interactions between ILs and the monomer and/or polymer radicals.

3.4. Copolymers

3.4.1. Cellulose Graft Copolymers

Intelligent polymers with unique properties in response to external triggers are attractive for
biotechnology. Grafting such intelligent polymers on cellulose was extensively studied. Using
dissolving capacity of cellulose in [Bmim]Cl, Wei et al. grafted 2-(Dimethylamino) ethylmethacrylate
(DMAEMA) onto bagasse cellulose by microwave heating [107]. This cellulose-g-DEAEMA copolymer
was sensitive to pH and salinity in an acidic environment or a low salt concentration. A homogeneous
cellulose–acrylic acid graft copolymer as an effective metal ion adsorbent was prepared by Lin et al. [108]
using [Bmim]Cl as a powerful direct solvent. Usage of microwave irradiation reduced the time of this
reaction to only 3 min. After optimization of reaction parameters (such as monomer concentration,
exposure temperature and overall reaction time), a graft copolymer with excellent adsorption ability
towards Cu2+ (to remove it from industrial waste and contaminated waters) was obtained.

3.4.2. Copolyurethanes

Segmented polyurethanes (PUs), used in a variety of practical applications, in which structure
variability is needed, are copolymers with hard and soft segments. Rafiemanzelat et al. synthesized
novel multi-block polyurethane copolymers, containing ecofriendly and biodegradable segments,
by two-step polymerization in TBAB under microwave irradiation [109]. First, 4,4′-methylene-bis-
(4-phenylisocyanate) was reacted with l-leucine anhydride cyclodipeptide to produce isocyanate-
terminated oligo(imide–urea) as a hard segment. Then, polyethylene glycol with a molecular weight
of ~1000 was used to extend the chain of the pre-polymer for further synthesis of PU. Comparing to
conventional heating methods, PUs prepared by the MAIL technique showed more phase separation
and crystallinity. Furthermore, reusability of ILs was also confirmed in their work.
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3.5. Poly(ionic Liquid)s

Poly(ionic liquid)s (PILs) can be synthesized by polymerization of IL monomers. PILs have a
lot of unique properties: They inherit some properties of ILs (such as low vapor pressure and high
thermostability) and possess well-defined solid morphologies and mechanical characteristics [110]
of the original polymers. Although conductivity of PILs decreases after polymerization, PILs are
still suitable for electro-responsive fluid applications because of locally-moving ions and the high
density of cation/anion parts [111–113]. Dong et al. prepared uniform P[MTMA][TFSI] (MTMA
= [2-(methacryloyloxy)ethyl]trimethylammonium+, TFSI = bis(tri-uoromethane sulfonyl)imide−)
particles with low density under microwave irradiation for 7 h at 70 ◦C (see Figure 8) [112]. Their
PILs showed high electro-responsive fluid activity without the need for an activator and low leaking
current density because of their hydrophobicity. Analysis of dielectric spectra showed that high
density of cation/anion parts in PILs played an important role in strong dielectric polarizability and
adequate polarization response of PILs. Overall, PIL particles have a lot of potential applications
in electro-responsive systems. Based on previous research [105], Dong et al. further demonstrated
electrorheological applications of PIL particles as well as studying how sizes of cation/anion parts
influence electrorheological performance [113]. Monodisperse PIL particles with a polystyrene backbone
and quaternary ammonium/fluorinated imides as ion parts were synthesized under microwave
irradiation. Electrorheological effect was stronger when cation/anion parts were smaller, probably
because of the higher density of ions and faster ion mobility rates.

Figure 8. SEM image and size distribution (inset) of P[2-(methacryloyloxy)ethyl]trimethylammonium+

bis(tri-uoromethane sulfonyl)imide−) (P[MTMA][TFSI]) particles [112]. Copyright Royal Society of
Chemistry, 2014.

Based on the hydrophilicity and good extraction efficiency of some PILs, Yang’s team designed.
PIL-modified magnetic nanomaterials under microwave assistance for pesticide and phthalate esters
extraction [114,115]. PIL (1-vinyl-3-butylimidazolium bromide)-functionalized modified polystyrene
magnetic nanospheres (PILs-PMNP) were synthesized by a one-pot copolymerization reaction under
microwave irradiation for 4 h. PILs-PMNPs were designed for magnetic solid-phase extraction
(SPE) to extract and concentrate phthalate esters from beverages. These PILs-PMNPs demonstrated
outstanding adsorption ability toward traces of PAE analytes compared with polystyrene-modified
magnetic nanospheres. Yang et al. also designed PIL-modified magnetic nanoparticles based on a
dispersion SPE method, which was combined with HPLC–UV to detect trace levels of pesticides in
fruits and vegetables [115]. PIL materials could also be reused multiple times.
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4. Preparation of Carbon-Based Composites

Carbon-based composites are widely used as catalysts, electrode and luminescent materials as
well as super capacitors [21]. Carbon-based composites are typically synthesized by pyrolysis of raw
biomaterials or polymers at high temperatures [116,117]. IL-based approaches to prepare carbon-based
composites also attracted attention [118] mostly because of the unique properties of ILs [119,120].
For instance, ILs could be used as solvents for the synthesis of carbon materials from biomass [121], or
IL cations or anions could act as porogens to create porous carbons [122], or even as carbon or nitrogen
sources to produce carbon-based composites [123]. All these and similar methods when combined
with microwave irradiation offer even more effective and economic methods to develop and design
various carbon-based composites.

4.1. Carbon Dots/Nanodots

Carbon dots (CDs) have excellent luminescent properties, good solubility and biocompatibility
because of their quantum properties [124]. Conventional CD syntheses usually occur at high
temperatures. Usage of ILs could offer a larger temperature range for CD synthesis because of
the unique physical and chemical properties of ILs [125]. ILs can also be used as solvents, carbon
sources, modifiers for CD syntheses, etc. Microwave irradiation, which could be combined with ILs,
can also be implemented to synthesize CDs especially with biomaterials as initial compounds [123].
Jeong et al. reported a novel approach to produce CDs from biomaterials [126] using just microwave
irradiation: They fabricated CDs based on regenerated cellulose (RC–CDs) from recycled paper.
They combined microwave irradiation with a 1-allyl-3-methylimidazolium chloride ([Amim]Cl) IL
to extract cellulose from the recycled paper, which was then dissolved in the IL. Cellulose was then
regenerated by adding absolute ethanol, after which the IL was recovered. RC–CDs exhibited low
cytotoxicity and excellent fluorescence properties for potential bio-applications.

Rice straw, a common bio-resource, was also used as a raw material to fabricate photo-luminescing
CDs by the MAIL method with an [Amim]Cl IL [127]. The IL helped to extract and dissolve cellulose
from the rice straw and provided nitrogen as a heteroatom to obtain N-doped CDs. The resulting CDs
were spherical and had a high quantum yield. Moreover, they were also used as efficient and very
responsive Fe3+ sensors with a very low detection limit.

Very recently, Pham-Truong et al. used glutamine and glucose as carbon and nitrogen sources,
respectively, to synthesize nano-CDs by the MAIL method using a 1-ethyl-3-methylimidazolium
ethylsulfate ([Emim][EtSO4]) IL [125]. The resulting products demonstrated presence of pyridinic and
graphitic nitrogen as well as imidazolium and the IL anion on their surfaces. The source of graphitic
nitrogen was from the imidazolium ring in the IL. Oxygen reduction measurements showed that both
CDs have promising electrocatalytic activity. However, CDs generated under the presence of glucose
and the IL exhibited the highest efficiency (up to 90%) towards H2O2 production.

Liu et al. also used ILs as a carbon source to prepare fluorescence CDs by one-step microwave-assisted
pyrolysis of a mixture containing a 1-vinyl-3-aminopropyl imidazolium ([PAVIm]Br) IL and
ethylenediamine [128]. During their synthesis, the IL acted as a carbon source and ethylenediamine
served as a nitrogen source for doping and as a surface passivating agent. The resulting CDs exhibited
outstanding photoluminescence properties useful for detection of Cr(VI) as well as for temperature and
pH values. Safavi et al. suggested adopting the MAIL method for a simple and efficient preparation of
blue-luminescing CDs with narrow particle size distribution [129]. They used a N-octylpyridinum
hexafluorophosphate IL as a microwave absorber and as a carbon source. The same CDs were used for
effective catalytic degradation of azo dyes.

4.2. Carbon Nanoparticles

Carbon nanoparticles (CNPs) are other fluorescent materials used in many applications because
of their outstanding properties such as fluorescence, low cytotoxicity and excellent biocompatibility.
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Xiao et al. group was the first to report microwave-assisted one-step synthesis of CNPs derived
from ILs. Their CNPs were monodisperse with strong fluorescence and good water solubility [130].
They employed a [Bmim][BF4] IL as a carbon and nitrogen source as well as different microwave
irradiation times to design various CNPs. The whole process was eco-friendly and economical
without any complex procedures or toxic reactants. These as-prepared CNPs were incorporate into
a novel fluorescence probe for quercetin detection. Wei et al. fabricated a CNP/ionic liquid (CNPIL)
hybrid by exposing 1-butyl-3-methylimidazolium glutamine salt (as the IL) and glucose to microwave
irradiation [131]. The resulting CNPIL showed excellent conductivity and dispersibility in organic
and/or aqueous solvents. These CNPIL also demonstrated outstanding photoluminescence properties
adjustable by specific synthesis conditions.

4.3. Other Carbon Materials

Meng et al. used IL 1-butyl-3-methylimidazolium dicyanamide ([Bmim][N(CN)2]) as a carbon
source to prepare a N-doped carbon membrane under microwave irradiation. This membrane had
high discharge capacity and excellent cyclic performance especially relative to membranes synthesized
from glucose as a carbon source [132]. Because of the absorption properties of the IL, a uniform
and network-like N-doped carbon membrane was coated on the surface of LiFePO4 to improve its
electronic conductivity. Vadahanambi et al. reported a one-pot synthesis of holey-carbon nano-sheets
(hCNS) by microwave carbonization of 1-ethyl-3-methylimidazolium tetrafluoroborate ([Emim][BF4])
in a soft-template [133]. The resulting hCNS were homogeneously distributed spheres 10–20 nm in
diameter, which could be used as potential anode materials for sodium ion batteries.

MAIL technology can also be applied to modify carbon materials. Beggs et al. improved
interfacial adhesion of carbon fibers by treating them in the (1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide) IL under lower-power microwave irradiation (20 W) [134].
Myriam et al. reported modification of CNTs by a newly-developed approach for controlled
functionalization/retro-functionalization of single-walled CNTs using the MAIL method. This method
can be used as a general technique to restore π-conjugated structure of carbon nanotubes and other
carbon allotropes [135].

5. Preparation of Biomass-Based Materials

It is widely known that cellulose dissolves in ILs, and microwave heating can significantly
accelerate the dissolution. Synthesis of biomass-based nanocomposites and products using ILs
significantly broadens biomass application range. Additionally, using biomass as a raw material
satisfies green chemistry principles of sustainable resources.

5.1. Cellulose-Based Composites

Recently, cellulose-based composites attracted a lot of attention as green materials.
These composites enrich the family of green materials and expand usage of biomass for high value-added
applications. Combination of cellulose with metals yields even more outstanding properties useful for
biomedical applications [136]. During the synthesis of cellulose-based composites, ILs not only act as
templates and solvents, they also have outstanding contribution to the dissolving capacity of cellulose.
Based on these properties Jia’s group first developed MAIL technology to synthesize cellulose-based
nanocomposites [137]. They prepared cellulose/calcium silicate nanocomposites using fresh and
recycled ILs. They used [C4mim]Cl as a solvent to dissolve microcrystalline cellulose and microwaved
the solution to 110 ◦C for 20 min. Ca(NO3)2·4H2O and Na2SiO3·9H2O were added as precursors. SEM
of the nanocomposites synthesized by fresh, recycled and twice-recycled ILs are shown in Figure 9.
Sizes and microstructures of the final products were different depending on which IL was used.
Their team also synthesized cellulose/CuO and cellulose/CaCO3 using MAIL methods [138,139] with
[Bmim][BF4] and [Bmim]Cl ILs, respectively. Both of these ILs are excellent for dissolution of cellulose
and as microwave absorbents. Microwave-heating time and IL:cellulose ratio significantly affected the
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size and morphologies of the nanocomposite. Cellulose/CaCO3 nanocomposites synthesized using
this method demonstrated good biocompatibility, which is useful for biomedical applications. Thus,
this synthetic method opens a new way for cellulose applications.

 

Figure 9. SEM micrographs of the cellulose/calcium silicate nanocomposites synthesized in (a,b) the
starting ionic liquids, (c,d) the once-recycled ionic liquids, and (e,f) the twice recycled ionic liquids [137].
Copyright Elsevier, 2011.

Sharma et al. [140] prepared superabsorbent nanocomposite from sugarcane bagasse (SCB),
chitin and clay by the MAIL method with a 2-hydroxy ethyl ammonium formate (HEAF) IL. SCB
and chitin were first suspended in separate HEAF solutions and then allowed to precipitate. After
mixing appropriate amounts of initiator, monomer and crosslinker, they obtained a nanocomposite
with over 1000% swelling degree upon microwave irradiation for 24 h. They also found that these
nanocomposites exhibited high microbial resistance and recyclability with a swelling degree even
greater after each recycle.

Wood fibers can also be used as raw material to fabricate transparent film composites.
Lu et al. obtained a highly transparent all-cellulose film with less time and better performance
(than conventional techniques) by using MAIL technology [141]. They used an IL as a solvent to disrupt
stiff structure of the wood fibers: the IL broke hydrogen bonds between or/and inner cellulose chains.
Meanwhile, microwave irradiation increased the temperature of the system very quickly during the
synthesis, which resulted in higher efficiency.

Cellulose-ZnO nanocomposite [142], cellulose-SnS2 composites [143], cellulose/CaF2 nanocomposites
and cellulose/MgF2 nanocomposites [144] were also successfully synthesized using the MAIL method.
Thus, choice of IL and microwave conditions affect morphologies and properties of the resulting
nanocomposites. This method of preparation of novel materials opens a lot of possibilities for current and
future cellulose-based nanocomposites.

5.2. Production of 5-Hydroxymethylfurfural

An IL was also used in 5-hydroxymethylfurfural (5-HMF) production from biomass with
high efficacy. 5-hydroxymethylfurfural (5-HMF) is one of the top bio-based platform compounds,
which acts as an important intermediate product to obtain fine chemicals, pharmaceuticals and
biofuels [145]. 5-HMF is also a key building block and a starting point for synthesis of 2,5-dimethylfuran,
2,5-diformylfuran, 2,5-furandicarbaldehyde and 2,5-furandicarboxylic acids (see Figure 10) [146].
5-HMF can be obtained from fructose, glucose or cellulose by hydrolysis, dissolution and acid-assisted
catalysis. However, the yield of 5-HMF when produced from biomass or cellulose is unsatisfactory.
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Thus, ILs can be used in 5-HMF production from biomass because of its attractive cellulose dissolving
ability. In fact, MAIL methods for 5-HMF production from cellulose were indeed reported [147].

Figure 10. Schematic illustration of the steps for cellulose to HMF [148]. Copyright Elsevier, 2009.

Early reports on the application of MAIL method for 5-HMF production were generated by Prof.
Li’s and Qi’s team. They both used CrCl3 as a catalyst, 400 W MW as a heating source and [C4mim]Cl
and [Bmim]Cl as ILs, respectively [148,149]. Their groups achieved 61% and 71% yields for 5-HMF,
respectively. They used ILs as solvents for the acid-catalyzed dehydration. At the same time, chloride
anions in ILs contributed to the isomerization of glucose into fructose. [C4mim]Cl also acted as a
scavenger for water: Water is often responsible for low yields as it decomposes freshly-formed HMF
during its synthesis. Compared to conventional heating methods, MW reduced reaction time to
30 s, which was possible because of excellent dielectric properties of ILs. Prof. Qi et al. [149] tested
recyclability of the system and demonstrated that ILs/CrCl3 could be recycled without compromising
its performance.

Usage of ILs as solvents implies that high amounts IL are often needed during the synthesis.
Qu et al. proposed to use ILs as catalysts (instead of as solvents) to convert microcrystalline cellulose to
5-HMF to make the process more economical and environmentally friendly [150]. The highest yield of
5-HMF was 28.63% when 1,1,3,3-tetramethylguanidine tetrafluoroborate ([TMG][BF4]) was applied as
a catalyst under microwave irradiation at 132 ◦C for 48 min. Very recently, Zhang et al. developed a
process to produce 5-HMF generation from cellulose at mild temperatures (~80 ◦C) using microwave
irradiation for 3 h [151]. Their catalyst was a fluorine anion-containing IL functionalized with
biochar sulfonic acids (BCSA-IL-F1–3s), which can be simply synthesized by ionic exchange of
1-trimethoxysilylpropyl-3-methylimidazolium chloride (IL-Cl) grafted on the BCSA with CF3SO3H
(HF1), HBF4 (HF2), HPF6 (HF3), respectively. The highest yield of 5-HMF was 12.70%–27.94%.

5.3. Production of Furfural

Furfural is an important high value-added platform chemical derived from lignocellulosic biomass,
such as corncobs, bagasse, wood chips and switchgrass. Furfural has great platform potential for
the simultaneous production of fuels including methyl-tetrahydrofuran and liquid alkanes [152].
Serrano-Ruiz et al. proposed an efficient pathway for the production of furfural from C5 sugars
and lignocellulosic waste catalyzed by Brönsted acidic ionic liquids (1-(4-Sulfonylbutyl) pyridinium
methanesulfonate) under microwave irradiation (100 W, 150 ◦C). The yield of furfural was 85% and
45% for C5 sugars and lignocellulosic waste, respectively [153]. After that, Zhang et al. studied the
conversion of xylan and lignocellulosic biomass (corncob, grass and pine wood) into furfural catalyzed
by AlCl3 in [Bmim]Cl at 170 ◦C for 10 s microwave. The highest furfural production was 84.8% for
xylan and 16%–33% for lignocellulosic biomass. Meanwhile, [Bmim]Cl and AlCl3 could be recycled for
four runs with stable catalytic activity [154].

Zhang’s work focused on the conversion of lignocellulosic biomass into HMF and furfural at
the same time in [C4mim]Cl in the presence of CrCl3 under microwave irradiation [155]. Corn stalk,
rice straw and pine wood treated under typical reaction conditions produced HMF and furfural in
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yields of 45%–52% and 23%–31%, respectively, within 3 min. da Silva Lacerda et al. also produced
HMF and furfural from lignocellulosic materials with a yield of 53.24% at optimized condition [156].
The analysis result showed that when an additional 15 min ultrasonic pretreatment is also conducted,
microwave treatment combined with stirring could result in the best production yields. The reports
described above should be valuable to facilitate cost-effective conversion of biomass into biofuels.

5.4. Production of Reducing Sugar

Bio-ethanol energy, as a renewable resource, gets increasing attention recent years. Reducing
sugar hydrolyzed from cellulose and hemicelluloses can be relatively easy fermented to bio-ethanol.
The application of ILs and microwaves in biomass hydrolysis cannot only obtain a high yield of
reducing sugar, but also achieves high efficiency. Chen et al. proposed an effective and profitable
process with [Amim]Cl as catalyst to produce reducing sugars from the hydrolysis of straw under
microwave heating [157]. The highest yield of glucose and xylose can attain 29.1% and 24.3%,
respectively. Hou et al. also achieved high sugar yield by optimized microwave-assisted [TBA][OH]
pretreatment [158]. They suggested that the combined effect leads to the violent deconstruction of lignin
and hemicelluloses, the crystalline region broken and an eroded, pored and irregular micro-morphology,
which contribute to the high sugar yield.

6. Mechanisms Involved in MAIL Methods

There are several mechanisms involved in MAIL methods for materials preparation. First of
all, ILs efficiently absorb microwave energy through an ionic conduction mechanism, and thus are
employed as solvents and co-solvents, leading to a very high heating rate and a significantly shortened
reaction time. Yin’s group also revealed that even a small amount of IL could act as microwave absorber
to markedly shorten the reaction time [73]. The above-mentioned results all demonstrate that the
reactions could be completed in a few minutes by means of MAIL methods.

Second, ILs are always used as solvents in biomass-based materials and carbon materials syntheses
mainly due to the cellulose dissolving capacity of ILs. For instance, [Bmim]Cl is usually applied in
biomass dissolution. The imidazolium cation with positive charge acting as electron acceptor and
the chloride anion with negative charge acting as electron donor, interact with oxygen and hydrogen
of -OH bonding of cellulose, respectively and promote the dissolution of cellulose. The hydroxyl
groups on the cation side chain of the ionic liquid along with the anion also interact with the hydroxyl
groups of cellulose, which further weakens hydrogen bonding among the cellulose fibers. Ionic liquids
weaken the hydrogen bonding in cellulose which results in the formation of amorphous regions with
a lower degree of order in the cellulose structure. Dissolution of the amorphous region takes place
initially, followed by reaction of ionic liquid with the crystalline part of cellulose [159]. Based on this
property, various materials were obtained.

Third, ILs are often used as additives in metal structures preparation due to their templating
effect. There are many examples that MAIL method could resulted in different morphologies of
the obtained nanostructured materials above. Ionic liquids play a critical role in the formation of
various structures. Among the reports, imidazolium rings caused great attention in such reactions.
The extended hydrogen-bonding and π-π stack interaction of the neighboring imidazolium rings
enable ionic liquid molecular recognition and self-assembly. As a “supramolecular” solvent, the
self-assembled ability of the IL significantly influences structural orientation in the reaction [160].
Pang et al. proposed the formation of different morphologies from another perspective. These ionic
liquids have a cation head and carbon chain group, therefore they have the aggregation behavior similar
to the surfactant. The aggregates in the solution might also have a function like the soft template for the
growth of the inorganic crystals [161]. Microwave irradiation in some reports accelerates the migration
rate of atoms which contribute to different structures compared with conventional heating method.
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Last, parts of ILs also provide carbon, nitrogen and fluorine resources to the obtained materials,
such as ILs could offer a carbon source to prepare fluorescence CDs [128] and in Chen’s study, the IL
provided a fluorine-rich environment and helped to expose (001) facets of TiO2 [60].

7. Conclusions

The combination of microwave irradiation and ionic liquids (ILs) paves a powerful route towards
high efficiency and low toxicity processes. In this review, applications of ILs in conjunction with
microwave irradiation to prepare different inorganic, polymeric, carbon- and biomass-based materials
were highlighted. ILs can be used as microwave absorbers, solvents, additives, templates and reactants.
As ionic conductors, ILs absorb microwaves, which benefits heating processes. As solvents, ILs
are low toxicity and, at the same time, are outstanding for cellulose dissolution. When used as
additives, ILs can broaden molecular weight distribution of the resulting polymers. As templates,
different types of ILs with different doses could control morphologies and properties of the resulting
nanostructures. As reactants, ILs act as abundant carbon and nitrogen sources. Furthermore, some
researchers suggested that ILs are recyclable and can be reused without loss of their performance.

Despite numerous achievements, several limitations still exist in the development of MAIL
technology. First, only limited numbers of ILs were applied to prepare common materials, such as
[Bmim]Cl and [Bmim][BF4]. Development and application of other none toxic types of ILs still need
further scientific exploration. Second, there is still a lack of knowledge on the exact mechanism between
microwaves, ILs and nanostructures or polymers. Thus, future research should focus on providing
more experimental examples for better understanding these interactions. Third, recyclability of ILs has
very important economic as well as environmental benefits for current and future technologies. Yet, it
is still challenging to comprehend all the details of the processes and reactions related to ionic liquid
recovery process. Finally, it is also essential to develop the large-scale industrial application of this
method in the future.

In summary, this review provided literature-supported evidence of advantages of synthesis
techniques involving microwave irradiation of IL-containing systems to obtain various functional
materials. The goal of this review paper was not only to convey remarkable recent developments of
this synthetic technology, but also to inspire the readers to study this novel and effective route for the
new materials preparation even further.
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