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Introduction

The future biobased economy will be realized by
industrial biorefineries that produce sustainable
biofuels and multiple bioproducts from renewable
biomass sources. As energy demand rises and
fossil reserves dwindle, societies will need new
resources for sustainable energy and green chem-
istry sectors. Over the last decade, great efforts
and remarkable progress have been made, in
developing scalable technologies for conversion
of nonfood lignocellulosic biomass to biofuels
and biobased chemicals that could replace petro-
leum-based products.

In the biochemical conversion processes of
biomass-to-biofuel, renewable chemicals and
materials, it is essential to enhance high
© Springer Nature Singapore Pte Ltd. 2022
S. Zhang (ed.), Encyclopedia of Ionic Liquids,
https://doi.org/10.1007/978-981-33-4221-7
conversion yield of all biomass components that
are source of sugars and aromatics. A critical role
in this effort is the conversion of cellulose, hemi-
cellulose, and lignin fractions from lignocellulose
biomass to C6/C5 sugars and aromatics for pro-
cessing these precursors to intermediate products
toward a wide variety of biochemicals through
fermentation or chemical catalysis. One of the
major challenges in this conversion is related to
the need of biomass fractionation into its compo-
nents (i.e., cellulose, hemicelluloses, and lignin),
and processing of heterogeneous lignocellulose
biomass for sugar production.

In this regard, the pretreatment step, which
alters or removes structural and compositional
impediments to digestibility of the plant cell wall
polysaccharides, is highly essential and represents
a central unit operation affecting the overall yields
and the economic viability of biorefinery system
[1]. Since the digestibility of cellulose in lignocel-
lulosic biomass is impeded by various chemical
and physical factors, an efficient pretreatment of
lignocellulosic biomass is required in order to
deconstruct the complex, highly cross linked and
recalcitrant matrix involving carbohydrates and
lignin, and to achieve the maximum sugar
released [2].

In general, the success of any pretreatment
highly depends on physicochemical properties of
the pretreated feedstock as well as the employed
conditions [3]. Biomass pretreatment conditions
are optimized based on the accessibility of the
biopolymers, which is generally indicated by

https://doi.org/10.1007/978-981-33-4221-7
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sugar yields. Throughout the years, many differ-
ent pretreatment processes were developed (e.g.,
steam explosion, hot water, dilute acid, alkaline,
sulfite pulping, mechanical pulping, and
organosol processes). Recently, significant pro-
gress has been made with ionic liquid
(IL) pretreatment [4] due to their unique solvation
properties, disrupting the intermolecular forces
that hold biomass biopolymers together and supe-
rior performance compared to other types of pre-
treatment processes.

Typically, biomass is mixed with IL and heated
to 120–160 �C during pretreatment process, so
that IL could penetrate into the lignocellulosic
matrix, enable some solubilization of the main
components, partially remove lignin and/or car-
bohydrates, and delocalize their moieties. Several
ILs are very effective at breaking biomass tissues,
which also facilitates lignocellulosic biomass dis-
solution. In particular, the solubility of lignocel-
lulose in ILs has been reported in various ILs. In
fact, the correlation between the hydrogen bond
basicity of the anion and the solvation ability of
ILs to swell and/or dissolve biomass has been
studied in literature [5]. Thus, the carbohydrates
(i.e., cellulose and hemicellulose) are accessible
for hydrolysis with high cellulose conversion.
There have been thousands of different structures
described in the literature. This opened up the
possibility of tuning the properties of the ILs to
match a specific application. The studies demon-
strated the ability of certain ILs to promote the
dissolution of cellulose, through interaction with
the anion and to dissolve and remove lignin from
biomass [6]. It has been shown that IL pre-
treatment of biomass is very effective in fraction-
ation of carbohydrates from lignin in a wide range
of feedstocks such as herbaceous biomass, soft-
wood, hardwood, agricultural residue, and densi-
fied pellets of mixed feedstocks as well; thus, it is
considered to be a robust feedstock-agnostic pre-
treatment technology [4].

More information and details about IL-based
lignocellulosic biomass pretreatment can be found
in an excellent book chapter, which summarizes
performance of the most common ILs on various
feedstocks, employing different pretreatment con-
ditions [7]. In particular, the authors provide
comprehensive data to define the overall
efficiency of IL pretreatment as a function of
parameters such as biomass tissue type, solid
loading, and severity (temperature/time).

Among the ILs that have been utilized on
biomass-related research, imidazolium-based
ILs, in particular 1-ethyl-3-methylimidazolium
acetate ([C2C1Im][OAc]), are widely used and
chosen as the gold standard for biomass pro-
cessing. This IL has been proven to be superior
in terms of biomass solubilization and sacchari-
fication yields, with >90% and at both lab and
pilot scale tests [8, 9]. However, both cost and
recyclability render challenges for its commer-
cial feasibility, resulting in being less competi-
tive compared to other biocompatible and
cheaper ILs. For example, cholinium-based ILs
such as cholinium lysinate [Ch][Lys] are less
expensive and still facilitate efficient biomass
fractionation, which is highly desirable for
biorefinery [3, 5, 10].

Since the use of ILs is a relatively new
approach to pretreat and fractionate lignocellulose
materials, ILs conversion technologies are still at
early stage with research focusing on developing
new ILs, processes, and concepts in order to
reduce or eliminate water wash step due to the
inhibition effect to downstream biological conver-
sion steps. This entry discusses the experimental
outcomes of pilot scale studies related to IL pre-
treatment, in consideration of various process
configurations and different feedstocks. In partic-
ular, conventional water-wash route followed
by enzymatic or acid hydrolysis is compared
to results from the recent developed “one
pot”-consolidated approach. Figure 1 shows two
common approaches for IL-based biomass con-
version pathways. Table 1 summarizes bench to
pilot scale studies on sugars production from lig-
nocellulosic raw materials, adopting various pro-
cess configurations and IL pretreatment at various
conditions.

We also provide a brief overview of different
ILs used for pretreatment along with their effect
on biomass chemical-physical properties, consid-
ering the parameters affecting the performance
and reported data on process optimization. The
information will help to identify the current
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Fig. 1 Process
configurations for
conversion of IL-pretreated
biomass to advanced
biofuels: (a) fully separated
unit operations; (b) one pot
deconstruction and
saccharification [4]
(By kind permission of
Royal Society of Chemistry,
license
no. 4617060721104)
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technical challenges and the scenarios of IL pre-
treatment for future biorefineries.
S

Process Configurations of IL
Pretreatment

Different solid loadings, temperatures, retention
times, and various types of ILs were investigated
at bench or pilot scale for biomass conversion.
As mentioned above, the most common IL
tested in pilot scale studies is imidazolium-
based IL[C2C1Im][OAc] [8]. Few other scale-up
studies reported the performances observed
by using other ILs such as chloride-based
ILs, 1-butyl-3-methylimidazolium chloride ([C4

C1Im]Cl), and 1-ethyl-3-methylimidazolium
chloride ([C2C1Im]Cl) that were used followed
by acid hydrolysis to produce sugar monomers
[11]. While only tested at bench scale, protic ILs
are receiving more attention in lignocellulose
fractionation studies, where up to 85% of the
lignin solubilization and sugars yields >77%
were found after pretreating herbaceous feed-
stocks with triethylammonium hydrogen sulfate
[12]. Moreover, the potential of using protic ILs in
one-pot configuration without pH adjustment was
suggested by Sun et al. [13], who successfully
employed the whole slurry derived from pre-
treated switchgrass with ethanolamine acetate
([EOA][OAc]) for simultaneous saccharification
and fermentation (SSF) to produce ethanol at high
yields (no water wash, solid-liquid separations, or
pH adjustment).

Even though bioderived ILs, “bionic liquid,”
such as cholinium lysinate [Ch][Lys] show prom-
ising results on lab scale level [3, 10], no large-
scale demonstration has been reported in literature
on the use of this IL in conventional water wash
approach. On the other hand, this renewable IL
has been successfully employed at pilot scale with
the integrated system approach and evaluation of
process scale-up-assessed technical feasibility of
this process configuration and significant
improvements in process economics [14].
Conventional Process with Water Wash

As shown in Fig. 1a., the conventional IL pre-
treatment process consists of three steps: mixing,
washing, and solid/liquid separation. In the first
step, the reaction takes place by mixing the IL
with biomass. In the second step, an antisolvent,
typically water or ethanol, is used to wash off the
IL from the regenerated or undissolved biomass.
The addition of antisolvent also results in precip-
itation of dissolved macromolecules; thus, one
solid mass (precipitated and undissolved) is
recovered. Lignin and xylan that stay soluble
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sion Processes, Table 1 Comparison of scale-up studies
on sugars production from lignocellulosic raw materials,

adopting various process configurations and ionic liquid
pretreatment at various conditions

Lignocellulosic
substrate Ionic liquid

Process
configurations
Pretreatment
conditions
(solid loading,
temperature,
and time)

Reactor
volume

Total mass
pretreated
kg

Yield after
saccharification %

ReferenceGlucose Xylose

Switchgrass [C2C1Im]
[OAc]

Conventional
water wash
15% solid,
160 �C, 3 h

10 0.9 95 77 [20]

Mixed
feedstocks
(switchgrass
and eucalyptus)

[C2C1Im]
[OAc]

Conventional
water wash
10% solid,
140 �C, 1 h

10 0.6 99.7 62.8 [8]

Switchgrass [C2C1Im]
[OAc]

Conventional
water wash
15% solid,
160 �C, 2 h

210 6 83.1 30.7 [15]

Municipal solid
waste (MSW)

[C2C1Im]Cl
[[C4C1Im]Cl

One pot IL
acidolysis
10–15% solid,
120–160 �C,
2 h

10 0.34–0.51 58 35 [17]

MSW/corn
stover blends

[C2C1Im]Cl
[C4C1Im]Cl,
0.6–1.8%
HCl

One pot IL
acidolysis
10–15% solid,
120–160 �C,
2 h

10 0.34 44.5–70.9 34.6–55.7 [11]

Sorghum Water:[Ch]
[Lys] (9:1,
w/w)

One pot
consolidated
30 and 20%
solid, 140 �C,
1 h

1 0.07 75 � 1.2 57 � 3 [14]

Sorghum Water:[Ch]
[Lys] (9:1)

One pot
consolidated
30 and 20%
solid, 140 �C,
1 h

10 2.3 88 � 1.1 57 � 0.8 [14]

Sorghum Water:[Ch]
[Lys] (9:1)

One pot
consolidated
30 and 20%
solid, 140 �C,
1 h

210 17.5 68 � 0.5 63 � 0.3 [14]
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during precipitation and washing steps could be
extracted or recovered by water or solvent
removal. In the third step, the solid with features
which are helpful for efficient enzymatic hydro-
lysis, such as disrupted matrix structure, altered
fibrillar structure, increased surface area, less
crystallinity of cellulose, and less lignin content,
is recovered. Then this material is subjected to
enzymatic hydrolysis, where the long-chain car-
bohydrates (cellulose and hemicellulose) are
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converted to water-soluble monosaccharides. Any
remaining solid is collected as lignin-rich residue.
Conventional IL process (i.e., water-wash route)
requires extensive washing procedure of the pre-
treated biomass to remove residual ILs to avoid
inhibition effect in the downstream saccharifica-
tion and successive fermentation. This process
could result in losses of soluble sugars and gener-
ate large volumes of waste water.

Since 2010, biomass pretreatment, using
imidazolium-based ILs, has been reported in the
literature. However, the majority of the reported
pretreatments have been performed using low
biomass loadings (3–15 wt.%) and only at lab
scale [5, 9].

Investigations on the scale-up effect of water-
wash conventional IL pretreatment can be found
in studies by Li et al. [8], who evaluated the
response of mixedmilled feedstock in comparison
with two single feedstocks (i.e., switchgrass and
eucalyptus), to [C2C1Im][OAc] pretreatment
performed at solid loading of 10% (w/w) and
temperature of 160 �C for 3 h. After pretreatment
of 0.6 kg biomass with 5.4 kg IL [C2C1Im][OAc]
in a 10 L Parr reactor, 6 L hot water was added to
the slurry to remove the IL from precipitated
biomass. A further homogenization step was
conducted by employing additional four water-
wash cycles (9 L DI water each time) to mechan-
ically break the gel and facilitate IL removal with
water. They found a significant biomass loss into
the water washes due to the solubilization of com-
ponents such as xylan, lignin, and other extrac-
tives during pretreatment with IL. They concluded
that solid recovery and prevention of gel forma-
tion could be improved with scaling to higher
solid loadings, larger volumes, and milder sever-
ity. The authors also investigated the enzymatic
hydrolysis performance and found rapid sugar
release with maximum sugar titers of 62.1 g L�1

for glucose and 15.0 g L�1for xylose (i.e., 95.9
and 98.3% glucose and xylose, based on glucan
and xylan in pretreated biomass), after 72 h
saccharification.

In a more recent study [15], the authors dem-
onstrated [C2C1Im][OAc] pretreatment on switch-
grass at 40 kg scale in a 210 L reactor with high
sugars yields (i.e., 83.1 wt% of glucan and 30.7wt%
of xylan conversion based on initial carbohydrate
content) after 166 h enzymatic hydrolysis. The IL
pretreatment was conducted at 160 �C for 2 h with
15 wt% solid loading; a relative high dissolution of
biomass (>40 wt%) was observed. In particular,
56.6 wt% of the starting switchgrass (6 kg) was
recovered as solids after washing and solid/liquid
separation. This pilot scale study provided a full
mass flow, with valuable data tracking the solid
and liquid streams, and showed that >95 wt% glu-
can was preserved in the IL-pretreated material with
>60 wt% xylan removed in liquid stream. They
suggested to recover soluble sugars from aqueous
stream; however, this process has only been demon-
strated at lab scale studies.
One-Pot Biomass Conversion: Acidolysis
Process

Acid catalyst has been used to hydrolyze poly-
saccharides to monosaccharides following IL pre-
treatment, which could potentially provide an
enzyme-free process with significant reduction
of the processing time and material cost
[16, 17]. It was reported that over 80% glucose
and 90% xylose were released with the integrated
IL-acidolysis process at lab (10 g) and bench (6 L)
scale. Biomass pretreatment was carried out at
either 105 �C/6 h or 160 �C/1.5 h in chloride-
based ILs such as [C4C1Im]Cl or [C2C1Im]Cl.
At the end of the pretreatment, the temperature
was maintained at 105 �C, and acidolysis takes
another 1 h. Water was added either at defined
time intervals (0 min, 10 min, 20 min, 30 min, and
60 min) or continuously pumped in during
acidolysis. It was found that time intervals for
water addition played an important role on the
sugar yields, which is attributed to the kinetics of
the glucose hydrolysis. Maximum glucose yields
occur at the expense of reduced xylose yields. At
more severe process conditions, more glucan can
be hydrolyzed, but this also results in spontaneous
xylose degradation. The maximum solid loading
was tested at 15% (w/w) with 15 g/L glucose and
7 g/L xylose in the hydrolysate [16].
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One-Pot Biomass Conversion: Bionic
Liquid Process

The use of bioderived ILs (e.g., cholinium
lysinate ([Ch][Lys]) in a one-pot process has
been showed as an integrated and efficient bio-
mass conversion process eliminating the water-
washing step. The one-pot process was first
reported by Shi et al. [4] with pretreatment of
switchgrass in [C2C1Im][OAc], which was pro-
ved to reduce significantly the water usage by
2–15 fold as compared to the conventional
approach. Progress in one-pot corn stover pro-
cessing using cholinium-based ILs was reported
by Xu et al. [18]. Over 80 g/L glucose was
achieved in the hydrolysate with high-gravity
experiments (i.e., fed-batch with solid loading
>30%), and 41.1 g/L (74.8% theoretical yield
based on glucose) ethanol was obtained with
yeast fermentation. Techno-economic analysis
(TEA) showed significant economic and environ-
mental benefits for cellulosic biorefineries by
reducing the amount of IL required by 90% and
Scale-Up of the Ionic
Liquid-Based Biomass
Conversion Processes,
Fig. 2 The fully
consolidated process
eliminates the requirement
for IL separation prior to
saccharification and
fermentation but requires
IL-tolerant enzyme
cocktails and an IL-tolerant
host organism. Separation
of both fuel molecules and
residual ionic liquids can
then be consolidated into a
single step following
fermentation [14]
wastewater generation by 85%. In turn, these
improvements can reduce net electricity use,
greenhouse gas-intensive chemical inputs for
wastewater treatment, and waste generation. The
result showed an overall 40% reduction in the cost
of cellulosic ethanol produced and a reduction in
local burdens on waste management infrastruc-
ture. Additional encouraging results were
obtained at laboratory scale [13], using the low-
cost protic IL (PIL) ethanolamine acetate, which
demonstrated improvement of the economic per-
formance and opened avenues for developing effi-
cient IL-based biomass conversion technology.

The [Ch][Lys]-based one-pot process has been
scaled up at the Advanced Biofuels and
Bioproducts Process Development Unit
(ABPDU) in a recent study [14]. The study pre-
sented a scalable separation-free process to con-
vert lignocellulosic biomass to an advanced
biofuel, revealing the feasibility of integrating
most of the biomass conversion unit operations
within the biorefinery (Fig. 2). The authors dem-
onstrated bisabolene production, a sesquiterpene
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diesel and jet fuel precursor, from milled sorghum
(<2 mm). The pretreatment and hydrolysis steps
were conducted in a 210 L vessel, with a total
working mass of 17.5 kg. The C5-C6 sugars in the
sorghum hydrolysate were further fermented with
genetically modified R. toruloides in a 50 L bio-
reactor without solid-liquid separations or water-
washing steps.

The process conditions and sugars yields are
summarized in Table 1. By conducting [Ch][Lys]
pretreatment (140 �C for 1 h) of sorghum at 30%
solid loading and diluting to 20% for enzymatic
saccharification, the authors compared the sugars
yields of three scales (i.e., 1 L, 10 L, and 210 L
reaction vessels). The improvement in perfor-
mance with process scale-up (over 87% glucose
and 80% xylose released) was ascribed to the
improved dynamics on mass transfer during the
mixing in the larger-scale reactor. The fermenta-
tion scale-up experiments were also conducted in
different scales of fermenters with working vol-
ume: 2 and 20 L. Higher bisabolene production
was obtained at larger scale with 2.2 g/L
bisabolene produced at 20 L fermentation. This
was attributed to a combination of improved
mixing, media composition, oxygen transfer, DO
control, and pH control in the bioreactor. This
work was the first scale-up study to demonstrate
a separation-free IL-based process for biomass
conversion and the first to demonstrate full con-
sumption of sugars and organic acids in the
presence of [Ch][Lys]. With further optimization
and by routing additional carbon flux to the
mevalonate pathway, improved bisabolene titers,
rates, and yields could be achieved.
Application of the Residual Lignin
Fraction

After pretreatment and hydrolysis steps, the solid
stream is rich in lignin (40–80%) and could be
further upgraded after further carbohydrates
removal. Catalytic hydrogenolysis of the lignin
stream after biomass conversion using the [Ch]
[Lys]-based one-pot process is reported by
Carrozza et al. [19]. The lignin-rich fraction was
recovered after enzymatic saccharification and
converted to low-molecular weight aromatic phe-
nolic compounds through catalytic hydro-
genolysis reactions. Maximum 35% (wt% on
lignin basis) lignin monomers such as guaiacol,
phenol, syringone, acetosyringone, etc. are
relseased by reduction over metal catalysts Pd/C
and NiSO4. The insights gained from this work
contributed to better understanding of the lignin
stream generated during [Ch][Lys]-based process.
Outlook and Perspectives

IL is a promising pretreatment technology with
advantages including feedstock agnostic, efficient
sugar conversion, fast kinetics, and consolidated
process configuration. However, there are still
challenges to make it an economic viable process.

Increased biomass loading during pretreatment
and saccharification is crucial to generate enough
sugar concentrations for fermentation. Since most
of the lignocellulosic feedstocks contain 30–40%
of polysaccharides, high biomass loading (>
30%) is needed so that the fuel product could be
recovered [20]. The high solid loading also leads
to economic benefit by cutting costs associated
with water consumption and IL usage. On the
other hand, high solid loadings pose process chal-
lenges such as reduced mass and heat transfer and
material handling which could affect the sugars
yield [21]. With >15% solid loading, there is no
free liquid due to the hydroscopic properties of the
biomass. Continuous reactors (e.g., extruders)
may allow improved solid loading and mass/heat
transfer in this regard.

Up to now, the most hitch in the commercial-
ization of biomass conversion employing ILs is
the IL recyclability, and the recovery and reuse of
ILs has not been proved at large scale, albeit
promising techniques, such as membrane-based
processes (i.e., nanofiltration, pervaporation,
reverse osmosis, and electrodialysis) are currently
under development and stimulating scientific
community to keep working on this research area.
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Introduction

Effective utilization of biomass is one of the
methods expected to solve future energy prob-
lems. Besides using as a material, biomass has
been used as a fuel. Although it is convenient
and therefore dried biomass has widely been
used as a fuel, energy conversion efficiency by
direct combustion is not so high. Since burning
them generates carbon dioxide, it is not a desirable
energy conversion method. Therefore, effective
utilization of biomass has widely been studied,
but the chemical stability of biomass is the big
issue to transform them into usable materials.
That is, there was no solvent capable of efficiently
dissolving the biomass under mild condition.
Of course, it can be dissolved in some kind of
solvents under heating, but it is not desirable from
the viewpoint of energy balance to input a large
amount of energy to extract energy.

On the other hand, studies on ionic liquids,
which are salts having extremely low melting
point, are active. Since it is a salt, it is studied as
various reaction solvents as a safe substitute for
flammable organic solvents, taking advantage of
the feature of liquids with extremely low vapor
pressure. However, since the performance is not
much different from that of conventional organic
solvents, development as a solvent for chemical
reaction has been rapidly downgraded. On the
other hand, some ionic liquids, having high polar-
ity and the feature of dissolving sparingly soluble
substances, have come to attract keen attention.
Rogers and his co-workers succeeded in
dissolving cellulose by heating pyridinium chlo-
ride and/or imidazolium chloride based ionic
liquids. Since this research, it has been reported
that various highly polar ionic liquids dissolve
cellulose, partial lysis of lignin under relatively
mild conditions, and dissolution (swelling) of bio-
mass itself. Under such a background, ionic liq-
uids with various functions are designed, and a
new flow for biomass treatment is about to be
created.

This entry mentions the introduction of ionic
liquids that can dissolve cellulose and lignin,
which are the main components of biomass, and
discusses a possible method to selectively dis-
solve them or isolate them from biomass.
Dissolution of Cellulose in Ionic Liquids

Early Study with Chloride Salts
It was already found in the 1930s that a solution of
an amine with ethyl pyridinium chloride salt
dissolved cellulose [1]. The chloride salt of ethyl
pyridinium was not recognized as an ionic liquid
at that time, and it was handled as mere addition
salt. After a while, Rogers and his colleagues
in the United States reported dissolution of
cellulose using ionic liquids [2]. Rogers et al.
found that pulp cellulose melts when 1-butyl-3-
methylimidazolium chloride ([C4mim] Cl)
(Fig. 1, left) was heated above 100 �C. When
combined with microwave and ultrasonic treat-
ment, it is said that 25 wt% cellulose solution
can be made, but the disadvantage is that the
melting point of the chloride salt is high.
We have reported that introducing an allyl group
into the imidazolium cation greatly reduces
the melting point of the chloride salt [3]. This is
a rare chloride salt that can be treated as a
liquid at room temperature. In response to this
report, Zhang and colleagues dissolved cellulose
using 1-allyl-3-methylimidazolium chloride salt
([Amim] Cl) (Fig. 1, right) [4]. On the other
hand, Heinze et al. compared chloride salts
with alkyl pyridinium cation and quaternary
ammonium cation and reported that the difference
in cation structure affects the solubility of
cellulose [5].
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Strategy to Design Ionic Liquids to Dissolve
Cellulose Under Ambient Condition
Based on the basic idea that the chloride salt is not
the only solvent of cellulose, there were attempts
to make new ionic liquids from a physicochemical
approach. First, ionic liquids with various anions
were prepared, and correlation with solubility
of cellulose was sorted out through polarity eval-
uation. Kamlet-Taft parameters [6, 7], calculated
empirically from the solvatochromism of dye
molecules, were chosen as polarity parameters.
Three parameters of hydrogen bond donation (α
value), hydrogen bond acceptability (β value), and
bipolarity (π� value) are individually calculated.
We have searched ionic liquids having hydrogen
bonding ability equal to or higher than that of the
chloride salt. As a result of examining a series of
ionic liquids, we have found some ionic liquids
containing carboxylic acid anions such as acetic
acid have equivalent or higher hydrogen bond
ability than chloride salts. It was expected that
an acetic acid-based ionic liquid was effective
for dissolving cellulose, and actually 10 wt% of
cellulose can be dissolved in it at 55 �C. There-
fore, since a series of organic carboxylic acids can
be obtained relatively easily, various carboxylates
have been synthesized and looked for more pow-
erful structure. As a result, as the alkyl chain
length of the carboxylic acid however became
longer, the physical properties of the salt tended
to gradually deteriorate. Therefore, the formate
salt was expected to have good properties, and
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Fig. 1 Typical ionic liquids containing chloride anion
the formate salt has certainly high hydrogen bond-
ing ability and has cellulose-dissolving ability
comparable to that of acetic acid [8]. It was also
found that the formate salt is an ionic liquid with a
lower viscosity than the acetate salt. However, a
series of carboxylate salts are not excellent in
long-term stability and thermal stability. Then
these carboxylates were evaluated not to be excel-
lent solvent for cellulose.

The anion species were investigated further
expanded, and a few new polar ionic liquids
were found instead of chloride salt and carboxyl-
ate. It was found that even a sulfonic acid or
phosphoric acid derivatives were good cellulose
solvents. Synthesis of these salts is not so compli-
cated. For example, they can be obtained
by reacting acid ester with tertiary amine [9].
It was also found to be an excellent point that
high-purity ionic liquids can easily be synthesized
due to no bi-product. To check the cellulose
solubilizing ability of the obtained ionic
liquids, cellulose powder was added and mixed
so as to be 2.0 wt%. As a result, only 1-ethyl-3-
methylimidazolium dimethylphosphate ([C2mim]
(MeO)2PO2) completely dissolved cellulose
under mild stirring at 45 �C for 30 min [10].
This [C2mim](MeO)2PO2 is an ionic liquid that
can dissolve cellulose without causing decompo-
sition like chloride salts. Through this examina-
tion, a few ionic liquids having various phosphate
derivative anions were newly found to be solvents
for cellulose (Fig. 2). All of these phosphate-
based salts were liquid at room temperature. As
a result of differential scanning calorimetry study,
[C2mim](MeO)2PO2 showed a melting point at
around 20 �C, but the other two ionic liquids
showed no melting point, but only the glass tran-
sition temperature. Even when these ionic liquids
were cooled at �20 �C for more than 1 month, no
crystallization occurred. These results show that
] [(MeO)(Me)PO2] [(MeO)(H)PO2]
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MeO
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g. 2 Examples of ionic liquids containing phosphate and
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the newly prepared 1-ethyl-3-methylimidazolium
methylphosphate ([C2mim](MeO)(H)PO2) and
[C2mim] (MeO)(Me)PO2 maintain a stable
super-cooled state even at room temperature. It
was revealed that ionic liquids with phosphate
derivative newly prepared have high hydrogen
bond acceptability (β value of 1.0 or more). The
polarity values of ionic liquids capable of
dissolving cellulose are summarized in Table 1.
As obvious from these, the necessary condition of
the hydrogen bond-donating property (α value) is
0.47 or more, and the hydrogen bond acceptability
(β value) is 0.62 or more. These values are good
reference to design new ionic liquids as cellulose
solvents.

On the other hand, the viscosity of these ionic
liquids greatly varies from 100 to 500 cP at 25 �C
depending on the anion structure. For the cellu-
lose solvent, it is desirable that the viscosity be
as low as possible. Among the ionic liquids in
Table 1, [C2mim](MeO)(H)PO2 showed the low-
est viscosity. Regarding these viscosity values,
there is room for improvement as compared with
general-purpose organic solvents. However, some
of these are highly polar ionic liquids with
relatively low viscosity. Furthermore, it was con-
firmed that any newly prepared ionic liquid did
not volatilize and thermally decompose to about
250 �C. There was no weight loss and chemical
Selective Dissolution of Biomass with Ionic Liquids,
Table 1 Polarity parameters of typical ionic liquids used
as solvents for cellulose

Ionic liquid α β

[C4mim]Cl 0.47a 0.87a

[C4mim](MeO)(H)PO2 0.52 1.02

[Amim](MeO)(H)PO2 0.51 0.99

[C3mim](MeO)(H)PO2 0.54 1.00

[C2mim](MeO)(H)PO2 0.52 1.00

[C2mim](EtO)(H)PO2 0.55 1.02

[C2mim](i-PrO)(H)PO2 0.55 1.03

[C2mim](n-BuO)(H)PO2 0.56 1.06

[C2mim]H2PO2 0.52 0.97

[C4mim]MeOSO3 0.59 0.62

[C4mim]CF3CO2 0.62 0.81

[C4mim](MeO)2PO2 0.52 1.00

[C4mim]HCO2 0.56 1.01
aAt 90 �C, because this is solid at 25 �C

S

structure change even when they were heated for
a long time at 100 �C. However, gradual decom-
position was observed when it was kept at high
temperature for a long period of time, so that
further improvement in stability is strongly
desired.

Solubility of cellulose was evaluated in the
prepared ionic liquid, and we found that about
10% of finely powdered cellulose was dissolved
under mild condition within a short stirring time.
The temperature required for dissolving cellulose
varied depending on the ion species used and
final concentration. For example, a 10% cellulose
solution can be prepared by stirring at 45 �C for
30 min when [C2mim](MeO)(H)PO2 was used as
solvent, but [C2mim](MeO)2PO2 required heating
at 65 �C in order to obtain the same concentration
of cellulose solution by stirring within 30 min.
These differences may be due to the difference
in the polarity as well as that in the viscosity of
the system that affects the dispersibility of the
cellulose. Naturally, the temperature required for
dissolution of cellulose can be reduced by pro-
longing the stirring time. In other words, cellulose
can be dissolved even without heating when suf-
ficiently long stirring time was allowed. With
these newly prepared ionic liquids, up to about
8% of cellulose solution can be obtained by stir-
ring for several hours at room temperature.

Dissolution and Extraction of Cellulose from
Plant Biomass
Some biomass samples such as cotton, rice hulls,
coconuts shell, and even disposable chopsticks
were added into polar ionic liquids, and their
dissolution capacity was examined at room tem-
perature or under mild heating. Although the
cotton completely dissolved, all the other samples
were swollen, but most parts were remained insol-
uble. From this experiment, cellulose was con-
firmed to easily be dissolved in polar ionic
liquids, but lignin network and other biomass
staffs are hardly soluble under mild condition.
This result also suggested that cellulose could be
extracted from biomass under mild condition.
Figure 3 shows the result of extracting cellulose
from wheat hull (bran) using polar ionic liquids
such as [C2mim](MeO)(H)PO2 [11]. Bran was



Selective Dissolution of
Biomass with Ionic
Liquids, Fig. 3 Extraction
and separation of cellulose
from bran [11]. (With
permission of Royal
Society of Chemistry)

Selective Dissolution of Biomass with Ionic Liquids,
Fig. 4 Relationship between degree of extraction of poly-
saccharides and inverse viscosity. (50 �C) of a series of ILs
used [11]. (With permission of Royal Society of

Chemistry). (1) [C2mim](MeO)(H)PO2, (2) [Amim]
(MeO)(H)PO2, (3) [C3mim](MeO)(H)PO2, (4) [C4mim]
(MeO)(H)PO2, (5) [C2mim](EtO)(H)PO2, (6) [C2mim]
(i-PrO)(H)PO2, (7) [C2mim](BuO)(H)PO2
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added to this ionic liquid to form 5.0 wt% suspen-
sion (step 1) and then stirred for 10 min at 50 �C
(step 2). Some insoluble components such as lig-
nin have been removed by filtration (step 3), and
then methanol was added to the filtered solution to
precipitate cellulose (step 4). The dried cellulose
obtained was confirmed to have low crystallinity
by X-ray diffraction analysis. All these steps
(especially step 2) can be done to extract cellulose
at room temperature, but it took longer time. After
separation of cellulose and heating, separation of
ionic liquid and methanol can be repeatedly used
as an extraction solvent and a poor solvent to
precipitate cellulose, respectively. Therefore,
since biomass was added and after gentle mixing,
insoluble components such as lignin were sepa-
rated by filtration, this system can be considered
as a closed system. In spite that precipitates are
composed of cellulose, 100% of cellulose cannot
be extracted from bran, and some were still
contaminated in the insoluble part. Further trial
is needed to improve the separation efficiency.

There is an interesting relation between extrac-
tion degree of cellulose (after stirring for 2 h) from
bran and reciprocal viscosity of ionic liquids used
as shown in Fig. 4 [11]. This relation shows that
less viscous ionic liquids are better to extract more
amount of cellulose from bran under the limited



Selective Dissolution of Biomass with Ionic Liquids 1195
stirring time. Since the ionic liquids used here
have almost similar polarity, the difference in the
extraction degree of cellulose (within the limited
time) can be considered to be due to the solution
viscosity.
Dissolution of Lignin in Ionic Liquids

Lignin is the secondmost abundant plant biomass.
Lignin is the cross-linked aromatic polymers
which impart physical strength to maintain the
shape of plants. Since lignin is the component
for structure preservation of plants, they are
quite stable. In other words, it is quite difficult to
dissolve lignin. Generally, wood chips were
treated with strong acid or alkali at high tempera-
ture such as 150 �C or more to partly decompose
the cross-linked structure and solubilize lignin.
However, such harsh condition is corrosive and
needs large amounts of energy. For the effective
use of lignin, we should think about a newmethod
to extract lignin (fragments) without consuming
huge energy. One possible way is the use of wood-
rotting fungus. A lignin-degrading enzyme from
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Fig. 5 Effect of polarity of ionic liquids on the solubili-
zation of soda lignin. The number related to the ionic
the wood-rotting fungus is known to fragmentize
the lignin. With the use of such enzyme, it is
possible to decompose lignin (or wood chip)
under mild condition, but it takes a long time.
To develop innovative method that can decom-
pose and dissolve lignin under mild condition,
many ionic liquids have been tested. There should
be a different strategy to design ionic liquids as
solvents for lignin from that for cellulose.

Strategy to Design Ionic Liquids to Dissolve
Lignin
First, the effect of polarity of the ILs on the
dissolution of lignin has been analyzed. For this
experiment alkali lignin was mainly used.
Alkali lignin is relatively easy to dissolve and
should be a good reference to analyze the physi-
cochemical properties of ionic liquids required for
lignin dissolution. Figure 5 shows the effect of
polarity on the dissolution ability of lignin. Soda
lignin was added to a series of ionic liquid
(numbered from 1 to 18) to reach the final con-
centration of 10 wt%, and the mixtures were
gently stirred at 60 �C for 30 min. The ionic
liquids that could dissolve soda lignin were
1: [Pyr12O1]CH3CO2

2: [Pyr12O1]CF3CO2

3: [Pyr14]CF3CO2

4: [P4444]CH3O(H)PO2

5: [P4448] CH3CO2

6: [C2mim]CH3CO2

7: [C2mim]CF3CO2

8: [C2mim]CH3O(H)PO2

9: [C2mim]CH3SO3

10: [C2mim]N(CN)2

11: [C2mim]CF3SO3

12: [P4444] CH3CO2

13: [P4448] CF3CO2

14: [Mor14] CF3CO2

15: [Pip14] CF3CO2

16: [P4444] N(CN)2

17: [C2mim]BF4

18: [C2mim] [Tf2N]

1

17
18

0.8

liquids which can dissolve soda lignin is marked in red.
Those cannot were plotted in black

S
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depicted as numbers in red in Fig. 5. Namely,
those with numbers 1–10 were confirmed to dis-
solve soda lignin under this condition. Other eight
ionic liquid species could not dissolve soda lignin.
It is obvious that there is a borderline between
these two groups. In other words, different from
the case of cellulose dissolution, soda lignin was
soluble in some ionic liquids having two related
parameters. When ionic liquids with very large β
value were prepared, they could dissolve soda
lignin even small α value such as entry 5 in
Fig. 5. On the other hand, those with relatively
small β value could dissolve soda lignin only
when α value should be large like entries 7, 9,
and 10 in the same figure. Figure 5 is quite helpful
to preliminarily evaluate the ability of ionic liq-
uids to dissolve soda lignin. In other words, solu-
bility of soda lignin can be controlled by selecting
proper counter ion even when cation or anion was
fixed as components of ionic liquids used.

Effect of Water
There is an interesting effect of water addition on
the dissolution of soda lignin. A series of ionic
liquids containing CH3O(H)PO2 anion could
Selective Dissolution of Biomass with Ionic Liquids, Fig.
dissolution degree of soda lignin in them. In this study, anion
dissolve certain amount of soda lignin. Some of
them showed not so excellent solubility, but the
solubility increased by the addition of water as
seen in Fig. 6. As in the case of [P4444] CH3O(H)
PO2, the soda lignin solubility was less than 3 wt
%, but it reached more than 7 wt% after adding
20 wt% water (see Fig. 6, closed black square).
Since pure water is a poor solvent for lignin, the
solubility decreased by the addition of more
amount of water. In some cases, the soda lignin
dissolution ability was found only after adding
water to moderately polar ionic liquids such as
1-ethyl-3-methylimidazolium tri-
fluoromethanesulfonate ([C2mim]CF3SO3). Pure
[C2mim]CF3SO3 can dissolve no soda lignin, but
it becomes possible after adding 10 wt% water.
The β value of [C2mim]CF3SO3 was 0.47. When
both [C2mim]BF4 and [C2mim][Tf2N] were used
(their β value was 0.37 and 0.23, respectively), no
improvement on the soda lignin dissolution was
found after addition of any amount of water. It is
clear that the positive effect of water addition to
improve soda lignin dissolution ability can be
seen only when these ionic liquids have certain
polarity.
6 Effect of water content of a series of ionic liquids on the
species was fixed to CH3O(H)PO2



1: [C2mim]CH3CO2

2: [C2mim]CH3O(H)PO2

3: [C2mim]CF3CO2

4: [C2mim]CH3SO3

5: [C2mim]N(CN)2

6: [C2mim]CF3SO3

7: [C2mim]BF4

8: [C2mim][Tf2N]
9: [P4444]CF3CO2

10: [Pip14]CF3CO2

11: [Pyr14]CF3CO2

12: [Mor14]CF3CO2

13: [C2OHmim][Tf2N]
14: [P4444]N(CN)2

15: [P4444] CH3O(H)PO2

Selective Dissolution of
Biomass with Ionic
Liquids, Fig. 7 Effect of
water addition (10 wt%) on
the solubilization of soda
lignin in a series of ionic
liquids [12] (with
permission of Royal
Society of Chemistry). Red
and black numbers mean
that these ionic liquids can
and cannot dissolve lignin,
respectively. Red arrows
mean the changes of
polarity parameters after
adding water
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Figure 7 summarizes the effect of water addi-
tion on the solubilization of soda lignin in a series
of ionic liquids [12]. As shown in Fig. 7, it is clear
that the addition of water changed the polarity
parameters of the ionic liquids. Generally α
value increased and β value decreased by the addi-
tion of water. The point is that some ionic liquids
gain the solubilization ability of lignin in spite of
decreasing in β value; α value increased to cross the
border (see dashed blue line in Fig. 7) from insol-
uble region to soluble region bywater addition. For
example, in case of [P4444]CF3CO2, this ionic liq-
uid has no power to dissolve soda lignin, but the
lignin turned soluble after addingwater to this ionic
liquid (see Fig. 7, #9). We firstly found such exper-
imental results of enhanced solubility, but we could
not explain the reason why lignin turned soluble
after adding water. Water is a poor solvent for
lignin. Results shown in Fig. 7 considerably helped
us to understand the effect of polarity change on the
solubility change of ionic liquids after water addi-
tion. In small conclusion, water addition is quite
effective to add a power to dissolve lignin to some
ionic liquids only when the polarity changed to
cross the border shown in Fig. 7.

Effect of Hydrogen Peroxide
It is known that the addition of hydrogen peroxide
(H2O2) aqueous solution is a typical oxidation
agent and has bleaching power. So it is easy to
think that the addition of H2O2 to polar ionic
liquids accelerates the dissolution of lignin.
Addition of H2O2 aqueous solution to a series of
carboxylate-type ionic liquids certainly improved
the solubility of lignin. So we challenged to dis-
solve Klason lignin with polar ionic liquids.
Klason lignin powder was preliminarily treated
in an aqueous solution containing 20 wt% H2O2.
After 2 h treatment with H2O2, solubility of
Klason lignin in [C2mim]CH3CO2 at 80 �C was
improved. As seen in Fig. 8, solubility was
improved in some polar ionic liquids. Here in
Fig. 8, numbers and closed circles printed in red
mean Klason lignin was partly soluble in pure
ionic liquids at 80 �C. Font size means solubility
of Klason lignin, for example, the solubility in
[N2222]CH3CO2 (#4 in Fig. 8) was considerably
improved by the pretreatment with H2O2.
Dissolution ability of these ionic liquids was not
only the function of polarity such as α and β
values but also the cation species. This can be
comprehended to be due to the steric effect of
cations to affect the interaction between anions
and (may be hydroxyl groups of) lignin.

It is noteworthy that the most hardly soluble
Klason lignin was solubilized in ionic liquid
below 100 �C. The improved solubility of Klason
lignin was also found when mixtures of polar
acetate-type ionic liquids and H2O2 aqueous solu-
tion were used. However, it is known that the
addition of H2O2 aqueous solution to carboxylic
acids such as acetic acid generates peracetic acid.
This peracetic acid has bleaching power but is
explosive. So the mixture of carboxylate-type



1: [C2mim]CH3CO2

2: [C2OHmim]CH3CO2

3: [C2mpyrr]CH3CO2

4: [N2222]CH3CO2

5: [N4444]CH3CO2

6: [N6666]CH3CO2

7: [C2mim]CF3CO2
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Fig. 8 Effect of cation species on the solubility of Klason
lignin (pretreated in 20 wt% H2O2 aqueous solution for

2 h) in a series of ionic liquids at 80 �C. Larger font size
means better solubility of Klason lignin
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ionic liquids with H2O2 is not suitable for ordinary
use as a solvent. Instead of acetates, some other
anions were studied not to form explosive mix-
tures. Some of phosphonate type ionic liquids such
as [C2mim](MeO)(H)PO2 form stablemixture with
H2O2, because phosphates are known as one of
stabilizers of H2O2. We have examined solubiliza-
tion of Klason lignin with the mixtures of
phosphate-type ionic liquids and H2O2. Their
Klason lignin dissolution ability was not better
than acetates, but they were found to be stable
solvents for Klason lignin. Further design of cat-
ions of phosphate-type ionic liquids should be
needed to improve the dissolution ability of lignin.

Dissolution and Extraction of Lignin from
Plant Biomass
Based on the results obtained above, we tried to
extract lignin directly from biomass. Cedar wood
powder was used as typical biomass, and the
powder was added to [C2mim]CH3CO2 to reach
the final concentration of 5.0 wt%. About 4% of
lignin was extracted from cedar powder in [C2mim]
CH3CO2 at 80 �C. On the other hand, 25% of lignin
was extracted under the same condition from cedar
powder pretreated with 20 wt% H2O2 aqueous
solution for 2 h. It was obvious that the pretreatment
with H2O2 aqueous solution was effective to
enhance the extraction degree of lignin from bio-
mass. However, there remains fear of explosion
depending on the ionic liquid species. Furthermore,
dissolution of cellulose was also found by this
treatment, so that other candidate should be
searched to enhance the solubility of lignin.
Dissolution of Plant Biomass in Ionic
Liquids Derivatives

Dissolution of Lignin in Organic Onium
Hydroxide Aqueous Solution
There are some discussions on the effect of anions
on the dissolution of major components of bio-
mass. Chloride anion has already been recognized
to be potential component ions for ionic liquids to
dissolve cellulose and lignin. For further search on
effective anions to design ionic liquids as poten-
tial solvents for biomass, we have discussed on
the anion size. Small anions are empirically rec-
ognized to be effective for biomass dissolution.
Bromide anion was found to be effective but less
powerful than chloride anion. Then hydroxide
anion was newly proposed. Of course organic
onium hydroxides are not ionic liquids but strong
base. However, we have examined the dissolution
of cellulose in organic onium hydroxide such as
tetrabutylphosphonium hydroxide (([P4444]OH):
TBPH) aqueous solution to find the excellent sol-
ubility of cellulose in this alkaline solution [5].
Solubility of cellulose in this organic onium
hydroxide solution was found to be much
more than that in NaOH aqueous solution [13].
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The NaOH aqueous solution needed to cool it
down to around 0 �C to dissolve cellulose, but
maximum concentration to be dissolved was less
than 10 wt%. Against this, TBPH aqueous
solution containing 40 wt% water could dissolve
20 wt% cellulose under stirring at room tempera-
ture for only 5 min [14]. Through a series of
experiments, dissolution and/or swelling of
wood chips was found by simply soaking them
into TBPH aqueous solution [13–16].

Dissolution of Biomass in Organic Onium
Hydroxide Aqueous Solution
Dissolution (or at least swelling) of whole wood
chips meant (partial) solubilization of lignin by
the TBPH aqueous solution. Since it is not easy
to break the cross-links of lignin under mild
condition, there seems to be a small amount of
uncross-linked lignin which can be solubilized by
this solution. Some of cross-links can be broken
by soaking them in this solution for relatively
longer time. Effectiveness of hydroxide anions
on the dissolution of lignin was confirmed by
comparing a series of onium hydroxide aqueous
solutions. As mentioned above, alkali lignin and
Klason lignin are used as typical extremes of
lignin, i.e., former is relatively easy to dissolve
and latter is not. Table 2 shows the maximum
solubility of both lignin samples in a series of
onium hydroxide aqueous solutions. It is obvious
Selective Dissolution of Biomass with Ionic Liquids,
Table 2 Maximum amount of Klason lignin and alkali
lignin solubilized in a series of onium hydroxide aqueous
solutions

Cation Nwa

Maximum solubility (wt%)

Klason lignin Alkali lignin

(60 �C, 24 h) (r.t., 30 min)

[P4444] 10 3 40

25 0 40

40 –b 30

[Pyr14] 10 1 40

25 0 30

40 –b 20

[Mor14] 10 0 40

25 0 20

40 –b 20
aNw: water/hydroxide anion ratio (mol/mol)
bNot evaluated
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that alkali lignin was easily dissolved in all onium
hydroxide aqueous solutions applied here just by
simple stirring for 30 min without heating. This
means that the OH� has power to dissolve lignin.
On the other hand, little solubility was found
when Klason lignin was examined. This big dif-
ference is attributed to both different molecular
weight and degree of cross-linking of the lignin.
In spite of small number in Table 2, left column, it
was surprising to find that Klason lignin was
partly solubilized in these aqueous solution at
60 �C. In case of 60 wt% TBPH aqueous solutions
(Nw ¼ 10, in Table 2), 3 wt% Klason lignin was
found to be dissolved. Increase in the water con-
tent decreased the solubilization power, for exam-
ple, 36 wt% TBPH aqueous solution (Nw¼ 25, in
Table 2) has no power to dissolve Klason lignin.
The solubility was further improved by the addi-
tion of H2O2 aqueous solution. The positive effect
of H2O2 aqueous solution on the dissolution of
Klason lignin was also found here.

Is Water Addition Effective to Separate
Cellulose and Lignin After Dissolution of
Woody Biomass?
As has been previously reported, TBPH aqueous
solution can effectively solubilize (or swell)
woody biomass under mild condition [13]. Exper-
imental steps are schematically shown in Fig. 9.
As mentioned above, hydrogen peroxide aqueous
solution was also added to promote the dissolu-
tion of wood powder [17, 18]. Point of this section
is the change of solution property of TBPH
aqueous solution for selective dissolution of the
biomass components.

Dissolution of woody biomass has been carried
out according to our previous report [17].
Hydrogen peroxide aqueous solution was mixed
with TBPH aqueous solution. Then cedar powder,
used as a model of woody biomass, was added to
this aqueous solution (5.0 wt%), and the mixture
was stirred gently at 60 �C. After removal of
residue by centrifugation (10,000 G, 10 min),
more than 80% of the powder was confirmed to
be solubilized in this solution. Some higher
molecular weight and cross-linked lignin fraction
were remained insolubilized. Then this mixture
was filtered and removed the remained solid



Selective Dissolution of
Biomass with Ionic
Liquids, Fig. 9 Schematic
diagram of dissolution of
biomass with TBPH
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suitable treatments,
polysaccharides and lignin
fraction are easily separated
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fraction. Then, the supernatant was neutralized
with hydrochloric acid. This step is quite impor-
tant to change the solvent properties from organic
onium hydroxide aqueous solution to ionic liquid/
water mixture. As seen in Fig. 10, it is easy to
convert the properties of these mixed solutions;
just add acids to neutralize the TBPH aqueous
solution. TBPH aqueous solution (left) has
power to dissolve both polysaccharide and lignin,
but only lignin can be soluble in the neutralized
aqueous salt solution such as [P4444]Cl containing
certain amount of water (right). As previously
shown in Fig. 7, suitable amount of water is
essential to solubilize lignin. More or less amount
of water do not work to dissolve lignin, and the
suitable amount of water deeply depended on the
ionic liquid species used.

As expected, polysaccharides dissolved in
TBPH aqueous solution were selectively
precipitated after the neutralization. This is well
comprehended to be the change of solvent prop-
erties, because ionic liquid/water mixture is a poor
solvent for polysaccharides but is still a good
solvent for lignin. As shown in Fig. 10, it is easy
to switch the solubility power of THPB aqueous
solution by switching counter anions. The precip-
itated polysaccharides were collected using centri-
fugation and washed with water. Lignin was
dissolved in the ionic liquid ([P4444]Cl) aqueous
solution, and the dissolved lignin can be
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precipitated further by the addition of poor solvent
such as ethanol or water. The precipitated lignin
was collected using centrifugation and washed
with water. Obtained polysaccharides and lignin
were dried in vacuo. Yield of polysaccharides and
lignin was calculated according to their mass
balance.

As a result, both polysaccharides and lignin
were selectively obtained with high yield. After
collecting dissolved compounds in [P4444]Cl
aqueous solution, the aqueous solution was
converted into TBPH aqueous solution again
by passing through column filled with anion
exchange resin. Structural characterization of
TBPH was carried out with 1H NMR, and no
significant degradation was confirmed to occur
during the treatment. Since TBPH aqueous solu-
tion was recyclable after anion exchange from X�

to OH�, this procedure is quite useful to extract
both lignin and polysaccharides from woody
biomass and then separate dissolved lignin from
precipitated polysaccharides.

Conversion of Lignin to Valuable Compounds
Since lignin is known to be highly cross-linked
aromatic polymers, their fragments should be
potential candidates for aromatic compounds.
A few aromatic compounds such as vanillin,
vanillic acid, and p-hydroxybenzaldehyde were
found in the heat treated TBPH aqueous solution
after dissolution of lignin. This strongly suggests
that the TBPH aqueous solution is also a potential
solvent to convert lignin into aromatic molecules
[18, 19]. Yield of vanillin and vanillic acid from
lignin was 21% and 1.7% (lignin-based value)
when Japanese cedar powder was dissolved in
TBPH aqueous solution and heated 120 �C for
72 h [20]. Many other aromatic compounds can be
prepared from lignin or even biomass with the aid
of TBPH aqueous solution. Effect of cation
structure on the conversion performance is under
progress.
Conclusion

Design of component ions of ionic liquids enables
enhancement of dissolution power of biomass.
In this entry, we report possible way to selectively
dissolve biomass components with the aid of ionic
liquids under mild condition. Performance of the
selective dissolution and/or separation of compo-
nents of biomass is possible but still not 100%, so
that there are strong demands to accelerate struc-
tural design of the ionic liquids suitable for selec-
tive dissolution of biomass.
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Introduction

As ambient temperature molten salts, ionic liquids
(ILs) have attracted considerable attention, due to
their unique properties such as nonvolatility, non-
flammability, excellent stability, high ion conduc-
tivity, and strong solvating power. In particular,
ILs exhibit high flexibility in designing cationic
and anionic structures and their combinations,
thus their properties can be manipulated in prin-
ciple as required. ILs have been generally
regarded as the “designer solvents” or “the third
liquid,” following conventional water and organic
solvents. ILs are useful in many chemical appli-
cations. For example, ILs are capable of
dissolving complex macromolecules and poly-
meric materials with high efficiency, and then a
further chemical transformation or materials pro-
cessing step can be carried out [1–5]. ILs offer
new progress, challenges, and opportunities in
polymer materials science.

The dissolution of polymers in ILs is complex
and not readily predicted due to multiple solute-
solvent interactions. The solubility parameter (SP,
or Hildebrand parameter) δ, based on the
paradigm of “like dissolves like,” which has fre-
quently been applied to account for the solubility
of polymers in organic solvents, cannot serve as a
qualitative guide for predicting polymer solubility in
ILs [4, 5]. Because there are multiple interactions
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between polymers and ILs, including coulombic
interactions, hydrogen-bonding interactions, van
der Waals interactions, and cation-π interactions,
which play an important role in controlling the
solubility of polymer solutes in ILs. For example,
the solubilities of poly(methyl methacrylate)
(PMMA, SP ¼ 18.3 Mpa1/2) are quite different in
three ILs ([C4mim][NTf2], [C6mim]PF6, and
[C8mim]BF4) that have essentially identical solubil-
ity parameters (21.5–22.0 MPa1/2) [6]. On the other
hand, PMMA has good solubilities in [C4mim]
Solubility of Polymers in Ionic Liquids, Fig. 1 (a) Disso
anion structures of typical ionic liquids for dissolving cellulo
[NTf2], while polystyrene (PS), which has a similar
SP value (18.6 MPa1/2) with PMMA, is incompati-
ble with [C4mim][NTf2] [4].
Dissolution of Biopolymers in Ionic
Liquids

It is interesting to discover that some ILs can
effectively dissolve hard-to-dissolve biopoly-
mers, including polysaccharides, lignin,
lution mechanism of cellulose in ILs [25]; (b) Cation and
se [7]

S
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Solubility of Polymers in Ionic Liquids, Fig. 2 (a) Chemical structure of ILs with different cations and anions [4]; (b)
Chemical structure of synthetic polymers [4]; (c) Solubility of conventional polymers in four ILs [4]

Solubility of Polymers in Ionic Liquids 1205

S

lignocellulose, and proteins, thereby providing
an available, versatile, and fascinating platform
for processing these natural resources [7–12].
The disruption of the hydrogen bonding net-
work in biopolymers is crucial for their disso-
lution (Fig. 1a). Thus, the hydrogen bonding
capabilities of the anions and cations in ILs
play a predominant role in the solubility of
biopolymers.

Take cellulose, for example, Swatloski et al.
discovered that 1-butyl-3-methylimidazolium
chloride (BmimCl) had a high dissolving capabil-
ity of up to 10 wt% concentration of cellulose by
heating, and to 25 wt% by microwave-assisted
heating [13]. The ILs with higher hydrogen-
bonding capability, such as 1-ethyl-3-
methylimidazolium acetate (EmimAc) and
1,3-dialkylimidazolium formate, are more power-
ful solvents for cellulose [14, 15]. In addition, the
low viscosity is beneficial to the cellulose disso-
lution. Compared with BmimCl, 1-allyl-3-
methylimidazolium chloride (AmimCl), and
EmimAc have lower melting points and viscosi-
ties, and higher dissolving capability. By using
AmimCl or EmimAc as the solvent, a solution
containing up to 30 wt% cellulose with a degree
of polymerization (DP) as high as 650 was readily
prepared in only 30 min [7]. Moreover, the addi-
tion of polar and aprotic co-solvents (DMAc,
DMSO, DMF, etc.) to ILs can enhance their sol-
vating power, because these co-solvents decrease
the solvent viscosity without significant influence
on the specific interactions between ILs and cel-
lulose [16–19]. In contrast, the addition of protic
co-solvents, such as water and ethanol, dramati-
cally worsens the dissolving capability. So far,
many ILs have been found to dissolve cellulose
(Fig. 1b). The dissolving capability of ILs follows
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the order of imidazolium-based ILs > pyridinium-
based ILs > ammonium-based ILs, and
carboxylate-based ILs > alkylphosphate-based
ILs > halide-based ILs. The most favorite and
typical ILs are AmimCl, BmimCl, and
EmimAc. Via two high-throughput screening
tests, Zavrel et al. indicated that EmimAc was the
most efficient one for dissolving cellulose, and
AmimCl for dissolving wood chips [20]. Based
on a similar mechanism, many studies have been
conducted on the solubilization of other hard-to-
dissolve biopolymers such as silk, wool, keratin,
chitosan, and chitin in ILs [8–12, 21–24].
Solubility of Polymers in Ionic Liquids, Fig. 3 (continue
Dissolution of Synthetic Polymers in
Ionic Liquids

Winterton et al. screened the solubilities of 17 dif-
ferent polymers in three different ILs, 1-ethyl-3-
methylimidazolium tetrafluoroborate ([C2mim]
BF4), 1-butyl-3-methylimidazolium hexa-
fluorophosphate, ([C4mim]PF6), and 1-octyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)
amide ([C8mim][NTf2]) (Fig. 2a), and concluded
that [C8mim][NTf2] was the most effective solvent
for a series of polymers [26]. Ueki et al. summa-
rized the solubility of 24 synthetic polymers in four
d)
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(a) Correlation of α (squares) and β (circles) with the
1H-NMR chemical shift of H2 of [C4mim]-type ILs [27].
(b) KAT parameters α and β for different ILs [27]. (c) KAT
parameters α, β and π* of typical polymers [27]. (d) Results

of solubility tests and valuesa of QHB analysis for H-bond
basicity polymers in different ILs [27]. (●: solubilization;
: solubilization at high temperatures only; ○: insolubili-

zation. aQHB factor as ΔαΔβ� 103. bDecomposition in the
IL at 120–150 �C)
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ILs (Fig. 2b, c) [4]. The results indicate that the
solubility of polymers in ILs is predominantly
governed by the structure of the anion rather than
that of the cation. The SP values do not prove
useful in predicting the solubility of a polymer in
an IL. In most cases, the paradigm of “like dis-
solves like” cannot serve as a qualitative guide for
predicting polymer solubility in ILs, because of the
multiple interactions between polymers and ILs.

Recently, Liu et al. demonstrated that the sol-
ubility of polymers in ILs was dominated by
hydrogen-bonding complementary principle
rather than “like dissolves like” principle [27].
According to Kamlet-Abraham-Taft (KAT) mul-
tiple polarity scale, ILs can be categorized as
hydrogen bonding acidity or basicity ones. The
dissolution experiment confirms that the acidity
ILs easily dissolve the basicity polymers and
basicity ILs dissolve acidity polymers, indicating
the complementary nature of hydrogen bonding
interactions (Fig. 3). The solubility of polymers in
ILs can be predicted by a quantitative hydrogen-
bonding (QHB) analysis, based on the KAT
hydrogen-bonding donating or acidity parameter
α, and hydrogen-bonding accepting or basicity
parameter β. For instance, representative
hydrogen-bonding basicity polymers, poly(vinyl
pyrrolidone) (PVP: αP ¼ 0.01, βP ¼ 0.93), and
poly(vinyl acetate) (PVAc: αP ¼ 0.0, βP ¼ 0.40)
can be dissolved in hydrogen-bonding acidity ILs,
e.g., [C4mim][Tf2N] (α+ ¼ 0.69, β� ¼ 0.25),
while is insoluble in hydrogen-bonding basicity
ILs, e.g., [C4mim]Cl (α+ ¼ 0.45, β� ¼ 0.83).
Representative hydrogen-bonding acidity poly-
mers, microcrystalline cellulose (MCC: αP ¼
1.31, βP ¼ 0.62), poly(vinyl alcohol) (PVA, αP ¼



Solubility of Polymers in
Ionic Liquids, Fig. 4
QHB analysis by a plot of
(αp – α+) vs (βP – β_) [27].
Good solubility predicted in
the second and fourth
quadrants reflects the
complementary nature of
hydrogen-bonding acidity
and basicity scales
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0.66, βP¼ 0.52), and chitin (αP¼ 0.67, βP¼ 0.86)
can be dissolved in strong hydrogen bonding
basicity ILs, e.g., [C2mim]Ac (α+ ¼ 0.51, β� ¼
0.99) or [C4mim]Cl, while are insoluble in
hydrogen-bonding acidity ILs, such as [C4mim]
[Tf2N]. Moreover, chitin has a higher βP value
than the β_ values of most ILs listed in Fig. 3, so
only [C2mim]Ac (β� ¼ 0.99) can dissolve it. In
addition, the reference polymer, PS (αP ¼ 0.08,
βP ¼ 0.06) has neither hydrogen-bonding
accepting capacity nor hydrogen-bonding
donating capacity, so no IL solvents can be
found for PS.

According to the new hydrogen-bonding
complementary principle, a quantitative hydro-
gen bonding (QHB) analysis is further proposed
(Fig. 4) [27]. Hydrogen-bonding acidity poly-
mers, with (αp – α+) > 0 and (βP – β_) < 0,
favor the formation of the cross-association
hydrogen-bonding with basic ILs, hence their
solubility region should appear in the upper-left
(second) quadrant of plane coordinates. Simi-
larly, the solubility region of hydrogen-bonding
basicity polymers in acidic ILs should appear in
the lower-right (fourth) quadrant, where (αp –
α+) < 0 and (βP – β_) > 0. Moreover, the greater
the acidity and basicity of the intermolecular
hydrogen-bonding atoms, the stronger the
hydrogen-bonding interactions would be, as
indicated by the internal bisector crossing the
second and fourth quadrants. So it is expected
that the absolute value of the product of (αp – α+)
(βP – β_) is proportional to the solubility of poly-
mers in ILs.
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Synonyms

Spatial heterogeneity; Structure aggregation;
Structure segregation
Definition

The structure heterogeneity in ionic liquids is the
nanoscale spatial segregation of polar and nonpo-
lar domains resulting from the assembly of alkyl
chains of cations or anions due to the interplay
between van der Waals of nonpolar chains and
electrostatic interactions of polar heads.
Introduction

The nanoscale spatial aggregation is commonly
observed in ionic liquids (ILs) with long alkyl
chains, which can further affect the chemical,
thermophysical, and physiochemical properties
of ILs. Therefore, exploring the structure hetero-
geneity in ILs is critical for understanding phe-
nomena resulting from the nanoscale
aggregation of ILs. Experimental measurement
techniques including small/wide-angle X-ray
scattering (S/WAXS), small-angle neutron scat-
tering (SANS), and X-ray diffraction (XRD) as
well as molecular dynamics (MD) simulation
have been implemented to investigate the impacts
of alkyl chain length on structure heterogeneity of
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various types of ILs. Both experiment measure-
ment and simulation revealed that more and more
evident prepeaks at ~0.3 Å�1 in the structure
function with the chain length can be observed,
which can be ascribed to the long-range anion-
anion correlations according to MD simulations.
Moreover, the size of heterogeneity is also depen-
dent on the chain length, consistent the heteroge-
neity order parameter that describes the degree of
heterogeneity in the system.
Scientific Fundamentals

The structure heterogeneity in ionic liquids (ILs)
resulting from the nanoscale organization of polar
heads and nonpolar alkyl chains is crucial for their
applications in green solvents, catalysts, and elec-
trolytes. Such heterogeneities in IL solvents may
potentially alter the reaction pathways and yields,
similar to the effect of micelles or other molecular
cages. The structure heterogeneity in ILs may also
affect the thermodynamical, physiochemical, and
dynamic properties of ILs including the phase
transition temperature. So far, experimental mea-
surement integrated with computer simulations
has established that ILs can be characterized by
three structure regimes depending on the length of
alkyl chain (number of –CH2 in alkyl chain ¼ n):
(1) short-chain ILs display homogeneous distri-
butions of polar and nonpolar regions;
Structure Heterogeneity in Ionic Liquids, Fig. 1 X-
ray diffraction (XRD) and small/wide-angle X-ray scatter-
ing (S/WAXS) patterns for (a) [Cnmim][Cl] (n¼ 3, 4, 6, 8,
10) [2]. (Reproduced with permission from Ref. [2]. Copy-
right (2007) of the American Chemical Society); (b)
[Cnmim][PF6] (n ¼ 4, 6, 8) [3]. (Reproduced with permis-
sion from Ref. [3]. Copyright (2008) of the Elsevier);
(2) intermediate-chain ILs exhibit structural seg-
regation of polar and nonpolar domains with high
heterogeneity; (3) long-chain ILs (n > 14 for
[Cnmim][NO3] [1]) present liquid crystal-like
behavior with decreased heterogeneity. Herein,
the structure heterogeneity in ILs specifically
refers to the ILs with intermediate-chain length.
Experimental Measurement

The existence of structural heterogeneity in ionic
liquids with long alkyl chains has been evidenced
by varying experimental techniques including
small/wide-angle X-ray scattering (S/WAXS) [2,
3], small-angle neutron scattering (SANS) [4, 5],
and X-ray diffraction (XRD) [6]. The effects of
alkyl chains of cations on structure heterogeneity
of ILs have been firstly investigated by scattering
techniques. The fingerprints of structural hetero-
geneity in ILs are the presence of the sharp peak at
low-Q region of the measured static structure
function S(Q) from S/WAXS, SANS, and XRD.
The occurrence of nanoscale segregation is char-
acterized by the increased peak intensity with the
length of alkyl chain, and the size of aggregates
formed by alkyl tails depends on the chain length
as well. The diffraction and scattering patterns of
[Cnmim][Cl] (n ¼ 3, 4, 6, 8, 10), [Cnmim][PF6]
(n ¼ 4, 6, 8), and [Cnmim][Tf2N] (n ¼ 2–10)
shown in Fig. 1 demonstrate the more and more
(c) [Cnmim][Tf2N] (n ¼ 2–10) [8]. In the inset of (a), the
spatial correlation L ¼ 2π/QMAX, QMAX being the interfer-
ence peak position, is plotted (circles) as a function of n,
the alkyl chain length. (Reproduced with permission from
Ref. [8]. Copyright (2009) of IOP Publishing)
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significant prepeaks at ~0.3 Å�1 in the structure
function with increased chain length, which cor-
responds to the increased aggregation of cationic
alkyl chains. The size of the structural heteroge-
neities (L) that is linearly proportional to the alkyl
chain length (L�2π/QMAX, QMAX is the peak
position) with a slope of @LILs/@n ¼ 2.1 Å/CH2

unit can be estimated in the range of nanometers.
Besides, the increased prepeak intensity with
chain length of anions is also inspected for
[C2mim][CnOSO3] (n ¼ 2, 4, 6, 8) [6]. A similar
phenomenon has been reported on dicationic ionic
liquids(DILs) consisting of cations carrying two
positive unit charges linked by one alkyl chain [7],
in which ([Cn(mim)2](Tf2N)2 (n ¼ 3, 6, 12)) a
low-Q peak located at approximately
0.35–0.4 Å�1 was observed with increased inten-
sity as the chain length increases.

The influence of temperature on the structural
heterogeneity of ILs has also been investigated
experimentally. It has been observed that the
shift of the prepeak located at approximately
0.3 Å�1 shifts towards the high-Q region with
increased temperature for [CnMPy][Tf2N]
(n ¼ 2, 3, 6, 8, and 10), whereas the peaks at 0.9
and 1.4 Å�1 shift towards low Q [9]. One the
contrary, all the three peaks shift towards low
Q with an increase in temperature for the IL tetra-
decyltrihexylphosphonium bis(trifluoromethyl-
sulfonyl)amide ([P14,666][Tf2N]), indicating that
the temperature-dependent peak shift is probably
dependent on the type of ionic liquids [10]. In
dicationic [Cn(mim)2](Tf2N)2 (n ¼ 3, 6, 12), the
shift of prepeak at 0.3 Å�1 towards high Q is
trivial, suggesting the temperature insensitivity
of heterogeneity in DILs. The slight shift of
peaks at 0.9 and 1.4 Å�1 towards low Q for
DILs is probably due to the decreased density at
high temperature and increased distance between
ions [7].
Computational Simulation

Experimentally measured structure function is not
sufficient to explain the experimentally observed
phenomena. Molecular dynamics (MD) simula-
tion is a complementary tool of S/WAXS and
SANS by providing direct evidence for the corre-
lation between peaks of S(Q) and the structural
heterogeneity of ILs. Direct observation of aggre-
gation of nonpolar chains by MD simulations has
been reported for numerous ionic liquids with
varying chain lengths [11] including [Cnmim]
[C8SO4] (n ¼ 2,4,6,8,10,12) [12] and [Cnmim]
[NO3] (n ¼ 6–22) [1]. Figure 2a shows the segre-
gation of polar and nonpolar regions of [Cnmim]
[PF6] (n ¼ 2, 4, 6, 8, 12) highlighted by different
colors, and the heterogeneity is more significant in
ILs with long alkyl chains, providing a direct
evidence of the structure heterogeneity in ILs. In
contrast to common monocationic ionic liquids
(MILs) consisting of cations carrying a single
unit charge, the structure heterogeneity in DILs
[Cn(mim)2][BF4]2 is less significant than their
counterpart MILs, and the aggregate size is
smaller due to the dissimilar nano-organization
of alkyl tails in DILs and MILs [13].

Structure Function
Instead of direct observation, the total structure
function S(Q) can be computed to compare with
the experimental measured results from S/WAXS
or SANS based on the trajectories of MD simula-
tion by the following equation:

S Qð Þ ¼ 1þ

P
ab
wawbf a Qð Þf b Qð Þ4p

ðrc
0

gab rð Þ � 1
h i

r2 sin Qrð Þ
Qr dr

P
ab
waf a Qð Þ

" #2

wα and wβ are the fraction of atom species α and β,
Q is the wave vector, f(Q) is the form factor of
atom species, gαβ(r) is the correlation function of
atom species α and β, and rc is the integration
cutoff which equals one half of the simulation
box. It is noted that the intensity of the peaks of
S(Q)mostly depends on the types of anions whose
constituents usually have large X-ray form factors
in comparison to the cation alkyl chains. The
consistency in S(Q) between MD simulation and
SAXS has been reported on many ILs. Figure 2b
shows a good agreement in S(Q) of [Pyrr1,n]
[Tf2N] (n ¼ 4, 6, 8, 10) from MD simulation and
SAXS measurements, in which the intensity of



Structure Heterogeneity in Ionic Liquids, Fig. 2 (a)
Snapshots of [Cnmim][PF6] (n ¼ 2, 4, 6, 8, 12) from MD
simulations [14]. (Reproduced with permission from Ref.
14. Copyright (2006) of the American Chemical Society);
(b) Structure functions for [Pyrr1,n][Tf2N] (n¼ 4, 6, 8, 10)
measured at 295 K from SAXS and experiments; (c) Partial

structure functions contributed by cation-cation (c-c),
anion-anion (a-a), and cation-anion (c-a and a-c) of
[Pyrr1,n][Tf2N] (n ¼ 4, 6, 8, 10) [15]. (Reproduced with
permission from Ref. 15. Copyright (2012) of the Royal
Society of Chemistry)
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prepeak located at approximately 0.3 Å�1 gradu-
ally increases with chain length.

The partial structure function derived from
total S(Q) can be calculated as follows:

Sab Qð Þ ¼ 1þ 4pr
ðrc
0

gab rð Þ � 1
h i

r2
sin Qrð Þ
Qr

dr

Partial structure function Sαβ(Q) is able to
quantify the contribution from the interaction of
specific groups (i.e., polar/nonpolar) of ILs, which
will benefit the identification of the origin of fea-
tured peaks in structure function. According to the
partial structure functions of [Pyrr1,n][Tf2N]
(n ¼ 4, 6, 8, 10) in Fig. 2c, it is found that the
prepeak in the structure function is mostly con-
tributed by the long-range anion-anion correla-
tions, due to the large molecular form factor of
anionic elements [15]. Therefore, the structure
functions of ILs are dominated by anions instead
of cations. Besides, the spatial distribution of
charge and polarity alternation has been identified
to depend on the cation head-anion interaction
under the help of partial structure function
analysis [16].

Regarding the influences of the temperature
variation on the prepeak of S(Q), MD
simulation provides similar trends to experi-
mental observations, in which the prepeak
shifts towards high Q value at high tempera-
tures. The study on [CnMPy][Tf2N] (n ¼ 2, 3,
6, 8, and 10) reveals that the prepeak located at
0.3 Å�1 shifts towards the high-Q region with
an increased temperature, indicating the
reduced polarity alternation distance [9]. On
the contrary, the peaks at 0.9 and 1.4 Å�1,
corresponding to cation-cation/anion-anion and
cation-anion correlations, respectively, shift
towards low-Q regions with the increase
of temperature, which is correlated with the
increased distance between ions at high temper-
ature [17]. However, all the three peaks shift
towards low Q with an increase in temperature
for the tetradecyltrihexylphosphonium bis
(trifluoromethyl-sulfonyl)amide ([P14,666][Tf2N]),
implicating that the temperature-dependent peak
shift may rely on the type of ionic liquids [10].

Heterogeneity Oder Parameter
Another parameter to evaluate the structure het-
erogeneity in ionic liquids is heterogeneity order
parameter (HOP), which quantitatively assesses
the degree of structure heterogeneity in MD sim-
ulations [18]. In general, HOP is obtained by



Structure Heterogeneity in Ionic Liquids, Fig. 3. (a)
Heterogeneity order parameter (HOP) for alkyl chains
(green), head groups (blue), and anions (red) of DILs
[Cn(mim)2](BF4)2 (solid circles) and MILs [Cnmim][BF4]
(solid triangles) as a function of chain length (NC, the
number of -CH2 in alkyl chain). The solid circles with
black dash lines are HOP values of DILs with NC ¼N/2
(N ¼ 6, 12, 16; N is the number of –CH2 in the alkyl chain
of DILs). The carbon atom in the end of the alkyl tail chain
of MILs and the carbon atoms in the middle of the linkage
chain for DILs represent the alkyl chain site (for the even-
numbered DILs, the site is defined as the center of mass of

the two central carbon atoms in an alkyl linkage chain); the
center of mass of head groups and anions were used to
denote the anion sites and head sites, respectively
[13]. (Reproduced with permission from Ref. [13]. Copy-
right (2013) of the American Chemical Society). (b) Het-
erogeneity order parameters for coarse grain sites A (head),
D (anion), and E (tail) of [Cnmim][NO3] (n ¼ 6–22). It
should be noted that all the HOPs of [Cnmim][NO3] were
subtracted by 15.75 for clear comparison [1]. (Reproduced
with permission from Ref. [1]. Copyright (2013) of the
American Chemical Society)
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dividing the simulation space into multiple small
cells and counting the number of sites in each cell.
The heterogeneity is characterized by the uneven
distribution of sites of interest, which could be
computed as follows considering the periodic
boundary conditions.

h ¼ 1

Ns

XNs

i¼1

XNs

j¼1

exp
�rij

2

2s2

� �

where Ns is the total number of sites in the
system, rij is the modulation of the vector ri �
rj corrected with the periodic boundary condi-
tions, s ¼ L/N1/3, where L is the side length of
the cubic simulation box, and N is the total
number of sites. It should be noted that a sys-
tem consisting of ideally homogeneously dis-
tributed particles exhibits a HOP approaching
15.75 [18], suggesting that the indicator of
structure heterogeneity in ILs is a deviation
from HOP ¼ 15.75

To identify the contributions of cation heads,
cation chains and anions to the structure hetero-
geneity in ILs, their HOPs are usually calculated,
respectively. The increased HOP with the chain
length corresponds to the increased prepeaks in
structure function, suggesting the enhanced
structure heterogeneities. The HOP of alkyl
chains is generally higher than those of cation
heads and anions, especially with the prolonga-
tion of alkyl chain for [Cnmim][BF4] (Fig. 3a),
indicating the major contribution of alkyl chains
to the structure heterogeneity in ILs. However,
when n > 14 for [Cnmim][NO3], there is a dra-
matic decrease in the HOP of alkyl chain (tail),
and a steady increase in the HOPs of polar cation
heads and anions (Fig. 3b). Such tendency is
ascribed to the transition from spatial heteroge-
neous phase to liquid crystalline-like phase as
chain length increases from n ¼ 14 to 16 [1],
after which the alkyl chains tend to be parallel
with each other. Whereas, cation heads and
anions, mostly perpendicular to the side chains,
form a continuous polar network. Compared
with DILs, the HOP of MILs is high than that
of DILs regardless of the chain length, consistent
with the visual inspection in snapshots of MD
simulation as well as the more significant pre-
peaks in S(Q) of MILs [13].
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Summary

In order to understand the structure heterogeneity
in ILs, structure function that can be obtained by
both experimental techniques and MD simula-
tions is used. Different peaks in structure function
can be ascribed to various correlations by inte-
grated experiment and MD simulation studies.
The increased prepeaks at ~0.3 Å�1 in the struc-
ture function with the chain length is ascribed to
the long-range anion-anion correlations under the
help of partial structure function analysis. In
addition, the peaks at ~0.9 and ~1.4 Å�1 are
contributed by cation-cation/anion-anion and
cation-anion correlations, respectively. Heteroge-
neity order parameter (HOP) is another evaluation
criterion to assess the degree of heterogeneity in
MD simulations, from which HOP increases with
the increase of alkyl chain length and HOP of
alkyl chains is higher than HOP of polar cation
head/anion. However, further increase in alkyl
chain length may result in the reduced HOP due
to the transition from heterogeneous phase to
crystalline-like phase in ILs.
Outlook

According to X-ray/neutron scattering, X-ray dif-
fraction measurement, and MD simulations,
although the correlation between each peak of
the structure function and polar/nonpolar interac-
tion in ILs has been revealed, the reported studies
only focus on several types of commonly investi-
gated ILs. There may be slight difference for
different ILs. Therefore, further investigations
can be extended to new types of ILs in future. In
addition, the prepeaks in measured structure func-
tion is an indirect evidence of the structure hetero-
geneity in ILs. Direct observation of the structure
segregation in ILs with long alkyl chains requires
the future development of the advanced imaging
techniques. Besides qualitative research, quantita-
tive estimation of the size and distribution of
structure heterogeneities in ILs will be the ulti-
mate target for the future experimental measure-
ment techniques.
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Introduction

Over the past decades, ionic liquids have received
considerable interest as potential electrolytes for
lithium rechargeable batteries due to their excellent
stability, non-flammability, and nonvolatility [1–4].
However, while hundreds of ILs have been devel-
oped, most of them suffer from low conductivity
caused by their intrinsic high viscosity [5–7].
Whereas, in 2005, Wasserscheid and coworkers
reported for the first time a series of sulfonium
dicyanamides with very low viscosities and high
conductivities [8]. Based on this, a variety of
functionalized sulfonium ILs were developed as
novel low viscous electrolytes [9–13]. On the other
hand, apart from their electrochemical applications,
sulfonium salts are also being widely used as impor-
tant synthetic intermediates for the synthesis of mas-
sive organic compounds due to the high reactivity of
the C-S bond [14]. These sulfonium salts have been
designed purposely with specific functional groups
for transformation into the targeted compounds.
Moreover, the functionalized sulfonium salts also
displayed an enhanced biocidal efficacy than the
quaternary ammonium counterpart due to their
good solubility and antibacterial activity, promising
their potential applications as antibacterial agents
[15–17]. All these aspects lead to the rapid develop-
ment of synthetic methods for numerous
functionalized sulfonium ILs.

This entry provides a guide to the synthesis and
characterization of a variety of sulfonium ILs
using different synthetic routes and methods.
While traditional sulfonium salts can be synthe-
sized using common routes such as alkylation and
metathesis, this entry also describes innovative
approaches to produce the functionalized sulfo-
nium ILs, supported sulfonium ILs, and poly-
meric sulfonium ILs.
Synthesis of Sulfonium ILs

Formation of the Sulfonium Salts
The sulfonium ILs are synthesized similarly to
that for the ammonium- and phosphonium-based
ILs [18–20], in which the alkylation of thioether
with an alkyl halide or alkyl ester produces the
corresponding tertiary sulfonium salts. In a
typical procedure (Scheme 1), a mixture of
dialkylsulphide and equimolar amounts of alkyl
halide (ester) in a solvent was stirred and heated
for a certain time under the protection of nitro-
gen. After the completion of the reaction, the
solvent was removed under vacuum and the

https://doi.org/10.1007/978-981-33-4221-7_24


Sulfonium Ionic Liquids, Scheme 1 Formation of sulfonium cations through alkylation of dialkylsulphide with alkyl
halide (ester)

1216 Sulfonium Ionic Liquids
resultant crude product was further purified by
biphasic extraction or recrystallization. The
obtained sulfonium ILs were either a viscous
liquid or a white powder. Notably, besides the
alkyl halide or alkyl ester, N-alkyl tri-
fluoromethanesulfonimide have also been
reported as effective alkylation agents for the
formation of the sulfonium salts.

Anion Exchange
The anion exchange is the most common way to
produce various sulfonium ILs which have differ-
ent counter-anions, including tetrafluoroborate,
hexafluorophosphate, carboxylate, dicycnamide,
bis(trifluoromethanesulfonyl)amide, alkylsulfate,
trifluoromethanesulfonate, tosylate, etc. [21–23].
This kind of ion-exchange reaction between the
halide of sulfonium salts and a different anion is
an example of a metathesis reaction (Scheme 2).
Depending on the solubility of ILs, the metathesis
reaction can be conducted either in water or in an
organic solvent. If the sulfonium ILs are water-
soluble, the reaction can be conducted in water
upon using water-soluble silver salts as the
anion source. Whereas, if the sulfonium ILs are
water-insoluble, the reaction can be performed in
an organic solvent with alkali salts as the anion
source. Note that a slight excess of metal salts is
used here to ensure the complete conversion of the
sulfonium halides. Nonetheless, these excess
metal salts as well as the formed metal halides
can either be washed off by water or filtered out,
facilitating the purification of the resultant
products.
Synthesis of Functionalized Sulfonium
ILs

Functionalized sulfonium ILs are those sulfonium
ILs that consist of tethered functional groups on
the sulfonium cation or anion which endow them
with unique physicochemical properties for spe-
cific tasks. The synthesis of such ILs is accom-
plished by grafting of functional groups into either
the sulfonium cation or anion. In contrast to phos-
phines which are usually hard to obtain
functionalized phosphine precursors, the easy
preparation of thioether benefits the construction
of functionalized thioether precursors for the sub-
sequent synthesis of functionalized sulfonium cat-
ions. Besides, the anion exchange between the
halide in phosphonium salts and a functionalized
anion can further produce the anion-



Sulfonium Ionic Liquids, Scheme 2 Mechanism of anion exchange and examples of anions that can be exchanged
with halides in ILs
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functionalized sulfonium ILs. The following sec-
tion covers some of the recent advantages made in
the synthesis of functionalized sulfonium ILs.

Synthesis of Sulfonium ILs with Specific
Groups

Synthesis of Functionalized Sulfonium Cations
The alkylation reaction between dialkylsulphides
and functionalized alkyl halides (esters) is the
most facile way to fabricate functionalized sulfo-
nium cations [24–27]. For example, Dyson’s
group used allyl iodide (bromide) as alkylation
agents to react with dialkylsulphide which effec-
tively delivered the corresponding allyl-
functionalized sulfonium salts ([C2Allylsul]X)
(Scheme 3) [27]. The detailed synthetic procedure
is as follows: A mixture of diethyl sulfide and
equimolar allyl bromide (or iodide) in acetone
was stirred at room temperature (RT) for 24–
48 h during which time a white precipitate (or a
pale yellow liquid phase) was formed. After
removing the acetone, the crude products were
washed thoroughly with diethyl ether and dried
under vacuum for 24 h to give [C2Allylsul]Br and
[C2Allylsul]I.

Similarly, Mandal’s group reported the use of a
pre-synthesized fluorine-containing tosylate
(TFEEOTs) as an alkylation agent to prepare fluo-
rine-containing sulfonium ILs ([DESEtTFE]OTs)
(Scheme 4) [28]. Here, TFPEOTs was reacted
with a large excess of diethyl sulfide (>2 eq) at
70 �C for 3 days to give the desired sulfonium salt
with a relatively low yield (32.6%).

Notably, the alkylation reaction between
thioether and alkyl halide is highly dependent
on the reaction activity of alkyl halide. For
instance, Coadou and coworkers reported the
synthesis of ether-functionalized sulfonium
salts through alkylation of dialkylsulphide by
bromoethers. This approach to access ether-
functionalized sulfonium salts proved prob-
lematic due to the lower alkylation yield
(Scheme 5). Alternatively, the employment
of pre-synthesized ether-functionalized
thioethers to react with more reactive
iodomethane can readily generate the
sulfonium salt in good yield [29].



Sulfonium Ionic Liquids, Scheme 3 Typical examples for synthesis of allyl-functionalized sulfonium ILs
([C2Allylsul]X)

Sulfonium Ionic Liquids, Scheme 4 Synthesis of fluorine-containing sulfonium ILs ([DESEtTFE]OTs) via alkylation
of diethyl sulfide with pre-synthesized fluorine-containing tosylate (TFEEOTs)

Sulfonium Ionic Liquids, Scheme 5 Strategic routes for the synthesis of ether-functionalized sulfonium ILs
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Kim and coworkers described the synthesis of
siloxane-functionalized sulfonium ILs via the
alkylation reaction between tetrahydrothiophene
and 1,3-bis(iodomethyl)tetramethyldisiloxane
(Scheme 6) [30]. The high reactive iodosiloxane
could readily react with tetrahydrothiophene to
furnish the desired ILs in high yield (up to 90%).

The alkylation reaction between functionalized
thioethers and alkyl halides provides an alterna-
tive way to fabricate functionalized sulfonium
cations. For instance, Sundermeyer’s group
reported the synthesis of ferrocenyl-
functionalized sulfonium ILs via the alkylation
of alkyl ferrocenyl sulfides by alkylbis(tri-
fluoromethanesulfonyl)imide (TFSI) (Scheme 7)
[31]. Here, alkyl ferrocenyl sulfides were pre-syn-
thesized via the functionalization of ferrocene
with dimethyl disulfides in the presence of
tertbutyllithium and potassium tertbutanolate at
�78 �C in THF.

By adopting a multistep reaction, a variety of
more complicated thioether can be obtained for the



Sulfonium Ionic Liquids, Scheme 6 Strategic routes for the synthesis of siloxane-functionalized sulfonium ILs

Sulfonium Ionic Liquids, Scheme 7 Synthesis of ferrocenyl-functionalized sulfonium ILs via alkylation of pre-
synthesized ferrocenyl thioethers with alkylbis(trifluoromethanesulfonyl)imide

Sulfonium Ionic Liquids, Scheme 8 Synthesis of hydroxyl-functionalized sulfonium ILs from hydroxyl-
functionalized thioether
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synthesis of functionalized sulfonium ILs
containing specific functional groups. For instance,
Okai and coworkers prepared a hydroxyl-
functionalized sulfonium cation via a two-step
nucleophilic substitution alkylation reaction
(Scheme 8) [32]. The initial nucleophilic substitu-
tion of dimethyl sulfate by 4-mercaptophenol lead to
the formation of a hydroxyl-functionalized
thioether, after which the alkylation of the obtained
thioether with benzyl chloride generated the
hydroxyl-functionalized sulfonium chloride.

Jin and coworkers described the synthesis of a
conjugated sulfonium salt from 4-aldehyde-tri-
phenylamine through four steps [33]. The detailed
synthetic procedure is shown in Scheme 9. First,
the Witting-Horner reaction between 4-aldehyde-
triphenylamine and diethyl (4-bromobenzyl)
phosphonate generated the 4-bromostyryl-tri-
phenylamine (I). Next, the Suzuki reaction was
performed with meta-(methylthio)-phenylboronic
acid to give triphenylamine-functionalized
thioether precursor (II). Then, the alkylation of
(II) with methyl trifluoromethanesulfonate pro-
duced the triphenylamine-functionalized sulfo-
nium trifluoromethanesulfonate (III). Finally, the
anion exchange between (III) and sodium hexa-
fluoroantimonate furnished the desired conjugated
sulfonium IL (PI-PAG).

Similarly, Li and coworkers prepared a series
of chloramine-functionalized sulfonium salts vi
a a four-step synthetic procedure (Scheme 10)
[34]. Using 5,5-dimethylhydantoin as the initial
synthetic material, this compound underwent a
stepwise substitution-alkylation-ion exchange--
chlorination to achieve the desired sulfonium
salts.

The above synthetic strategies for sulfonium
cation have generated a diversity of functionalized
sulfonium ILs which have potential applications
in synthesis, electrochemistry, and biochemistry.
In particular, the use of alkyl- or aryl-sulfonium
salts as alkylation (arylation) reagents to forge



Sulfonium Ionic Liquids, Scheme 9 Synthesis of conjugated sulfonium salt from 4-aldehyde-triphenylamine through
four steps

Sulfonium Ionic Liquids, Scheme 10 Synthesis of conjugated sulfonium salt from 4-aldehyde-triphenylamine
through four steps
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new C-X bonds (X ¼ C, O, S, F,. . .) has recently
attracted a great deal of interest in the synthetic
organic chemistry due to the high reactivity of the
C-S bond in sulfonium cation [35–39]. As shown
in Scheme 11, this kind of functionalized sulfo-
nium salts was usually prepared by alkylation of a
relatively stable thioether with a reactive alkyl-
ation reagent, for the purpose of selective bond
breaking.

Synthesis of Anion-Functionalized Sulfonium ILs
Apart from the functionalization of phosphonium
cations, the use of functional anions can also
generate the corresponding functionalized sulfo-
nium ILs. Typically, this series of anion-
functionalized sulfonium ILs are prepared by the
anion-exchange of sulfonium halides with those
metal salts which have a functional anion. For exam-
ple, Deng’s group reported the synthesis of sulfo-
nium saccharin via the anion-exchange between
sulfonium iodide and saccharin silver (Scheme 12)
[10]. Stirring the abovemixture in thewater at 40 �C
for 4 h, the desired sulfonium saccharins were read-
ily obtained in high yield (89–92%).

Pradeep’s group reported a new series of
aromatic sulfonium octamolybdate hybrids via



Sulfonium Ionic Liquids, Scheme 11 Synthesis of alkyl- or aryl-sulfonium salts which can be used as alkylation
(arylation) reagents to forge new C-X bonds

Sulfonium Ionic Liquids, Scheme 12 Synthesis of saccharin-functionalized sulfonium IL via anion-exchange reaction
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ion-exchange of sodium molybdate with different
aromatic sulfonium ILs (Scheme 13) [40]. The
treatment of sodium molybdate (1 equiv.) with
sulfonium ILs (1.5 equiv.) in deionized water at
pH 4.0 led to the formation of the corresponding
sulfonium octamolybdates as white precipitates.

Notably, Matsumoto and coworkers prepared a
series of sulfonium fluorohydrogenate ILs via the
anion-exchange between sulfonium halides and
HF (Scheme 14) [41]. This ion-exchange reaction
was conducted in a large excess of anhydrous HF
at 0–25 �C without the use of metal salts and
bases. After the reaction was complete, the resul-
tant mixture was concentrated by successive
pumping with a rotary pump to give the desired
sulfonium fluorohydrogenate.

Synthesis of Chiral Sulfonium Salts
Zwitterionic sulfonium ILs represent a kind of
sulfonium ILs with the capability of tethering the
anion and cation together. This kind of ILs can
be directly prepared by alkylation of thioethers
with sultones. For instance, Mandal’s group
reported the synthesis of zwitterionic sulfonium
alkylsulfonate via the alkylation reaction bet-
ween Boc-L-methionine-(2-methacryloylethyl)
ester (METMA) and 1,3-propane sultone
(Scheme 15) [42]. This reaction was conducted



Sulfonium Ionic Liquids, Scheme 13 Synthesis of aromatic sulfonium octamolybdate hybrids via anion-exchange
reaction

Sulfonium Ionic Liquids, Scheme 14 Synthesis of sulfonium fluorohydrogenate ILs via anion-exchange reaction

Sulfonium Ionic Liquids, Scheme 15 Synthesis of zwitterionic sulfonium alkylsulfonate via alkylation of thioether
with sultone
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in acetonitrile at 70 �C for 30 h under a nitrogen
atmosphere and the targeted sulfonium
alkylsulfonate was obtained as a white precipitate
after adding diethyl ether into the resultant
mixture.

An alternative synthetic strategy is based on
the neutralization of the acid groups in acid-
functionalized sulfonium ILs. This synthetic
route has been successfully applied to access zwit-
terionic sulfonium alkylcarboxylate [43, 44]. For
example, Forbes and coworkers used silver oxide
as the base to deprotonate carboxyl of carboxyl-
functionalized sulfonium IL, which quantitatively
delivered the corresponding sulfonium betaine
after reaction for 20 h in methanol under a stream
of nitrogen (Scheme 16) [44].

Synthesis of Chiral Sulfonium Salts
Chiral sulfonium salts are widely presented in
various natural products such as salaprinol,
ponkoranol, kotalanol, and neosalaprinol. Based
on this, great efforts have been paid to develop



Sulfonium Ionic Liquids, Scheme 16 Synthesis of zwitterionic sulfonium alkylcarboxylate via neutralization of the
acid groups

Sulfonium Ionic Liquids, Scheme 17 Synthesis of s chiral sulfonium salts via alkylation of a pre-synthesized chiral
thioether
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new practical synthetic approaches to access chi-
ral sulfonium salts [45]. One of the most promis-
ing approaches to the above sulfonium salts is
through the alkylation of a pre-synthesized chi-
ral thioether. For instance, Hertweck and
coworkers reported the use of L-methionine to
produce chiral sulfonium salts via a two-step
procedure (Scheme 17) [46]. The alkylation of
L-methionine by S-adenosylmethionine (SAM)
under the catalysis of methyltransferase (BurB)
led to the formation of L-methionine with built-
in sulfonium cation, after which dinitrobenzene-
functionalized L-methionine were further
obtained by nucleophilic substitution with 1-
fluoro-2,4-dinitrobenzene.

Wu and coworkers prepared a series of de-O-
sulfonated sulfonium salts from D-arabinose via a
coupling reaction between chiral thiols and a
diiodide D-arabinose derivative (Scheme 18)
[47]. The intermolecular nucleophilic substitution
reaction between the above thiol and the diiodide
counterpart followed by a diastereoselective intra-
molecular alkylation provided a chiral five-mem-
ber sulfonium salt structure. And this kind of de-
O-sulfonated sulfonium salts can be varied upon
using different thiols.
Synthesis of Supported Sulfonium ILs

Supported sulfonium ILs refer to those sulfonium
ILs that are tethered to a solid carrier, in which the
ILs are tightly bonded to a support surface and
show a combined advantage of IL and solid mate-
rial. In comparison to the ammonium and phos-
phonium ILs which are stable enough to perform
an immobilization operation, the sulfonium ILs
have rarely been used to fabricate supported ILs
due to their relatively lower stability. Nonetheless,
the supported sulfonium salts can be accessed via
the alkylation of halogenoalkyl-funtionalized sup-
port with thioethers. For example, Guo and
coworkers reported the synthesis of chitosan-
supported sulfonium salts via in situ formation
of sulfonium bromides on the support (Scheme
19) [48]. The approach was based on the alkyl-
ation reaction between the acetbromamide group
in chitosan support and dialkylsulfide. The
functionalization of chitosan with bromoacetyl
chloride followed by alkylation of dialkylsulfide
with the acetbromamide-functionalized chitosan
produced the chitosan-supported sulfonium IL.

Apart from the in situ formation of sulfonium
salts on the support, Guo and coworkers described
an ion-exchange strategy to generate polymer-
supported sulfonium ILs (Scheme 20) [49]. This
approach was based on the ion-exchange reaction
between sodium alkylsulfonate and sulfonium
halides. The copolymerization of sodium 4-
vinylbenzene sulfonate with other monomers gen-
erated a polymer support containing sodium
benzenesulfonate, after which the ion exchange
of the obtained polymer with a pre-synthesized
sulfonium IL provided the polymer-supported



Sulfonium Ionic Liquids, Scheme 18 Synthesis of s chiral sulfonium salts via a coupling reaction between chiral thiol
and a diiodide D-arabinose derivative

Sulfonium Ionic Liquids, Scheme 19 Synthesis of chitosan-supported sulfonium salts via in situ formation of
sulfonium bromides
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sulfonium IL. Upon varying sulfonium ILs, a
series of supported sulfonium ILs could be
obtained.
Synthesis of Sulfonium-Based Polymeric
ILs

Sulfonium-based polymeric ILs combine the
advantages of sulfonium IL and polymer. Unlike
the polymer-supported sulfonium ILs in which the
IL moiety is covalently bonded to a polymer sur-
face, the sulfonium ILs in the latter are uniformly
built in the polymer skeleton. This is commonly
achieved by the polymerization of a vinyl-
functionalized sulfonium IL with or without
other monomers. For instance, Emrick’s group
prepared two vinyl-functionalized sulfonium ILs
via alkylation of vinyl-functionalized thioether
with 1,3-propane sultone [50]. The polymeriza-
tion of the as-prepared vinyl-functionalized sulfo-
nium ILs furnished the polymeric sulfonium
sulfonates in the presence of a chain-transfer
agent and initiator (Scheme 21).

Alternatively, the alkylation of a polymeric
thioether with alkylation reagent can also lead to
the formation of polymeric sulfonium ILs
(Scheme 22) [51]. Here, the polymeric thioethers
were prepared by the polymerization of vinyl-
functionalized thioethers using a similar method
with that of the vinyl-functionalized sulfonium
ILs.



Sulfonium Ionic Liquids, Scheme 20 Synthesis of polymer-supported sulfonium salts via ion-exchange strategy

Sulfonium Ionic Liquids, Scheme 21 Synthesis of polymeric sulfonium ILs via polymerization of the vinyl-
functionalized sulfonium ILs

Sulfonium Ionic Liquids, Scheme 22 Synthesis of polymeric sulfonium ILs via alkylation of a polymeric thioether
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Characterization of Sulfonium ILs

The standard techniques to characterize molecular
sulfonium ILs are mass spectrometry (MS),
nuclear magnetic resonance (NMR) spectroscopy,
elemental analysis (EA), and Fourier transform
infrared spectroscopy (FT-IR). Take triethyls-
ulfonium bromide as an example, it can be
detected using electrospray ionization-mass spec-
trometry (EI-MS), in which the m/z of tri-
ethylsulfonium cation would produce a peak in
positive-ion mode at 119.1 while Br� would pro-
duce a peak in the negative-ion mode at 78.9.
Besides, NMR spectroscopy is employed to deter-
mine the structure of ILs. Both 1H and 13C NMR
spectroscopy are often used to confirm the suc-
cessful alkylation of the thioether with alkyl
halide. Apparently, a slight downfield shift in the
spectrum of the sulfonium cation would be
observed when compared to the unreacted
thioether. Elemental analysis (EA) provides C/H/
N/S combustion analyses of sulfonium ILs which
directly gives the relative content of C, H, N, and
S in IL. On the other hand, FT-IR spectroscopy
gives an observation of the structural change in
the process of the formation of a sulfonium cation
from thioether and alkyl halide, especially the
formation of a functionalized sulfonium cation
which contains a functional group (e.g., hydroxyl,
carboxyl, amino) that has characteristic absorp-
tion peaks.

Separately, solid-state nuclear magnetic reso-
nance (SSNMR), thermogravimetric analysis
(TGA), elemental analysis (EA), and FT-IR are
usually employed to characterize the supported
and polymeric sulfonium ILs. SSNMR and FT-
IR provide direct evidence for the successful
incorporation of sulfonium ILs into solid mate-
rials based on the appearance of characteristic
signals in the spectrum belonging to sulfonium
ILs. EA and TGA are used to determine the
loading amount of sulfonium ILs in solid mate-
rials. Besides, other common testing measures
involving in solid material characterization,
such as scanning/transmission electron micro-
scope (SEM/TEM), X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), and
energy-dispersive X-ray spectroscopy (EDS),
are also used here to analyze the structural changes
of the materials after being integrated with sulfo-
nium ILs.
Summary

This chapter has summarized some of the recent
achievements in the synthesis of sulfonium ILs.
We have described the typical synthetic
approaches to different sulfonium-based ILs
including conventional phosphonium ILs,
functionalized sulfonium ILs, supported sulfo-
nium ILs, and polymeric sulfonium ILs. The
alkylation of the thioethers with alkylating
agents readily delivers the corresponding sulfo-
nium salts. Besides, the structural diversity and
designability of sulfonium cation and anion
facilitate the fabrication of functionalized ILs
which are capable of specific applications. More-
over, the alkylation of thioethers with
halogenoalkyl-functionalized solid support and
the ion exchange of sodium polystyrene sulfo-
nate with molecular sulfonium ILs generate the
supported sulfonium ILs, and the polymerization
of vinyl-functionalized sulfonium ILs produces
polymeric sulfonium ILs, broadening their
potential applications in other fields. All these
synthetic routes provide the basis for subsequent
investigation in the function-related physico-
chemical properties.
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Introduction

Supported ionic liquids (SILs) consist of two
components: the support material and the ionic
liquid (IL), and there are various types of each.
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SIL preparation can be divided into two strategies
according to the interactions between the IL and
support. The first method is a noncovalent prepa-
ration strategy, where ILs adsorb onto either the
surface or pores of a support with a high specific
surface area. In this case, there are only weak
interactions, such as van der Waals forces, hydro-
gen bonding, and π-π interactions, between the
support and the IL. Such materials are greatly
affected by the surrounding environment, and
their reusability is not ideal. The second method
is referred to as a covalent preparation strategy,
where the support and IL are connected by cova-
lent bonds. The SILs prepared by this strategy
have higher stability and better reusability than
those prepared by the first method, but this second
preparation process is more complicated. SIL
preparation methods vary widely depending on
the support being used, especially in covalent
preparation methods. This entry focuses on SIL
preparation strategies, and their corresponding
characterization methods, based on commonly
used supports: silica, polymers, carbon nano-
materials, metal-organic frameworks (MOFs),
and clays.
S

Synthesis of Supported ILs

Silica-Supported ILs (SSILs)
Most supports used in SILs are porous silica gels
and silica-based materials because they have large
specific surface areas that allow them to carry
more ILs. Various methods have been developed
for preparing these silica-supported ILs. The sim-
plest of these is a noncovalent method where the
SSILs are fabricated by adsorption of the ILs to
the silica surface. Alternatively, they can be pre-
pared by a covalent method, where the ILs are
anchored to the surface through bonding or
grafting.

Noncovalent Preparation of SSILs
Generally, a specific ratio of the IL and silica
support is mixed in a suitable solvent, and then
the solvent is removed by evaporation or
freeze-drying to obtain the SSIL. However, this
method has some shortcomings, the most promi-
nent being that the ILs on the prepared surface are
easily lost when the SSILs are used. Unfortu-
nately, this is a problem that most noncovalently
prepared SSILs encounter. Additional issues arise
when the solvent used in this process forms azeo-
tropes or eutectic solutions with the ILs, which
results in the solvent not being completely
removed that subsequently impedes any research.
However, large quantities of SSILs can be
achieved using fluidized bed spray-coating tech-
nology, where the silica supports are fluidized by a
temperature-controlled gas flow (such as air,
nitrogen, or argon), and then the IL solution is
added, where it passes through the nozzle and is
sprayed onto the material (Scheme 1) [1]. Simul-
taneously, the gas flow ensures that the solvents
are rapidly evaporated. Silica-based materials
with three-dimensional mesoporous structures
can also be fabricated by a strategy known as the
“ship-in-bottle”method. This method mixes alkyl
imidazoles (or similar compounds), haloalkanes,
and three-dimensional mesoporous materials
(such as SBA-16 and MCM-48), where they are
heated and react to generate the ILs. The molecu-
lar size of the produced ILs is made to be larger
than the pore size, which traps them in the holes.
Furthermore, this method successfully solved the
problem of IL leaching in noncovalently prepared
SSILs.

Nitrogen adsorption is commonly measured
when characterizing these SSILs because it can
indicate any decrease in the surface area and pore
size of the prepared SSILs compared to those of
the original porous silica material, which only
occurs when the ILs are covering the silica sur-
face. In addition, the compositions of ILs and
silica are quite different; therefore, their charac-
teristic peaks can be identified by infrared
(IR) and solid nuclear magnetic resonance
(NMR) spectroscopy methods to determine if the
SSILs were successfully prepared. Scanning elec-
tron microscopy (SEM) can also be used to
directly observe SSILs, and due to the conductiv-
ity of ILs, no electric local charge is formed,
which is helpful when using this type of instru-
mentation. Thermogravimetric analysis (TGA) is
also a powerful characterization method, because
silicon dioxide is stable at high temperatures
while ILs decompose. This reduces the weight of
the SSILs, and the amount of ILs that had been
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loaded on the surface can be estimated by this
mass reduction. Elemental analysis can also be
used to quantitatively analyze the IL loading
amount by analyzing the amount of nitrogen in
the SSILs. Since silica contains no nitrogen and
most of the ILs do, the amount of ILs can be
calculated.

Covalent Preparation of the SSILs
For all covalently prepared IL-modified silica
gels, the first step requires a strong acidic aqueous
solution (usually nitric acid or hydrochloric acid)
to activate the silica particles. This increases the
silanol group content on the silica surface
and eliminates metal oxides and nitrogen-
containing impurities. Next, these activated silica
particles can be reacted with a silane coupling
agent, such as 3-chloropropyltrimethoxysilane or
3-chloropropyltriethoxysilane, in dry toluene to
obtain chloropropyl silica, which would be subse-
quently reacted with an alkyl imidazole or other
similar compound to produce the SSILs [2]. The
reaction efficiency when using a trimethoxysilane
coupling agent is higher than when a tri-
ethoxysilane agent is used, which is due to the
smaller steric hindrance of the former. The chlo-
ride ions of the ILs can then undergo ion-
exchange with anions on the silica surface to
obtain the desired surface-confined ILs. Alterna-
tively, the silane coupling agent and imidazole
(or any imidazole derivative) can be reacted first,
and then the generated ILs can react with the
activated silica particles. However, the reaction
conditions and purity of the synthesized IL silane
coupling reagent should be strictly controlled.
Another option is to first bond the IL anions to
the silica gel surface and then connect the IL
cations through ionic interactions. For example,
acidic [Al2Cl7] anions would react with the free
hydroxyl groups on the surface to form an anionic
solid surface, which is then connected to the IL
cation. The disadvantage of this route is that the
material is relatively unstable in ionic solutions.
For all three of these methods, the bonding density
of the imidazolium silica decreased as the chain
length of the alkyl branches of the imidazoles
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increased, which could be ascribed to the steric
hindrance caused by this chain lengthening. Fur-
thermore, these methods can be used to modify
the surface of magnetic material covering the sil-
ica shell (Scheme 2) [3].

The use of ordered mesoporous silica materials
for covalent SSIL preparations has gradually
increased in recent years, owing to their adjustable
pore size. Similar to IL-modified silica gel, these
mesoporous silica materials can also be modified
by the three aforementioned covalent methods.
However, unlike silica gel, mesoporous
silica-based SSILs can be prepared by in situ
condensation of an IL silane coupling reagent
and tetraethoxysilane by the gel-gel method.
However, the addition of the ILs will affect the
surfactant template performance for preparing
mesoporous silica, and thus the pore size, so the
reaction conditions should be regulated.

Poly(ionic liquid) (PIL)-modified silica is
another important SSIL that overcomes an issue
faced by other silica-based materials: the lack of
functional groups on the silica surface. For pre-
paring this kind of material, in situ, free radical
polymerization is commonly used. This method
usually requires the sulfhydryl or unsaturated
double bond groups on the silica surface to be
modified to achieve covalent connection between
the PILs and the silica (Scheme 3) [4]. The char-
acterization methods of covalently prepared
SSILs are similar to those used to characterize
noncovalently prepared SSILs. Although it is
theoretically necessary to verify the covalent
bond between the IL and the silica-based mate-
rials, most of these bonds are Si-O bonds, which
are difficult to be characterized.

Polymer-Supported Ionic Liquids (PSILs)
Combining ILs with polymers, PSILs can be pre-
pared and used in organic catalytic reactions,
membrane and chromatographic separations, and
battery electrolytes. There are two kinds of
methods to prepare PSILs: noncovalent and cova-
lent. Covalent methods attach ILs on polymers
through covalent bonds, whereas noncovalent
methods load the polymers by adsorption. Com-
pared with the covalent methods, noncovalent
methods have some disadvantages, such as poor
stability and easy loss of ILs during use [5].

Noncovalent Preparation of PSILs
PSILs prepared by noncovalent methods are usu-
ally used for membrane separation. Generally, the
preparation process involves placing the porous
membrane in a vacuum dryer to remove any water
and air from the holes, then adding the ILs into the
membrane or loading the ILs on the membrane
under pressurized or vacuum conditions, and
finally wiping off any excess ILs on the membrane
surface with a thin paper. Most of the ILs used are
hydrophobic ILs with hexafluorophosphate or bis
(trifluoromethylsulfonimide) anions, whereas the
membranes are mainly hydrophobic ones such as
polyfluoroethylene, hydrophobic nylon, and
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polypropylene fiber membranes. Although IR,
NMR, UV-vis, and SEM can be used for the
characterization of these materials, most of the
papers have less complete characterization [6].

Covalent Preparation of PSILs
PSILs prepared by covalent methods are also
known as poly(ionic liquid)s (PILs). PILs are
composed of covalently linked IL species and
have the characteristics of macromolecules, thus
cleverly combining some of the unique properties
and functions of ILs with those of polymers (such
as ease of processing and shape durability). There
are generally two strategies for synthesizing PILs:
synthesis of PILs with cationic moieties in the
polymer backbone, and synthesis of PILs with
anionic moieties in the polymer backbone
(Scheme 4) [7]. For the first strategy, the most
commonly used method is to synthesize polymer
backbones with IL cations by a chain-growth
polymerization method and then to change the
anions of the PILs by ion exchange. A large vari-
ety of cations and anions in IL chemistry can be
used for the polymers. Cations such as
imidazolium, pyridinium, pyrrolidinium, ammo-
nium, and phosphonium have been used, and the
utilized anions can be categorized into carboxyl-
ates, sulfonates, sulfonamides, and inorganic
types. In addition to the traditional free radical
polymerization method for the polymerization of
IL cations with double bonds, these PILs can be
synthesized by using methods such as atom trans-
fer radical, reversible addition-fragmentation
transfer, ring-opening, and ring-opening metathe-
sis polymerizations. Most PILs are polymerized in
bulk or in solution. PILs can also be synthesized
in emulsions or dispersion media. In addition to
linear homopolymers, bi- or trifunctional acrylic
or styrene-based IL monomers can be added to
synthesize PILs with cross-linked networks by
free radical polymerization. PILs with three-
dimensional cross-linked networks can also be
synthesized by using alkoxysilane-functionalized
IL monomers in acid- or base-catalyzed sol–gel
polycondensation reactions. Although these
methods of synthesizing the IL monomer first
and then generating the polymer have many
advantages, they involve a number of organic
synthesis and purification steps at the monomer
level and require the polymerization conditions of
each individual monomer to be controlled. There-
fore, postsynthetic methods have been used to
prepare PILs; that is, polymer backbones
containing imidazole or pyridine were first syn-
thesized and then treated with halogenated
alkanes to generate the PILs, or polymer back-
bones with halogenated alkyl functional groups
were synthesized and then treated with imidazole
or pyridine to form PILs (Scheme 5) [8]. This
method reduces the difficulty of monomer prepa-
ration, but it still cannot be guaranteed that all
imidazole or pyridine moieties in the polymer
will be converted into ILs. Far fewer PILs have
been synthesized with the second synthesis
method than with the first. This may be a result
of the difficulty in synthesizing anionic monomers
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that can be used to form ILs. The PILs have
backbones such as poly(vinyl sulfonate), poly
(acrylamido)-2-methylpropane sulfonate, poly
(styrene sulfonate), poly(acrylic acid), and poly
(phosphonic acid), and the counter cations com-
bined with them to form ILs are mainly of the
alkylimidazole, alkylpyridine, or tetra-
alkylammonium type. On the basis of these two
strategies, ILs can be polymerized with other
functional monomers, or IL cationic and anionic
monomers can be polymerized to form random
and block polymers, thereby improving their
performance.
Infrared (IR) spectroscopy is the most com-
monly used method for characterizing PILs, and
the characteristic peaks of the ILs can be
observed. X-Ray diffraction (XRD), scanning
electron microscopy (SEM), and transmission
electron microscopy (TEM) are mostly used to
observe the morphology of PILs. Differential
scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA) can be used to study
the thermal performance of the PILs. If only the
ILs in the polymer contain N, S, and O, elemental
analysis can also be used to characterize PILs. For
the synthesis of PILs by using the first method, the
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IL monomers used should be characterized by 1H
and 13C NMR spectroscopy to confirm their suc-
cessful synthesis and purity [9]. Size exclusion
chromatography can be used to measure the
molecular weight of PILs, but this method cannot
be used to measure the molecular weight of cross-
linked PILs.

Carbon Nanomaterials Supported ILs
(CNMSILs)
Carbon nanomaterials (CNMs: carbon nanotubes,
graphene, and graphene oxide) have unique struc-
tures on the nanometer scale, with large specific
surface areas and unique thermal, mechanical, or
electronic properties. Owing to these structural
and performance characteristics, CNMs are
widely used in the fields of adsorption, catalysis,
and electrochemistry. In addition, there are strong
interactions (such as π–π interactions, van der
Waals forces, and hydrophobic interactions)
within the CNMs and with their target com-
pounds; however, this also makes them difficult
to disperse in some solvents, which limits their
application. ILs possess the characteristics of mis-
cibility, electrical conductivity, and high thermal
stability, and their inherent properties (such as
hydrophobicity, hydrophilicity, and polarity) can
be changed by selection of the cation and anion
components. Therefore, the combination of
CNMs with ILs can compensate for the CNM
defects, enhance the physical and chemical prop-
erties, and increase the scope of application. Gen-
erally, according to reports in the literature, the
preparation of CNMSILs can be also divided into
two types, noncovalent and covalent, according to
the interactions between them (Scheme 6) [10].

Noncovalent Preparation of CNMSILs
Noncovalent preparation modifies the surface of
CNMs through physical action and is simple and
nondestructive. The main mechanism is cation–π,
π–π, or dipole–π interactions between the
imidazolium cations of the ILs and the π network
of the CNMs. The interactions between the CNMs
and ILs are weak, and the ILs will gradually be
lost when they are used, but this method provides
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a convenient method for surface modification of
CNMs without destruction of the chemical struc-
ture. Generally, CNMs and ILs are mixed in an
appropriate ratio, and the mixture is sonicated or
vigorously stirred in a mortar until a uniform
material is obtained. It was first reported that
imidazolium-based ILs and single-walled carbon
nanotubes (SWCNTs) were ground to form ther-
mally stable gels (so-called “bucky gels”) [11]. In
these gels, the bundles of severely entangled
nanotubes were stripped into thinner bundles or
even individual tubes. The interactions between
the ILs and SWCNTs improved the dispersion of
the SWCNTs in the ILs. According to the phase
transition and rheological properties of the gels, it
is speculated that bucky gels are formed by phys-
ical cross-linking of the SWCNTs, mediated by
the local molecular order of the ILs. Composite
materials of graphene (G)/graphene oxide
(GO) and ILs can also be formed by grinding
their mixtures. ILs can be adsorbed on the surface
through noncovalent interactions with G or
GO. Moreover, similar to that of CNTs, the
dispersibility of G/Go in ILs is enhanced as a
result of interactions between G/Go and ILs.
Therefore, this method can also be used to
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exfoliate graphite into graphene sheets or to pre-
pare graphene-based dispersions by using ILs
[12]. Although the mechanic method is very sim-
ple and the CNMILs prepared are thermally sta-
ble, these composite materials are prone to
leaching and morphological changes during
using.

Functionalization of CNMs with PILs instead
of ILs can improve their stability, processability,
and durability. PIL and CNM composites can be
prepared by in situ polymerization or solution
mixing [13]. The first method involves mixing
CNMs and IL monomers and using 2,2-
0-azobisisobutyronitrile as an initiator to perform
in situ free radical polymerization of ILmonomers
on the surface of the CNMs. The secondmethod is
to directly and mechanically mix CNMs with
presynthesized PILs. This method is similar to
the above method for preparing CNM-supported
ILs, except that PILs are used instead of ILs. For
the combination of noncovalently functionalized
multiwalled carbon nanotubes (MWCNTs) with
PILS, it was found that in situ polymerization can
form a uniform polymer coating on the MWCNT
surface, which makes the nanotubes disperse bet-
ter, whereas the solution mixing method does not
achieve uniform functionalization on the
MWCNTsurface. This is because PILs with larger
volumes and molecular weights do not disperse
well in solution with the MWCNTs, and the PILs
also have larger steric hindrance, which affects the
functionalization of the MWCNTs. These prepa-
ration methods can also be used to modify
SWCNTs and graphene sheets with PILs. In addi-
tion, through functional group modification of the
PILs and CNMs, new noncovalent forces, such as
hydrogen bonding and electrostatic forces, can be
generated to improve the modification of the
CNMs with PILs. Tunable changes in hydropho-
bicity or hydrophilicity of CNM-supported PILs
can be realized by anion-exchange reactions with
PILs on the surface of CNMs.

The amount of ILs or PILs grafted onto the
CNMs can be determined by TGA in air and an
inert atmosphere. The thermal decomposition of
ILs and PILs in air is basically complete below
500 �C, whereas the thermal stability of CNMs is
better at this temperature. When ILs or PILs are
attached to CNMs, the thermal stability of the
CNMs decreases. ILs and CNMs are prepared by
noncovalent interactions, so SEM and TEM can
be used to observe directly whether CNMs have
been successfully modified with ILs or PILs.
Energy-dispersive X-ray spectroscopy (EDX)
with a copper grid as a substrate can also provide
strong support. The N peaks in the EDX spectrum
of the functionalized CNMs are caused by ILs
or PILs.

Covalent Preparation of CNMSILs
As mentioned before, owing to the weak interac-
tions, CNMs noncovalently functionalized with
ILs often encounter leaching problems when
exposed to solvents. To solve this problem, a
covalent functionalization method has been
developed. Unlike noncovalent functionalization,
covalent attachment reduces the loss of ILs during
use and leads to high thermal and chemical stabil-
ity, as well as excellent durability. However, this
method requires several functional steps, which
destroy the CNM structure, interrupt the π net-
work of the CNMs, and reduce the CNMmechan-
ical and electrical performance. It is controversial
whether the ILs are still real liquids once they are
chemically combined with the CNMs. However,
the unique properties of the ILs and CNMs remain
in the CNMSILs. Generally, covalent functiona-
lization oxidizes the surfaces of the CNMs and
connects the ILs to the surfaces through chemical
reactions. Surface oxidation of CNMs produces a
large number of functional groups, such as
hydroxy, carboxyl, and epoxy groups, through
strongly oxidizing acid treatment. Thereafter, ILs
are introduced onto the surface of oxidized CNMs
through chemical bonds. Covalent functiona-
lization of CNMs and ILs can usually be achieved
through condensation and nucleophilic ring-
opening reactions.

Condensation functionalization can be
performed in twoways: ILs can be directly grafted
onto the surface of CNMs, or they can be gener-
ated on the surface of CNMs after imidazole
grafting [14]. For the first method, amine- and
hydroxy-terminated ILs are first prepared, and
then the functional groups on the surface of the
CNMs are oxidized to carboxyl functional



Supported Ionic Liquids 1237

S

groups. However, the two cannot react directly.
Only when the carboxylic acid group on the sur-
face of the CNM is activated by thionyl chloride
or N,N0-dicyclohexylcarbodiimide in N,
N-dimethylformamide, can the condensation reac-
tion occur. In the second method, imidazoles are
partially grafted onto the surface of the CNMs
with covalent bonds and then treated with alkyl
halides or compounds containing halogenated
alkyl groups to generate the corresponding
CNM-supported ILs. This method avoids the
purification of ILs, and the reproducibility is bet-
ter than that of the first method. Nucleophilic ring-
opening reactions can be achieved by attack of the
epoxy group of GO with amine-terminated ILs.
Compared with the other methods, this reaction
occurs easily. Because GO has a large number of
reactive epoxy groups, this method is mostly used
to introduce ILs into GO. In general, condensation
reactions can be applied to the covalent functiona-
lization of most CNMs, whereas nucleophilic
ring-opening reactions are mainly used for GO.

XRD analysis can be carried out to characterize
the CNMSILs. It is worth noting that no obvious
peaks attributed to CNMs could be found for
IL-functionalized CNMs. In addition to the char-
acterization methods for noncovalently prepared
CNMSILs, IR spectroscopy and X-ray photoelec-
tron spectroscopy (XPS) can also be used to deter-
mine whether CNMs modified with ILs generate
new IL characteristic peaks [15].

MOF-Supported ILs (MSILs)
To make ILs widely applicable, the concept of
impregnating porous supports with ILs has been
proposed. As a new host material for ILs, metal–
organic frameworks (MOFs) have great potential
for tuning the properties of ILs through interac-
tions between the host and guest. The preparation
of such materials can be divided into noncovalent
and covalent methods.

Noncovalent Preparation of MSILs
Combinations of MOFs and ILs were first
obtained from ionthermal syntheses in which ILs
were used as solvents. Ionthermally synthesized
MOFs usually have a negatively charged frame-
work, and the IL cations remain in the MOF as
counter ions to maintain electrical neutrality.
Owing to strong host–guest interactions, the cat-
ions are embedded in the MOFs in an ordered
structure. However, because the IL cations
strongly bind to the MOFs, these cations in syn-
thetic MOFs are not considered to have the same
useful properties as the original ILs. In addition,
the choice of ILs and MOFs that can be used for
ionthermal synthesis is limited, which restricts the
widespread use of these MSILs [16].

In addition to this in situ impregnation method,
several strategies for postsynthesis impregnation
have been developed. For MOFs with coordinated
unsaturated sites, IL-modified MOFs can be
prepared by mixing alkaline ILs with them. Tak-
ing HKUST-1 as an example, the amino-
functionalized IL ([AIL][OH]) and HKUST-1
powder were mixed in [AIL][OH] ethanol solu-
tion and stirred at room temperature. HKUST-1
has coordinated unsaturated sites, which cause the
[AIL][OH] ions to be pinned by the lewis acid.
Excess [AIL][OH] can be removed by filtration
and solvent washing. Another strategy is tandem
postsynthesis modification. This ship-in-bottle
process can effectively confine ILs to the channels
of MOFs. In this way, brønsted acidic ILs have
been confined in the mesopores of Cr-MIL-101.
N–Cr coordination occurs between coordinated
unsaturated sites of Cr-MIL-101 and N-
heterocyclic compounds containing two nitrogen
atoms (triethylenediamine or imidazole). Subse-
quently, 1,4-butane sultone was added to react
with the N-heterocyclic compounds to generate
the ILs. Finally, after addition of H2SO4, the
anions of the ILs are exchanged with HSO4

�. In
a third strategy, ILs are introduced into the pores
of MOFs by capillary action. This method only
requires the ILs to be mixed with the MOFs; the
ILs enter the pores of the MOFs through physical
action, and diffusion is enhanced by capillary
action. The advantage of this strategy is that it
can be widely used with various types of ILs and
MOFs, but the obvious disadvantage is that the
ILs are easily leached from the MOFs during
use [16].

Nitrogen adsorption or IR absorption measure-
ments were performed to confirm the presence of
ILs in the pores of MOFs after impregnation by
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using these strategies. Nitrogen adsorption iso-
therms and pore-size distributions indicate that
the pore volumes of the MOFs decrease after the
addition of ILs, indicating that IL molecules are
present in the pores of the MOFs. In addition, the
observed IR spectrum shows C¼N, C¼C, and C–
N stretching bands, which can also indicate the
presence of nitrogen heterocycles in ionic liquids.
However, this characterization method is not very
accurate because these stretching bands may also
exist in the MOFs. Beside these characterization
techniques, analysis of the observed XRD pat-
terns by the maximum entropy method (MEM)
and Rietveld refinement is a useful characteriza-
tion technique. MEM analysis enables visualiza-
tion of the electron density of guest molecules
included in porous materials from the observed
XRD patterns. Before the introduction of the ILs,
there is no obvious charge density in the pores of
the MOFs, indicating that the MOFs do not con-
tain guest molecules. By contrast, apparent elec-
tron density peaks appeared in the pores of the
MOFs after the introduction of the ILs, indicating
that the ILs have successfully entered the pores of
the MOFs.
Supported Ionic Liquids, Scheme 7 Synthesis of MILs b

Supported Ionic Liquids, Scheme 8 Synthesis of MILs b
Covalent Preparation of MSILs
To immobilize ILs on MOFs, it is usually neces-
sary to prepare MOFs (such as UiO-66, and
MIL-101) with amino groups (NH2-MOFs) by a
mild hydrothermal process. The ILs can then be
directly grafted onto the NH2-MOFs (Scheme 7),
or they can be generated on the NH2-MOFs after
imidazole grafting (Scheme 8) [17]. In the first
method, the NH2-MOFs react directly with ILs
containing carbonyl groups through coupling
reactions. Fourier-transform IR spectroscopy and
XPS analysis were used to monitor the molecular
interactions and functionalization of the material.
By comparison with those in NH2-MOFs, the
characteristic peaks of imidazole, C¼N, and N–
H bonds in IL-MOFs after impregnation can con-
firm the coupling of ILs with the NH2-MOFs. In
addition, the presence or absence of characteristic
peaks corresponding to the IL anions can also be
observed after synthesis. TGA of IL-MOFs
showed an initial weight loss of around 150 �C,
which was ascribed to loss of the ILs and confirms
the presence of covalently bound ILs on the
MOFs. For 1H NMR spectroscopic analysis,
IL-MOFs can be digested in D2SO4 with
ased on UiO-66 [18]

ased on MIL-101 [19]
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sonication, and the peaks of the ILs in the 1H
NMR spectra indicated that the ILs were success-
fully anchored on the MOFs [18]. For the second
method, imidazole-modified MOFs (IM-MOFs)
were prepared by the reaction of N,
N-carbonyldiimidazole with the amino groups of
NH2-MOFs. The IL-MOFs were then prepared by
alkylation of an alkyl halide with the imidazolyl
moiety of the IM-MOFs. Nitrogen adsorption iso-
therms can also be used to confirm the immobili-
zation of MOFs with ILs. The decreasing total
pore volume, pore size, and Brunauer–Emmett–
Teller surface area can be attributed to the incor-
poration of ILs inside the pores of the MOFs. In
addition, if the anions of ILs have special UV
absorption, UV–visible spectroscopy can be
used to determine whether the ILs have been
successfully attached to the MOFs [19].

Clay-Supported ILs (CSILs)
The various advantages of ILs have led
researchers to investigate their potential use for
the modification of clay minerals (sepiolite,
palygorskite, smectites, halloysites, kaolinites,
etc.), thereby improving the physical and chem-
ical properties of the latter. The resulting hybrid
materials have been successfully applied in var-
ious fields, including catalysis, energy produc-
tion, and depollution. Methods for the
preparation of clay-supported ILs (CSILs) can
be classified as noncovalent and covalent, simi-
lar to those for other IL-modified materials.
Although there are many types of clay, their
preparation methods are similar; hence, kaolinite
is used as the representative material for the
description herein [20].
Supported Ionic Liquids, Scheme 9 Process of intercalat
Noncovalent Preparation of CSILs
Kaolinite is a layered clay mineral, and intercala-
tion is a common method for the noncovalent
preparation of CSILs. The preparation involves
mixing and heating the ILs (imidazolium and
pyridinium ILs) and kaolinite under nitrogen pro-
tection in DMSO (for preintercalation), followed
by washing off the excess ILs thoroughly with the
solvent (Scheme 9). In addition to DMSO, urea
and other polar compounds can be used for pre-
intercalation [20]. The synthesis of pyrrolidinium
ILs is similar to that of ILs based on imidazole and
pyridine. However, pyrrolidinium ILs can inter-
calate with kaolinite in the absence of a solvent
and preintercalation reagent. The choice of wash-
ing solvent is crucial because it should remove
only the ILs adsorbed on the surface but should
not have sufficient polarity to prevent intercala-
tion. In this regard, isopropanol is the ideal sol-
vent. Moreover, the larger the particle size of the
ILs, the smaller is the amount of organic com-
pounds between the clay mineral layers. Besides,
unlike montmorillonite intercalation, it shows
more than one layer of modifier in the interlayer
space. In the case of kaolinite modified by ILs,
only one layer is stable. The strong dipole
between adjacent layers (along the c-axis direc-
tion) can explain this phenomenon. The strong
electrostatic attraction will inevitably prevent the
formation of multilayer films of less stable ILs in
the interlayer space. Because of their large size, it
is difficult to use PILs for the intercalation of
kaolinite; hence, they are mainly used for the
exfoliation of kaolinite.

Kaolinite intercalated with ILs can be character-
ized by XRD in addition to traditional
ion of IL in the interlamellar spaces of kaolinite [21]
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characterization methods. For example, in
1-ethylpyridine chloride intercalated kaolinite, the
resulting IL intercalated kaolinite was completely
replaced by 1-ethylpyridine chloride in DMSO
[21]. The d001 value increased from 0.71 nm for
the original kaolinite to 1.10 nm for the kaolinite
with DMSO, eventually reaching 1.35 nm. The
increase in d001 (0.64 nm) is consistent with the
size of the organic cation inclined by 30� relative to
the a, b planes of kaolinite.

Covalent Preparation of CSILs
Kaolin has a large number of aluminol groups.
Hence, ILs with hydroxyl groups (imidazolium
and pyridinium ILs) can be functionalized with
aluminol during the synthesis. In contrast, the
synthesis of kaolinite functionalized with
alkylammonium ILs requires two steps. In the
first step, the hydroxyl group in the alky-
lammonium derived from diethanolamine and tri-
ethanolamine can form a covalent bond with the
aluminol group. In the second step, haloalkanes are
used for quaternization. During the synthesis,
haloalkanes of different sizes can be used to adjust
the properties of the resulting compounds. XRD
also plays an important role in the characterization
of CSILs prepared by covalent methods. The XRD
results revealed that despite the difference in
lengths of the haloalkanes added for the
quaternization of amino alcohols, the resulting
materials showed short basal spacing distances
(between 1.10 and 1.13 nm). This phenomenon
could be attributed to the preferred orientation of
the grafted organic cations in the interlayer space.
Summary

This chapter summarized the recent developments
in supported ionic liquids, especially in the novel
preparation strategies and characterization
methods. Generally, based on the interaction
between the supporting material and ionic liquid,
the preparation strategies of supported ionic liq-
uids are divided into two groups, which are non-
covalent and covalent preparation methods. We
have described the preparation strategies and the
corresponding characterization methods of
supported ionic liquids with five commonly used
supports: silica, polymers, carbon nanomaterials,
metal-organic frameworks (MOFs), and clays.
The synthetic strategies and characterization
methods discussed in this entry not only provide
strategies in the synthesis of custom-designed
supported ionic liquids, but also present important
information in the understanding of molecular
structure of supported ionic liquids.
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P. R. China
Introduction

Among the unique properties of ionic liquids,
surface tension plays a special and crucial role.
Since the ionic nature of ILs makes it extremely
difficult to accurately measure the cohesive
forces present in the liquid, in view of this
situation, the corresponding states principles
and other powerful correlation techniques are
often applied to solve the issue, which is also
still a challenge. So it is found that surface
tension value is an effective way to avoid this
problem, and it is possible to access at the
liquid-vacuum boundary. Surface tension is a
measure of cohesive forces between liquid mol-
ecules present at the surface, and it represents
the quantification of force per unit length of free
energy per unit area. Thus, the measurement of
surface tension of ionic liquids is one of the
most effective ways to (indirectly) access the
intrinsic energetics that are involved in the
interactions between the ions [1]. In addition,
surface tension data are also a powerful means
to explore the different types of segregation/
orientation that occur at ionic/molecular level
and how these influence the interactions with
other molecules [1, 2]. Finally, it must be
stressed that surface tension data are core in
colloid and interface sciences, including the
use of ionic liquids and their mixtures in the
chemical industry and are extremely important
in mass-transfer operations, such as in distilla-
tion, extraction, absorption, and adsorption
[3]. Here, this entry tries to give the surface
tension-related information including the defi-
nition of surface tension, measurements
methods, factors affecting, and surface proper-
ties, which will make it easily understood.
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Definition of Surface Tension

As one of the important physicochemical proper-
ties, surface tension is caused by the cohesive
forces among liquid molecules due to the fact
that each molecule is pulled equally in every
direction by neighboring liquid molecules,
obtaining a net force equal to zero. As the mole-
cules at the surface of liquid do not have the same
molecules on all sides of them, they are pulled
inward, creating an internal pressure, forcing at
liquid surface to contract in a minimal area [4]. In
other words, surface tension is the energy that
must be supplied to increase the surface area by
one unit by performing like energy necessary to
create surfaces in physical chemistry. Thus, sur-
face tension can manifest itself in forms of both
surface force and surface energy, and so it can
affect the mass and heat transfer on the interface
and provide information about the structure rela-
tionship between two phases [4].
Measurement Methods for Surface
Tension

There are mainly two approaches to obtain surface
tension: experimental methods and estimation.

Experimental Methods
The most commonmethods for measuring surface
tension may be grouped into the five following
classes [1]: (i) methods based on drop/meniscus
shape: capillary rise (CR) [5] and pendant drop
(PD) [6]; (ii) detachment methods: du Noüy ring
(DNR) [7] and Wilhelmy plate (WP) [8]; (iii)
methods based on menisci at the stability limit:
drop weight/volume (DW or DV) [9] and maxi-
mum bubble pressure (BP) [10]; (iv) spinning
drop method (SD) [11]; and (v) dynamic light
scattering methods (DLS) [12]. And the above
experimental techniques have been usually used
to determine the surface tension of ionic liquids
from ambient atmosphere to highly controlled
environments, at various temperatures.

Estimation
However, at present, it is faced with the lack of
resources of surface tension owing to the
increasing number of ionic liquids, and its deter-
mination could be a huge challenge; also new
estimation methods of the surface tension of
ionic liquids based on simple calculation and
properties are highly desirable, that is, surface
tension can be also obtained from molecular
dynamic simulations [13], quantitative structure-
property relationship (QSPR) methods [14], para-
chor and ionic parachor [15], group-contribution
methods [16], molar surface Gibbs free energy
methods [17], corresponding states theory method
[18], and neural network model [19].
Factors Affecting

Effect of the Cation
Based on the cation, the available ionic liquids
have been divided into five families: imidazolium,
pyridinium, ammonium, phosphonium, and
guanidinium. Take imidazolium-based ionic liq-
uids [CnC1Im][Tf2N] series as an example; as one
of the most common ionic liquids, it is reported
that the surface tension for [CnC1Im][Tf2N] series
strongly decreases with increasing alkyl chain for
the short alkyl chains (n � 8), which is in agree-
ment with the reported values [20–22], and
increasing the chain length further from
[C8C1Im][Tf2N] to [C12C1Im][Tf2N] does not
have any further effect on the surface tension
[23], and the same trend is observed by many
groups [24]; simulations have confirmed these
experimental findings [25]. Different anions
based on imidazolium-based ionic liquids, such
as [BF4]

�, [PF6]
�, are still the same phenomenon

[5, 21]. In addition, the functional groups in their
side chains also have an effect on the surface
tension, for example, the surface tension of [Me
(EG)2C1Im][Tf2N] and [C6C1Im][Tf2N] are
36.5 � 0.7 mN m�1 and 30.2 � 0.6 mN m�1,
respectively [23].

Effect of Cationic Head Group
Generally, the surface tension of imidazolium-
based IL is compared with the pyrrolidinium-
based IL, and it is shown in Table 1.

From the table, it is found that surface tension
is higher for the pyrrolidinium ILs than for the
imidazolium ILs; besides that, there are also



Surface Tension of Ionic Liquids, Table 1 Surface tension of imidazolium IL and pyrrolidinium IL from the
references

Imidazolium ILs Surface tension/mN	m�1 Pyrrolidinium ILs Surface tension/mN	m�1

[C4C1Im][Tf2N] [23] 30.7 � 0.6 [C4C1Pyrr][Tf2N] [23] 32.3 � 0.7

[C4C1Im][SCN] [26] 45.9 � 0.2 [C4C1Pyrr][SCN] [26] 49.8 � 0.1

[C4C1Im][N(CN)2] [24] 48.6 � 0.1 [C4C1Pyrr][N(CN)2] [24] 55.8 � 0.2
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ammonium, phosphonium, and guanidinium
ionic liquids, and it means that the surface tension
has a great relationship with the cationic head
group.

Effect of the Anion
Like the cationic group, the anion also influences
on the surface tension, but the change trends are
unfixed. There are a variety of anions sizes
containing small (e.g. halides, [NO3]

�, and
[BF4]

�), medium-sized (e.g. [PF6]
�, [B(CN)4]

�,
and [MeOSO3]

�), and large (e.g. [TfO]�), how-
ever, it is found that the surface tension
either increases or decreases with increasing
anion size, or that there is no dependence at all
[26, 27]. When the selected anions can be seen as
more or less of spherical shape, such as [BF4]

�,
[PF6]

�, and [B(CN)4]
�, it can be seen as one

group, and the surface tension increases with
anion size; it is obvious that the order is
[BF4]

� < [PF6]
� < [B(CN)4]

� [23].

Effect of Temperature
Most of the studies dealing with the effect of
temperature on the surface tension of ionic liquids
are restricted to a relatively narrow temperature
range, typically from around room temperature
(280–300 K) up to around 350 K [1]. For most
of the ionic liquids studied, a 20 K increase in
temperature corresponds to a 1–2 mNm�1 drop in
surface tension [1]. Only a few reports are avail-
able in which the upper temperature limit was
extended beyond 370 K [5, 28], such as the sur-
face tension of different imidazolium-based
ionic liquids up to 395 K [5]; the surface tension
of 1-alkyl-3-methylimidazolium bistriflamide
[CnC1im][Ntf2](n ¼ 2–14), ionic liquids up to
530 K [28], which is quite close to the onset of
decomposition temperature; and the surface
tension of 1-ethanol-3-methylimidazolium tetra-
fluoroborate [(OH)C2C1im][BF4], and 1-octyl-3-
methylimidazolium tetrafluoroborate [C8C1im]
[BF4], up to 455 K using the drop-shape analysis
method equipped with a thermostatic
chamber [29].

It is obvious that temperature has an important
influence on the surface tension, generally, it
decreases with the increasing of temperature (see
Table 2). For most ionic liquids, the surface ten-
sion decreases linearly with the increasing tem-
perature. In addition, the Guggenheim or Eötvos
equations can be used to present the surface ten-
sion of ionic liquids with temperature and their
use in extrapolation schemes that allow for the
estimation of the hypothetical critical and normal
boiling temperatures of ionic liquids [6], which is
introduced in detail as follows. The general trend
for some reported ILs is [Cnpy][NTf2](n ¼ 2,4,6)
[30], [Cnmim][Tf2N] (n ¼ 2,3,4,5,6,7,8,10) [31];
[Cnmim][Ala] (n ¼ 2–6) [21], [H2N�Cnmim]
[PF6](n ¼ 2,3) [32]; that the surface tension
decreases with increasing temperature is observed
and shown in Fig. 1.

Effect of Water Contents and Other Impurities
It is reported that there are crucial discrepancies in
the values of surface tension data which can be
partially explained by the ionic liquids with dif-
ferent amounts of water or other impurities, e.g.,
halides. And in addition, hygroscopic ionic liq-
uids could absorb water when exposed to air; as a
matter of fact, the water content of the samples
could increase continuously. Huddleston et al. [7]
show that the values of surface tension are
reduced with the increasing of water contents or
other impurities, and this is in accordance with
Yang et al. [33, 34]. However, Malham et al. [35]
hold a view that the influence of water on surface
tension values is almost negligible. Rebelo et al.
[1] have summarized that water and halide content
on the surface tension of some selected
imidazolium-based ionic liquids, and it is found



Surface Tension of Ionic Liquids, Table 2 Surface excess entropy Sa and surface excess energy Ea of some reported
ionic liquids

ILs
103Sa
/ mJ	K�1	m �2

Ea

/ mJ	m �2 ILs
103Sa
/ mJ 	K�1	m �2

Ea /
mJ	m�2

[C2mim][Ala] [21] 70.3 73.7 [H2N-C2mim][PF6] [32] 66.9 � 1.8 75.3 � 0.6

[C3mim][Ala] [21] 70.5 71.1 [H2N-C3mim][PF6] [32] 43.5 � 2.2 63.8 � 0.7

[C4mim][Ala] [21] 70.7 68.8 [C2mim][ReO4] [33] 62.7 67.8

[C5mim][Ala] [21] 70.8 67.1 [C4mim][ReO4] [33] 61.5 63.1

[C6mim][Ala] [21] 71.0 64.6 [C5mim][ReO4] [33] 61.3 61.0

[C6mim][ReO4] [33] 60.5 59.5
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Surface Tension of Ionic Liquids, Fig. 1 The surface
tension of some reported ILs is varied with temperatures.
( [C2py][NTf2]; [C4py][NTf2]; [C6py][NTf2];
[C2mim][Ala]; [C3mim][Ala]; [C4mim][Ala];
[C5mim][Ala]; [C6mim][Ala]; [H2N�C2mim][PF6];

[H2N–C3mim][PF6]; [C2mim][Tf2N]; [C3mim]
[Tf2N]; [C4mim][Tf2N]; [C5mim][Tf2N]; [C6mim]
[Tf2N]; [C7mim][Tf2N]; [C7mim][Tf2N]; [C10mim]
[Tf2N])
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that that due to different water and halide contents
in each measurement, there is no obvious trend
between the reported amounts of water present in
the samples and the magnitude of the surface
tension values. So, it is obvious that proper sam-
ple handling and experimental methods are one of
effective ways to reconcile conflicting views
[36]. The values of surface tension are reduced
with the increasing of the temperatures, and it is a
linear relationship between surface tension and
temperature as reported in references [32–34]; in
addition, water contents of ionic liquids have also
an effect on the surface tension, and it is shown in
Fig. 2, especially for the hydrophilic ionic liquids,
e.g., [Cnmim][OAc](n¼ 2–6) [34], [Cnmim][Pro]
(n ¼ 2–6) [37].
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Surface Tension of Ionic Liquids, Fig. 2 Experimental
values of surface tension change with the water contents
of ionic liquids. ( [C2mim][OAc]; [C3mim][OAc];

[C4mim][OAc]; [C5mim][OAc]; [C6mim][OAc];
[C2mim][Pro]; [C3mim][Pro]; [C4mim][Pro];
[C5mim][Pro]; [C6mim][Pro])
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Surface Tension of Ionic Liquid Mixtures
or Solutions

Water and other molecular solvents such as
alcohols, n-alkanes, 1-octene, and benzene are
mixed with ionic liquids, and ionic liquid solu-
tions or mixtures are formed, and the determi-
nation of the surface tension is well carried out
aiming to establish the critical micelle concen-
tration of surfactant-like ionic liquids [1]. Addi-
tional studies have addressed the surface
tensions of mixtures of ionic liquids combining
both imidazolium-ammonium-, ammonium-
ammonium-, and imidazolium-imidazolium-
based pairs of ionic liquids [36, 38]; the surface
tension of mixtures of ionic liquids can provide
valuable information on the preferential migra-
tion and organization of ionic liquids at the
surface [1]. And it is not easily correlated with
the surface tension of the pure components. The
local composition at a binary mixture interface
differs from that in the bulk due to the prefer-
ential adsorption of one of the components
(usually the compound with lower surface ten-
sion). This means that adding an ionic liquid to
water leads to a decrease of the surface tension,
while adding it to an organic solvent has the
opposite effect. There is no simple definition
for an ideal mixture in terms of its surface,
but, for the sake of convenience, it is common
practice to consider ideality as the linear depen-
dence of the surface tensions of a binary
mixture:

g ¼ x1g1
� þ x2g2

� ð1Þ

where xi is the molar fraction of pure component i
and γi

* is its surface tension at the same tempera-
ture. The surface tension of mixtures has been
predicted; however, its variation with composition
is usually required parameters, which are difficult
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to obtain. One of the oldest and easiest approaches
is the regular solution theory of Guggenheim
[39]. The main focus of most studies regarding
the surface tension of ionic liquid mixtures has
been on the effect of the nature of the ionic liquid
or cosolvent and temperature.
Solvent Component Effects

As mentioned above, solvent components are
generally divided into water, alcohols, n-alkanes,
1-octene, benzene [7, 22, 35, 40, 41], etc.

Trace of water is usually seen as an impurity in
the surface tension of pure ionic liquids, which
was discussed in section “Effect of Water Con-
tents and Other Impurities”. In this section, we
evaluate the effect of water as a general mixture
component and compare it with other solvents.

In the year 2001, the effect of water on the
physical properties of ionic liquids was rarely
carried out [2]. Later, many works reported the
results on the surface tension of binary mixtures of
hydrophilic ionic liquids and water with different
concentrations [35]. It is found that in the water-
rich phase, surface tension decreases rapidly for
the mixtures between [C4C1C1im][BF4] or
[C4C1im][BF4] and water, in the entire concentra-
tion range [35]. With addition of more ionic liq-
uid, the surface tension (which is already quite
close to that of the pure ionic liquid) increases
slightly until the value for the pure ionic liquid is
reached. It is obvious that there is the presence of a
minimum around the break point; authors
explained this anomalous behavior considering
differential surface segregation of anions and cat-
ions at different concentration regimes, and cat-
ions are primary species at the interface at very
low-ionic liquid concentrations; there are further
investigations involving aqueous solutions of
other ionic liquids [22]; the surface tension of
three systems [C4C1im]Cl, [C4C1im]Br, and
[C4C1im][BF4] with water was also explored,
and [C4C1im][BF4] + water system showed a sim-
ilar trend, that is, it sharply decreases with a weak
dependence on increasing ionic liquid concentra-
tion, xIL. The other two systems [C4C1im]Cl and
[C4C1im]Br + water exhibited a more regular
decrease with increasing xIL [42]. Other results
have investigated aqueous solutions of [C2C1im]
[C2SO4], [C4C1im][Ntf2], [C4C1im][PF6], and
[C4C1im][Glu]; in the ionic-liquid-rich phase,
the surface tension decreasing with increasing
xIL was regular [21, 22], and it shows a more or
less pronounced drop of surface tension at water-
rich concentrations and a more subdued decrease
with increasing xIL at ionic-liquid-rich concentra-
tions. It must be stressed, however, that the con-
trast between the two regimes (water-rich side
versus ionic-liquid-rich side) is also a conse-
quence of the significant difference between the
molar mass and molar volumes of most ionic
liquids and that of water (at least one order of
magnitude); any diagram plotted as a function of
the mixture molar fraction will enhance variations
on the water-rich side.

As the second largest class of solvents, alco-
hols are mixed with ionic liquids which are also a
research hotspot; the surface tension of mixtures
at 298.15 K was often measured, and a general
overview of the effect of alcohol alkyl chain
length on the surface tension of (ionic liquid +
alcohol) mixtures, which is consistent with the
reported results [43]. From the cases, the kind of
alcohols has a key influence on the surface tension
of ionic liquid + alcohol, that is, the surface ten-
sion of mixtures decreases with increasing con-
centration of alcohol, and the slope is more
pronounced (on the ionic-liquid-rich side) when
the alkyl chain of the alcohol is longer; interest-
ingly, for very short alkyl chains alcohols, such as
methanol, the plot of surface tension as a function
of the mixture mole fraction is almost linear. In
addition, there are also few publications pre-
senting surface tension values for ternary mixtures
composed of ionic liquid + water + β-cyclodextrin
[44]. Although it could provide complementary
evidence on the formation of inclusion com-
plexes, some general remarks can be made based
on the surface tension data.
Temperature Effects

Temperature effects on the surface tension of ionic
liquid mixtures can be explored [35], that is in the
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usual range from 298 K to 308 K, the surface
tension at a given composition decreases with
increasing temperature. It was also found that at
higher temperatures, the surface tension drop
caused by the molecular solvent becomes less
significant.
S

Surface Properties of Ionic Liquids

As mentioned before, surface tension decreases
linearly with the increasing temperature, and the
slopes of the experimental values of γ against
T could be seen as surface excess entropy Sa:

Sa ¼ � @g=@Tð Þp ð2Þ

Many groups [21, 32, 33] have reported the
surface excess entropy Sa of ionic liquids, as listed
in Table 2. Compared to a fused salt NaNO3

(Sa ¼ 146 mJ m�2) [45], it is interesting to find
that ionic liquids present lower surface entropy,
and the surface entropy is much closer to that of an
organic compound such as benzene
(Sa ¼ 67 mJ m�2) and octane (Sa ¼ 51.1 mJ m�2)
[45]. This fact shows that the interaction energy
among ions in the studied ionic liquids is less than
that in inorganic fused salts because the surface
excess energy is dependent on the interaction
energy between ions, that is, this means the crystal
energy of ionic liquids is much less than that of
inorganic fused salts [46–49].

In addition, the values of the surface excess
energy Ea likewise could be obtained from the
surface tension:

Ea ¼ g� T @g=@Tð Þp ð3Þ

And Ea values for some of the ionic liquids at
298.15 K are also shown in Table 2.
Related Thermodynamic Properties

The parachor, P, is a relatively old concept; gen-
erally, it could be obtained by surface tension and
density:
P ¼ Mg1=4
� �

=r ð4Þ

Deetlefs et al. [50] pointed out that it is a
remarkably useful tool to predict physicochem-
ical properties of ILs. That is, from the above
equation, we can see that parachor is available
as a link between the structure, density, and
surface tension, and it may become a method
to estimate surface tension of ILs from its
density.

In addition, interstice volume, v, was obtained
based on the interstice model [51].

v ¼ 0:6791 kBT=gð Þ3=2 ð5Þ

where kB is the Boltzmann constant.
Thermal expansion coefficient, α, is also

derived. For many liquids, the traditional Eӧtvӧs
equation [51, 52] usually expresses the relation-
ship between surface tension and temperatures,
and it shows as follows:

gV 2=3 ¼ kE Tc � Tð Þ ð6Þ

where V is molar volume, γ is surface tension of
mixtures, and Tc is critical temperature. kE is the
Eӧtvӧs empirical and related to polarity of the
liquid. And the critical temperature Tc is also
obtained, which is one of the most important
thermophysical properties because they can be
used in many corresponding state correlations
regarding the equilibrium and transport properties
of fluids.

However, the determination of the IL critical
temperatures is a challenging task because ILs are
decomposed at temperatures below the critical
point. Although these values are hypothetical
quantities, their usefulness is unquestionable, as
originally shown for ILs in a previous work
[10]. IL critical temperatures can typically be esti-
mated using the Eötvös or Guggenheim [53]
relation:

g ¼ KGug 1� T=Tc,Gug

� �11=9 ð7Þ

According to the relationship temperature of
normal boiling point (NBP) of ionic liquids
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Tb ≈ 0.6 Tc, for ionic liquids, Tb is also esti-
mated, and it is easy to obtain the values of
Δl

gH m
0(Tb) by Rebelo’s [6]. In addition,

according to Kabo’s empirical equation [53],
the molar enthalpy of vaporization, Δl

gH

m
0(298K), of ionic liquids can be estimated by

the following equation:

Dl
gHm

0 298 Kð Þ ¼ 0:01121gV 2=3N1=3

þ 2:4 kJ 	mol�1 ð8Þ

In addition to Δl
gH m

0(298K), another thermo-
dynamic parameter, Hildebrand solubility param-
eter (δH), is an effective measure of the strength of
molecular interactions between solvent mole-
cules. Thus, it is widely used in predicting the
solubility of various chemicals in organic sol-
vents. According to the calculated Δl

gHm
0(298 K)

values, δH can be estimated by the following
equation [54]:

dH ¼ Dl
gHm

0 298Kð Þ � RT=Vm

� �1=2 ð9Þ

The traditional Eӧtvӧs equation has been
improved by the introduction of molar surface
Gibbs energy gs by Tong et al. [55], and it is
presented as follows:

gs ¼ gV 2=3 N1=3 ¼ kEN
1=3 Tc � Tð Þ

¼ C0 � C1T ð10Þ

Although both expressions are empirical
equation, each item in equations has not only
the energy dimension but also clear physical
meaning. From the above related equations,
C1 ¼ kEN

1/3 ¼ �(@gs/@T )p ¼ s, that is, C1 repre-
sents molar surface entropy, and s, the molar sur-
face entropy, is related to the polarity of the
mixtures, and it is a strong positive relationship
between the molar surface entropy and the polar-
ity. According to the definition of Gibbs, the molar
surface enthalpy, h, was obtained from the table;
the molar surface enthalpy is a temperature-
independent constant, that is, the process from
the bulk to the surface of the mixture is an iso-
coulombic one [56].
According to the Auerbach relation [57], the
speed of sound can be calculated from surface
tension and density by the following equation:

u=m 	 s�1 ¼ g= 0:00063rð ÞÞ2=3 ð11Þ
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Introduction

The organic salts comprising of sterically mis-
matched ions and also with relatively low melting
point (generally below 100 �C) but excellent
thermal stability are known as ionic liquids
(ILs). In recent times, they are extensively used
in different research fields; but historically these
ILs are not very new. Although the first published
review on room temperature ionic liquid (RTIL)
came in the year of 1999 by Thomas Welton, the
earliest RTIL, ethylammonium nitrate (EAN,
[EtNH3][NO3]), was reported by Paul Walden in
1914. However, in India, Rây and Sen did excel-
lent works and made significant contributions in
this particular field since 1911. Besides the RTILs,
the ILs having long alkyl hydrophobic chains and
inherent amphiphilic characteristics are known
as surface-active ionic liquids (SAILs). The struc-
tural dissection of the ILs reveals that most of the
ILs containing imidazolium or pyrrolidinium head
groups and long hydrophobic alkyl chains lead to
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their aggregation in different media. Such aggre-
gations result in several interesting molecular
assemblies like micelles, vesicles, reverse
micelles, microemulsions, etc. These IL-induced
microheterogeneous aggregates show significant
amounts of contributions in drug delivery, gene
delivery, nanocarrier, bioimaging, photodynamic
therapy, etc. Nevertheless, among all these
applications, the IL-related aggregate-induced
drug delivery is the most important.
S

Background

Surfactants are generally organic molecules
having polar, ionic, or nonionic head groups
with extended apolar, organic residues [1].
These surfactants undergo intra- and
intermolecular assemblies to form various
molecular architectures like micelle, vesicles,
microemulsions, etc. The history of such surfac-
tant assembly is not very new. Kaler and co-
workers in 1989 reported the formation of ther-
modynamically stable vesicles between the cat-
ionic surfactant, cetyltrimethylammonium
tosylate (CTAT), and the anionic surfactant,
sodium dodecylbenzenesulfonate (SDBS), at
appropriate mixing ratio in aqueous solution
[2]. They discussed about the role of the produc-
tion of ion-pair amphiphile (IPA) which act as
double-chained zwitterionic surfactant in the for-
mation of vesicular aggregates. Although these
surfactant-based aggregated systems are highly
stable and very easy to prepare, in recent times,
due to the breakthrough surface-active properties
and excellent aggregation behaviors, these sur-
factants are gradually replaced by more fascinat-
ing and sophisticated surfactant systems, known
as ILs [3].
Results and Discussion

This particular section has been subdivided
into two parts: in the first part, we have discussed
the synthesis and characterization of ILs and sur-
factants-induced different aggregated nano-
structures. The second part of this section deals
with the discussion about the surfactant properties
of the ILs with the abilities of the studied aggre-
gates as efficient drug nanocarriers. This section
also includes different photophysical studies asso-
ciated with the drugs inside these IL-derived dif-
ferent aggregated morphologies.

Synthesis and Characterization of Different
Aggregated Nanostructures

Conventional Surfactant Derived Aggregated
Structures
The aggregated structures formation due to the
assembly of the surfactants is quite conventional
one, and a significant numbers of contributions
in terms of their synthesis and morphological
characterization as well as applications in diverse
research fields have been made. Although, till
date, a large number of reports are published on
this particular topic, one of the oldest works in this
field was reported by Kaler et al. [2], where they
showed that spontaneous vesicle having radius in
the range of 30–80 nm formed when appropriate
concentrations of oppositely charged surfactants,
CTAT and SDBS, in water were mixed. The for-
mation of alkyltrimethylammonium bromide
containing (CnTAB, n ¼ 12, 14, and 16) micelles
and cholesterol-induced respective vesicles
were also reported [1]. The structural andmorpho-
logical characterizations of the systems were
performed using dynamic light scattering (DLS)
and transmission electron microscopy (TEM) mea-
surements. Moreover, cholesterol-induced micelle-
to-vesicle transition of the system as mentioned
was also probed through studying the excited-
state intramolecular double proton transfer
(ESIDPT) dynamics of a well-known probe mole-
cule, 2,20-Bipyridine-3,30-diol (BP(OH)2). Now,
apart from these studies, Kuchlyan et al. [4] also
discussed about the formation of stable unilamellar
vesicles from zwitterionic N-hexadecyl-N,N-
dimethylammonio-1-propanesulfonate (SB-16)
and cationic poly-L-lysine (PLL) surfactants,
which were characterized in detail employing
turbidity measurement, DLS, cryo-TEM, zeta
potential, conductivity, and steady-state emission
studies. The results were assembled and shown in
Fig. 1.



Su
rf
ac
ta
n
t
B
eh

av
io
r
of

Io
n
ic
Li
q
ui
d
s
In
vo

lv
in
g
a
D
ru
g
,F

ig
.1

D
L
S
in
te
ns
ity

si
ze

di
st
ri
bu

tio
n
hi
st
og

ra
m
s
of

(A
)
C
TA

B
/c
ho

le
st
er
ol

an
d
(B
)
T
TA

B
/c
ho

le
st
er
ol

su
pr
am

o-
le
cu
la
r
ag
gr
eg
at
es
;T

E
M

im
ag
es

of
th
e
ve
si
cl
es

co
m
po

se
d
of

C
TA

B
/c
ho

le
st
er
ol
,(
a,
b
)

Q
¼

1.
0
an
d
T
TA

B
/c
ho

le
st
er
ol
,
(c
,
d)

Q
¼

1.
0
(Q

¼
co
nc
en
tr
at
io
n
of

ch
ol
es
te
ro
l/

co
nc
en
tr
at
io
n
of

su
rf
ac
ta
nt
);
(C

)
sc
he
m
at
ic

di
ag
ra
m

of
th
e
ve
si
cl
e
fo
rm

at
io
n
be
tw
ee
n

zw
itt
er
io
ni
c
su
rf
ac
ta
nt
,
N
-h
ex
ad
ec
yl
-N
,N
-d
im

et
hy

la
m
m
on

io
-1
-p
ro
pa
ne
su
lf
on

at
e
(S
B
-

16
),
an
d
ca
tio

ni
c
po

ly
(a
m
in
o
ac
id
),
po

ly
-L
-l
ys
in
e
(P
L
L
).
(I
m
ag
es

(A
,B

,a
,b

,c
,a
nd

d
)

ar
e
re
pr
in
te
d
w
ith

pe
rm

is
si
on

fr
om

J.
P
hy

s.
C
he
m
.B

20
14

,1
18

,9
32

9–
93

40
(c
op

yr
ig
ht

20
14

,A
m
er
ic
an

C
he
m
ic
al
S
oc
ie
ty
),
an
d
im

ag
e
C
is
re
pr
in
te
d
w
ith

pe
rm

is
si
on

fr
om

J.
P
hy

s.
C
he
m
.B

20
15

,1
19

,8
28

5–
82

92
(c
op

yr
ig
ht

20
15

,A
m
er
ic
an

C
he
m
ic
al
S
oc
ie
ty
))

1252 Surfactant Behavior of Ionic Liquids Involving a Drug



Surfactant Behavior of Ionic Liquids Involving a Drug 1253

S

IL-Surfactant-Based Aggregated Nanostructures
There are significant applications of the conven-
tional surfactants and respective surfactant-based
aggregates; but in recent times, the corresponding
uses of these surfactants are reduced to some
extent because of their high toxicity and compar-
atively complex methods are involved in
converting these materials to respective biode-
gradable ones. Now, although, some ILs show
some amount of cytotoxicity, in general, the ILs
are considered as “green solvents,” and since the
solvent properties of the ILs can be tuned very
easily, these “designer solvents” are efficiently
used as replacements of common solvents
and also different conventional surfactants [3].
However, a detailed study on the micelle-vesi-
cle-micelle transition, involving anionic surfac-
tant, SDBS, and cationic imidazolium-based ILs,
CnmimCl (n¼ 12, 16), was performed [5]. A sim-
ilar study including cationic surfactant, CTAB,
and anionic IL, 1-butyl-3-methylimidazolium
octylsulfate [C4mim][C8SO4], was also carried
out [6]. The detailed characterization results of
these two studies were summarized in Fig. 2.

IL-IL-Based Aggregated Nanostructures
The structural dissection of various ILs reveals
that opposite ion pairs with long hydrophobic
alkyl chains lead to form corresponding micelles
above a certain concentration (critical micelle
concentration, CMC). These IL micelles result
in respective vesicular aggregates in the presence
or absence of any external additives. These IL-
induced micelle-to-vesicle transitions in the pres-
ence or absence of foreign amphiphilic molecules
are well known and very much important with
respect to their applications in different research
fields. In this respect, the aggregation between
two oppositely charged ILs-cationic 1-dodecyl-3-
methylimidazoium chloride ([C12mim]Cl) and
anionic 1-butyl-3-methylimidazolium n-octylsulfate
([C4mim][C8SO4]) and, as a result, micelle-vesicle-
micelle transitions were firmly established using
turbidity, conductivity, DLS, TEM, and cryo-TEM
measurements [7]. The DLS study indi-
cated that the micellar solution of [C4mim][C8SO4]
IL gradually formed mixed micelle and vesicles
with increasing concentrations of another IL
additive, [C12mim]Cl, which were further con-
firmed using TEM and cryo-TEM images (Fig. 3).

Now, microemulsions are thermodynamically
stable microheterogeneous system containing an
oil phase and aqueous phase stabilized by an inter-
facial film of surfactant or mixture of surfactants.
Han and his co-workers first demonstrated the
formation of IL-in-oil (IL/o) microemulsions
containing IL as a polar domain. Subsequently,
Eastoe et al. have studied this system using SANS
experiments. Pramanik et al. [8] prepared
nonaqueous microemulsion comprised of RTIL, N-
methyl-N-propylpyrrolidinium bis(trifluoro-
methanesulfonyl)imide ([P13][Tf2N]), nonionic
surfactant, TX-100, and benzene as nonpolar phase
and characterized it by electrical conductivity, DLS,
and NMR measurements, and the dynamic proper-
ties were investigated using steady-state and time-
resolved spectroscopic measurements (Fig. 4a).

In another report, Mandal et al. [9] investigated
the fluorescence resonance energy transfer
(FRET) study from coumarin 480 to rhodamine
6G in the microreactor of the microemulsion,
where the polar IL, 1-ethyl-3-methylimidazolium
n-butylsulfate ([C2mim][C4SO4]), was stabilized
by a mixture of polyoxyethylene sorbitan mono-
oleate (Tween 80) and sorbitan laurate (Span 20)
in the oil phase of IPM (shown in Fig. 4b).
Nowadays, the conventional ILs are modified to
form various novel ILs, and thus their surface-
active properties are highly modulated [3].
The most promising and popular way for such
modification involves replacing the Na+ of
common double-chain surfactant, aerosol-OT
(NaAOT), with appropriate counterparts of ILs.
Such replacement with imidazolium cations
([Cnmim]+; n ¼ 8,12,16) leads to the formation
of new types of surface-active ILs which were
observed to form giant vesicular aggregates
in aqueous buffer solution as described by
Banerjee et al. [10] The detailed characterizations
of these aggregates were performed using nuclear
magnetic resonance (NMR), TEM, fluorescence
lifetime imaging microscopy (FLIM), and fluores-
cence correlation spectroscopy (FCS) studies.
Pyne et al. [11] also used this concept to synthe-
size a novel cholesterol and glycine-derived AOT-
based [Chol-Gly][AOT] SAIL. This modified
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Surfactant Behavior of Ionic Liquids Involving a
Drug, Fig. 2 TEM images of (A) SDBS/[C16mim]Cl
vesicular aggregates at (a) wC16mimCl ¼ 0.50 (b) wC16mimCl

¼ 0.20 and (c) wC16 mimCl ¼ 0.65; (B) SDBS/[C12mim]Cl
vesicular aggregates at (d) wC12mimCl ¼ 0.50 (e) wC12mimCl

¼ 0.20 and (f) wC16mimCl ¼ 0.65. (C–F) Conductivity, size
(determined by DLS), TEM, and surface tension measure-
ments of [C4mim][C8SO4]/CTAB solution at different

volume fractions of CTAB; (G) pictorial representation to
summarize micelle-vesicle-micelle transition of [C4mim]
[C8SO4]/CTAB system. (Images (A, B) are reprinted with
permission from J. Colloid Interface Sci. 2017, 490, 762–
773 (copyright 2017, Elsevier), and images (C–G) are
reprinted with permission from Langmuir 2013, 29,
10066–10076 (copyright 2013, American Chemical
Society))
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Surfactant Behavior of Ionic Liquids Involving a
Drug, Fig. 3 (A–D) DLS intensity versus size profile,
normalized turbidity, conductivity, and TEM micrographs,
respectively, of [C4mim][C8SO4]/[C12mim]Cl vesicles.

(Images (A–D) are reprinted with permission from
ChemPhysChem 2014, 15, 3544–3553 (copyright 2014,
Wiley))
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Surfactant Behavior of Ionic Liquids Involving a
Drug, Fig. 4 (a) Change in solvation correlation time of
probe C480 with the addition of RTIL ([P13][Tf2N])
in TX100/benzene system; (b) picosecond time-resolved
fluorescence decays of the acceptor R6G with the addition
of donor C480 in RTIL microemulsion system comprised
of [C2mim][C4SO4] IL, surfactant mixtures of Tween 80

and Span 20, and oil phase IPM. (Image a is reprinted with
permission from J. Phys. Chem. B 2011, 115, 2322–2330
(copyright 2011, American Chemical Society), and Image
b is reprinted with permission from J. Phys. Chem. B 2013,
117, 3221–3231 (copyright 2013, American Chemical
Society))
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surfactant [Chol-Gly][AOT] is very much impor-
tant since it was reported to form IL-in-oil micro-
emulsion in the presence of 1-ethyl-3-
methylimidazolium octylsulfate ([Emim][Os]) IL
and IPM oil phase as well as stable vesicles in
aqueous solution. The microemulsion was char-
acterized by constructing ternary phase diagram,
DLS, 1H NMR, steady-state emission using



Surfactant Behavior of Ionic Liquids Involving a
Drug, Fig. 5 (A) Ternary phase diagram, (B) DLS size
distribution analysis, (C) 1H NMR study, (D) steady-state
emission study, and (E) FCS study to characterize
EmimOs/[Chol-Gly][AOT]/IPM microemulsion; (F) DLS
histogram, (G) TEM images, (H) FLIM image, and

(I) FCS study for systematic characterization of the
vesicles formed by [Chol-Gly][AOT] in water. (Images
(A–I) are reprinted with permission from Langmuir
2017, 33, 5891–5899 (copyright 2017, American
Chemical Society))
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coumarin 480 as the fluorophore, and also by
recording the diffusion behavior of rhodamine
6G (R6G) in microemulsion droplets through
FCS techniques (Fig. 5A–E). The ternary phase
diagram indicated the presence of three micro-
regions, IL-in-oil, oil-in-IL, and bicontinuous
regions, whereas other mentioned measurement
techniques confirmed that with increasing
EmimOs IL content, the size of the microemulsion
droplets increased. On the other hand, the forma-
tion of vesicle dispersion in water was established
employing DLS, TEM, cryo-TEM, field emission
scanning electron microscopy (FESEM), atomic
force microscopy (AFM), FCS, and FLIM mea-
surements, as shown in Fig. 5F–I. All these char-
acterization techniques clearly tells that both
small and large vesicular aggregates were formed
in the aqueous dispersion of the synthesized
[Chol-Gly][AOT].

IL-Biomolecules Aggregated Nanostructures
The above three sections deal with the aggrega-
tion results of IL with different surface-active
molecules. In this section, we would like to dis-
cuss about the interactions and consequently
aggregations between ILs and some biologically
important molecules. These biomolecules range
from proteins, nucleotides, and amino acids to
bile salts, vitamins, etc. The impact of ILs on
protein actually depends on the properties of IL
and proteins as well as several external factors
like pH, temperature, ionic strength of the
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solution, etc., and depending on these parame-
ters, some ILs may induce aggregation or dena-
turation of protein, while some other ILs may
provide stability to the biomolecular system. The
ILs also can provide solubility and long-term
stability to several other biomolecules and thus
can be effectively used as preservation medium.
Moreover, recently a large number of biocom-
patible ILs, derived from biomolecules like
amino acids, are known which have potential
applications in biological, medical, and pharma-
ceutical research fields. However, the most
promising IL-biomolecules aggregation
involves that between ILs and bile salts which
result in various types of aggregated
morphologies.

Bile salts are the important biological amphi-
philes, involved in digestion of fats, fat-soluble
compounds, and lipids. Kundu et al. have dis-
cussed that at low IL concentrations, elongated
rodlike bile salt (sodium deoxycholate, NaDC)
aggregates were obtained, which transformed
into small aggregates at higher IL concentrations
[12]. This was supported using TEM, SEM, and
FLIM techniques, as shown in Fig. 6.

Different IL Systems Involving DrugMolecules

IL-Drug Assembly and Drug-Containing ILs
The large and diverse studies in the field of
ILs result in a broad focus on the synthesis and
applications of drug-containing IL systems and
different aggregated microstructures involving
drugs and ILs. The reports on the aggregation
behaviors of ibuprofenate (Ibu)-derived [Cnmim]
[Ibu] (n ¼ 4, 6, 8) [13] in aqueous medium
shed light on the formation of aggregated archi-
tectures from the active pharmaceutical ingredi-
ents (APIs). The experimental (DLS, cryo-TEM
and 1H NMR) as well as molecular dynamics
��

Surfactant Behavior of Ionic Liquids Involving a
Drug, Fig. 6 (A) Digital micrographs of the viscous
solution of 20 mM NaDC in the presence of 1.68 wt%
and 11.2 wt% [bmim]-BF4; (B) TEM images of NaDC
aggregates in the presence of 1.12 wt% (a), 1.68 wt%
(b), and 11.2 wt% (c) [bmim]-BF4, FESEM images of the
aggregates of 20 mM NaDC in the presence of (d) 1.68 wt
simulation studies showed that with increasing
alkyl chain lengths of imidazolium cations,
[Cnmim][Ibu] micellar sizes increase, and micelle
to large globular aggregates were formed which
upon dilution transformed into spherical vesicular
aggregates.

In the second part, the discussion will be based
on the assembly between ILs and drug molecules
and subsequent characterizations of the respective
system.

Pyne et al. [14] showed recently that one of
the most important and popular anticancer
drugs, doxorubicin hydrochloride (Dox), formed
spherical vesicular aggregates with eight carbon
containing IL, [C8mim]Cl, and further this vesic-
ular aggregates were transformed into rodlike
fibrillar networks in the presence of another
important biomolecule, sodium cholate (NaCh)
bile salt. In Fig. 7, the measurement techniques
(DLS, FLIM, TEM, FESEM, and AFM) used to
characterize both these vesicular and fibrillar
aggregates are shown. The report suggested that
spherical Dox/IL aggregates were formed mainly
due to the presence of π-π and cation-π inter-
actions along with hydrophobic and hydrogen
bonding interactions between the Dox and
imidazolium IL. On the other hand, the electro-
static and hydrophobic interactions between the
IL and bile salt as well as IL and Dox resulted in
the disruption of spherical aggregates to rodlike
fibrillar aggregates. These Dox containing vesic-
ular and fibrillar aggregates are expected to have
potential applications in different biomedical and
pharmaceutical research fields.

Drug Molecules Inside the ILs Forming Assemblies
The conventional strategy for developing drug
delivery system consists of loading drug mole-
cules inside the aggregated networks formed by
different amphiphilic molecules. In previous
% and (e) 5.6 wt% [bmim]-BF4, and (f) FLIM image of
20 mM NaDC aggregates in the presence of 3 wt%
[bmim]-BF4; (C) digital images of NaDC solution in
5.68 wt% [bmim]-BF4, above and below CMC. (Images
(A–C) are reprinted from Phys. Chem. Chem. Phys. 2015,
17, 25216–25227 with permission from the PCCP Owner
Societies)
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Surfactant Behavior of Ionic Liquids Involving a
Drug, Fig. 7 (A) DLS, (B) FLIM, (C) TEM,
(D) FESEM, and (E) AFM images of Dox/[C8mim]Cl
spherical vesicular aggregates; (F) FLIM, (G) TEM, and

(H) FESEM images of the rodlike fibrillar Dox/[C8mim]
Cl/NaCh aggregates. (Images (A–H) are reprinted
with permission from Langmuir 2018, 34, 3296–3306
(copyright 2018, American Chemical Society))
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sections, we have discussed elaborately that ILs
can serve as potential candidates for the formation
of the aggregated architectures. A large number of
literature studies clearly support our standpoint.
The ILs are documented to provide stability,
increase solubility of several drug molecules,
and, as a consequence, serve as drug delivery
systems for a huge number of drug molecules.
Curcumin is a commonly used organic molecule,
obtained from turmeric and is highly pharmaceu-
tically active molecule. The therapeutic efficacy
and medicinal applications of curcumin are
well known, and thus, its nanoformulations also
have excellent pharmaceutical applications.
The entrapment and subsequently photophysical
behavior of curcumin inside [Bmim][Os] IL
micelle were studied by Ghatak et al. [15] The
study provides us informations regarding the high
stability of curcumin inside the IL micelle and
also large partition coefficient (Kp ¼ 8.59 � 103)
of the drug from water to micellar phase, which
established the micellar system as an effective
drug delivery system. Again, Roy et al. [16]
reported that aqueous solution of sorbitan stearate
(Span 60) formed vesicles in the presence of
[C16mim]Cl IL, which again resulted an
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Surfactant Behavior of Ionic Liquids Involving a
Drug, Fig. 9 Possible location of adsorption of drugs
(DH and AC) inside the [C14mim][Br] micelles. (This
image is reprinted with permission from Langmuir 2012,
28, 17238–17246 (copyright 2012, American Chemical
Society))
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increment in size in the presence of trehalose.
Now, due to favorable interactions between cat-
ionic [C16mim]Cl IL and curcumin, the drug mol-
ecules were shown to encapsulate effectively
inside the IL micelle and corresponding vesicles.
Moreover, microenvironments of the IL-Span 60
aggregates and the same in the presence of treha-
lose were reported to affect the proton transfer
(ESIPT) dynamics of curcumin significantly com-
pared to that in IL micelle. The results are sum-
marized and shown in Fig. 8.

Furthermore, Mahajan et al. [17] investigated
the possible location of two important drug mol-
ecules, dopamine hydrochloride (DH) and acetyl-
choline chloride (AC), inside the micelle formed
by the SAIL, 1-tetradecyl-3-methylimidazolium
bromide (C14mimBr) (Fig. 9).

Due to their small size, narrow size distribu-
tion, biocompatibility, and stability, micelles are
more potent as a drug carrier. Through a compar-
ative study using several experimental techniques,
they have concluded that the SAIL-based micellar
environment is better for encapsulation of the
drug molecules than the conventional cationic
surfactant tetradecyltrimethylammonium bromide
([TTA][Br]) micelles. Among these two drugs,
DH was bound more strongly than AC with the
C14mimBr and [TTA][Br] because of the cation-π
interaction between the aromatic moieties of
drugs and positive charges of the imidazolium
and ammonium cations of C14mimBr and [TTA]
[Br], respectively. Furthermore, due to more
hydrophilicity of DH, the hydrogen bonding abil-
ity of the polar groups of DH with water helps to
locate the drug in the water micellar interface
compared to the another one. As a consequence,
the critical micelle concentration was reduced
more in the presence of DH which was also the
reason for the favorable interaction with DH.
Again, Goto and co-workers reported that IL can
be successfully used for the formulation of
��

Surfactant Behavior of Ionic Liquids Involving a
Drug, Fig. 8 (A) TEM images of the vesicles formed by
[Span60] and [C16mim]Cl (a, b), whereas the effect of
trehalose on the vesicles (a, b) is shown in the figures (c,
d); (B) DLS intensity versus size distribution histograms of
nonaqueous microemulsion which was effectively
used as a transdermal and topical drug delivery
system of several sparingly soluble drugs such as
acyclovir (ACV), methotrexate (MTX), and
dantrolene sodium (shown in Scheme 1) [18].

Now, in the previous section, we have
discussed the IL-based microemulsion systems
and their properties in details. Therefore, in this
section, we are going to discuss about the
drug delivery abilities of these systems, where
the drug molecules were loaded inside the core
of the microemulsions droplets and the surfactant-
containing oil phase was used to stabilize
the system as well as to overcome the stratum
corneum barrier, a well-known barrier of
[C16mim]Cl micelle, [C16mim]Cl-Span 60 vesicles, and
vesicle in the presence of 1.31(M) trehalose. (Images (A,
B) are reprinted with permission from Chem. Phys. Lett.
2016, 665, 14–21 (copyright 2016, Elsevier))



Surfactant Behavior of Ionic Liquids Involving a
Drug, Scheme 1 Schematic diagrams of an IL-in-oil
microemulsions (IL/o MEs) (a), IL [C1mim][DMP] (b),

and ACV drug (c). (This image is reprinted from J. Colloid
Interface Sci. 2010, 352, 136–142 (copyright 2010,
Elsevier))
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topical drug delivery system. Among a set of
hydrophilic ILs tested, dimethylimidazolium
dimethylphosphate [C1mim][DMP] formed stable
droplets in IPM continuous phase stabilized by
a blend of surfactants, Span 20 and Tween 80.
It is true that pure IL are not completely biocom-
patible, but this microemulsion contained low
concentration of IL and thus showed over 80%
cell viability of a cancerous cell line compared
to the Dulbecco’s phosphate-buffered saline (D-
PBS), IL, IPM, and water-in-oil (without IL)
microemulsion. The similar approach was
followed by Goindi and co-workers for the prep-
aration of another IL/o microemulsion by
coupling 1-butyl-3-methylimidazolium bromide
(BMIMBr) with IPM and Span 20/Tween 80
surfactant assembly. This system showed potential
applications as the drug carrier of 5-fluorouracil
and exhibited some promising results. This IL/o
microemulsion enhanced the therapeutic efficacy
of 5-fluorouracil by increasing the solubility
and permeability of the drug in the presence of
the microsemulsion [19]. Again, ex vivo perme-
ation results through mouse skin showed 4-fold
and 1.6-fold enhancement in the percentage
of drug penetration ability of the system as
compared to the aqueous solution and without
microemulsion. In addition, in vivo experi-
ments against dimethylbenz(a)anthracene
(DMBA)/12-O-tetradecanoylphorbol-13-acetate
(TPA)-induced mice skin carcinogenesis showed
that IL/o microemulsion system was efficient
to cure the skin cancer in 4 weeks without
any side effects. The histopathological studies
indicated no anatomic and pathological change
in the skin structure of mice. The same type
of IL stabilized formulation containing 1-butyl-
3-methylimidazolium hexafluorophosphate
(BMIMPF6), Tween 80, and ethanol was also
used to solubilize and deliver the water insoluble
drug etodolac (ETO). The ETO loaded micro-
emulsion is known to provide excellent anti-
inflammatory and antiarthritic activities in rodent
models. Now, piroxicam is an anti-inflammatory,
nonsteroidal drug belongs to the family of the
compounds classified as oxicams which have
antipyretic and analgesic properties and broadly
used in the treatment of musculoskeletal and
joint disorders, arthritis, and postoperative pain.
The most promising route of the administration of
the compound is through the topical delivery sys-
tem compared to the oral route as the latter has
some adverse effects. So, Ng et al. have developed
IL/o nanoemulsions composed of different types
of ILs such as hydrophilic IL, 1-hexyl-3-
methylimidazolium chloride [Hmim][Cl],
hydrophobic IL, 1-butyl-3-methylimidazolium
hexafluorophosphate [Bmim][PF6], and



Surfactant Behavior of Ionic Liquids Involving a
Drug, Scheme 2 Proposed mechanism for formation of
IL/o microemulsion. (a) Hydrogen bond interaction
between Tween 80 and [Bmim][PF6], (b) hydrogen bond

interaction between Tween 80 and [Hmim][Cl]. (This
image is reprinted with permission from J. Mol. Liq.
2017, 234, 30–39 (copyright 2017, Elsevier))
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surfactant mixtures (Tween 80 and Span 80). The
hydrogen bonding interaction between the polar
groups of piroxicam and IL anions is the main
driving force for the encapsulation of piroxicam in
the ILs [20]. Such encapsulations inside the core
of the formed micelles are further stabilized by the
hydrogen bonding with the surfactant, Tween 80.

The mechanism of the formation is elaborated
in Scheme 2. The drug-loaded nanoemulsions
were showing good physicochemical stability
giving excellent result in the in vitro drug release
study that confirms the good permeability and
partitioning of the drug inside the microemulsion.
S

Conclusion

In summary, the discussion presented here
combines synthesis and characterization of a
large number of IL-derived aggregates and
also drug delivery behaviors of these aggre-
gates. The aggregates presented here are mainly
IL-based micelle, vesicle, and microemulsion
systems. Furthermore, this study discussed
about the different IL-drug assemblies and
also drug-containing IL assembled systems,
where the drug serves as the constituting com-
ponent of the IL and subsequently their appli-
cations as nanocarriers of the drug molecules. A
significant number of literature reports are pre-
sented, where synthesis, characterization, and
applications of different IL-based aggregated
assemblies are elaborately discussed. All of
the discussions finally conclude that the versa-
tile uses of ILs as conventional surfactants
along with as biocompatible drug delivery sys-
tems will surely open up a new horizon in
colloid science as well as in biological and
pharmaceutical research areas.
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Introduction

Ionic liquids (ILs) are a new and emerging class of
solvents for dissolution, regeneration, and chem-
ical modification of natural and synthetic poly-
mers. Based on their outstanding features such
as chemically stable, non-flammable, less vapor
pressure, easily recyclable, biodegradability,
functional variability, and highly soluble, the ILs
are widely synthesized and utilized in chemical
industries for the fabrication of functional mate-
rials [1–4]. In addition, the synthesis of diverse
ionic liquids based on various cations and anions
structures are achieving more and more substan-
tial roles in extensive applications such as separa-
tion, electrochemistry, energy conversion,
catalysis, purification, photoluminescence, analy-
sis, and biomass processing [5, 6]. Besides natural
polymers, synthetic polymers are being widely
synthesized in ionic liquids for multipurpose
applications. The reason behind it is very clear
that many polymeric reactions taking place in
ionic liquids not only replace the toxic and volatile
organic solvents but also affect the properties of
polymers synthesized in ionic liquids. In addition,
the ionic liquids possess hydrophilic groups such
as cations and/or anions and hydrophobic groups
such as long alkyl chains which interact with the
monomer molecules thereby breaking the hydro-
gen bonding and imparting special features to the
prepared polymers. On the other hand, such abil-
ities are lacking in common organic solvents such
as nitromethane, DMF, and halogen containing
solvents in polymer synthesis. Furthermore, dif-
ferent mechanisms are involved in the synthesis of
polymers in ionic liquids which are briefly
discussed below.
Free Radical Polymerization

The molecules or monomers having vinylic group
undergo free radical polymerization. Although
free radical polymerization has been successfully
accomplished in volatile organic solvents by con-
trolling the gel effect and viscosity, however, the
resulted environmental pollution forced the
researcher to think about the use of green solvents
for radical polymerization as an alternatives of
organic solvents. For this purpose, ionic liquids
have been utilized and proved to be a better choice
with enhanced polymeric properties. The free rad-
ical polymerization of methyl methacrylate
(MMA) was carried out in ionic liquid 1-butyl-3-
methylimidazolium phosphorus hexafluoride
([Bmim][PF6]) and in volatile organic solvents
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and the results were compared. The results
revealed that the rate of polymerization was
increased and the polymer product was achieved
with high molecular weight in ionic liquid when
compared to organic solvent. These results might
be attributed to the decreased rate of chain termi-
nation in ionic liquid. Furthermore, free radical
polymerization of styrene and methyl methacry-
late was carried out in [Bmim][PF6] and in organic
solvent like benzene and the results were com-
pared. The results demonstrated that the rate of
polymerization and molecular weight of the pre-
pared polymers was much higher in ionic liquid as
compared to benzene. The reason might be the
high viscosity, better phase separation of macro-
radicals, and diffusion controlled termination phe-
nomenon in ionic liquids [7]. The proposed
mechanism of free radical polymerization of
methyl methacrylate is shown in Fig. 1a. The
Synthesis of Polymers in Ionic Liquids,
Fig. 1 Schemes and proposed mechanisms. (a) Free rad-
ical polymerization of methyl methacrylate in [Bmim]
[PF6]; (b) ring opening polymerization of e-caprolactone
in [Bmim][BF4] using ZnO as a catalyst; (c) cationic
ionic liquid [Bmim][PF6] is widely employed in
free radical polymerization due to its easy synthe-
sis and commercial availability. However, it has
some drawbacks such as it gets hydrolyzed and
produces harmful hydrofluoric acid in the
reaction.
Ring Opening Polymerization

The ring opening polymerization using ionic liq-
uids was firstly reported in 2006 [8]. In this study,
the e-caprolactone was polymerized in 1-butyl-3-
methylimidazolium tetrafluoroborate ([Bmim]
[BF4]) using ZnO as a catalyst under microwave
conditions (Fig. 1b). The results demonstrated
that the rate of polymerization was effectively
improved and no more catalyst was required in
polymerization process at high temperature above
polymerization of styrene in [Bmim][Fe2Cl7] ionic liquid;
(d) anionic polymerization of methyl methacrylate in
[Bmim][PF6]; (e) the equilibrium in the RAFT
polymerization

S
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200 �C. In addition, the ring opening polymeriza-
tion is also affected by the counter ions of the ionic
liquids using triflates of rare earth metals as a
catalyst. The study revealed that the ionic liquids
with counter ions such as [PF6] and [SbF6]

� pro-
ved to be effective solvents and yielded high
molecular weight polymers while the ionic liquids
with counter ions such as [BF4]

� was not
succeeded for polymer synthesis [9]. These results
demonstrated that the counter ions might interact
with rare earth metals and form complexes which
are auspicious for the process of polymerization.
Furthermore, the ionic liquid-based polymeriza-
tion process leads to the lower energy of activa-
tion as compared to organic solvents. It is
suggested that the ions of ionic liquids can affect
the association constant of polymer chain end and
thus reduce the time of polymerization. In addi-
tion, the ionic liquids can be recycled and reused
several times by adding water in the reaction
product, filtering the polymers and removing the
water by distillation.
Cationic Polymerization

For the first time, Higashimura and Kennedy
groups discovered cationic and/or controlled
polymerization process four decades ago and it
is still considered to be the most promising
method in the polymer synthesis. In this cationic
polymerization method, the reactive carbocation
intermediate is produced by the attack of active
hydrogen onto monomers which is further gener-
ated by the reaction between water and lewis acids
such as AlCl3, SnCl4, TiCl4, and BF3. The gener-
ated cationic intermediates undergo successive
reactions with monomer molecules resulting in
the preparation of long polymer chains. The pro-
ficiency of cationic polymerization is competently
influenced by several parameters such as solvent
polarity, nature of lewis acids, and the type of salts
added for stabilizing the carbocations. The
ionic nature of the ionic liquids makes them capa-
ble of solvating the organic/inorganic materials,
hence making it a perfect candidate for the cat-
ionic polymerization [10]. The cationic polymer-
ization of styrene has been reported in an iron
containing ionic liquids such as 1-n-butyl-3-
methylimidazolium ([Bmim]+) along with
[Fe2Cl7]

� which acted as miniemulsion with
H2O. The results indicated that the polymer was
produced with small particle size of 150–172 nm
diameter in just 6 h and in the temperature range of
70 �C to 90 �C [11]. It was further inferred that the
molecular weight of the polymer was increased
when compared to that obtained by conventional
process. The mechanism is presented in Fig. 1c.
Furthermore, the rate of reaction was almost slow
indicating its controllable nature thereby achiev-
ing desired high molecular weight polymers. The
imidazolium-based ionic liquids, such as (Rmim-
LA) where, R¼ ethyl, butyl and LA ¼ aluminum
trichloride, aluminum tribromide, boron tri-
bromide, iron trichloride, gallium trichloride,
and isobutyl aluminum dichloride, were prepared
and were employed for cationic polymerization of
isobutylene molecules. The results demonstrated
that the ionic liquid such as ethylmethylimi-
dazolium chloride exhibited excellent perfor-
mance for monomer conversion into polymers
when interacted with metal salts such as AlCl3,
FeCl3, and GaCl3 [12].
Anionic Polymerization

The monomers having active center to stabilize
the negative charge undergo anionic polymeriza-
tion. The common monomers that underdo
anionic polymerization are styrene and dienes
because of their ability to stabilize the negative
charge by the process of delocalization. In this
method, the most important factor is the properties
of initiator such as electron affinity, nature of
solvent, and structural characteristics of produced
carbanions. The initiator should not attack on the
side chain but only react with monomers. The
anionic polymerization of methyl methacrylate
has been reported in different ionic liquids such
as 1-ethyl-3-methylimidazolium bis (trifluorome-
thane sulfonyl) amide [Emim][NTf2], 1-butyl-3-
methylimidazolium hexafluoro phosphate
[Bmim][PF6], trimethylsulfonium bis(trifluo-
romethane sulfonyl)amide [Me3S][NTf2], and N,
N-diethyl-N-methyl-N-(2-methoxyethyl) ammo-
nium bis(trifluoromethane sulfonyl)amide
[deme][NTf2]. The diphenylhexyl lithium and
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n-butyl lithium were employed as initiators [13].
The results indicated that the polymerization was
only succeeded in [Bmim][PF6] with very low
yield. These results demonstrated that there
might be a reaction that took place between the
ionic liquids and the initiators. It was further
suggested that to proceed the anionic polymeriza-
tion in ionic liquids successfully, some points
must be considered such as the polymerization
must be carried out in low melting ionic liquids
under low temperature; the cations and anions
should not contain any reactive site and the basic-
ity of initiator must be lower than that of alkyl
lithium to overcome deactivation step. In another
study, the anionic polymerization of methyl meth-
acrylate was carried out in imidazolium based
ionic liquids with counter ions [BF4]

� and
[PF6]

� and alkyl lithium was utilized as an initia-
tor. However, the results were not successful and
MMA with terminated ionic group was appeared
which was further confirmed byMALDI TOFMS
technique [14]. The results demonstrated that at
position-1 of imidazolium cation, the alkyl groups
were attached as the head groups instead of alkyl
lithium initiator. Furthermore, the new anionic
moieties might have attacked onto nitrogen atom
of ionic liquid and removed one of the larger
groups from nitrogen and subjected to the chain
transfer phenomenon (Fig. 1d).
S

Condensation Polymerization

In this method, the smaller molecules undergo
successive condensation to form a large polymeric
material with the loss of small molecules. This
method is also named as “polycondensation.”
There are many synthetic polymers such as poly-
amides, polyesters, polysulfones, polyimides, and
polyhydrazides which are synthesized in common
organic solvents by employing this technique.
Because of environment unfriendly nature of
organic solvents, the thrust to explore the green
solvents has been the subject of interest in last few
years. Therefore, green solvents like ionic liquids
have been investigated in the condensation pro-
cess of polymers to replace organic solvents.
Moreover, it has been recognized that the poly-
condensation phenomenon in ionic liquids has
several advantages, such as it does not need to
convert the functional groups into reactive
species which indicate that there would be a direct
process which can reduce the possibilities of haz-
ardous side reactions. In addition, the effects of
reaction conditions such as temperature, time,
properties of the monomers used such as structure,
viscosities, and the type of ionic liquids like cat-
ions/anions behavior on the synthesis and yield of
polymers have been well studied by several
researchers [15].

The large-scale production of poly(ethylene
terephthalate) has been realized using phenyl
alkyl pyrrolidinium-based ionic liquids. This
method was eco-friendly and involved less time
frame for completion. The ionic liquids were syn-
thesized by the reaction of phenyl alkyl bromide
with N-methyl pyrrolidine at ambient temperature
and ion exchange method was performed by
[PF6]

� and [Tf2N]
�, thereby producing poly(eth-

ylene terephthalate) with the molecular weight of
around 1.9 � 104 gmol�1. In addition, the high
molecular weight poly(ethylene terephthalate)
were achieved by the process of polycondensation
of bis-β-hydroxyethyl terephthalate in the pre-
pared ionic liquids [16]. In another study, the
polycondensation of amino acids such as
b-alanine was realized in imidazolium-
based ionic liquids and triphenylphosphine was
utilized as a condensing agent. The results dem-
onstrated that the poly(β-alanine) was obtained
with high molecular weight and degree of poly-
merization of 49.5 by employing 1,3-dimethyl
imidazolium dimethyl phosphate as a reaction
medium. It was further inferred that the polypep-
tides can be synthesized from natural amino acids
like L-isoleucine and L-valine by employing the
most common ionic liquid [Emim]Cl as a reaction
medium [17].
Atom Transfer Radical Polymerization
(ATRP)

In this phenomenon, an equilibrium reaction is
established between the inactive species
(RZ) and an active radical (R*). The presence of
redox reaction between the transition metal com-
plex and (RZ) retain the equilibrium.
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Furthermore, the generated radicals involve in the
polymerization of vinylic monomers resulting in a
polyvinylic polymers. On the other hand, the metal
halides react with the propagating radical to
decrease the oxidation state of metals in the com-
plex. This back and forth mechanism leads to the
formation of polymers. In addition, the concentra-
tion of radicals must keep low in order to ensure the
controlled atom transfer radical polymerization
reaction [18]. For the first time, the controlled rad-
ical polymerization of methyl methacrylate (MMA)
was recognized in ionic liquid [Bmim][PF6] using
ATRP technique. In this method, the CuBr/N-
propyl-2-pyridylmethanimine was employed as a
catalyst and ethyl-2-bromoisobutyrate was utilized
as an initiator. The results demonstrated that the
reaction proceeded faster in ionic liquid medium
compared to organic solvents. Furthermore, this
process was advantageous because the cupper cata-
lyst remained in the ionic liquids phase and was
used again and again instead of its purification as a
cupper salt from ionic liquids [19]. The non-polar
toluene was utilized to extract the polymer from the
reaction medium. Methyl methacrylate was further
polymerized using ATRP method. The
phosphorous-based ionic liquid such as 1-phenyl-
3-methylimidazole diphenyl phosphate was
employed as a reaction medium and CuBr2 was
used as a catalyst. The results demonstrated that
the polymerization was progressed via a con-
trolled/living fashion due to the formation of ionic
liquid/catalyst complex. In addition, the prepared
complex revealed an outstanding solubility, hence
leading to ATRP product [20].
Reversible Addition-Fragmentation
Chain Transfer (RAFT) Polymerization

It is a type of controlled living radical polymeri-
zation in which a series of reversible addition-
fragmentation steps takes place on the basis of
degenerative chain transfer. In this method, the
inactive chains are converted to active propagat-
ing chains to start the reaction. Such kind of
polymerization takes place in the presence of
thiocarbonyl thiol compounds and the proposed
mechanism of the polymerization is presented in
Fig. 1e where thiocarbonyl groups is designated
as “C¼Y”. Perrier and his co-workers reported the
first reversible addition–fragmentation chain
transfer polymerization (RAFT) in ionic liquids
such as 1-alkyl-3-methylimidazolium hexa-
fluoroborate having different alkyl side chains
(n ¼ 4, 6, and 8). Three monomers were used
such as acrylates, methacrylates, and styrene.
The results demonstrated that the acrylates and
methacrylates underwent smooth and controlled
polymerization. However, the styrene did not
undergo complete polymerization due to its pre-
cipitation in the ionic liquids [21]. The influence
of ionic liquid [Bmim][PF6] on the RAFT poly-
merization of butyl methacrylate was investi-
gated. The results revealed that the rate of
polymerization of butyl methacrylate was
increased in the presence of 2-cyano-2-propyl
dodecyl trithiocarbonate-RAFT agent in ionic liq-
uid. These findings were further attributed to the
formation of radical-IL complex during the reac-
tion [22]. In addition, block copolymerization of
butyl methacrylate and methyl methacrylate was
also investigated and PBMA-block-PMMA was
successfully prepared.
Concluding Remarks

In summary, ionic liquids with their outstanding
ionic properties are being widely investigated in
synthetic chemistry and in material sciences.
Because of their unique properties such as low
vapor pressure, excellent solubility, chemical
stability, and recyclability, they are effectively
employed in polymer sciences. Sometimes,
they are directly involved in a chemical reac-
tions and sometimes acting as a catalyst. Sev-
eral types of polymers are being synthesized
such as polystyrene, polyamides, poly(methyl
methacrylate), poly(butyl methacrylate), poly
(glycolic acid), and polyvinyl chloride by
using different polymerization mechanisms
such as free radical, cationic, anionic, ring
opening, condensation, and living polymeriza-
tion. The resulting polymers demonstrated the
high molecular weight, enhanced thermal
properties, and chemical stability and resulted
in controlled and eco-friendly polymerization
processes.
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