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Thermoresponsive polyelectrolytes derived from
ionic liquids

Yuki Kohno,®® Shohei Saita,”© Yongjun Men,® Jiayin Yuan*® and Hiroyuki Ohno*°<

lonic liquid (IL)-based polyelectrolytes (PILs), referred to as polymeric ILs, polymerised ILs, or poly(IL)s are
a new subclass of polymer materials. They are distinct from conventional polyelectrolytes due to their
unique physico-chemical properties originated from a dense packing of ILs in the macromolecular archi-
tecture. Mixtures of PILs and solvents, in particular, water have attracted a great deal of interest especially
in terms of their compatibilities depending on temperature, namely, thermoresponsiveness of PIL/solvent
mixtures. Apart from static compatibility, such as the compatibility of PILs with solvents, which do not
change largely by a temperature change, there are mainly two types of dynamic phase changes, an upper
critical solution temperature (UCST)- and a lower critical solution temperature (LCST)-type phase behav-
iour. Some PILs dissolved in solvents homogenise upon heating; this behaviour is classified as UCST be-
haviour. On the other hand, only in the last two years have PIL/water mixtures with LCST been discovered.
This article summarises rapidly growing studies on the design of thermoresponsive PIL systems with water
or organic solvents. The hydrophobicity/hydrophilicity balance of the starting IL monomers features the
phase behaviour of the resulting polyelectrolytes, and some IL monomers that show thermoresponsive
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phase behaviour in solvents were found to maintain their thermoresponsiveness even after the polymeris-
ation. Based on their unique combination of properties derived from an ionic and thermoresponsive
nature, these thermoresponsive PlLs will attract considerable interest, and their wide applications are

www.rsc.org/polymers expected in the fields of separation, sensing and desalination.

polymers are phase-separated from water at elevated tempera-
tures. Poly(N-isopropylacrylamide) (PNIPAM) and some non-
ionic polymers are well-known to show this type of phase be-

1. Introduction

Functional polymers with thermoresponsive behaviours in

various solvents, in particular, water have been widely investi-
gated and considered to be one of the “intelligent”
materials."® The thermoresponsive phase behaviours of the
polymer/solvent mixtures can be subdivided into such two
general classes as that with an upper critical solution tempera-
ture (UCST) and that with a lower critical solution temperature
(LCST) depending on mixing behaviour of the corresponding
polymer solutions upon temperature change. Many studies
have been carried out on polymers that show the LCST-type
phase behaviour in water, in which homogeneously dissolved
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haviour. Various applications of these thermoresponsive poly-
mers have already been developed (e.g. drug delivery, cultured
cell detachment, actuator, stabiliser, and absorbent).'™"?
Although a few partially-charged homopolymers exhibit the
LCST-type phase transition with water,"®'” there was no
example of fully-ionised homopolyelectrolytes that show the
LCST-type phase transition in water until recently.

Ionic liquids (ILs) are organic salts that melt at very low
temperature (empirically below 100 °C).'*2° Unlike other
molecular liquids, ILs have unique properties, such as vanish-
ingly low vapor pressure, high charge density, inflammability
and high thermal/chemical stability in the liquid state. As
early as 1998, Ohno’s group reported a set of polyelectrolytes
bearing an IL repeating unit for a new generation of solid
electrolytes.>® The IL-based polyelectrolytes (hereafter PILs)
have been collecting much interest as a distinct subclass of
polyelectrolytes, which potentially inherit certain properties
derived from ILs (e.g. low glass transition temperatures in spite
of their high charge density).”> Many studies on PILs so far
have been focused on characterising properties of PILs in their
neat states for various applications.>*** On the other hand,

Polym. Chem., 2015, 6, 2163-2178 | 2163


www.rsc.org/polymers
http://crossmark.crossref.org/dialog/?doi=10.1039/c4py01665c&domain=pdf&date_stamp=2015-03-04
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4py01665c
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY006012

Open Access Article. Published on 07 January 2015. Downloaded on 3/29/2026 11:34:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

mixtures of PILs with solvents have become a significant
research topic recently. Depending on the hydrophobicity/
hydrophilicity balance of component ions of starting IL mono-
mers, which is greatly facilitated by the structural diversity and
tremendous cation/anion-choices, a few PILs were found to
show LCST- as well as UCST-type phase transition in water.
This review paper aims to summarise recent progress on
the design of PILs bearing thermoresponsive phase behaviour
with water and other solvents. As several review papers on
ILs,'®?° PILs,>*?® and thermoresponsive polymers in ILs*
have already been reported, we recommend to study them to
obtain fundamental aspects in this research field. Distinct
from these review papers, we focus here exclusively on the
phase behaviour of both ILs and PILs with solvents, because of
their close relationship in terms of the thermoresponsiveness.
The significance of these relationships and potential appli-
cations of these thermoresponsive PILs will also be discussed.

2. Thermoresponsive IL/molecular
liquid mixtures

Prior to describing thermoresponsive PIL systems, it is of great
importance to survey IL/solvent systems that show thermo-
responsive phase transition in order to overview this field. As
mentioned above, there are mainly two distinct thermorespon-
sive phase behaviours of ILs with solvents; UCST and LCST be-
haviour. In IL/solvent mixtures showing the UCST behaviour,
separated liquid phases are mixed homogeneously upon
heating. On the other hand, homogeneous IL solutions
become phase-separated upon heating when the mixtures
show the LCST-type phase transition. We focus here on both
UCST- and LCST-type phase transitions of IL/solvent systems.
Fig. 1 shows both structures and abbreviations of all com-
ponent ions of ILs in this paper. In most cases, the phase tran-
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sition temperature (7.) of IL/solvent mixtures was determined
as the temperature at which turbid suspension was generated
in the mixture upon changing temperatures. Fig. 2 presents
typical phase diagrams depicting the thermoresponsive phase
behaviour of IL/solvent mixtures. The T, values depend on the
solvent concentration, and a concave curve is generally
observed in a T.-concentration phase diagram that shows the
LCST-type phase transition (Fig. 2A). The mixture forms two
phases (or one phase) at the temperature range above (or
below) the concave curve. In the case of a UCST-type phase
transition, a convex curve is seen in the phase diagram
(Fig. 2B), and the mixture becomes one phase above the
convex curve. Table 1 presents a summary of reported IL/
solvent systems that show thermoresponsive phase transition.
In Table 1, the T, values of IL/solvent systems are described as
those at a critical composition: the molar ratio of solvent mole-
cules to IL at the top (UCST) or bottom (LCST) of the phase
diagrams (Fig. 2). The molar ratio at the critical composition
has been approximately determined from the reported phase
diagrams, and these data are also summarised in Table 1.

The UCST behaviour was commonly observed in ILs after
mixing with water or other organic solvents*®**® (entries 1-8 as
typical examples); this behaviour is reasonably comprehensi-
ble from the viewpoint of temperature-solubility relationship
of salts in solvents. The UCST behaviour also existed in IL/IL
mixtures.”® However, the LCST-behaviour was scarcely
observed in IL/solvent mixtures until recently, although the
LCST-type phase transition itself had been already reported in
a few organic salt/water mixtures. In 1989, Weingértner and
co-workers reported an aqueous solution of [N 444]SCN that
shows both UCST- and LCST-type phase transition (entry 9).*°
Although the salt is not classified as an IL by an empirical defi-
nition (melting point of the salt is 126.8 °C),"® to our knowl-
edge, this system is the first example for the LCST-type phase
transition of an aqueous salt mixture. A few thermoresponsive
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Fig.1 Component ions of ILs used in this study.

n-alkylammonium salts were also reported at that time (entries
10, 11)."*™** Rebelo and co-workers reported ternary systems
comprised of [Cymim]PFs-water-ethanol showing the LCST-
type phase transition using ethanol as a co-solvent (entry
12).** With respect to IL/water mixtures, the LCST-type phase
transition was first observed in N-trifluoromethanesulfonyl-
amino acid ([Tf-AA]")-based ILs with tetra-n-butylphos-
phonium cation reported by Ohno and co-worker (entry 13).*>
The same group also reported that a [P,444][Tf-Leu]/water
mixture underwent a reversible phase change between a homo-
geneous phase and liquid/liquid biphases by bubbling CO,/N,
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Styrene sulfonate R = CH3; 3-sulfopropyl methacrylate
[SS] [MC3S]
R = H; 3-sulfopropyl acrylate
[AC3S]

1-propaneammonium
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(n=5,6)

gasses, as well as a small temperature change.*® This interest-
ing phase behaviour was driven by the dissociation change of
the carboxylic acid group onto the [Tf-Leu]” anion upon a
slight change of pH of the aqueous solution.*®

Fig. 3 presents images showing highly temperature-sensi-
tive LCST-type phase transition of the IL/water mixed system.
An aqueous solution containing 35 wt% [P,444]CF3COO (entry
16) was homogeneous at 29 °C (Fig. 3, left), and the solution
was clearly phase separated into an aqueous upper phase and
an IL-rich bottom phase at 34 °C or above (Fig. 3, right). These
separated liquid/liquid biphases became miscible again upon
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Fig. 2 Schematic illustration of typical phase diagrams of LCST behav-
iour (A) and UCST behaviour (B).

cooling it at 29 °C or below. This LCST-type phase change was
found to be reversible and driven by a small temperature
within 5 °C.

In terms of cationic structures, n-alkylphosphonium cations
were commonly used to prepare ILs showing the LCST-type
phase transition in water (entries 13, 14, 16, 17, 19-24,
26-28).3319:6:48752,54736 The only exception is an iron(m)-
containing IL with [C;mim]" as a cation (entry 15).*” Despite
the structural analogy of cation structures, various kinds of
anions have been combined with these n-alkylphosphonium
cations to prepare ILs so far. Halogenate, carboxylate, sulfo-
nate, phosphonate, amino acid, and benzimidazolate-based
ILs exhibited the LCST-type phase transition with water by
paring with adequately hydrophobic cations. The LCST-type
phase transition was also found in aqueous zwitterion systems
(entries 24, 25),>>>° in which both cation and anion are co-
valently tethered by an alkyl chain linker. One of the advanced
properties of zwitterions is the fixation of the ion pair, and
this will contribute to the distribution of ions in the media.
Details will be reported elsewhere.
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In addition to IL/water systems, the LCST behaviour of ILs
with non-aqueous organic solvents is another characteristic
thermoresponsive property. Seddon and co-workers reported
mixed IL systems showing both UCST- and LCST-type phase
transitions after mixing with chloroform (entry 29).>” Some
other IL systems were reported to show the LCST-type phase
transition with benzene derivatives (entries 30, 31),°*°° tri-
fluoromethane under high pressures (entry 32),°° and several
ether derivatives (entry 33).° Yuan and co-workers reported
[Cymim]I/1,4-dipropoxypillar[5]arene/chloroform systems that
undergo LCST-type phase transition via pillar[5]arene/IL host
guest complexation (entry 34).°>

In aqueous IL systems, the T, value is totally dependent on
structures of component ions. With respect to the mixtures
showing the UCST behaviour, the introduction of more hydro-
phobic ions increases the T, value.>®*° On the other hand, the
elevation of T, values was generally found in the case of ILs
composed of less hydrophobic ions, when the mixtures show
the LCST behaviour. Upon comparison of several ILs with [Tf-
AA]™ anions, the T, value decreased according to the extension
of alkyl chain length of side groups onto amino acids (entry
13). A similar trend was also observed in aqueous IL systems
composed of [2,4,6-alkylbenzenesulfonate]” anions (entry 17).
Cationic structures also influence the T, value. Similarly to
anions, the T, values decreased upon increasing the attached
alkyl chains onto the phosphonium cations (entry 21, 23).
Oppositely, a few ammonium-based salts with relatively longer
alkyl groups onto the cations had higher 7. values upon
increasing the number of alkyl chains (entry 11). In terms of
center atom species of cations, phosphonium cations are
effective to lower the T, values than ammonium cations having
the same alkyl chains (entries 17, 18). This is also compre-
hended to be due to the different hydrophobicity of ions. From
the comparison of the T, of ILs having phosphonium cations
and those having ammonium cations, the increase in the
hydrophobicity is empirically recognised to be comparable to
the introduction of two methyl groups.*®

It should be noted here that the added hydrophobicity/
hydrophilicity effect of both cations and anions governs the
phase behaviour of the resulting ILs with water.®*** The LCST-
type phase transition can be seen in the region between hydro-
phobic and hydrophilic ILs, when the phase behaviour of the
IL/water mixtures were ordered according to the hydrophobi-
city of component ions. In other words, ILs comprised of mod-
erately hydrophilic ions have potentials to show the LCST-type
phase transition. To quantify the required range of hydropho-
bicity/hydrophilicity that allows for the LCST behaviour, the
amount of dissolved water in the separated IL-rich phase from
the aqueous phase was measured at 60 °C, and converted into
the number of water molecules per ion pair (hydrophilicity
index; HI).®* Upon considering a relationship between the
phase behaviour and HI values, ILs with HI above 7 had a
chance to undergo the LCST-type phase behaviour with water.
Based on the required HI value for ILs, Ohno and co-workers
successfully prepared a few IL monomers, in which a polymeri-
sable vinyl group was introduced onto the component ions,

This journal is © The Royal Society of Chemistry 2015
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Table 1 Thermoresponsive phase behaviour of ILs with solvents
Phase Molar ratio®
Entry IL Solvent behaviour T.b/eC (solvent : IL) Ref.
1 [Csmim]BF, Water UCST 4.4 13:1 28 and 29
2 [Cgmim]BF, Water UCST —4 — 30
3 [Bet][Tf,N] Water UCST 56 20:1 31
4 [N11neon][Tf2N] Water UCST 72 19:1 32
5 [Pya44][Fum] Water UCST 62 50:1 33
6 [CeH130CH,mim|X Aliphatic, aromatic UCST Depending upon structure —d 34
X = [BF4] 7, [T,N]” hydrocarbons of hydrocarbons
7 [Peser4]X X = CI~, Br™ Aliphatic UCST 33 37:1 35 and 36
hydrocarbons
8 [Cimim]X X = PF4~, Alcohols UCST Depending upon structures — 37 and 38
BF,, Tf,N,” CF3S0;~ of alcohols
9 [N4444]SCN? Water UCST and UCST; 150 18:1 40
LCST LCST; —23
10 [Nyaan|Br“n =12, 14, 16 Water LCST Increasing upon increasing — 41
n values
11 [Ngaa3]1 Water UCST and UCST; 73, 25:1 42 and 43
LCST LCST; 59
12 [Cymim]|PFg Water-ethanol LCST 15 5.5:4.5:1 44
(ethanol-
water-IL)
13 [Paasa][ TE-AA] Water LCST Tf-Val]; — 50:50° 45
Tf-Leu]; 24 (by weight)
Tf-Ile]; 25
Tf-Phel; 16
14 [Psa4][Mal] Water LCST 22 20:1 33
15 [C,mim]FeCl, Water LCST — — 47
16 [P4444]CF;CO0 Water LCST 29 37:1 48
17 [P,444][2,4,6-alkyl- Water LCST Tos]; 53 [Tos];44:1 48
benzenesulfonate] DMBS]; 36 [DMBS]; 33: 1
TMBS]; 30 [T™MBS]; 39: 1
18 [N,444][TMBS] Water LCST 53 47:1 48
19 [P1a4s)BT Water LCST 24 14:1 48
20 [P4448]CH3SO3 + Water LCST Lowering upon increasing — 48
[P,445]CF;COO fraction of [P4445]CF;COO
21 [Pagsn][BzIm] n =4, 8 Water LCST n=4;28,n=8;18 n=4;63:1° 49
n=8,72:1°
22 [Paa44][Sal] Water LCST 30 50:50° 50
(by weight)
23 Peson][(EtO)HPO,] Water LCST n=6;33,n=8;15 50:1¢ 51
n=6,8
24 P8C2P]" Water LCST 11 35:1° 52
25 [Ns555C3S] + [NgssC3S] Water UCSTand  UCST; 17 35:0.67:0.33 53
LCST LCST; 41 (water-[Nss5C3S]-
[Ng66C3S])*
26 [Paa4a][SS] Water LCST 33 49:1 54
27 [P.as6][MC3S] Water LCST 35 50:50° 55
(by weight)
28 [Pocesl[Asp] + [Pesss][Lys] ~ Water LCST 6 31:1 56
29 [Cymim][Tf,N] + Chloroform UCST and UCST; 32 ~ 97 — 57
[Csmim][Tf,N] LCST LCST; —13 ~ 32, 97 ~
30 [C1omim][Tf,N] Benzene UCSTand  UCST; 45 55:1 (0.1 MPa) 58
LCST LCST > 100
31 [Nyg44]Br Toluene LCST 25 36:1 59
32 [Cymim]PFg Trifluoromethane LCST Depending upon both — 60
molar composition and pressure
33 [N11n2ou][Tf:N] Various ethers LCST Depending on both n values and —d 61
structures of ethers
34 [C;mim]I + 1,4- Chloroform LCST 50 IL-DPP5=5:1 62

dipropoxypillar[5]-arene
(DPP5)

(IL conc.; 0.27 M
in chloroform)”

“ Although these organic salts do not meet the definition of ILs, it is of significance to mention them here because of their structural analogy to

ILs. ” Phase transition temperature. © At critical composition. ¢ Not available. ¢ Critical composition was not observed, or not described.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Temperature-sensitive LCST-type phase transition of [P4444]-
CFsCOO/water mixture.*® The IL-rich phase was dyed using Coomassie
Brilliant Blue.

showing the LCST-type phase transition with water by carefully
choosing component ions (entries 26, 27).>** The detailed
studies on the IL monomers and the resulting PILs are sum-
marised in Chapter 3.

In general, the thermoresponsive IL/water mixtures can be
obtained by careful design of the component ions to give an
adequate hydrophobicity/hydrophilicity balance that allows for
the LCST behaviour of the mixtures. Because the hydrophobi-
city/hydrophilicity balance is the most effective factor to
control the LCST phase behaviour, mixing ILs is another prac-
tical method to realise the LCST phase behaviour of IL/water
systems. Accordingly, if the target ILs are too hydrophilic to
show the LCST-type phase transition, there should be still a
chance to provide the thermoresponsive ILs by mixing moder-
ately hydrophobic ILs. For example, a [P4445]CH3SO3/[Pasas]-
CF3;COO mixture is a couple of hydrophilic and hydrophobic
ILs (entry 20). Although [P,4445]CH3;SO; was miscible with water
and [P4445]CF3COO was immiscible with water, the resulting
mixtures turned to show the LCST behaviour.*® As the LCST
phase behaviour should be the function of the total hydro-
phobicity/hydrophilicity balance,®® the IL mixture showed
lower T, value when the molar ratio of hydrophobic [Py44s]-
CF3;COO increased. Based on the relation between the T,
values and total hydrophobicity of component ions, we can
put various ions in the hydrophobicity order by measuring the
T. values after mixing target ions in the system that shows the
LCST behaviour.®® Another interesting example for mixed IL
systems is the mixtures of amino acid-based ILs (entry 28).>°

A A
[P4444]CI AIBN
- FaHo
Na" Caliorh~ Satlo 80'128 3h
SO; SO, 4Ho '
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Both [Peees][Asp] and [Peees][Lys] were miscible with water, but
their mixtures started to show the LCST behaviour at a suitable
mixing ratio. This unexpected behaviour was presumably
derived from anion-anion interactions between the charged
side chains onto the amino acids.>® This strongly suggested
that the hydrated state of the component ions had profound
effect on the phase behaviour of the IL/water mixtures.

3. Thermoresponsive ionic liquid-
derived homopolyelectrolytes

It was strongly suggested that several physico-chemical pro-
perties of starting IL monomers, such as low glass transition
temperature and inflammability should be maintained even
after polymerisation.>"** Accordingly, it is assumed that when
IL monomers show LCST-type phase behaviour in water, the
resulting polymers may also show the LCST behaviour. As a
few IL monomers were newly found to show the LCST-type
phase transition (e.g. [P4444][SS] and [P4446][MC3S]), Ohno and
co-workers polymerised the IL monomers and analysed the
phase behaviour after mixing with water. Fig. 4 shows a typical
synthetic procedure to obtain the PIL; poly([P4444][SS]).>* The
IL monomer was readily prepared via an anion exchange reac-
tion between [P4444]Cl and sodium styrenesulfonate (Na[SS]).
Then, free radical polymerisation was applied to [P4444][SS]
using both a,a’-azobis(isobutyronitrile) (AIBN) as a free radical
initiator and water as a solvent.’® Because monomeric [Pyaaal
[SS] underwent the LCST-type phase transition with water and
phase-separated upon heating, the reaction proceeded, in
which, the monomer was suspended in the mixture. This
simple polymerisation method was also examined for poly-
merisation of [Ps446][MC3S].>> Yuan and co-workers also pre-
pared poly([P4444][SS]) via a free radical polymerisation in
ethanol as a solvent.®® In this case, the monomer was homo-
geneously dissolved in ethanol. The resulting polyelectrolytes
as prepared via the suspended state®® or homogeneously dis-
solved state®® exhibited similar phase behaviour with water.
The details are discussed below.

The resulting poly([P4444][SS]) was found to undergo revers-
ible LCST-type phase transition in water. Images in Fig. 4 show
thermoresponsive phase behaviour of poly([P,444][SS])/water
mixture in which 10 wt% polymer was dissolved in water.>*
Poly([P,4444][SS]) was miscible with water at 25 °C, but the
mixture became turbid upon heating at 57 °C. This turbid

Fig. 4 Synthetic procedure of poly([P4444][SS]) and its thermoresponsive behaviour with water.
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mixture turned clear again upon cooling. This type of thermo-
responsive phase transition of PILs in pure water has never
been reported. A number of non-ionic polymers have already
been reported to show the LCST-type phase transition with
water and other organic solvents. However, a wholly-charged
homopolyelectrolyte that reversibly shows the LCST-type phase
transition with water was not reported, especially, which was
derived from IL monomers with a unique combination of
physico-chemical properties of ILs. Generally, to prepare
charged polymers of LCST-type phase transition in water,
copolymerisation of a thermoresponsive non-ionic monomer
with an ionic co-monomer was used. These studies are
described in chapter 4.

Kohno and Ohno measured temperature dependence of tur-
bidity of an aqueous solution containing 10 wt% poly([Ps444]-
[SS]).>* On heating, the transmittance of the [Py44][SS]/water
mixture dropped to 90% at 57 °C (Fig. 5, blue solid line). The
transmittance of the solution sharply fell down upon further
heating, and reached less than 1% at 59 °C. The turbid solu-
tion became transparent again upon cooling (Fig. 5, blue
dotted line). As shown in Fig. 5, there is a very small hysteresis
on the solution turbidity. The reversible and sharp LCST be-
haviour of poly([P4444][SS]) was also reported by both Yuan and
co-workers®® and Wu and co-workers.®” Furthermore, the tran-
sition temperature (7.) of poly([P.s44][SS]) was able to be
readily decreased by copolymerising a little bit more hydro-
phobic monomer, such as [P446][SS] (Fig. 5, red line).”* As
seen in Fig. 5, introduction of 30 mol% of [P,446][SS] in the
copolymer made a shift of 7. to about 20 °C. The shift of the
T. should be the function of the copolymer composition.>*
This behaviour was consistent with the properties of thermore-
sponsive non-polymerisable IL/water mixtures as mentioned
above (i.e., mixing relatively hydrophobic ILs lowers the T.
values). Similar changes in T. values were also observed in
poly([P4446][MC3S]) systems.®® Clearly, there is a close relation-

o [+23 =]
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Fig. 5 Turbidity change of an aqueous solution containing 10 wt%
pPoly([P4444][SS]) (blue lines) or poly([P4444][SSlo.7-cO-[P4446l[SSlo 3 (red
lines); molar ratio of [P4444][SS] to [P4446l[SS] was 7.0 to 3.0); solid lines:
heating process, dotted lines: cooling process.>*
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ship between [P4444][SS] and poly([P4444][SS]) in terms of the
thermoresponsiveness. Based on these studies mentioned
above, it is strongly suggested that designing monomeric IL
systems to show the thermoresponsive phase behaviour is an
essential strategy to prepare thermoresponsive PILs.

The aforementioned studies clearly demonstrate that the
copolymerisation of IL monomers is a facile, potential, and
accurate method to control the phase behaviour of polyelectro-
Iytes in an aqueous solution. In the case of PNIPAM and other
non-ionic polymers, copolymerisation with other comonomers
having different hydrophobicity is also effective to control the
phase behaviour.®® However, the phase response of the result-
ing copolymers often became slower than that of homopoly-
mers upon a temperature change.”” To maintain the thermal
sensitivity, efforts are being made to prepare the copolymers
with very narrow molecular weight distribution.”* Against this,
the reported PIL copolymers derived from two IL monomers
retained very sharp phase-transition. This sharp temperature
response of the PILs is one of the advantages for practical
applications.

Although the UCST-type phase transition of PILs with
various solvents has already been reported, the LCST-type
phase transition of PIL/water mixtures was reported in the last
two years. After the discovery of poly([P4444][SS]), several other
PIL homopolymers have been designed to show the LCST-type
phase transition with water. We summarised the reported PIL
homopolymers showing the LCST-type phase transition in
water, along with other thermoresponsive PILs in water or
organic solvents (Fig. 6 and Table 2). Fig. 6 presents structures
of PILs showing thermoresponsive phase behaviour in solu-
tion. Ritter and co-workers presented “pseudo” LCST-type
phase transition of hydrophobic alkylimidazolium-based PIL 1
with water via reversible complexation between [Tf,N]~ and
cyclodextrins including randomly methylated p-cyclodextrin
(RAMEB-CD).””> Ohno and co-workers reported anionic PIL
homopolymers (PIL 2 and PIL 3) showing the LCST-type phase
transition with water.>>*> Yuan and co-workers reported a
phosphonium-based cationic PIL 4,”> and Ohno and co-
workers reported ammonium-based cationic PIL 5 and 6
showing the LCST behaviour with water.”* Yuan and co-
workers also found the LCST behaviour of gemini-type dicatio-
nic PIL 7 with water.”” Aoshima and co-workers prepared
several types of alkylimidazolium-based cationic PILs (PIL 8
and 18) and alkylpyridinium-based cationic PIL 19 via living
cationic polymerisation that show UCST- or LCST-type phase
transition with water or a few organic solvents such as chloro-
form.”®”” Very recently, Luis and co-workers prepared amino
acid-based chiral-PILs via bulk reversible addition-fragmenta-
tion chain-transfer (RAFT) polymerisation (PIL 20 and 23).”®
These PILs underwent the LCST-type phase transition in
chloroform stabilised by 2% of ethanol addition.”®

Table 2 summarises both phase behaviour and T, values of
thermoresponsive PIL homopolymers, as well as polymeris-
ation methods to obtain these polymers. Thermoresponsive
turbidity measurement is a facile and effective method to
determine the T, values of the PIL/solvent mixtures. The T,
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Fig. 6 Structures of thermoresponsive PIL homopolymers.
Table 2 Thermoresponsive behaviour of PIL homopolymers with solvents
Entry Polymerisation method Solvent Phase behaviour T./°C* Condition Ref.
PIL 1 Free radical Water LCST 45~ Polym. conc. = 50 mM 72
0.15 M RAMEB-CD
PIL 2 Free radical Water LCST 57 Polym. conc. = 10 wt% 54
PIL 3 Free radical Water LCST 40 Polym. conc. = 10 wt% 55
PIL 4 Free radical Water LCST 42 Polym. conc. = 3 wt% 73
PIL 5 Free radical Water LCST 64 Polym. conc. = 3 wt% 74
PIL 6 Free radical Water LCST 23 Polym. conc. = 3 wt% 74
PIL 7 Free radical Water LCST 35 Polym. conc. = 10 wt% 75
PIL 8 Living cationic Chloroform LCST 30 Polym. conc. = 2 wt% 76
PIL 9 Living cationic Water UCST 5 Polym. conc. = 2 wt% 77
PIL 10 Living cationic Water UCST 11-16 Polym. conc. = 3 wt% 77
PIL 11 Living cationic Water UCST 15 Polym. conc. = 2 wt% 77
PIL 12 Living cationic Methanol UCST b Polym. conc. = 1 wt% 77
PIL 13 Living cationic Methanol UCST ~10 Polym. conc. = 0.5 wt% 77
PIL 14 Living cationic Acetone LCST ~25 Polym. conc. = 0.5 wt% 77
PIL 15 Living cationic THF LCST 30 Polym. conc. = 1 wt% 77
PIL 16 Living cationic Methanol UCST ~50 Polym. conc. = 1 wt% 77
PIL 17 Living cationic Ethanol UCST —b Polym. conc. =1 wt% 77
PIL 18 Living cationic Ethanol UCST ~40 Polym. conc. = 1 wt% 77
PIL 19 Living cationic Chloroform-methanol UCST ~60 Polym. conc. = 1 wt% 76
Chloroform-methanol = 97/3 (v/v)
PIL 20 RAFT Chloroform-ethanol LCST 48.5 Polym. conc. = 0.5 mg mL ™" 78
Chloroform-ethanol = 98/2
PIL 21 RAFT Chloroform-ethanol LCST 58.8 Polym. conc. = 0.5 mg mL ™" 78
Chloroform-ethanol = 98/2
PIL 22 RAFT Chloroform-ethanol LCST 12.5 Polym. conc. = 0.5 mg mL ™" 78
Chloroform-ethanol = 98/2
PIL 23 RAFT Chloroform-ethanol LCST 43.5 Polym. conc. = 0.5 mg mL ™" 78

Chloroform-ethanol = 98/2

“The T, values were determined by turbidity measurement. ® Data not shown.

values of PIL/solvent mixtures vary widely with structures of
component ions, concentration of polymers, and solvent
species. In the case of PIL/water mixtures showing the LCST be-
haviour, total hydrophobicity/hydrophilicity of component ions of
IL monomers strongly affects the 7. values. This effect on the Tt
values seems more noticeable than that for IL/water mixtures. For
instance, upon comparing ammonium-based PIL 5 and phos-
phonium-based PIL 4 with the same number of alkyl chains, PIL

2170 | Polym. Chem., 2015, 6, 2163-2178

4 has a T. value 42 °C lower than PIL 5.”* The introduction of
hydrophobic groups onto the component ions lowered the T¢.
values in thermoresponsive PIL/water systems.”* In PIL/chloro-
form systems, Luis and co-workers reported that the 7. value con-
siderably dropped from 48.5 to 12.5 °C when another phenyl
group was introduced into the cation (PIL 20 and 22).”®

Polymer concentration also influences the 7. value. Despite
the fact that the 7. values of some non-ionic polymers such as

This journal is © The Royal Society of Chemistry 2015
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PNIPAM are almost independent from polymer concentration,
thermoresponsive PILs have wide range of T, values depending
on polymer concentration. The LCST of PIL/water mixtures was
higher upon decreasing the concentration.’>®*”*7% The LCST
of PIL/chloroform mixtures also became higher upon decreas-
ing the concentration.”® On the other hand, the UCST of PIL/
water mixtures increases upon increasing the concentration.””
At highly diluted concentration, the resulting mixtures have no
longer an optically detectable phase transition.”*”*

In terms of the difference in T, values between IL monomer
and PIL, Ohno and co-workers reported that the T, of [Py444]-
[SS] and poly([P4444][SS]) at the same concentration (10 wt% in
water) was 40 and 57 °C, respectively.>* They also reported that
the T, value of monomeric and polymerised [P,446][C3S] was
44 and 40 °C (10 wt% in water), respectively.”® This certainly
pointed out that the T, of this polymer should be a function of
the average molecular weight of the PILs. Aoshima and co-
workers analysed the effect of number-average molecular weight
(M,,) on UCST of PIL 10 with narrow molecular weight distri-
butions.”” Aqueous solutions of 3 wt% PIL 10 with a hydrophilic
end group had T, values at 11 and 16 °C, whereas PIL 11 with a
hydrophobic end group had T, values at 11 and 14 °C regardless
of the M, values. These data demonstrated that the effect of
molecular weight or the chain-end structure on the T, values
was small even in the low molecular weight region.””

In addition to the design of the component ions of IL
monomers, addition of suitable salts was proved to be another
effective method to control the T, values of thermoresponsive
PILs. Yuan and co-workers reported that the 7. value of poly-
([P4444][SS]) increased dramatically upon adding KBr as a salt,
but decreased via addition of [P444]Br into the aqueous solu-
tion.®® Ohno and co-workers reported that the 7, value was
much lower than that with pure water when phosphate buffer
containing KH,PO,-K,HPO, was used instead of pure water
for poly([P4446][MC3S]) systems.>® This opposite trend depend-
ing on salt species suggests that the kosmotropicity of
salts,>>®® fraction of the salts in an aqueous phase and
polymer phase,® and/or ion exchange reaction’” strongly
influence the T, values.

Very recently, Ohno and co-workers reported a simple “blend-
ing” method to tune the LCST behaviour of PILs in water.”’
The blending method allows to obtain thermoresponsive PILs
whose LCSTs can be controlled by blending plural PILs with
different hydrophobicity. In addition, a few mixtures of hydro-
phobic and hydrophilic PILs, both of which do not show the
LCST-type phase behaviour, turned into thermoresponsive
PILs capable of undergoing the LCST behaviour in water.

It should be a straightforward idea to fabricate various
kinds of solid-state materials made from thermoresponsive
PILs, as several PIL homopolymers have already been reported
to show the LCST behaviour. Recently, a few types of cross-
linked thermoresponsive PIL materials have been reported.
Based on fundamental studies on LCST-type phase transition
of PIL homopolymer/water systems by both Ohno’s group and
Yuan’s group as mentioned above, Diamond and co-workers
first prepared PIL-based hydrogels composed of [P4,44][SS] and

This journal is © The Royal Society of Chemistry 2015

View Article Online

Review

[P,4446][AC3S] as IL monomers.®® The hydrogels were prepared
via photopolymerisation of the monomers using 2-hydroxy-2-
methylpropiophenone as a photoinitiator. Stable and trans-
parent gels were obtained when sufficiently long cross-linkers
were introduced into the monomers, such as polypropylene
glycol diacrylate with M, of 800 (PPO800) and polyethylene
glycol diacrylate with M,, of 700. Ohno and co-workers also pre-
pared PIL hydrogels using both [P,446][MC3S] and [Pasg]-
[MC3S] as IL monomers and 1,14-tetradecanediol dimethacry-
late as a cross-linker in the presence of a small amount of
water (20 wt%).®® The thermal polymerisation of the monomers
was undertaken at 80 °C using AIBN as a radical initiator. In
this case, the polymerisation was carried out in a homo-
geneously dissolved state. Yuan and co-workers reported
gemini-type dicationic phosphonium-based hydrogels with
[SS]™ as an anion (PIL 7 in Table 2).”> In case of the dicationic
monomer system, it was expected that a gel would be produced
without any cross-linkers, because the polymer chains would be
cross-linked by ionic interactions through the dicationic part.
However, the resulting polymers did not become gel. Instead,
the hydrogel could be prepared using divinylbenzene as a cross-
linker, AIBN as a radical initiator, and relatively large amount of
water as a solvent at 80 °C. At this high temperature and con-
centration, the monomer was phase-separated from water and
the polymerisation proceeded under heterogeneous condition.
Diamond and co-worker studied the thermoresponsive
shrinking behaviour of PIL-based hydrogels in which 5 wt%
PPO800 was used as a cross-linker.*® Fig. 7 shows the normal-
ised diameters of the hydrogels upon heating. These PIL gels
shrunk gradually upon heating over a wide range of tempera-
tures (~40 °C). Ohno and co-workers also reported that the
prepared poly([P,446][MC3S])-based hydrogels underwent de-
sorption of water by elevating the temperature.®® The thermo-
responsive behaviour of both systems clearly shows that the
resulting hydrogels maintain the LCST-type phase behaviour
with water.®®”>® The T, values of the thermoresponsive PIL
hydrogels deeply depended on structure of both IL monomers
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Fig. 7 Temperature induced shrinking profiles of poly([P4444][SS]) (P-SS)
and poly([P4446][AC3S]) (P-SPA) both cross-linked with 5 mol% of
PPO800.8°
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and cross-linkers. In spite of a very sharp phase transition in
case of liner PILs, the cross-linked PIL-based hydrogels dis-
played a significant broadening of the thermoresponsive-
ness.’®*® This might be due to the inhomogeneity of the cross-
linking density in the hydrogels®® and/or the decreased level of
freedom of the bulky PIL in the gel.** A broader endothermic
peak of PIL hydrogels compared with that of linear PILs sup-
ported this suggestion.®®*° In addition, some of reported PIL
hydrogels were still fragile, and its mechanical strength
was not strong enough for reversible water absorption/
desorption.®® These poor mechanical properties will be solved
in the near future.

Apart from thermoresponsive PIL/water systems, Wang and
co-workers reported highly cross-linked PIL nanogels (CLNs)
that show UCST behaviour in methanol.?* This system consists
of gemini-type bisimidazolium monomer (1,4-butanediyl-3,3'-
bis-1-vinylimidazolium halides), ethylene glycol dimethacry-
late, and AIBN. The resulting mixtures were polymerised in
methanol to form CLNs, whose particle sizes totally depended
on the ratio of the components in the range of less than
100 nm. Interestingly, a few CLNs thus prepared underwent
reversible sol-gel phase transition behaviour, and the solution
converted to a gel state upon cooling. Such a simple method to
prepare highly-temperature sensitive CLNs will be applied to
many thermoresponsive PIL systems.
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To provide an insight into the mechanism of thermo-
responsive behaviour is another important subject emerging
from a fundamental viewpoint. As several thermoresponsive
PILs were readily available with relatively large quantities, only
a few studies for the analysis of the LCST behaviour for both
ILs and PILs have been published recently. Wu and co-workers
performed two-dimensional infrared correlation spectroscopy
(2D IR) in order to reveal the dynamic phase transition of both
monomeric and polymerised [Ps444][SS] after mixing with
water.®” This measurement is useful in determining sequential
order of different chemical groups by the analysis of both the
synchronous and asynchronous spectra.®> A few typical
vibration modes from 2D IR spectroscopy for monomeric
[P4444][SS]/water mixtures (e.g. CH group of [P4,44]" cation and
SO;~ group of [SS]” anion) suggested that [Ps44]" cation
started to aggregate, and eventually hydrogen bonds between
water and [SS]” were broken by heating them up to nearly criti-
cal temperature (i.e., T.). Of poly([Ps444][SS])/water mixtures,
however, the SO;~ group of [SS]™ anion was primarily wrapped
into the aggregated globules, subsequently [P,444]" cation was
distributed around the globules. Combined with other analyti-
cal methods including DSC, NMR, and FT-IR measurements,
synergetic variations of both [P,444]" cation and [SS]™ anion of
[P4444][SS] resulted in a randomly aggregated structure of glo-
bules during heating (Fig. 8, upper). In contrast, a repeating

< LCST

Polymer Solution

+ *P(CH,CH,CH,CH;)4

Heating

Cooling

A, H,O s Backbone

i Hydrogen bond

Fig. 8 Schematic illustration of the LCST-type phase transition of [P4444][SS] (upper) and poly([P4444][SS]) (bottom) in water during the heating and

cooling processes.®”
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unit of [SS]” anion in poly[P,444][SS] dominantly contributed
to forming the aggregated globules. (Fig. 8, bottom).

The morphological change of thermoresponsive PILs was
reported by Ohno and co-workers using polycationic type
PILs.”* Combined with transmission electron microscopy
(TEM), dynamic light scattering (DLS) and microscopy, PIL 4
(see Table 2) was found to form polydispersed nanospheres in
water at a temperature below the T, value. The nanospheres
merged into micrometer-sized unimodal microspheres upon
heating above the T, value.”* Gao and co-workers also studied
thermoresponsive phase behaviour of non-polymerisable
[P4444]CF;COO with water by DLS, UV-vis spectroscopy, and
freeze-fracture transmission electron microscopy (FF-TEM).**
Below the T, value, [P,444]CF;COO formed long-living spherical
aggregates in water without any surfactants, which was con-
firmed by FF-TEM. The size of aggregates enlarged upon ele-
vating temperatures, and a remarkable increase of their size
was observed at a temperature near the 7, value. Both reports
from Ohno and co-workers and Gao and co-workers strongly
suggest that the morphological transition of charged spherical
aggregates in water at and around the 7. values features the
thermoresponsive behaviour of both ILs and PILs. With
respect to IL/water mixtures, further increase of temperature
above the T, value resulted in liquid/liquid biphases composed
of hydrated IL phases and aqueous phases.’® On the other
hand, hydrated gel-like phases were seen in a few PIL systems
upon heating the mixture far above the T..°> These primary
reports will facilitate a lot of subsequent studies especially in
the field of analytical chemistry. Indeed, multiple analyses will
be required to comprehend the mechanism of the thermo-
responsive phase behaviour of both IL/solvent systems and
PIL/solvent systems, by exploiting different combination of
cation/anion pairs.

4. Thermoresponsive copolymers of
poly(ionic liquid)s

Other than PIL homopolymers presenting thermoresponsive
behaviour, the copolymers of an IL monomer and a non-ionic
monomer are also interesting to study. The copolymer not only
adds another running factor but also further broadens the
property and functional window of the thermal responsive
systems. From the standpoint of copolymer structure, there are
in principal two types of thermoresponsive PIL copolymers,
i.e., block-type and random copolymers of IL monomers with
non-charged conventional monomers. Considering the copoly-
mer composition, the copolymer can be constructed from a
thermoresponsive PIL and a non-thermoresponsive neutral
polymer, or vice versa. Before the discovery of thermorespon-
sive polyelectrolyte homopolymers, a normal way was to build
up the copolymers from a non-thermoresponsive PIL and a tra-
ditional thermoresponsive neutral polymer, like PNIPAM,
which presents an LCST-type phase behaviour around 32 °C in
an aqueous solution, above which the polymer experiences a
coil-to-globule transition. Here PILs are expected to influence
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the physical properties of PNIPAM and its surrounding
environment, leading to a change of 7.

Yuan’s group synthesised a random copolymer via free
radical copolymerisation of NIPAM and 1-ethyl-3-vinylimid-
azolium bromide (Fig. 9, PIL-PNIPAM 1).** The LCST of the
copolymer strongly depended on the molar ratio of the IL to
non-ionic unit, and its T, value could be precisely tuned by
the addition of external salts. Due to the strong cation-n
interaction between the imidazolium cation and carbon nano-
tube wall, the copolymer can serve as a “smart” waterborne
dispersion of carbon nanotubes that respond to both
temperature and ionic strength in the solution. One apparent
advantage of this system is the ability to design the precipi-
tation event of the well-dispersed carbon nanotubes in
aqueous solution at any liquid water temperature range from
room temperature up to 100 °C. Based on these experiments, a
theoretical model was constructed to explain the salt effect
and as a guide for future design of thermoresponsive
materials.®®

To attain well-defined copolymer nanostructures via self-
assembly in an aqueous solution, block copolymer is fre-
quently used, especially double-stimuli-responsive diblock
copolymers for self-assembly of core-shell nanoparticles.
Texter and co-workers employed a facile route to synthesise
PIL diblock copolymer (Fig. 9, PIL-PNIPAM 2) by a radical
chain polymerisation.®® By setting the chain extension reaction
at different temperatures, two lengths, i.e., 60 and 250 kDa, of
the PIL block, poly(1-(11-acryloylundecyl)-3-methyl imidazo-
lium bromide) [poly(ILBr), were prepared using 2,2’-azobis|[2-
methyl-N-(2-hydroxyethyl)propionamide] as a radical initiator.
Then the PNIPAM block grew from the PIL chain end, specifi-
cally the a-methylene group adjacent to the hydroxyl group, via
a redox initiator comprising Ce**, which eventually produced a
PIL-b-PNIPAM diblock copolymer. Elevating the temperature
above 32 °C (i.e., the LCST of PNIPAM), collapses the PNIPAM
block and leads to a colloid dispersion with particles of
1-2 pm in diameter. The particles were generated from the
diblock copolymer, i.e., PNIPAM block condensed as a core
and a stretched PIL block as a shell to stabilise the particle in
water. On the contrary, when at room temperature a defined
amount of KBr salt was added into the block copolymer solu-
tion, the PIL chain block collapsed to form a dense core, and
the PNIPAM block acted as corona to solubilise the core-shell
nanoparticles. The total size of the particles is in a range of
300-400 nm. In another report, by grafting the same poly(ILBr)
from both ends of a telechelic poly(propylene oxide) macro-
initiator via an atom transfer radical polymerisation, a highly
water-soluble triblock poly(ILBr)-b-PPO-b-poly(ILBr) (Fig. 9,
PIL-PO 1) was synthesised by Texter and co-workers.®” This tri-
block copolymer showed thermoresponsive sol-gel transition
when a weight fraction of the polymer in water was above 0.33.
The gel phase continues with increasing temperature, even
persisting to more than 80 °C. The thermoresponsive morpho-
logical changes of these block copolymers, as mentioned
above, would expand the possibility of various PILs as thermo-
responsive materials.
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Fig. 9 PIL-based copolymers showing LCST behaviour after mixing with water.

To accurately control the length of the diblock copolymer,
RAFT, using xanthate compounds, was employed to synthesise
three types of PIL-b-PNIPAM copolymers (Fig. 9, PIL-PNIPAM
3-5) with relatively low polydispersity by Mori and co-
workers.®® When the PIL block was more hydrophobic, the
LCST of the copolymer in the absence of salt would be lower
than the critical temperature of pure PNIPAM. By using these
block copolymers, the assembly formed colloid particles with
a diameter around 166 nm, depending on the block length of
each polymer chain. When counter anion was changed from
the hydrophilic bromide to hydrophobic tetrafluoroborate, the
PIL block turned less miscible with water, thus they formed
micelles even at room temperature. Furthermore, the same
group synthesised two types of star block copolymers contain-
ing a PIL segment and PNIPAM as a thermoresponsive
segment (Fig. 9, PIL-PNIPAM 6, 7).5° A PIL segment can be
arranged either as an outer block of the arm or as an inner
part. At temperatures above the LCST of the PNIPAM segment,
the star block copolymers consisting of PINPAM as the outer
block showed a two-step transition process, from small micelle
(~200 nm) to large dehydrated clusters (600-700 nm). In con-
trast, when PINPAM was designed as the inner part, the co-
polymer underwent a rapid aggregation process, and the
unimers dissolved in water were transformed into a large

2174 | Polym. Chem., 2015, 6, 2163-2178

micellar cluster. Tenhu’s group synthesised a block copolymer
from a PIL containing a tetrafluoroborate anion and PNIPAM
(Fig. 9. PIL-PNIPAM 8) by RAFT polymerisation with different
length of PNIPAM.?® They observed that the block copolymer
showed no endotherms when the ratio of PIL to PNIPAM was
below 1, i.e., with a short PNIPAM block the phase transition
upon heating was very weak and did not lead to the formation
of large aggregates. However, increasing the length of PNIPAM
to 2-4 times longer than the PIL block, the polymers should
aggregate into micelles with a turbidity transition at 30-37 °C.
PIL copolymer (nano) particles obtained from the block-
copolymer self-assembly are not structurally as stable as the
particles prepared by traditional heterophase polymerisation,
such as emulsion polymerisation. Yuan and co-workers syn-
thesised PIL nanoparticles via aqueous dispersion polymeris-
ation of a vinyl imidazolium-based IL monomer, bearing a
long alkyl chain with a distal ATRP initiating group (Fig. 9,
PIL-PNIPAM 9).°" The PIL nanoparticles are extremely stable in
water, and the sizes can be tuned from 25 to 120 nm by poly-
merisation at different monomer concentrations. PNIPAM
brushes were then grafted from the surface of PIL nanoparti-
cles to form a shell via ATRP, which shows responsiveness to
temperature and ionic strength in an aqueous solution. More
PIL colloid systems are summarised in another review paper.’>

This journal is © The Royal Society of Chemistry 2015
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It should be noted that to date, no block copolymers con-
structed from a thermoresponsive PIL block and a non-ionic
block have been studied. Furthermore, an ionic homopolymer
may turn thermoresponsive by addition of a specific salt, as
reported by Tenhu’s group very recently.”® Because in this case
the ion exchange occurs between the polymer and the added
salt, the polymer backbone is in fact paired with two different
types of counter ions, ie., it exists in a “virtual copolymer”
state. Related to this report, a polyelectrolyte copolymer com-
posed of two non-thermoresponsive IL (or ionic) monomers
may be possibly thermoresponsive even without salt addition.
Such a fine control of the thermoresponsive behaviour of non-
thermoresponsive PILs was carried out in a few PIL systems by
copolymerising suitable IL monomers or blending PILs with
different hydrophobicity.”®

5. Potential (expected) applications

In spite of infancy of this field, given a unique combination of
physico-chemical properties of ILs and thermoresponsiveness,
various kinds of applications can be expected by exploiting
thermoresponsive PILs, as well as thermoresponsive IL
systems. In the case of thermoresponsive IL/solvent systems,
several potential applications have already been proposed, for
example, as liquid state materials. Some research groups have
demonstrated the effectiveness of this specific application.
Because some IL/solvent systems show reversible phase
change between the homogeneous phase and liquid/liquid
biphasic phases at ambient temperature change, both Ohno’s
group and Binnemans’s group independently established
energy-saving extraction systems that separate various com-
pounds (e.g. biopolymers®®> and metal ions’®) from the
aqueous phase to IL-rich phase. Koo and co-workers used the
LCST-type phase transition of IL/water mixtures as reaction/
product separation media for enzymatic hydrolysis of penicil-
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Nanoparticles

B-9®

Water
/

— &5,

A
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lin.”” These studies eminently inspire the potential appli-
cations of thermoresponsive PILs as solid state materials. Yuan
and co-workers already applied thermoresponsive PILs as dis-
persion/accumulation agents for carbon materials®® and gold
nanoparticles.”® Luis and co-workers reported thermorespon-
sive PIL-modified gold nanoparticles, which show the LCST-
type phase transition in chloroform.”® Ohno and co-workers
proposed the utilisation of thermoresponsive PIL hydrogels for
potential desalination applications.®®

In addition to conventional applications of thermorespon-
sive non-ionic polymers (e.g. material carriers, actuators, separ-
ations, or sensing), one can conceive several applications for
thermoresponsive PILs, especially in the fields of stabilisation,
accumulation, extraction, and separation of charged mole-
cules. Fig. 10 summarises expected applications of thermo-
responsive PILs as various solid-state materials (i.e.,
membranes, polymer grafted interfaces, nanoparticles, and
hydrogels). Because these solid-state materials have already
been fabricated from IL monomers with different structures, it
should not be difficult to prepare these materials by using
thermoresponsive IL monomers. The thermoresponsive PIL-
based membranes or grafted interfaces would be useful for
constructing novel separation systems for several compounds
including biopolymers (e.g. proteins, enzymes, and/or polysac-
charides), because some ILs have an ability to dissolve these
molecules selectively (Fig. 10, upper left and right). Binding/
release of target molecules in water would be another possible
application for thermoresponsive PIL-based nanoparticles
(Fig. 10, bottom left). Considering the high charge density of
PILs, there would be no chance for other ions to dissolve in
the PIL phase from the aqueous phase. Accordingly, the
thermoresponsive PIL-based hydrogels would be applicable for
desalination processes that reversibly absorb/desorb water
molecules from salt water by a slight temperature change
(Fig. 10, bottom right). These studies will be reported else-
where in the near future.
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Fig. 10 Expected applications of thermoresponsive PlLs as solid-state materials for separation/stabilisation of target molecules (as indicated A" or

“B" in the figure).
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6. Conclusions and future outlook

Recent development in the design of thermoresponsive PILs
has been summarised in this review paper. The origin of their
thermal responsiveness was inherently derived from the
thermoresponsive phase behaviour of the IL/solvent inter-
action. These relationships between ILs and PILs were
thoroughly described. Nevertheless, we anticipate that there
are still many candidate PIL materials that have potential to
show the thermoresponsive phase behaviour, upon consider-
ing the fact that various kinds of ILs were reported to undergo
thermoresponsive behaviour with many solvents so far. Given
the various physico-chemical properties depending on the
structural diversity of the component ions, these thermore-
sponsive PIL systems provide the opportunity for discovering
unprecedented phenomena and applications not previously
realised for these classical neutral thermoresponsive polymers.
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