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ABSTRACT: The aggregation behavior of diblock copolymers with lower critical micellization tempera-
tures (LCMT) in an ionic liquid (IL) is presented for the first time. Poly(methylmethacrylate) (PMMA), poly-
(benzyl methacrylate) (PBnMA), and polystyrene (PSt) are known to be soluble, low-temperature-soluble
and high-temperature-insoluble, and insoluble, respectively, in a typical hydrophobic IL, 1-ethyl-3-methy-
limidazoliumbis(trifluoromethane sulfonyl)imide. Well-defined thermosensitive diblock copolymers, con-
sisting of PMMA as the first segment and PBnMA as the second, with different molecular weights and
compositions were successfully prepared by atom transfer radical polymerization to yield P(BnMA2.2-
b-MMA19), P(BnMA7.3-b-MMA19), and P(BnMA28-b-BnMA41), where the numerals represent the number-
averagemolecularweight of each segment (Mn/kDa). For comparison purposes, a thermo-insensitive diblock
copolymer, consisting of PMMA and PSt (P(St1.7-b-MMA19)), was also prepared. The LCMT thermo-
sensitivity and self-assembled behavior of the diblock copolymers in the IL were investigated in terms of the
scattering intensity and hydrodynamic radius of the particles using the dynamic light scattering technique.

1. Introduction

The combination of macromolecules and ionic liquids (ILs)
has recently been recognized to afford many possibilities for
designing new polymeric materials.1 From the perspective of
practical applications, compatible combinations of polymers and
ILs have been proposed for polymer electrolyte membranes,2

separation membranes,3 and catalyst supports4 by utilizing the
unique properties of ILs, such as their nonflammability, negli-
gible volatility, high ion conductivity, and thermal and (electro)
chemical stability. An understanding of the compatibility of
polymers in ILs is crucial for designing suchmaterials. Therefore,
the estimation of the solubility parameters of ILs is a subject of
intensive studies.5 The solvent power of ILs can be tuned by
designing the structure of cations and anions and choosing
proper combinations of them.6 For example, certain ILs
show a surprisingly high solubility for poorly soluble biopoly-
mers such as cellulose,7 wool,8 and silk.9 All of these efforts imply
that the combination of polymers and ILs has a fruitful future,
which will bring new progress, challenges, and opportunities in
polymer materials science.

We have been interested in the fact that certain polymers in ILs
change their solubility in response to temperature. For example,
poly(N-isopropylacrylamide) (PNIPAm), which exhibits a lower
critical solution temperature (LCST) phase behavior in aqueous
solutions,10 also changes its solubility in an IL, but in a completely
opposite manner. To elaborate, it exhibits an upper critical solu-
tion temperature (UCST) phase behavior in an IL.11 In contrast,
poly(benzyl methacrylate) (PBnMA) exhibits LCST phase sepa-
ration in hydrophobic imidazolium-based ILs,12,13 typically in
1-ethyl-3-methylimidazolium bis(trifluoromethane sulfonyl)imide
([C2mim][NTf2]). We also found that a chemically cross-linked
PBnMA polymer network, i.e., PBnMA ion gel, shows discontin-
uous and reversible volumechangeswithahysteresis loop, implying

that it is the first-order transition.12 It is also interesting to note that
a neutral polymer network exhibits volume phase transition in an
ionic solvent. Another LCST phase transition was also discovered
for the combination of a polyether and an IL, and the full phase
diagram of poly(ethyl glycidyl ether) in an IL was elucidated.14

Block copolymer self-assembly in selective solvents continues
to be an active research area in polymer science.15 Several
research groups have reported block copolymer aggregation
in ILs as solvents.16 Lodge et al. investigated well-defined,
systematically prepared polybutadiene-poly(ethylene oxide)
(PB-b-PEO) block copolymer self-assembly in 1-butyl-3-methy-
limidazolium hexafluorophosphate ([C4mim]PF6).

16b PB-b-PEO
formed self-assembled structures consisting of micelles: insoluble
dense PB cores surrounded by well-solvated PEO coronas.
Cryogenic transmission electron microscopy (cryo-TEM) direct
visualizations clearly revealed various nano-ordered self-as-
sembled structureswithuniversalmorphologies suchas spherical,
cylindrical micelles and bilayer vesicles in an IL solvent.16b The
basic idea of the self-assembly of a block copolymer in an IL
medium has been expanded to physical ion gels,17 thermo-
reversible ion gels,18 a unique round-trip micellar shuttle between
a hydrophobic IL and a phase-separated aqueous phase,19 and
the long-range-ordered regulation of ion paths by using polymer/
IL composite films.20

Here, we focus on a novel class of stimuli-responsive diblock
copolymers in an IL, which makes possible lower critical micelli-
zation temperature (LCMT) aggregation. Many studies on the
LCMT aggregation behavior of micelles have been conducted in
aqueous solutions.21 Diblock copolymers having at least one
segment with UCST thermosensitivity in an IL have been re-
ported.However, no one has reported the LCMT thermosensitive
self-assembly of systematically prepared diblock copolymers in
an IL. A series of diblock copolymers, consisting of PBnMA and
poly(methyl methacrylate) (P(BnMA-b-MMA)), were obtained
by using well-established atom transfer radical polymeriza-
tion (ATRP).22 P(BnMA-b-MMA) can exhibit thermosensitive*Corresponding author. E-mail: mwatanab@ynu.ac.jp.
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micellization in [C2mim][NTf2] above the LCMT aggregation
temperature, based on the LCST solubility change of the PBnMA
block and the completely compatible nature of the PMMA
block2a in the IL. We applied the dynamic light scattering
(DLS) technique to study the stimuli-induced micellization beha-
vior of P(BnMA-b-MMA) in an IL. The results for the scattering
intensity and hydrodynamic radius (Rh) of the block copolymers
allowed us to explore the LCST thermosensitivity of the PBnMA
segment by contrasting the results for those of a polystyrene-
PMMAdiblock copolymer (P(St-b-MMA)),which formsmicelles
irrespective of temperature in [C2mim][NTf2] due to the comple-
tely incompatible nature of the PSt segment in the IL. Further-
more, in order to elucidate how the molecular weight and
composition affect the aggregation behavior of the diblock
copolymers in the IL, we compared between the DLS results for
a series of P(BnMA-b-MMA)s with different molecular weights
and compositions.

2. Experimental Section

Chemicals.All of the chemical reagents used in this studywere
purchased from Wako, except for anisole (from Aldrich) and
N,N,N0,N0 0,N0 0-pentamethyldiethylenetriamine (PMDETA) (from
TCI). 1-Ethyl-3-methylimidazolium bis(trifluoromethane sul-
fonyl)imide ([C2mim][NTf2]) was synthesized and characterized
according to a previously reported procedure.23 MMA, St, and
BnMA monomers were purified by distillation under reduced
pressure over CaH2 prior to use. CuBr was purified according to
a previously reported procedure.24 Other chemical reagents
were used without further purification.

Synthesis of PMMAMacroinitiator. A PMMAmacroinitia-
tor was synthesized by ATRP.22 CuBr (112 mg, 0.8 mmol),
PMDETA (167 μL, 0.8 mmol), MMA (34 mL, 0.32 mol), and
methyl 2-bromopropionate (90 μL, 0.8 mmol) were dissolved
in 30 mL of anisole. The solution was degassed by three
freeze-pump-thaw cycles. Polymerization was carried out
at 60 �C for 2 h and was terminated by quenching with dry ice/
methanol. The product was purified by reprecipitation using
tetrahydrofuran (THF) as a good solvent and methanol as a
poor solvent. The precipitate was dissolved in THF, and the
solution was passed through a silica column (SiO2) to remove
the copper complex. The product was purified by reprecipi-
tating again and was finally dried for 24 h at 80 �C under a
vacuum condition. The structure of the polymer was char-
acterized by 1H NMR and gel permeation chromatography
(GPC). The GPC was measured using THF as the eluent. The
number-average molecular weight (Mn) and the polydisper-
sity index (Mw/Mn, whereMw is the weight-averagemolecular
weight) were measured using Tosoh columns calibrated by
PMMA standards.

Synthesis of P(St-b-MMA) and P(BnMA-b-MMA)s. P(St-
b-MMA) was synthesized by the ATRP method using the
PMMA macroinitiator (Scheme 1). CuBr (38 mg, 0.25 mmol),
PMDETA (52 μL, 0.25 mmol), St (5.0 mL, 43 mmol), and the
PMMA macroinitiator (5.0 g, 0.25 mmol) were dissolved in
anisole (20 mL). The solution was degassed three times by
freeze-pump-thaw cycles, and polymerization was carried
out at 100 �C for 45 h. The product was purified and character-
ized by the same procedure used for preparing the PMMA
macroinitiator. P(BnMA-b-MMA)s were also prepared in a
similar manner, except that BnMA was used as the monomer
instead of St. For the polymerization of BnMA, the reactionwas
carried out at 75 �C for 2 h. Mw/Mn for the block copolymers
were obtained from GPC measurements under the same condi-
tions as in the case of the PMMA macroinitiator. Mn was
calculated by combining the 1H NMR of the diblock copoly-
mers with the results of Mn from the GPC of the PMMA
macroinitiator. The 1H NMR charts and GPC traces for all of
the polymers prepared here are available in the Supporting
Information. The results of the polymer characterizations are

shown in Table 1, where fBnMA and fSt are respectively the
volume fractions of BnMA and St in the block copolymers.

Dynamic Light Scattering. Polymer samples were dissolved
into [C2mim][NTf2] by the cosolvent (THF) evaporation meth-
od.12,13 DLS measurements were performed on an Otsuka
Electronics DLS-6500 equipped with an ALV correlator and
an Ar laser (488 nm). Experiments were performed at different
temperatures (25-130 �C), and the correlation functions were
recorded at various scattering angles between 20� and 120�.

The correlation functions were fitted using the cumulant
or double-exponential function. The distribution function of
Rh was also revealed by applying the inverse Laplace transfor-
mation to the correlation function through the well-established
CONTIN program. The temperature dependency of the viscos-
ity of [C2mim][NTf2] was calculated using the Vogel-Tam-
mann-Fulcher (VTF) equation and the fitting parameters.23b

The refractive index of [C2mim][NTf2] was obtained from pre-
vious reports.13a

3. Results and Discussion

Comparison between Thermosensitive and Thermoinsensi-
tive Diblock Copolymers in an IL. Figure 1 shows the
temperature dependency of the normalized scattering inten-
sity and Rh for P(BnMA2.2-b-MMA19) dissolved in [C2mim]
[NTf2] (2 wt %). The normalized scattering intensity
was defined as the intensity at each temperature divided by
the intensity measured at 25 �C. The scattering intensity of

Table 1. Characterization of Polymers

Mn/kDa Mw/Mn fSt,BnMA

PMMA19 19 1.17
P(St1.7-b-MMA19) 1.7-19 1.27 0.091
P(BnMA2.2-b-MMA19) 2.2-19 1.23 0.10
P(BnMA7.3-b-MMA19) 7.3-19 1.29 0.28
P(BnMA28-b-MMA41) 28-41 1.22 0.40

Scheme 1. Synthetic Procedure for PMMA Macroinitiator, P(St-b-
MMA), and P(BnMA-b-MMA), Respectively

Figure 1. (a) Relationship between the normalized scattering intensity
at a scattering angle of 90� and temperature for P(BnMA2.2-b-MMA19)
in [C2mim][NTf2] solution (2 wt%). The normalized intensity is defined
as the intensity at each temperature divided by that measured at 25 �C.
(b) Relationship between the Rh of P(BnMA2.2-b-MMA19) in [C2mim]
[NTf2] and the temperature. Broken line indicates minor components in
the system.
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the diblock copolymer solution suddenly increased above
120 �C. The temperature at which the scattering intensity
started to increase was slightly higher than that of the
previously reported LCST phase separation temperature
(105 �C) of PBnMA homopolymer with Mn=28.3 kDa
and Mw/Mn=2.76.12,13 The increased scattering intensity
observed here was brought about by the fact that single
polymer chains, P(BnMA2.2-b-MMA19), aggregated to form
large size micelles. The Rh values of the particles were
calculated from the cumulant fitting below the aggregation
temperature but were calculated from the double-exponen-
tial fitting above this temperature, since the single polymer
chains still remained, even above the aggregation tempera-
ture. TheRh values were found to be 4.4 nm at 25 �C from the
cumulant fitting and 2.5 and 109 nm at 120 �C from the
double-exponential fitting. The results of the CONTIN
analysis at temperatures below and above the aggregation
temperature (Figure 2) were also an evidence for the exis-
tence of the unimers. A small particle size, consistent with the
size of a single polymer chain, could be seen at both 25 and
120 �C. It should be noted, from the distribution of the
unimer particle size in Figure 2a,b, that the unimers
were polydispersed at 25 �C but were sharply distributed at
120 �C. This implies that single polymer chains with rela-
tively higher molecular weights are likely to aggregate to
form micelles at 120 �C.

We estimated the weight percentage of small par-
ticles indicative of single polymer chains as 99.97 wt % at
120 �C, using the previously reported method.25 This result
confirmed that the block copolymer aggregation is negligible
even at a sufficiently higher temperature than the aggre-
gation temperature. This may be attributed to the weak
attractive force betweenPBnMAchains in themicellar cores.
The intermolecular van der Waals attractive interaction
appeared to be weak since the PBnMA segment was short
(Mn=2 kDa). In addition, the glass transition temperature
(Tg) of short PBnMA chain appeared to be lower than the
well-known Tg value of PBnMA (Tg=54 �C). The core of
the self-assembled aggregates must have been in a rubbery
state because the Tg of PBnMA was at least lower by 50 �C
than the LCST phase separation temperature of the PBnMA
core. Such aggregation behavior is likely to be explained by
molecular weight distribution of PBnMA segment. 0.03 wt%
of P(BnMA2.2-b-MMA19), which forms the aggregates,

may have higher weight ratios of PBnMA than PBnMA/
PMMA=2.2/19.

P(St-b-MMA) diblock copolymers have already been
reported to form self-assembled structures in an IL, irrespec-
tive of temperature.26 In order to make a comparison of the
thermosensitivity and size of aggregates with P(BnMA-b-
MMA)s in [C2mim][NTf2], P(St1.7-b-MMA19) was designed
to have a similar molecular weight and composition to those
of P(BnMA2.2-b-MMA19). Figure 3 shows the CONTIN
results for P(St1.7-b-MMA19) and the PMMA19 precursor
in [C2mim][NTf2] at room temperature. In contrast to
Figure 2b, a single and intense peak could be observed in
both the solutions. The Rh values of the polymer particles
calculated from the cumulant fitting for PMMA19 and
P(St1.7-b-MMA19) at 25 �C are compared in Table 2. The
Rh of the P(St1.7-b-MMA19) aggregates, estimated to be
25 nm, clearly indicates spherical micelle formation.26 In
the case of PMMA19 in [C2mim][NTf2], the Rh value is
consistent with that of a single polymer chain. It is interesting
to note that there were two peaks in the acetone indicative of
the single polymer chain andblock copolymer aggregation of
P(St1.7-b-MMA19), as shown in Figure 4, although acetone is
considered to be a good solvent for both blocks. However,
the weight percentage of the large aggregates of P(St1.7-
b-MMA19) could be calculated to be 0.02 wt %.25 Thus, we
could conclude that the number of aggregates for the P(St1.7-
b-MMA19)/acetone solution was negligible. The tempera-
ture dependency of the Rh values for P(St1.7-b-MMA19) and
P(BnMA2.2-b-MMA19) in the IL is plotted as a function of
temperature in Figure 5. No Rh temperature dependency
can be observed for P(St1.7-b-MMA19) in [C2mim][NTf2],

Figure 2. Distribution function of Rh for P(BnMA2.2-b-MMA19)
(2 wt %) in [C2mim][NTf2] solution measured at (a) 25 and (b) 120 �C.

Figure 3. Distribution function of Rh at 25 �C in [C2mim][NTf2] for
PMMA19 (3 wt%), square, and for P(St1.7-b-MMA19) (1 wt%), circle.

Table 2.Rh Values of P(St1.7-b-MMA19) and PMMA19,Measured at
25 �C in Acetone or in [C2mim][NTf2]

Rh in acetone/nm Rh in [C2mim][NTf2]/nm

PMMA19 3.3 3.5
P(St1.7-b-MMA19) 3.5/59 25

Figure 4. Distribution function ofRh at 25 �C in acetone for PMMA19

(2 wt %), square, and for P(St1.7-b-MMA19) (2 wt %), circle.
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which is distinctly different from the results of P(BnMA2.2-
b-MMA19). The Rh values of the micelles formed by
P(St1.7-b-MMA19) increased slightly with an increase in
temperature, which could be explained in terms of the
extension of the PMMA corona chain and was consistent
with a previously reported phenomenon.26 The size differ-
ence between the micelles made by P(BnMA2.2-b-MMA19)
and by P(St1.7-b-MMA19) was apparent, although these two
diblock copolymers have similar molecular weights and
compositions (insoluble block, ca. 2 kDa; soluble block,
19 kDa). The Rh of the aggregates made by P(BnMA2.2-
b-MMA19) was 126 nm at 130 �C, whereas the Rh of the
micelle by P(St1.7-b-MMA19) was 27 nm. This size difference
might come from the difference in the morphology of the
micelles. While P(St1.7-b-MMA19) can be judged to form
spherical micelles,26 P(BnMA2.2-b-MMA19) aggregates do
not appear to be spherical micelles, but rather worm-like
micelles or bilayer vesicles (vide infra).

Aggregation Behavior in an IL of LCMT Diblock Copoly-
mers with Different Molecular Weights and Compositions.
P(BnMA7.3-b-MMA19) and P(BnMA28-b-MMA41) were
prepared to compare the thermosensitivity of the LCMT
diblock copolymers in an IL. Figure 6 shows the normalized
scattering intensity and Rh of P(BnMA7.3-b-MMA19) in
[C2mim][NTf2] (2 wt %). These results also confirmed that
P(BnMA-b-MMA)s exhibit LCMT aggregation behavior in
the IL. The normalized scattering intensity of P(BnMA7.3-b-
MMA19) is much larger than that of P(BnMA2.2-b-MMA19)
(Figure 1) above the LCMT aggregation temperature.

From the CONTIN analysis for P(BnMA7.3-b-MMA19) in
the IL (2wt%)at 130 �C (Figure 7c), the distribution function
appears to correspond to the completely aggregated state of
the diblock copolymer. However, as shown in Figure 7b, the
distribution function at 120 �C exhibited two peaks, which

may indicate that the solution was still in the process of
aggregation at this temperature. Excellent reversibility be-
tween the two morphologies of the polymer in the IL, i.e., the
aggregation at high temperatures and the dissociation to
unimers at low temperatures, could be observed in the cooling
process from 130 to 25 �C (Figure 7c,d). Other P(BnMA-b-
MMA)s also showed excellent reversibility.

For P(BnMA28-b-MMA41), which had highMn and fBnMA,
the scattering intensity and Rh in the IL are plotted as a
function of temperature in parts a and b of Figure 8, respec-
tively. In this case, P(BnMA28-b-MMA41) had completely
aggregated at 120 �C.With an increase in themolecular weight
of the PBnMA block, the consequent increase in the van der
Waals attractive force between the PBnMA chains, which
consisted of the micellar cores, resulted in the complete
aggregation of P(BnMA28-b-MMA41) at 120 �C. Figure 9
shows the distribution function of P(BnMA28-b-MMA41).
A single and sharp peak at 120 �C can be observed at around
100 nm. Table 3 summarizes the Rh values of the P(BnMA-b-
MMA)s at 25 and 130 �C, calculated from the cumulant or
double-exponential fitting. The order of the Rh values for a
series of P(BnMA-b-MMA)s at 130 �C was P(BnMA28-
b-MMA41) (61 nm)< P(BnMA7.3-b-MMA19) (92 nm)<
P(BnMA2.2-b-MMA19) (126 nm). These results indicate that
the block copolymers with the PBnMA core having the longer
polymer chain form a more compact micellar structure.

Figure 5. Temperature dependency ofRh in [C2mim][NTf2] for P(St1.7-
b-MMA19) (1 wt %), circle, and for P(BnMA2.2-b-MMA19) (2 wt %),
square. Rh values are estimated by the cumulant (P(St1.7-b-MMA19) at
all temperatures and P(BnMA2.2-b-MMA19) below 110 �C) or double-
exponential fitting (P(BnMA2.2-b-MMA19) at 120 and 130 �C). Broken
line indicates minor components in the system.

Figure 6. (a) Relationship between the normalized scattering intensity
at a scattering angle of 90� and temperature for P(BnMA7.3-b-MMA19)
in [C2mim][NTf2] solution (2 wt %). Normalized intensity is defined as
the intensity at each temperature divided by that measured at 25 �C.
(b) Relationship between the Rh of P(BnMA7.3-b-MMA19) in [C2mim]
[NTf2] and the temperature. Broken line indicatesminor components in
the system.

Figure 7. Distribution function of Rh for P(BnMA7.3-b-MMA19)
(2 wt %) in [C2mim][NTf2] solution measured at (a) 25, (b) 120, and
(c) 130 �Cduring the heating process and then cooled down to (d) 25 �C.
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By making a comparison of aggregation temperatures
between P(BnMA-b-MMA)s (Figures 1, 6, and 8), it is
revealed that the aggregations start at 120 �C for all the
block copolymers, although molecular weights of PBnMA
segments are significantly different. A similar tendency that
the aggregation temperatures (130-140 �C) of acrylamide
block copolymers containing PBnMA segments do not
change with a change in the molecular weight of PBnMA
has been observed in our precious study.16d We need further
study on this point.

We also need to point out here that the micelles formed by
the P(BnMA-b-MMA)s were exceptionally large, compared
with those of P(St1.7-b-MMA19) (Table 3). The micellar
morphology could be varied by tuning the interfacial tension
between the solvatophobic blocks and the solvent or
by changing the compositions of the block copolymers.27

The self-assembly of the large aggregates for P(BnMA-
b-MMA)s appeared to have a different morphology than
spherical micelles, for example, bilayer vesicles or cylind-
rical aggregates. In terms of the interfacial tension bet-
ween the core block and the IL, we could not find
a difference between the P(St1.7-b-MMA19) and the
P(BnMA-b-MMA)s, since the surface energies of PSt
(39 mN/m)28 and PBnMA (36 mN/m)28 are nearly equal,
and the same IL is used. On the other hand, the volume
fraction of the PSt or PBnMA segments (fSt,BnMa) for
P(St1.7-b-MMA19), P(BnMA2.2-b-MMA19), P(BnMA7.3-
b-MMA19), and P(BnMA28-b-MMA41) increased from
0.091 to 0.40 (Table 1), which facilitated the formation
of cylinders and vesicles in this order. Another possibility
would be that the self-assembly of P(St1.7-b-MMA19) did
not reach a state of thermal equilibrium, since the solution
in the IL was prepared by the cosolvent evaporation
method and the PSt core was always below or near its
Tg.

29 Lodge et al. correlated the CONTIN distribution
function from DLS measurements and the direct visuali-
zation of the micellar morphology from the cryo-TEM
images for P(B-b-EO) self-assembly in an IL.16b The
structure of the self-assembled micelles in this study will
be elucidated in the future by direct observation using
electron microscopy techniques.

4. Conclusion

We reported the LCMT aggregation behavior of diblock
copolymers in a typical hydrophobic IL, [C2mim][NTf2]. Well-
defined P(BnMA-b-MMA)s and P(St-b-MMA), having different
molecular weights and block compositions, were successfully
prepared by ATRP. The scattering intensity and Rh values for
the polymer particles in the ILwere compared between P(BnMA-
b-MMA)s and P(St-b-MMA) as a function of temperature.
P(BnMA-b-MMA)s were dissolved in the IL as unimers at
temperatures below the aggregation temperatures, while they
formed large self-assembled aggregates above these temperatures.
The transformation between the two states exhibited excellent
reversibility. The Rh of the aggregates made by P(BnMA-b-
MMA)s was much larger than that of P(St-b-MMA) (Table 3).
For the P(BnMA-b-MMA)s, it was reasonable to consider that
the aggregates had a differentmorphology than sphericalmicelles,
such as worm-like micelles or vesicle-like micelles. LCMT aggre-
gation behavior has traditionally been reported in block copoly-
mer aqueous solutions. This is the first example of the LCMT
micellization of diblock copolymers in an IL solvent.
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