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ABSTRACT: We report a doubly thermoresponsive diblock copolymer that exhibits both an upper critical
micellization temperature (UCMT) and a lower critical micellization temperature (LCMT) in ionic liquids.
Dynamic light scattering and cloud point measurements are employed to investigate the micellization behavior of
poly(ethylene oxide)-b-poly(N-isopropylacrylamide) (PEO—PNIPAm) in 1-ethyl-3-methylimidazolium tetrafluoro-
borate (([EMIM][BF,]), 1-butyl-3-methylimidazolium tetrafluoroborate ((BMIM][BF,]), and their blends. In a
single ionic liquid solvent, at low and high temperatures, the block copolymer self-assembles into PNIPAm-core
and PEO-core micelles, respectively. The core and corona of the micelles are reversibly switchable in response to the
stimulus of temperature. Using [EMIM][BF,4]/[BMIM][BF,] blends as solvents, both the UCMTs and LCMTs can
be easily tuned over a wide range of temperature by varying the mixing ratio of the two ionic liquids. Depending on
the relative positions of the UCMT and LCMT, two types of doubly thermoresponsive systems (micelle—unimer—
inverse micelle and micelle—copolymer aggregates—inverse micelle) can be obtained.

Introduction

Recently, much attention has been focused on “smart” poly-
meric materials owing to their scientific interest and potential
technological applications.'? The notable feature of these sys-
tems is that they respond in a dramatic way (solubility, shape,
volume, surface properties, etc.) to slight changes in their sur-
rounding environment, such as temperature, pH, ionic strength,
electric potential, and light. The appeal of these materials lies not
only in the rapid and drastic changes in structures and physical
properties but also in their reversibility.

For some applications, a physical stimulus such as temperature is
preferable in order to increase the number of switching cycles.
Thermoresponsive block copolymers offer high potential for appli-
cations including temperature sensors, thermoresponsive gels,
actuators, and suspending agents for delivery systems. The thermo-
sensitivity of these materials often relies on a sharp change in solu-
bility upon heating or cooling; i.e., they exhibit either lower critical
solution temperature (LCST) or upper critical solution temperature
(UCST) phase behavior. A well-known example is a block copoly-
mer of poly(ethylene oxide) and poly(N-isopropylacrylamide)
(PEO—PNIPAm), which exhibits thermoresponsive micellization
in water above the LCST of PNIPAm.>* In order to develop a new
polymer that responds to temperature in a way that precisely fits the
need of the application, the ability to fine-tune the transition
temperature is required. In principle, the LCST or UCST of a given
polymer can be tuned by incorporating different amounts of
solvatophilic or solvatophobic comonomers>® or by adding solva-
tophilic or solvatophobic branches.” > However, synthesizing a
random or graft copolymer with targeted properties can be a
cumbersome trial-and-error process, and it is difficult to actually
fine-tune the transition temperature as desired.

The recent development of polymeric materials in ionic liquids
(ILs) has generated lots of excitement.'""* ILs are often viewed
as “green solvents” due to their extremely low volatility and
chemical/thermal stability.'* These properties make ILs ideal
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materials for use in open atmosphere over a wide range of tempera-
ture. Moreover, the properties of ILs can be readily manipulated
for a given application by varying the chemical structures of the
ions."> Only recently have there been reports of thermoresponsive
polymers exhibiting an UCST such as PNIPAm'® or a LCST such
as poly(benzyl methacrylate) (PBnMA),"™'® poly(ethyl glycidyl
ether),® and PEO® in ILs. An important feature of these thermo-
sensitive homopolymers is that the UCST or LCST can be adjusted
by varying the chemical structures of the cations and anions,”*' or
by blending different ILs,”**! without changing the chemical struc-
ture of the polymers. This offers great convenience for designing a
polymeric material with targeted properties. The polymer/ILs sys-
tems that can undergo UCST or LCST phase transition have been
applied to design cross-linked PNIPAm and PBnMA gels with
thermosensitive swelling/shrinking behavior,'®!” thermoreversible
block copolymer ion gels with high ion conductivity and tunable gel
temperatures,”>* and micelle shuttle systems>* that are relevant to
molecular storage, transport, and separation.

One challenge is to develop more “sophisticated” polymers that
can respond to more than one temperature change.”> An example is
an AB block copolymer where the A block has an LCST and the B
block has a UCST, and thus it can form either A-core micelles or
B-core micelles over two different temperature ranges in a single
solvent. One potential application of a multithermoresponsive
system is a sensor that can monitor different temperature ranges
by adjusting the LCMT and UCMT of the material. In aqueous
solution, there have been several reports of micelle/inverse micelle
self-assembly systems that are triggered by temperature.”® >
However, so far there is only one report of a doubly thermosensitive
polymer in ILs.*' Ueki et al. prepared a diblock copolymer consist-
ing of an LCST PBnMA block and a UCST PNIPAm block that
exhibits a thermally triggered micelle—unimer—inverse micelle
transition. They also demonstrated that the UCMT could be
altered by copolymerization of acrylamide in the PNIPAm block
as well as by using different ILs as solvents.

In this paper, we report a novel doubly thermoresponsive
PEO—PNIPAm diblock copolymer that exhibits both UCMT
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Figure 1. Schematicillustration of two types of doubly thermosensitive
self-assembly of PEO—PNIPAm in ionicliquid blends. The red and blue
blocks represent PNIPAm and PEO blocks, respectively. (a) LCMT >
UCMT: micelle—unimer—inverse micelle self-assembly. (b) UCMT >
LCMT: micelle—copolymer aggregates—inverse micelle self-assembly.

and LCMT behavior in 1,3-dialkylimidazolium tetrafluoroborate
ILs. The molecular design of the thermoresponsive system is based
on the LCST of PEO™ and the UCST of PNIPAm'® in ILs. The
core and corona of micelles are reversibly switchable in response to
changes in temperature. A well-defined PEO—PNIPAm block
copolymer was prepared by reversible addition—fragmentation
chain transfer (RAFT) polymerization. The micellization behavior
of PEO—PNIPAm in 1-ethyl-3-methylimidazolium tetrafluoro-
borate ([EMIM][BF,]), 1-butyl-3-methylimidazolium tetrafluoro-
borate ((BMIM][BF,]), and their blends was studied using dynamic
light scattering (DLS) and cloud point (CP) measurements. The
nonvolatility and good thermostability of ILs allow us to investigate
the micellization behavior from room temperature up to 230 °C.

We find that, using [EMIM]|[BF,]/[BMIM][BF,] blends as
solvents, the LCST of PEO and the UCST of PNIPAm decreases
and increases, respectively, as the weight fraction of [EMIM][BF,]
in the IL blends increases. Therefore, both UCMTs and LCMTs of
PEO—PNIPAm/ILs systems can be easily tuned over a wide range
of temperatures by simply varying the mixing ratio of two ILs,
without modifying the chemical structure of the copolymer. As
shown in Figure 1, two types of doubly reversible thermoresponsive
system (micelle—unimer—inverse micelle and micelle—copolymer
aggregates—inverse micelle) can be obtained by appropriately
adjusting the mixing ratio of IL blends. For both types of systems,
at low and high temperatures, the block copolymer self-assembles
into PNIPAm-core and PEO-core micelles, respectively. However,
at intermediate temperatures, depending on the relative positions of
the UCMT and LCMT, the block copolymer is either soluble or
insoluble.

Experimental Section

Materials. Hydroxy-terminated PEO-20 (the number indi-
cates the molecular weight in kg/mol) homopolymer with a
polydispersity of 1.14 was purchased from Aldrich. PNIPAm-40
homopolymer with a polydispersity of 1.70 was purchased from
Polysciences. The glass transition temperatures (7,) of PEO-20 and
PNIPAmM-40 are —46 and 109 °C, respectively, as determined from
a TA Instruments Q1000 DSC at a heating rate of 10 °C/min.
[EMIM][BF,] and [BMIM][BF,] were synthesized via the proce-
dures described in a previous publication.”® Both ILs were used
after drying in a vacuum oven at 50 °C for at least 2 days. The
temperature-dependent viscosity of [EMIM][BF,4] was measured on
an Advanced Rheometric Expansion System (ARES) rheometer
(see Supporting Information for details). The temperature-depen-
dent viscosity of [BMIMI][BF,] was obtained from the literature.*
The refractive indices of [EMIM][BF,4] and [BMIM][BF,] are 1.418
and 1.424, respectively, as measured by an Abbe refractometer at
488 nm. The viscosities and refractive indices of [EMIM][BF,]/
[BMIM][BF,] blends were calculated from linear interpolation
based on the molar ratio between two ILs, assuming ideal mixing
behavior.

The materials used to prepare the PEO—PNIPAm diblock copoly-
mer are as follows. PEO methyl ether (M, = 19000, M.,/M,, = 1.08)
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was purchased from Polymer Source and purified by precipitation in
n-hexane. The chain transfer agent (CTA) S-1-dodecyl-S'-(o,0!-
dimethyl-o’-acetic acid) trithiocarbonate was synthesized following
a reported procedure.”® NIPAm monomer and 2,2’ -azobis(isobuty-
ronitrile) (AIBN) were purchased from Aldrich and purified by
recrystallization from benzene/n-hexane (65/35 v/v) and methanol,
respectively. All the other chemicals and solvents were obtained from
Aldrich and used as received.

RAFT Polymerization of PEO—PNIPAm. The PEO—PNI-
PAm block copolymer was synthesized following a procedure
reported previously.>>** In brief, the hydroxyl end group of PEO
methyl ether was first coupled to a chain transfer agent (CTA) via
an acid chloride intermediate to form a PEO—CTA macroinitia-
tor. The PEO—CTA was subsequently used to grow PNIPAm
blocks via RAFT polymerization. The size exclusion chromato-
graphy (SEC) curve (Figure S2) of the PEO—PNIPAm copolymer
shows an additional peak located at the lower molecular weight
end, indicating the formation of trace amount of PNIPAm
homopolymer during the RAFT polymerization. After washing
with ethanol several times, the additional peak disappears (Figure S2);
the fraction of remaining PNIPAm homopolymer is lower than
the detection limit of the SEC. The purified polymer has a
19 kDa PEO block and a 12 kDa PNIPAm block as determined
by 'H NMR spectroscopy and a polydispersity of M,,/M,, = 1.16
as determined by SEC.

Preparation of Polymer/ILs Solutions. A strict procedure was
applied to prepare polymer/ILs solutions for CP and DLS
measurements to minimize water and cosolvent content. PEO/
ILs solutions were prepared by mixing the polymer and ILs in
ampules and stirring at ~80 °C under vacuum (<50 mTorr)
until complete dissolution. The solutions were continuously
stirred under vacuum at 80 °C for at least 18 h to completely
remove any residual moisture and then were flame-sealed in an
argon atmosphere to prevent moisture and degradation of
components at high temperatures. A cosolvent method was
used to prepare PNIPAm/IL solutions. PNIPAm and ILs were
first dissolved in an ampule with the assistance of dichloro-
methane. The dichloromethane was then slowly evaporated
under the purge of nitrogen followed by drying under vacuum
(<50 mTorr) for at least 40 h to remove the cosolvent. Finally,
the ampules were flame-sealed in an argon atmosphere. The
same cosolvent method was applied to prepare PEO—PNIPAmM
micelle solutions for the DLS measurements. After the removal
of the cosolvent, the micelle solutions were passed through
0.45 um syringe filters into DLS glass tubes with an inner diam-
eter of 0.2 in., and the tubes were then flame-sealed under
vacuum to prevent moisture and degradation.

Cloud Point Measurements. The CPs of PEO/IL (LCST) and
PNIPAm/IL (UCST) were determined by optical transmittance
measurements at 632.8 nm at a heating and cooling rate of
roughly 1 °C/min, respectively. The solution was placed in a
temperature-controlled oil bath. The temperature dependence
of transmittance was monitored using a laser power detector
(SPEX) while the solution was stirred. We define the CP values
as the temperatures at which the transmittance drops to 80%.

A different heating protocol was applied to determine the CPs
for PEO—PNIPAm/IL solutions that are insoluble at intermedi-
ate temperatures. A heating rate of ~1 °C/min was first used
until the temperature exceeded the LCMT. After that, much
slower heating was used. The transmittance was measured every
1—5°C, and before each measurement, the solution was allowed
to equilibrate at each temperature for 30 min.

Dynamic Light Scattering Measurements. The details of DLS
measurements and the data analysis procedure can be found
elsewhere.'%3* A home-built instrument equipped with a
Brookhaven BI-DS photomultiplier mounted onto a goniometer,
a Lexel Ar* laser operating at 488 nm, and a Brookhaven BI-9000
correlator was used to perform the DLS measurements. In a
typical DLS measurement, the sample tube was first placed in a
temperature-controlled index-matching oil bath for 20 min or
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until a steady scattering intensity was observed (up to several
hours for some measurements). The intensity correlation func-
tion, g,(¢,t), was then measured at a fixed 90° scattering angle.
The accumulation time for measuring g-(¢,7) ranged from 600
to 1200 s.

The measured g,(¢,t) were then transformed to the electric
field autocorrelation functions, g;(¢,?), using the Siegert rela-
tion,* g2(¢q,1) — 1 = g,%(¢.,7). The resulting gl(g,t) functions were
analyzed using the method of cumulants® to evaluate the
average decay rate, I', and the width of the decay, /42/1"2.

gi(g.1) = Aexp(—T1) <1 +%/th2+...) (1)

The average decay rate, I', was used to calculate the mutual
diffusion coefficients, D,, = F/q2, where ¢ is the scattering
vector defined as ¢ = (4mn/o) sin(0/2), n is the refractive index
of the solvent, 4, is the wavelength of the light in vacuum, and 6
is the scattering angle. In the limit of low concentration, D, can
be approximated by the tracer diffusion coefficient, D, and the
hydrodynamic radii of micelles can be extracted through the
Stokes—Einstein equation

_ keT
"~ 6anD,

h

2)

where kg is the Boltzmann constant, 7'is the temperature, and i
is the viscosity of the solvent.

The distribution of hydrodynamic radius was obtained by
applying an inverse Laplace transformation to the gi(g.?)
function.’” When the size distribution displayed a bimodal
distribution, the g;(¢,?) function was fit to a double-exponential
function to extract the average decay rates from the two distinct
distributions.

g1(t) = Ay exp(—T 1) + Ay exp(—T,¢) + B (3)

Results and Discussion

LCST of PEO and UCST of PNIPAm in IL Blends. In a
recent publication, Lee and Lodge reported the LCST-type
liquid—liquid ghase behavior of PEO in [EMIM][BF,4] and
[BMIM][BF,].*° They also found unusual temperature—
composition phase diagrams in which the CP curves are
strongly asymmetric, with the critical composition shifted to
high concentrations of PEO. In these PEO/IL systems, the
molecular weight of PEO does not have a strong influence on
the phase behavior. In addition, as shown in Figure 2, the IL
structure has a significant influence on the miscibility of a
PEO/IL solution. A small decrease in the alkyl chain length
(C4 — Cy) in the imidazolium cation results in a ~45 °C
decrease in the phase transition temperature. More impor-
tantly, the CP values decrease almost linearly from 209 °C for
[BMIM][BF,] to 163 °C for [EMIM][BF,4] as the weight
fraction of [EMIM][BF,] increases, indicating that the value
of LCST can be easily controlled by appropriately adjusting
the mixing ratio of two ILs.

The LCST phase behavior was also observed for PEO-20
in l-ethyl-3-methylimidazolium bromide/1-ethyl-3-methylim-
idazolium bis{(trifluoromethyl)sulfonyl}amide ([EMIM][Br]/
[EMIM][TFSA]) blends, and as shown in Figure S3, a similar
linear trend was also obtained.

Ueki and Watanabe have reported the UCST phase behavior
of PNIPAm in an IL.'® They also found that the molecular
weight of PNIPAm does not have strong influence on the
phase behavior, and the CP increases as the weight fraction of
PNIPAm in IL increases from 1 wt % up to 10 wt %. To tune the
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Figure 2. Cloud point values for 2 wt % PEO-20 in [EMIM][BF]/
[BMIM][BF,] blends. The solid line is a linear fit to the data. The data
points are obtained from ref 20.
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Figure 3. Cloud point values for 1 wt % PNIPAm-40 in [EMIM][BF,]/
[BMIM][BF,] blends. The solid line is a linear fit to the data.

UCST of PNIPAm, we use [EMIM][BF,]/[BMIM][BF,] blends
as solvents. Figure 3 shows the CP values of 1 wt % PNIPAm-40
in IL blends as a function of the weight fraction of [EMIM]-
[BF,4]. To determine the CP, the solution was first heated above
the transition temperature and stirred until complete dissolu-
tion. The temperature-dependent transmittance was then mea-
sured at a cooling rate of roughly 1 °C/min. This UCST phase
transition is completely reversible. The IL structure has a sub-
stantial impact on the miscibility of a PNIPAm/IL solution. A
decrease in the alkyl chain length (C4 — C5) in the imidazolium
cation results in a ~155 °C increase in the UCST. Similar to the
linear change shown in Figure 2, the CP values increase almost
linearly as the weight fraction of [EMIM][BF,] increases. The
value of the CP can be easily tuned between 67 and 222 °C by
appropriately adjusting the mixing ratio of two ILs. This
linearity was also observed for the CPs of PNIPAm in 1-ethyl-
3-methylimidazolium bis{(trifluoromethyl) sulfonyl}amide/
1-butyl-3-methylimidazolium hexafluorophosphate ((EMIM]-
[TESA]/[BMIM][PF{]) blends (Figure S4).

The observation of linearity for both PEO/ILs and PNI-
PAm/ILs system is consistent with the LCST phase behavior
of PBnMA in [EMIM][TFSA; /IBMIM][TFSA] blends studied
by Watanabe and co-workers.*! It is likely that this linearity can
be generally observed in any polymer/IL system with a critical
phase behavior, where the ionic liquid components are similar.
In contrast, this linearity is not typical in polymer/molecular
solvent systems. For example, Schild, Muthukumar, and
Tirrell®® showed that the LCST of PNIPAm first decreases
and then increases as the fraction of organic solvent (methanol,
THEF, or dioxane) in water increases. This linear trend of UCST
or LCST in polymer/ILs suggests that mixing two different ionic
liquids does not change the nature of the interactions between
polymer and ions very much. Therefore, it is an ideal random
mixing process, as expected.
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Figure 4. Temperature dependence of scattering intensity for 1 wt %
PEO—PNIPAm in (a) [BMIM][BF,], (b) 85/15 [BMIM][BF,]/[EMIM]-
[BF,] blends, and (c) 70/30 [BMIM][BF,]/[EMIM][BF,] blends.

Micellization of PEO—PNIPAm Diblock Copolymer in IL
Blends. Type I: LCMT > UCMT. On the basis of the LCST
of PEO and the UCST of PNIPAm, we designed a doubly
thermosensitive PEO—PNIPAm diblock copolymer synthe-
sized via RAFT polymerization. Dynamic light scattering
was employed to investigate the micellization of the block
copolymer in IL blends. Figure 4a shows the scattering
intensity at & = 90° as a function of temperature from a 1
wt % PEO—PNIPAm in [BMIM][BF,4]. Low levels of scat-
tering intensity indicate molecular dissolution, and increased
scattering intensity indicates the formation of micelles. The
result suggests that, in [BMIM][BF4], PEO—PNIPAm self-
assembles into micelles at low and high temperatures and
dissolves at intermediate temperatures.

Figure 5a displays the corresponding mean hydrodynamic
radius (Ry,) as a function of temperature for 1 wt % PEO—
PNIPAm in [BMIM][BF,]. At low and high temperatures,
Ry, isdetermined from cumulant analysis. In the intermediate
temperature range, Ry, is obtained from a double-exponen-
tial fit; only the smaller values are plotted, since large
aggregates in this temperature range represent a very small
fraction (see below for details). Both scattering intensity
(Figure 4a) and hydrodynamic radius (Figure 5a) results
indicate that there are two distinct transition temperatures
located at ~60 °C (UCMT) and ~207 °C (LCMT), near the
CPs of PNIPAm and PEO, respectively. Therefore, we
conclude that the block copolymers form PNIPAm-core
and PEO-core micelles at low and high temperatures, re-
spectively, as illustrated in Figure 1a.

Figure 6 shows selected distributions of the hydrodynamic
radius at 35, 130, and 230 °C for PEO—PNIPAm in [BMIM]-
[BF4]. As shown in panels a and ¢, monomodal distributions
at low and high temperatures clearly indicate the formation
of well-defined micelles. However, at intermediate temperatures,
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[BF4]/[EMIM][BF,] blends: (a) hydrodynamic radius obtained from DLS
measurements; (b) transmittance at 632.8 nm. The solution becomes
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the size distribution always displayed a bimodal
distribution (panel b). The small R;, peak corresponds to
single polymer chains, whereas the large Ry, peak indicates
the existence of large aggregates. These aggregates may arise
from the tiny fraction of polymers with very high molecular
weight that are reluctant to dissolve. Given that the overall
scattering intensity at intermediate temperatures is very low
(Figure 4a) and the scattering intensity is roughly propor-
tional to R,,® (Rayleigh approximation), the number fraction
of single polymer chains at this temperature is estimated to
be more than 99.9%.

Selected DLS measurements at a few temperatures during
both cooling and reheating processes were performed to check
the reversibility. The results indicate that this micelle—unimer—
inverse micelle phase transition is rapid (the scattering intensity
reaches a steady value in less than 10 min) and completely
reversible, even after heating up to 230 °C.

Figure 4b,c shows the temperature-dependent scattering
intensity for 1 wt % PEO—PNIPAm in 85/15 [BMIM][BF,]/
[EMIM][BF,] and 70/30 [BMIM][BF,]/[EMIM][BF,] blends,
respectively. The corresponding temperature-dependent hy-
drodynamic radii are shown in Figure Sb,c. In both IL blends,
two distinct phase transition temperatures can be identified,
indicating the existence of micelle—unimer—inverse micelle
phase transition behavior. Similar to the LCSTs and UCSTs
of homopolymer/ILs systems, the UCMTs and LCMTs of the
copolymer/ILs systems increase and decrease, respectively, as
the weight fraction of [EMIM][BF,] increases. This result
indicates that the values of LCMT and UCMT can also be
tuned by appropriately adjusting the mixing ratio of two ILs.

For all three copolymer/ILs systems shown in Figures 4
and 5, the R}, of the PNIPAm-core micelles at low tempera-
tures are around 25 nm, while the R, of the PEO-core
micelles at high temperatures are on the order of several
hundred nanometers. The size of the PEO-core micelles is
significantly larger than that of the PNIPAm-core micelles,
suggesting that the structures of the two micelles are differ-
ent. The numbers of repeat units in the PNIPAm and PEO
blocks are ~105 and ~430, respectively. Considering the
length difference between two blocks, it is probable that, at
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% PEO—PNIPAm in [EMIM][BF,] and 25/75 [BMIM][BF,]/[EMIM]-
[BF,] blends.

low temperatures, the copolymers self-assemble into spheri-
cal micelles with PNIPAm-cores. However, at high tempera-
tures, the copolymers may self-assemble into wormlike
micelles or vesicles with PEO-cores.

Micellization of PEO—PNIPAm in IL Blends. Type II:
UCMT > LCMT. Further increase in the weight fraction of
[EMIM][BF,] in the IL blends transforms the solution into a
different type of doubly thermosensitive system. Figure 7a
shows the temperature-dependent hydrodynamic radius for
1 wt % PEO—PNIPAm in 50/50 [BMIM][BF,]/[EMIM][BF,]
during both heating and cooling processes. The micellization of
this copolymer/IL solution is similar to that of copolymer in
[BMIM][BF,]-rich IL blends (Figures 4 and 5): small size
PNIPAm-core micelles and large size PEO-core micelles are
observed at low and high temperatures, respectively. However,
at intermediate temperatures (155—185 °C), the solution be-
comes cloudy, indicating the occurrence of phase separation.
This observation suggests that, in this copolymer/ILs system,
the LCMT is lower than the UCMT. Heating above the LCMT
likely causes the PEO corona to collapse, and separate micelles
coalesce to form aggregates. Consequently, as the temperature
increases, the solution undergoes micelle—aggregates—inverse
micelle transitions, as illustrated in Figure 1b. Note that,
although it undergoes a rapid (~10 min) PNIPAm-core micelle
to copolymer aggregate transition upon heating, it takes at least
3 h for a turbid aggregate solution to turn into a PEO-core
micelle solution. Similarly, upon cooling, a rapid micelle-to-
aggregates transition is observed, but it takes more than 12 h for
the aggregates to dissociate into stable micelles.

The thermally induced phase transition of PEO—PNI-
PAm in 50/50 [BMIM][BF,]/[EMIM][BF,] was also investi-
gated using transmittance measurements. A different heating
protocol was employed for this measurement. A heating rate
of ~1 °C/min was first applied until the temperature reaches
175 °C (above the LCMT). After that, a much slower heating
method was applied; the solution was allowed to equilibrate
at each temperature for 30 min before performing a trans-
mittance measurement. Consistent with the results of DLS,
as shown in Figure 7b, high transmittance is observed at low
temperatures followed by a drastic decrease in the transmit-
tance at ~155 °C, indicating a sharp LCMT-type phase
transition. A turbid solution is obtained between 155 and
185 °C. Further increase in the solution temperature leads to
an increase in the transmittance at ~185 °C, suggesting the
presence of UCMT-type phase transition. Cooling the solu-
tion makes it turn cloudy and then slowly become transpar-
ent again. The same phase transitions are observed by
repeating the heating and cooling processes. The UCMT
phase transition is relatively broader than the LCMT phase
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Figure 9. Micellization of 1 wt % PEO—PNIPAm in [EMIM][BF,]
investigated b)é DLS: (a) hydrodynamic radius and (b) reduced second
cumulant u,/I”. Data from two consecutive heating scans are presented.
The solution was heated above the LCMT, annealed at 130 °C for more
than 24 h, and then cooled to room temperature before the second
heating scan.

transition. This is likely due to a kinetic effect. The formation
of micelles from copolymer aggregates heated across the
UCMT is similar to a direct dissolution process. It is gene-
rally observed that direct dissolution method requires longer
time to form a narrow distribution of micelles.***

Figure 8 shows the results of transmittance measurements
for 1 wt % PEO—PNIPAm in two [EMIM][BF]-rich IL blends.
Consistent with the CPs of PEO in IL blends shown in Figure 2,
further increase in the weight fraction of the [EMIM][BF,] in
IL blends leads to a decrease in the value of the LCMT. The
LCMTs of 1 wt % PEO—PNIPAm in 25/75 [BMIM][BF,]/
[EMIM][BF,] blends and pure [EMIM][BF,] are determined as
151.5 and 140 °C, respectively. However, after the phase separa-
tion, both solutions remain cloudy up to 230 °C; no additional
phase transition is observed. It is likely that the UCMTs of these
two systems are higher than 230 °C, i.e., higher than the limit of
our measurements. Degradation of block copolymer and/or ILs
occurs after holding at temperatures above 240 °C for more than
10 min, as evidenced from the formation of a yellowish gel-like
material. The LCMTs of PEO—PNIPAm in these two [EMIM]-
[BF4]-rich ILs are noticeably lower than the LCSTs of PEO in
the same ILs. Attaching an insoluble PNIPAm block to a PEO
block makes the PEO block less soluble in ILs.

An experiment to check the reversibility of the phase transi-
tion for PEO—PNIPAm in [EMIM][BF,] yields an interesting
result that is different from the observations of PEO—PNIPAm
in [BMIM][BF4]-rich IL blends. Figure 9 shows the temperature
dependence of Ry, and u,/T> for the as-prepared solution (first
heating) and the solution after undergoing a phase separation
(second heating). Before the second heating scan, the solution
was annealed at 130 °C (below the LCMT) for more than 24 h
until a steady scattering intensity was obtained. The morphol-
ogies of micelles obtained during the first and second heating
scans are significantly different; R, measured during the first
heating are about 5 times smaller, and the values of u,/T” are
much smaller, indicating a narrower size distribution of micelles.
The subsequent cooling/reheating cycles yield the similar Ry,
and u»/T? as those measured during the second heating.

The structural difference between the first and second
heating experiments may be due to the difference in micellar
formation processes. In a recent study,**** Meli and Lodge
showed that different preparation protocols for the same
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Figure 10. Phase diagram of 1 wt % of PEO—PNIPAm in [BMIM]-
[BF,4]/[EMIM][BF,] blends. The x-axis corresponds to the weight
fraction of [EMIM][BF,] in the IL blends. The blue circles and red
triangles are values of LCMT and UCMT, respectively, as determined
by DLS and transmittance measurements shown in Figures 4, 5, 7, and
8. The lines that divide the phase diagram into four regions are linear fits
to the data. The cartons illustrate the morphologies of PEO—PNIPAm
copolymer in different regions of phase diagram. The red and blue
blocks represent PNIPAm and PEO blocks, respectively.

copolymer and ionic liquid can generate micelles with substan-
tially different sizes. They found that poly((1,2-butadiene)-
block-ethyleneoxide) (PB—PEO) micelles prepared by a cosol-
vent method have smaller R}, and narrower size distribution. In
contrast, micelles prepared by a direct dissolution method have
larger R;, and broader size distribution. They also found that,
after annealing the micelle solutions prepared by direct dissolu-
tion method at 170 °C (~180 °C higher than the 7, of the
insoluble PB core) for a few hours, the micelles reach a steady
state with a smaller R}, and a narrower distribution. In our
experiments, the micelles observed during the first heating scan
are initially formed with the assistance of molecular cosolvent.
On the other hand, the micelles observed during the second
heating and the subsequent cooling/reheating are formed from
copolymer aggregates cooled across the LCMT. The mechan-
ism causing the difference in micellar morphology is not yet
clear. However, the micelles obtained from copolymer aggre-
gates cooled across the LCMT may be similar to a direct
dissolution process. Before the second heating scan, we an-
nealed the sample at 130 °C; that is only ~25 °C higher than the
T, of the insoluble PNIPAm core. It is likely that the relaxation
of micelles at this temperature is too slow so that the system has
not reached a steady state. Therefore, a larger R, and a wider
size distribution were observed.

PEO—PNIPAm/IL Blends Phase Diagram. Figure 10
illustrates a PEO—PNIPAm/ILs phase diagram constructed
from the LCMT and UCMT data determined from DLS and
transmittance measurements shown in Figures 4, 5, 7, and 8.
The LCMT values decrease almost linearly from 210 °C for
[BMIM][BF,] to 134 °C for [EMIM][BF,] as the weight frac-
tion of [EMIM][BF,] increases. Concurrently, the UCMT
values increase almost linearly from 60 °C for [BMIM][BF,]
to 315 °C for [EMIM][BF,] (extrapolated value) as the weight
fraction of [EMIM][BF,] increases. This result indicates that
the values and the relative positions of LCMT and UCMT can
be easily controlled by appropriately adjusting the mixing ratio
of two ILs, without modifying the chemical structure of the
polymer.

The two LCMT and UCMT lines divide the phase dia-
gram into four regions. In IL blends with lower weight
fraction of [EMIM][BF,] (left-hand side of the diagram),
the LCMTs are higher than the UCMTs. In this regime, the
morphology of PEO—PNIPAm copolymer can change from
PNIPAm-core micelles to unimers and then to PEO-core
micelles as temperature increases (Figure 1a). On the other
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hand, in IL blends with higher weight fraction of [EMIM]-
[BF,4] (right-hand side of the diagram), the UCMTs are
higher than the LCMTs. In this regime, a different type of
dual thermosensitive micellization is obtained; copolymer
undergoes a micelle—aggregates—inverse micelle phase tran-
sition as temperature increases (Figure 1b).

Conclusions

On the basis of the LCST of PEO and the UCST of PNIPAm
in ILs, we designed a PEO—PNIPAm copolymer via RAFT
polymerization that exhibits doubly thermosensitive self-assem-
bly. DLS and transmittance measurements reveal the complex
micellization behavior of PEO—PNIPAm in ILs. The block
copolymer forms PNIPAm-core micelles at low temperatures
and transforms to PEO-core micelles at high temperatures; this
micelle/inverse micelle transition is reversible. The nonvolatility,
stability, and tunability of ILs allow us to adjust both UCMT and
LCMT values over a wide range of temperature simply by
varying the mixing ratio of two ILs. This work demonstrates
the flexibility of block copolymers for controlling nanostructure
in ILs and offers potential opportunity for designing a new
thermosensitive material.
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