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A new thermoreversible ion gel with high ionic conductivity
was developed through the self-assembly of a triblock
copolymer, by choosing appropriate associating end-blocks
for the ionic liquid.

Polymer gel electrolytes are currently of great interest as
prospective alternatives to liquid electrolytes, especially in terms
of achieving comparable ionic conductivities (¢). Among these ion
gels is a new class of soft solids, polymeric networks swollen with
significant loadings of ionic liquids and/or other functional
components.' > They overcome the leakage and flammability
issues of organic solvent-based electrolytes. Compared to more
traditional solid polymer electrolytes obtainable by polymerization
of ionic liquids* or doping polymers with ionic liquids,” ion gels
require significantly less polymer and offer improved ionic
conductivity.>* Although initial work on these solid polymer
electrolytes has mainly concentrated on lithium ion conducting gels
due to their use in lithium batteries.® applications are now
expanding into other devices including chemical sensors,” organic
thin film transistors,® electromechanical actuators,” polymer light-
emitting electrochemical cells,'® and gas separation membranes.!!

Tonic liquids have recently been widely explored as functional
materials,'> not just as “green solvents”, because of their unique
combination of physicochemical properties.'® These properties,
especially the high ionic conductivity and wide electrochemical
window, make ionic liquids attractive electrolytes for electro-
chemical devices."* In addition, the large variety of cations and
anions affords more flexibility for different applications.'

In contrast to more traditional solid polymer electrolytes, there
has been relatively little investigation into ion gels. Rogers and
coworkers have prepared an ion gel by the cross-linking reaction of
disuccinimidylpropyl poly(ethylene glycol) (PEG) monomers with
four-arm tetraamine PEG cross-linkers.! Watanabe and coworkers
have successfully produced pyridinium and imidazolium salt-based
ion gels by in situ polymerization of vinyl monomers in ionic
liquids.”

Recently we have reported a new way of developing ion gels
through the self-assembly of ABA triblock copolymers,® where the
A blocks are insoluble and the B block is compatible with the
chosen ionic liquid. Transparent gels were achieved with as little as
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4 wt% triblock copolymer, and the ionic conductivity was only
several percent below the pure ionic liquid. Furthermore, the use of
triblock copolymers provides more flexibility in controlling the gel
structure and physical properties through variation of the
copolymer block lengths, architecture, or identities. However, for
solvent-free processing it is desirable to design thermoreversible ion
gels. In such physical gels, the cross-linking is reversible upon
changing temperature, whereby the material can be processed in its
liquid state, and used in its solid state. This goal can be achieved
through judicious selection of block copolymer and ionic liquid. In
this work, we synthesized a poly(N-isopropyl acrylamide-b-ethy-
lene oxide-h-N-isopropyl acrylamide) (PNIPAm-PEO-PNIPAm)
triblock copolymer, and characterized the temperature sensitive
ion gel formed by self-assembly in the room-temperature ionic
liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide ((EMIM][TFSI]). The thermo-responsiveness is due to the
recently reported upper critical solution temperature (UCST)
phase behavior of PNIPAmM/[EMIM][TFSI] mixtures.'® Of parti-
cular interest are the thermo-responsiveness, ionic conductivity,
and rheological properties of the ion gel.

A PNIPAm-PEO-PNIPAm triblock copolymer was synthe-
sized by reversible addition—fragmentation chain transfer (RAFT)
polymerization (Scheme 1) from a telechelic PEO precursor. The
hydroxyl end-groups of PEO were coupled to the chain transfer
agent (CTA), S-1-dodecyl-S’-(o,o' -dimethyl-o"-acetic acid) trithio-
carbonate, via an acid chloride intermediate. CTA end-capped
PEO was subsequently used to grow PNIPAm blocks by RAFT
polymerization. Each step of the reaction was followed by 'H
NMR spectroscopy and the product was characterized by size
exclusion chromatography (SEC). The final product has an overall
molecular weight of M, = 29 kg mol ! and a polydispersity of
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Scheme 1 Synthesis of PNIPAm-PEO-PNIPAm triblock copolymer.
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My/M, = 1.16. The two PNIPAm end-blocks have molecular
weights of M, = 2.8 kg mol ™!, and the fraction of diblocks (i.e.,
polymers with only one PNIPAm block) is less than 10%.

The [EMIM]TFSI] ionic liquid was prepared following a
synthesis protocol reported previously.” 1-Ethyl-3-methylimidazo-
lium bromide (EMIM*Br ™) was first prepared by the quaterniza-
tion reaction of 1-methylimidazole with ethyl bromide, followed by
repeated recrystallization. Then the anion exchange reaction
between EMIM*Br~ and Li*TFSI ™ in water yields a hydrophobic
ionic liquid phase. The obtained [EMIM][TFSI] was repeatedly
washed with distilled water, vacuum dried, and identified by
NMR.

The polymer electrolyte was prepared by directly dissolving
10 wt% PNIPAm-PEO-PNIPAm in [EMIM]TFSI]. At room
temperature the sample is a viscous liquid, which solidifies after
cooling and becomes a transparent ion gel. Upon heating to room
temperature it becomes a liquid again, and in subsequent cooling—
heating cycles we found the gel transition to be reversible.

Dynamic shear measurements were performed on the
PNIPAmM-PEO-PNIPAmM/EMIM]TFSI] ion gel over the tem-
perature range of 5-50 °C. Representative data at 5, 20, and 50 °C
are shown in Fig. 1. At 50 °C the sample is a liquid. Its dynamic
storage modulus (G') is significantly smaller than the loss modulus
(G"), and both moduli exhibit different power law dependences on
the angular frequency () in the low-frequency window (vt « 1,
where 7 is the longest relaxation time of the polymer): G' ~ w?
and G" ~ o. This is the typical rheological behavior of a viscous
fluid.'” At 5 °C the sample is an optically transparent gel (see inset
to Fig. 2). G’ is larger than G” and is nearly frequency independent
— a characteristic of solid-like behavior. At a temperature of 20 °C,
the sample shows intermediate behavior: over the entire frequency
range of experiments we observed similar values and power law
dependences for G’ and G": G' ~ G" ~ . This is the signature
of the transition between liquid-like and solid-like behavior, and
closely approximates the gel point.!® Intermediate power law
dependences were observed for other temperatures between 5 and
50 °C. These data are not included in Fig. 1 for the sake of clarity.

A further manifestation of the thermoresponsive gel transition is
presented in Fig. 2, in which the temperature dependences of G’
and G' were measured at a frequency of 0.1 rad s™' during
a temperature ramp from —4 to 26 °C at a heating rate of
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Fig. 1 Dynamic storage and loss moduli of the PNIPAm-PEO-
PNIPAm/[EMIM][TFSI] ion gel at three representative temperatures.
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Fig. 2 Variation of dynamic storage (solid symbols) and loss (open
symbols) moduli of the PNIPAm-PEO-PNIPAm/[EMIM][TFSI] ion gel
as a function of temperature at a frequency of » = 0.1 rad s ! and a strain
amplitude of y = 5%. The insets are photographs of the ion gel at
corresponding temperatures.

0.5 °C min_ ' Fig. 2 clearly shows that there is a transition for
both G' and G” as a function of temperature, with the change in
G' approaching four orders of magnitude. The gel transition
temperature is around 17 °C, consistent with the results in Fig. 1.

The gelation arises from the noncovalent association of
PNIPAm end-blocks undergoing the UCST, bridged by the ionic
liquid compatible PEO mid-block. In previous work we reported
the self-assembly of amphiphilic block copolymers in an ionic
liquid and demonstrated the feasibility of structuring ionic liquids
through micellization, microemulsion, or gelation of block
copolymers.”” This work is an extension of the idea. The gel
transition temperature of the ion gel (ca. 20 °C) is consistent with
reported phase-separation temperatures of the PNIPAm/
[EMIMI][TFESI] system,'® taking into account the molecular weight
effect. There are at least two possible ways to increase the gel
transition temperature: (1) by increasing the molecular weight of
PNIPAm end-blocks, (2) by copolymerizing NIPAm monomer
with a solvatophobic comonomer, as was reported for some
lower critical solution temperature (LCST) polymer—ionic liquid
systems.2°

A key property of the ion gel is its ionic conductivity o. The
of neat [EMIM]TFSI] and the PNIPAm-PEO-PNIPAm/
[EMIM]TFSI] ion gel were measured over the temperature range
of 10-90 °C by AC impedance measurements. The results are
plotted in Fig. 3 along with the reciprocal of the viscosity (17) of
neat [EMIM]TFSI] as measured in our laboratory. The
temperature dependence of ¢ varies very little upon gelation.
Over the investigated temperature range, the o of the ion gel was
found to be reduced by only about a factor of two from the pure
solvent. At room temperature, ¢ reaches ca. 5 mS em” !, which is
much higher than the ion gel we have reported before,® and also
higher than the values of conventional polymer electrolytes. The
high ionic conductivity of similar ion gels (formed by triblock
copolymer self-assembly) has recently been shown to significantly
improve the performance of organic thin film transistors.®

For both the neat [EMIM]TFSI] and the ion gel, the
temperature dependences of ¢ nearly track the temperature
dependence of the inverse n of neat [EMIM]TFSI]. The
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Fig. 3 Temperature dependence of the ionic conductivity for neat
[EMIM][TFSI] and the PNIPAm-PEO-PNIPAm/[EMIM]TFSI] ion
gel. (left axis) The reciprocal of the viscosity of neat [EMIM][TFSI] is
plotted versus right axis. There is an arbitrary vertical shift between the left
and right axes to compare the temperature dependence of the ionic
conductivity and the viscosity.
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Fig. 4 Dynamic strain sweep of the PNIPAm-PEO-PNIPAm/
[EMIM][TFSI] ion gel at two selected frequencies.

proportionality between ¢ and 1/7 (Walden’s rule’!) has been
observed for a number of ionic liquids.”> Thus, the viscosity is a
good indicator of ionic conductivity and provides an easy way to
estimate its temperature dependence. The slight mismatch between
the temperature dependences of ¢ and 1/ is common in many
ionic liquids, and is generally attributed to ion pairing or
clustering.'*

We also investigated the rheological response of the ion gel
under large strains. Dynamic strain sweep experiments were
conducted on the ion gel over a wide range of strains y (up to the
instrument limit). Representative results measured at two frequen-
cies are provided in Fig. 4. The linear viscoelastic regime is defined
as the regime below the critical value 7. where G’ remains invariant
with respect to strain. This ion gel has a large 7. value (> 70%),
indicating a very strong gel. Even at 100% strain, there is no
evidence of break up of the gel microstructure.

In summary, we have designed a new thermoreversible ion gel
through the gelation of PNIPAm-PEO-PNIPAm in an ionic
liquid, [EMIM]TFSI]. The ion gel is highly conductive and

possesses sufficient mechanical strength even under large strains.
More importantly, this thermoreversible ion gel offers the
advantage of solvent-free processing in practical applications.
Possible ways of controlling the gel transition temperature were
also discussed.
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