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ABSTRACT: Poly(propylene oxide)−poly(ethylene oxide)−poly-
(propylene oxide) (PPO−PEO−PPO) block copolymers (BCPs) with
cross-linkable end groups were synthesized, blended with an ionic liquid
(IL) diluent, and cross-linked to form polymer gel electrolytes. The IL
prevented crystallization of PEO at high concentrations, enabling fast ion
transport. In addition, the IL was selective for the PEO block, inducing
strong microphase separation in what are otherwise disordered or weakly
ordered BCP melts. Cross-linking the BCPs in the presence of the IL
resulted in the formation of solid, elastic gels with high ionic
conductivitiesgreater than 1.0 mS/cm at 25 °C for some compositions.
However, it was found that neither the presence or absence of microphase separation nor the BCP composition of the
microphase separated gels substantially influenced ionic conductivity. Increasing the cross-link density through the use of phase-
selective PEO- and PPO-based cross-linking reagents was also evaluated. It was revealed that confinement of cross-links to the
PPO rich domains through the use of PPO-based diacrylates enhanced the mechanical strength of the gels without detriment to
the ionic conductivity. Conversely, cross-linking in the PEO-rich domains through the use of PEO-based acrylates significantly
reduced conductivity. Isolation of cross-links within a minor nonconducting domain in a microphase separated gel is a viable
strategy for mechanical property enhancement without a large sacrifice in conductivity, effectively decoupling ionic conductivity
and mechanical strength. This approach yielded solid-like gel electrolytes fabricated from BCPs that can be produced
inexpensively, with ionic conductivities of 0.64 mS/cm at 25 °C and a frequency independent storage modulus of approximately
400 kPa.

■ INTRODUCTION
Solid polymer electrolytes are ion-conducting media composed
of polymers that are capable of coordinating with and
transporting charged molecules. These materials have many
desirable characteristics for applications such as anion and
proton exchange membranes in fuel cells,1 electrolyte layers in
dye-sensitized solar cells,2 as separators in capacitors,3 and
electrolyte layers in lithium batteries.4,5 In particular, there are
many benefits to using solid polymer electrolytes in place of the
conventional liquid electrolytes in lithium ion batteries. These
advantages include reduced flammability by the elimination of
flammable organic solvents used in liquid electrolytes and also
the capacity to construct electrolytes as thin films, leading to
greater energy density in batteries.4

Unfortunately, the ionic conductivity of solid polymer
electrolytes is generally quite poor, well below the 1.0 mS/
cm (at 25 °C) minimum required for a practical battery
electrolyte.6,7 One reason is the high crystallinity of most ion-
coordinating polymers. It was established very early in the
development of polymer electrolytes that polymer crystalliza-
tion suppresses ionic conductivity.8,9 More recent work has
established a clear correlation between polymer segmental
dynamics and ion transport.10 In addition, stoichiometric

polymer/salt complexes can form in mixtures of lithium salts
and ion-coordinating polymers, decreasing ionic conductivity
due to the increased physical restraints imparted by these
complexes.9,11 Therefore, to achieve fast ion transport, a diluent
is required to plasticize the polymer and ensure complete
lithium salt disassociation. Such polymer gel electrolytes should
have superior performance to all-solid polymer electrolytes.
Room temperature ionic liquids (ILs) are a very promising

class of diluents for the fabrication of polymer gel electrolytes.
Room temperature ILs are salts of organic cations and anions
with low melting temperatures (<25 °C), negligible vapor
pressure, and have thermal and electrochemical stability
superior to most organic solvents.12 As such, replacing
flammable organic solvents used in liquid electrolytes or
polymer gel electrolytes13−15 with low-flammability ILs would
allow for the construction of batteries with reduced fire hazards.
ILs also have the capacity to plasticize ion-coordinating
polymers16,17 and to dissolve lithium salts,18 promoting fast
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ion transport. ILs have been used on many occasions as
diluents for polymer gel electrolytes.16,17,19−21

However, if the polymer is fully plasticized by an IL diluent,
it will behave as a polymer solution or melt and cannot form a
mechanically stable film as required for a thin film electro-
chemical cell. To counter this, several methods have been
explored to provide mechanical support to IL/polymer gel
electrolytes. These methods include polymerizing a polymer in
an IL solution along with a cross-linking comonomer,22,23

swelling poly(vinylidenefluoride-co-hexafluoropropylene) ran-
dom copolymers in an IL to make a physical gel,24−26 and
chemical cross-linking of poly(ethylene oxide) (PEO) blended
with an IL.27−31

Many studies have also investigated the use of block
copolymers (BCPs) for polymer electrolytes,32−49 as well as
mixtures of BCPs with IL diluents or BCPs incorporating
polymerized ionic liquids.50−62 BCPs consist of two dissimilar
polymer chains (blocks) linked together by a covalent bond.
When the repulsive interactions between the component blocks
are sufficiently large, the blocks phase separate on a nanometer
scale (historically termed microphase separation) into well-
defined, periodic nanostructures.63,64 It has been suggested that
BCP microphase separation creates well-defined ion conducting
channels, and indeed several reports have shown that control
over BCP morphology and microdomain orientation can be
used to enhance ionic conductivity.38,54,55,60,61 Strong micro-
phase separation35,36,47,57,58 and large microdomain width35,39

also favor high conductivity. In addition, by using a BCP
consisting of both an ion-conducting block and a rigid block, it
may be possible to obtain both high conductivity and high
mechanical strength.35,43,49,52 This would be a significant
development, as there is typically a trade-off in polymer
electrolytes between ionic conductivity and mechanical strength
due to the correlation between slow polymer dynamics and
reduced ionic conductivity.10 Microphase separation of an ion-
conducting block and a reinforcing block reportedly allows
ionic conductivity and mechanical strength to be decoupled,
allowing this trade-off to be avoided.39,52

However, it is not universally reported that BCP microphase
separation is beneficial for ion transport and polymer
electrolyte applications in general. A few reports have
concluded that controlling the BCP morphology has no effect
on ionic conductivity.40,53,62 In addition, transitioning from an
ordered BCP morphology to a disordered system was also
found to have little measurable effect on conductivity.40 Further
work is therefore required to determine the optimal function of
BCPs in electrolyte applications.
In this work, the potential benefits of using BCPs for IL

containing polymer gel electrolytes were assessed by evaluating
the performance of cross-linked IL/polymer gels with varying
phase behavior. Gels fabricated from homopolymers with only
a single phase, from low molecular weight BCPs having weak
microphase separation, and from higher molecular weight BCPs
with strong microphase separation were investigated. The
effects of BCP phase behavior on the mechanical properties and
ionic conductivity were studied to contribute to the under-
standing of the role of BCP microphase separation in polymer
electrolytes.
In addition, the feasibility of using PPO−PEO−PPO BCPs

as polymer electrolytes has been investigated. These polymers
can be produced inexpensively on an industrial scale, as
demonstrated by BASF’s catalog of reverse Pluronic surfactants.
We used a sample of a reverse Pluronic (25R4), as well as lab-

made analogues that can be made by the same chemistry. The
low cost of producing these polymers may prove beneficial for
practical implementation as battery electrolytes. The cross-
linking strategy used may prove beneficial as well, as covalent
cross-links persist up to thermal decomposition, whereas
physical cross-links such as those from glassy polymers relax
out when the glass transition temperature (Tg) is exceeded.

56

■ EXPERIMENTAL SECTION
Materials. The IL used in this work is 1-butyl-3-methylimidazo-

lium hexafluorophosphate ([BMI][PF6]), obtained from Sigma-
Aldrich. PEO having Mn equal to 4600 g/mol (PEG 4600) and
8000 g/mol (PEG 8000) were also purchased from Sigma-Aldrich.
Pluronic 25R4 was donated from BASF. Synthesis and distillation
reagents were all obtained from Sigma-Aldrich: propylene oxide,
calcium hydride (CaH2), potassium hydride (KH, in mineral oil), 12.0
M hydrochloric acid (HCl) 18-crown-6, methacryloyl chloride,
triethylamine (TEA), sodium metal (in mineral oil), and benzophe-
none. All solvents were purchased from Fisher Scientific. A radical
inhibitor 4-hydroxy-2,2,6,6-tetramethyl-1-piperidine-1-oxyl (4-OH−
TEMPO) was also purchased from Fisher. Cross-linking oligomers,
poly(propylene glycol) diacrylate (Mn = 800 g/mol) and poly-
(ethylene glycol) diacrylate (Mn = 700 g/mol) were purchased from
Sigma-Aldrich. A free-radical generating photoinitiator, 2,2-dimethoxy-
2-phenylacetophenone was also purchased from Sigma-Aldrich.

Tetrahydrofuran (THF) was distilled over a sodium/benzophenone
ketyl still prior to use. Propylene oxide was vacuum distilled over
calcium hydride. Prior to use, the mineral oil was removed from KH by
mixing the slurry with distilled THF, followed by gravity filtration. 18-
crown-6 was dried under vacuum at 70 °C for 20 h. TEA was distilled
over CaH2. The cross-linkable poly(ethylene oxide) and poly-
(propylene oxide) oligomers were stripped of inhibitor by passage
through a plug of activated basic alumina. The purified oligomers were
stored in a 4 °C refrigerator until required. All other reagents were
used as received. Caution must be used when handling sodium metal,
CaH2, and KH as these reagents are all highly reactive with water.

BCP Synthesis. In this work, IL/polymer blends were made from
three different PPO-b-PEO-b-PPO triblock copolymers and from the
PEG 8000 homopolymer. Low molecular weight BCPs are
commercially available, in the form of Pluronic 25R4 (Mn = 3600 g/
mol, 0.40 PEO). Higher molecular weight PPO-b-PEO-b-PPO
copolymers are not commercially available, and had to be synthesized.
These BCPs were prepared from PEO macroinitiators with terminal
hydroxyl end groups, using KH to activate the end groups and 18-
crown-6 as a phase transfer catalyst. Polymerization of propylene oxide
was then carried out by anionic ring-opening polymerization from
these end groups. Detailed procedures are contained in the Supporting
Information section.

The characteristics of the synthesized and the purchased polymers
are summarized in Table 1. For the BCPs, BASF’s naming convention

for Pluronic was employed: the first two digits multiplied by 100 is the
combined Mn of the PPO blocks, “R” indicates “reverse” as PPO
comprises the end blocks, and the last digit multiplied by 10 is the
weight fraction of PEO. The molecular weight and composition of the
BCPs was determined by 1H NMR. The dispersity of all the polymers
was measured by GPC (THF, polystyrene standard).

Table 1. Characteristics of the Polymers Used in This Worka

polymer total Mn (g/mol) weight fraction PEO dispersity

25R4 3600 0.40 1.02
64R4 (lab-made) 11000 0.42 1.02
45R6 (lab-made) 12500 0.64 1.03
PEG 8000 8000 1.00 1.02

a“Lab-made” indicates the polymer was synthesized on the laboratory
scale. The others were obtained from chemical suppliers.
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Polymer End-Group Modification. The polymers used in this
work were made cross-linkable by replacing the terminal hydroxyl end
groups with methacrylates. This was achieved by esterification with
methacryloyl chloride (Supporting Information for details). A similar
strategy has been used to form hydrogels65−67 and shape-persistent
vesicles68 from Pluronic surfactants66,67 and other amphiphiles.65,68

The end-modified polymers were susceptible to autocross-linking, and
were thus stabilized with 300−400 ppm of 4-OH−TEMPO. The end-
group conversions of the modified polymers were estimated by 1H
NMR. PEG 8000 achieved approximately 100% conversion, 93% for
45R6, 87% for 64R4, and 84% for 25R4.
Blend Preparation. IL/polymer and IL/polymer/cross-linker

blends were prepared by mixing the components in methanol, a
common solvent for all. Each IL/polymer blend was dissolved in 5 mL
of methanol, or 10 mL of methanol for the IL/polymer/cross-linker
blends, and stirred for 2 h. For each blend, the concentration of
photoinitiator was 0.5 wt % with respect to the polymer. The majority
of the methanol was removed under airflow for 2 h, then the blends
were dried under vacuum at room temperature for 20 h. The dried
blends were stored in a freezer. The vials were wrapped in foil to
minimize light exposure during blending and storage. The blends are
referred to by the parts by weight of the components present, the
polymer used, and the type of cross-linker included (if any). For
example, “80/20/10 with 45R6/PEO−acrylate” refers to the blends
having 80 parts IL, 20 parts 45R6, and 10 parts PEO−diacrylate cross-
linker.
Differential Scanning Calorimetry. Differential scanning calo-

rimetry (DSC) measurements were carried out on a Q200 and also a
Q2000 DSC from Thermal Analysis, both equipped with a refrigerated
cooling system. During an experiment, the samples were first ramped
from 40 to 80 °C at a rate of 25 °C/min. They were held there
isothermally for 5 min to ensure complete melting of PEO, then
cooled at a rate of 5 °C/min to 0 °C. The samples were held
isothermally for 60 min to ensure sufficient time for any PEO
crystallization to occur. The temperature was lowered to −20 °C, then
ramped to 80 °C at 5 °C/minute. All the reported thermograms are
from this second heating run. To determine the crystalline fraction, the
heat flow output from the calorimeter was normalized by the mass of
PEO present in the blend, and then normalized by the melting
enthalpy for a particular blend to the heat of fusion for an infinite,
perfect PEO crystal (188.9 J/g).69

Cross-Linking. The cross-linking reactions were carried out using a
Thermal Analysis brand PCA photocalorimetry accessory, operating at
a UV wavelength of 365 nm. The UV intensity for each cross-linked
reaction was confirmed with a radiometer. For all samples a UV
intensity of approximately 120 mW/cm2 was used, with an exposure
time of 6 min. This exposure time was determined based on
photocalorimetry experiments, using the same PCA Photocalorimetry
Accessory in a modified TA Instruments calorimeter, model Q2000.
Using this instrumentation, the heat flow of the cross-linking reaction
could be monitored, allowing the required exposure time for complete
cross-linking to be determined. Representative plots are shown in the
Supporting Information section. The geometry the samples were
cross-linked in depended upon the experiment a particular sample was
intended for, and will be detailed in the relevant sections.
Small Angle X-ray Scattering. The SAXS experiments were

performed at UMass using a Molecular Metrology (Northampton,
MA) instrument. A heating stage (Linkam) was used to run the
scattering experiments at 80 °C. Sample holders for small-angle X-ray
scattering (SAXS) were made from 1.0 mm thick, 5 mm inner
diameter steel washers with Kapton film windows, with the IL/
polymer blends sandwiched between. For cross-linked blends, a glass
slide having a fluorinated release layer was first used in place of one of
the Kapton windows, and the sample was then cross-linked by the
described exposure procedure. After cross-linking, the glass slide was
removed and replaced with a second Kapton window.
Dynamic Mechanical Analysis. Dynamic mechanical analysis

(DMA) was used to evaluate the mechanical properties of the cross-
linked blends. Samples for DMA were similarly cross-linked in 5 mm
diameter washers, having glass slides with fluorinated release layers as

the windows and the blend sandwiched in between. The samples were
then cross-linked by UV exposure. After cross-linking, the glass slides
were removed, and the cross-linked sample freed from the washer
cavity. The diameter was reduced to 3 mm by use of a 3 mm hole
punch.

The DMA experiments were run on a Thermal Analysis DMA
Q800 in a compression geometry, using 15 mm stainless steel top and
bottom plates. The DMA was run in a frequency sweep from 0.02 to
10 Hz. For a few samples, 0.03 Hz was the lower limit or 7.9 Hz the
upper limit. These sweeps were at a constant strain of 0.1% and a
preload force of 0.5 N. The reported dynamic moduli are the average
of separate experiments of three samples created at each IL/polymer
or IL/polymer/cross-linker composition.

Electrochemical Impedance Spectroscopy. The electrochem-
ical impedance spectroscopy (EIS) technique was used to determine
the ionic conductivity of the blends, un-cross-linked and cross-linked.
Samples for EIS were prepared by adding the un-cross-linked blends to
glass capillary tubes and inserting gold-plated copper electrodes into
either end. The geometry of each tube was carefully measuredthe
area of the tubes was between 1.2 and 1.4 mm2, and the distance
between electrodes was between 7.0 and 11 mm. The conductivity was
then measured by EIS. Afterward, these same samples were cross-
linked by UV exposure, still in their original capillary tubes. The
conductivity was measured again to compare cross-linked and un-
cross-linked blends.

The EIS experiments were carried out using a Solartron SI 1260
impedance analyzer, combined with an 18-channel custom multiplexer
constructed by Pickering Interfaces, allowing measurements on 8
samples to be run serially, at each frequency. The measurements were
carried out in either an ESPEC model BTU-133 or ESPEC model SH-
241 environmental chamber. The experiments were run using a 100
mV amplitude over a frequency range of 10−1 to 107 Hz. Using the
environmental chambers, the temperature during an experiment was
ramped from 20 to 80 °C at a rate of 0.25 °C/min, then held at 80 °C
for 5 h. The temperature was then cooled from +80 °C to −20 °C at a
0.25 °C/min ramp rate. Besides temperature variation, the measure-
ments were carried out under ambient conditions. The reported
conductivities are all from the cooling run, and are the average of
separate experiments of three to four samples created at each IL/
polymer or IL/polymer/cross-linker composition. Cubic interpolation
using the Origin 8.0 software was used to estimate the conductivities at
25 °C.

■ RESULTS AND DISCUSSION

Suppression of Polymer Crystallization. Polymer
crystallization must be prevented to achieve high ionic
conductivity in polymer electrolytes. Prior work has shown
that [BMI][PF6] forms a strong interaction with the PEO block
of PEO−PPO−PEO triblock copolymers, possibly through
hydrogen bonding.70 This and other works have shown that ILs
can suppress polymer crystallization of hydrophilic or
ionophilic polymers.16,19,20,70−72

Figure 1 summarizes the DSC results for the IL/polymer
blends. The neat polymers were all crystalline and, except for
64R4, all show a double melting peak which most likely arises
from PEO crystallization with varying numbers of integral
folds.73−75 Crystallinity was greater for polymers with higher
molecular weight and/or having a greater PEO fraction, and
crystallization in those systems was therefore more difficult to
suppress. Crystallization was suppressed entirely for the 25R4
and 64R4 at a 50/50 (IL/polymer by weight) blend
composition, whereas an 80/20 composition was required to
completely suppress crystallization in 45R6 and PEG 8000.

Phase Behavior. The phase behavior of the IL/polymer
blends was investigated in order to correlate the BCP
microphase separation strength and morphology of the blends
with their ionic conductivity and mechanical properties. Low
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molecular weight PEO−PPO−PEO and PPO−PEO−PPO
triblock copolymers are generally phase mixed above their
melting point70,76 due to the only weakly unfavorable
interactions between PEO and PPO.77 However, prior work
has demonstrated that [BMI][PF6] is strongly selective for the
PEO block. This increases the repulsion between PEO and
PPO, inducing microphase separation.70 ILs have been shown
to be phase selective for a particular block in amphiphilic BCPs
in several other instances.56,78,79

This strong phase selectivity was also observed in the present
work. Figure 2 shows the SAXS profiles for the neat, un-cross-
linked BCPs as well as for the BCP/IL blends, both before and
after cross-linking. All SAXS profiles were obtained at 80 °C to
prevent PEO crystallization from interfering with the scattering
profiles. Neat 25R4 and 64R4 were phase mixed in the melt,
but showed clear microphase separation upon addition of the
IL due to the selective interaction of the IL with the PEO block.
Neat 45R6 appeared to be weakly phase separated, and the
separation was dramatically strengthened by addition of the IL.
The SAXS profile for the un-cross-linked 50/50 with 25R4

blend showed a single, very broad peak. Considering that neat
25R4 had no scattering peak, the appearance of a broad peak
here indicated that weak microphase separation was induced by
blending with the IL. Increasing the IL concentration to an 80/
20 composition caused this peak to broaden further, indicating
that microphase separation was weakened with further addition
of IL.

Narrow primary scattering peaks and several higher order
peaks were observed for the un-cross-linked blends with 45R6
and 64R4, indicating strong microphase separation. The 50/50
with 45R6 un-cross-linked blend had a q1: 3

1/2q1: 4
1/2q1: 7

1/2q1:
91/2q1 ratio of scattering peaks for the first through fifth order
peaks, where q1 is the scattering vector of the primary peak.
This is characteristic of a cylindrical morphology, in which the
minority domain (PPO) forms cylindrical structures arrayed in
a hexagonal pattern in the matrix phase (PEO/IL). The 41/2

peak was subdued, likely due to a minimum in the structure
factor. The 50/50 with 64R4 un-cross-linked blend had a q1:
41/2q1: 2.40q1 ratio of the first to third order peaks. The third
order peak appeared to be distorted; a cylindrical morphology
was expected for this composition (approximately 65 vol %
assuming complete partitioning of the IL to the PEO
microphase), in which case 2.73q1 should have been observed.
Most likely, this error arose from the weak intensity of the third
order peak, making it difficult to accurately locate the peak
maximum.
At higher IL concentration, for the 80/20 with 45R6 un-

cross-linked blends, there was a q1: 2
1/2q1: 3

1/2q1: 4
1/2q1 ratio of

scattering peaks, indicating a body-centered cubic (BCC)
morphology of PPO spheres in a PEO/IL matrix. Peaks for the
80/20 with 64R4 blend had a q1: 1.6q1: 1.9q1: 2.5q1 ratio of
peaks. This ratio does not match any pattern for the established
BCP morphologies, although they are close to the pattern
expected for a cylindrical morphology (1:1.73:2.0:2.65). It is

Figure 1. Thermograms of [BMI][PF6] blends with (a) PEG 8000, (b) 25R4, (c) 64R4, and (d) 45R6.
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possible these peaks represent a distorted hexagonal arrange-
ment of PPO cylinders (discussed below).
For 90/10 with 45R6 blends, there was still a substantial

primary scattering peak and a broad second peak, despite the
very high IL loading. Therefore, even with 90 parts IL and only
10 parts 45R6, there was still clear microphase separation.
When the IL was blended with 25R4 and 64R4 at this
concentration, the IL phase separated on a macroscopic scale,
most likely due to the smaller fraction of PEO in these BCPs
with which to accommodate the IL. For this reason, these
blends were not investigated further.

Cross-linking these blends appeared to have a substantial
effect on their morphology. For both the 50/50 with 25R4 and
80/20 with 25R4 blends, the scattering peaks sharpened
noticeably after cross-linking, indicating that microphase
separation was strengthened. It is possible that cross-linking
made it more difficult for the PPO and PEO blocks to mix,
favoring greater separation. It has also been observed in the
literature that cross-linking a BCP in the disordered state can
stabilize the ordered state.80 However, an increase in micro-
phase separation strength was not observed for the higher
molecular weight polymers at the 50/50 blend compositions,
perhaps because the effect is too weak to be noticed for BCP
blends which are already strongly microphase separated.
However, for the higher IL concentration 80/20 blends with
these polymers, cross-linking caused the primary scattering
peaks to broaden and the higher order peaks to combine. It
appears that the cross-linking reaction distorted the morphol-
ogy at higher IL loadings in these polymers.
The possibility of polymer degradation by the UV exposure

during cross-linking was eliminated by GPC experiments on
BCPs without cross-linking end-groupsthere was no change
in dispersity or decrease in Mn after UV exposure. The
possibility of IL degradation has similarly been examined by
NMR before and after UV exposurethe spectra showed no
change in the intensity or locations of the IL peaks, indicating
that no degradation took place.
It is possible that cross-linking caused a small increase in

density for the PPO microdomains, resulting in a volume
contraction. At lower IL concentrations (50/50 blends), the
relative volume fraction of PPO was larger and thus the PPO
blocks were less confined and more able to accommodate this
volume change. At higher IL concentrations (80/20), the PPO
microdomains occupied a far smaller proportion of the total
volume, were more confined, and therefore unable to easily
accommodate the volume change. Thus, the shape of the PPO
microdomain became distorted, in turn distorting the scattering
profile.
Regardless, the primary scattering peak remained fairly sharp

and higher order peaks were still observed. Therefore, this
broadening does not indicate a weakening of the microphase
separation strength upon cross-linking.

Mechanical Properties. Dynamic mechanical analysis
(DMA) was used to measure the dynamic storage modulus
of the cross-linked blends, the results of which demonstrated
that cross-linking the polymers through their end-groups is
sufficient to impart mechanical stability to these gels. Only the
gels with 80/20 compositions and higher were investigated due
to residual crystallinity for some of the 50/50 blends.
Prior to cross-linking, the weakly microphase separated 25R4

blends and the single phase PEO−methacrylate blends were
viscous liquids that flow slowly under gravity. The strongly
microphase separated blends were quiescent gels that did not
flow due to gravity but deformed irreversibly under slight
pressures (strongly microphase separated molten BCPs are
near a gel point, imparting some solid-like properties81). Upon
cross-linking, the blends formed solid gels as demonstrated by
the DMA experiments shown in Figure 3. Here the
compressive storage modulus (G′) for each blend was plotted
as a function of frequency. Frequency independence has been
well established as the primary characteristic of solid-like
behavior in polymer gels.82 The moduli were all largely
independent of frequency; the 90/10 with 45R6 blend has the
largest dependence of G′ ∼ ω0.05, which is still essentially

Figure 2. SAXS profiles of the neat BCPs and the BCP/IL blends,
both before and after cross-linking (xld), for (a) 25R4, (b) 64R4, and
(c) 45R6. All the SAXS profiles were obtained at 80 °C.
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frequency independent. This clearly indicated that cross-linking
these blends through the polymer end groups formed solid,
elastic gels even at very high IL concentrations, and these gels
should be capable of forming mechanically stable electrolyte
films.
There were clear differences in the modulus for each

composition. The modulus of the 90/10 with 45R6 blend was
the lowest (approximately 20 kPa at 0.02 Hz), which was
expected as it had the smallest amount of polymer. The
differences in moduli between the remaining samples are more
difficult to explain. Intuitively, it would be expected that gels
with higher cross-link density would have the largest moduli.
Therefore, having the lowest Mn and hence greatest cross-link
density, the 80/20 with 25R4 gel would be expected to have the
highest modulus, followed by 80/20 with PEG 8000, 80/20
with 64R4, and 80/20 with 45R6. However, the opposite trend
was observed. The 80/20 with 25R4 blends had the lowest
moduli (approximately 40 kPa at 0.02 Hz), followed by the
PEG 8000 blends (120 kPa at 0.02 Hz), the 64R4 blends (160
kPa), and 45R6 blends having the highest moduli (200 kPa).
One factor may be the difference in phase behavior among
25R4, 64R4, and 45R6. Blends with the higher molecular
weight 64R4 and 45R6 BCPs were strongly microphase
separated whereas blends with the 25R4 copolymer had very
weak microphase separation. The cross-linking end-groups
should be in a more concentrated area for a well-defined
microdomain than for a diffuse microdomain. This proximity
may increase the cross-linking efficiency, leading to a greater
modulus. Finally, because the IL/PEG 8000 blend was cross-
linked through discrete cross-linked molecular junctions rather
than cross-linked microdomains, the reinforcement mechanism
is somewhat different and thus these gels cannot be directly
compared to the BCP gels.
Ionic Conductivity. The ionic conductivities of the cross-

linked blends were measured in order to demonstrate the
potential for these materials to be used as solid polymer
electrolytes and to determine the effect of BCP phase behavior.
Figure 4 compares the ionic conductivities of the cross-linked
polymer blends and the neat IL. There was a clear decrease in
ionic conductivity between the cross-linked IL/polymer blends
and the neat IL, and the conductivity of the 50/50 blends was
clearly less than the 80/20 blends, due to a reduced number of
charge carriers. However, the ionic conductivities of the IL/
polymer blends at equivalent IL compositions were all very
close in value, making it difficult to discern any difference.

To make a more careful comparison of the polymer gel
conductivities, the ionic conductivity for each gel at 25 °C was
estimated by cubic interpolation and tabulated below in Table
2. The 90/10 with 45R6 cross-linked blend had very high ionic
conductivity, exceeding 1.0 mS/cm (at 25 °C). The
conductivities of the un-cross-linked blends are also shown,
and it is apparent that the ionic conductivity does not change
significantly upon cross-linking. This demonstrates that these
blends can be mechanically reinforced by cross-linking without
loss of conductivity.

Figure 3. Compressive storage moduli of the cross-linked IL/polymer
gels as a function of frequency.

Figure 4. Ionic conductivities of the neat IL and cross-linked polymer
gels, for (a) 50/50 IL/polymer (w/w) blend compositions and (b)
80/20 blend compositions.

Table 2. Ionic Conductivity (σ) in mS/cm ( × 10−3 S/cm) at
25 °C of [BMI][PF6]/Polymer Blends, before and after
Cross-Linking, and Estimated Volume Fraction of the
Combined PEO and IL Microphase (ϕPEO+IL)

composition un-cross-linked σ cross-linked σ ϕPEO+IL

[BMI][PF6] 1.49 ± 0.14 − −
90/10 w/ 45R6 1.24 ± 0.02 1.22 ± 0.01 0.95
80/20 w/ PEG 8000 0.69 ± 0.03 0.64 ± 0.05 1.00
80/20 w/ 25R4 0.61 ± 0.01 0.61 ± 0.05 0.85
80/20 w/ 45R6 0.79 ± 0.06 0.76 ± 0.09 0.91
80/20 w/ 64R4 0.76 ± 0.01 0.83 ± 0.11 0.85
50/50 w/ PEG 8000 0.21 ± 0.05 0.23 ± 0.01 1.00
50/50 w/ 25R4 0.24 ± 0.02 0.14 ± 0.04 0.65
50/50 w/ 45R6 0.25 ± 0.01 0.22 ± 0.01 0.78
50/50 w/ 64R4 0.37 ± 0.01 0.31 ± 0.01 0.66

aThere is some uncertainty in the morphology, but the most likely
arrangement is indicated.
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Despite blending with 50 wt % of the IL, the 50/50 with
45R6 blends and 50/50 with PEG 8000 blends still exhibit
some residual crystallinity. The conductivity of these blends is
noticeably lower than the fully amorphous 50/50 with 64R4
blend, although the difference is not very large. It is possible the
PEO crystallization is not substantial enough to greatly impact
ion transport.
The conductivity of the blends, cross-linked and un-cross-

linked, was not highly dependent on the BCP used or gel
morphology. The differences in conductivity were small,
regardless if the blend was a single phase (PEG 8000 blends),
weakly microphase separated (25R4 blends), or strongly
microphase separated (64R4, 45R6 blends), suggesting that
the properties of the IL have the most significant influence on
conductivity at high IL loadings (greater than 50%). There was
also no substantial difference with variations in BCP
composition, approximately 40 wt % PEO for 25R4 and
64R4, and 64 wt % for 45R6.
These findings are in contrast to several reports in the

literature, which show very large (orders of magnitude) changes
in conductivity with varying phase behavior for BCP electro-
lytes having conducting and nonconducting blocks. Several
works have compared the ionic conductivity of microphase
separated BCPs with random, phase-mixed copolymers.36,48,57

All have reported far greater conductivity for microphase
separated BCPs.36 There seems to be a clear indication that
microphase separation enhances ionic conductivity. BCPs
having weak microphase separation of conducting and
nonconducting blocks have also been investigated, for which
increasing the microphase separation strength was observed to
enhance the ionic conductivity.35,46,58

Other works have investigated the effect of BCP morphol-
ogy. These reports have found that transitioning from a
cylindrical morphology in which the conducting block is the
minority microphase to either a cubic bicontinuous38 or
lamellar morphology55 results in a dramatic increase in
conductivity. The superiority of BCP electrolytes having a
bicontinuous conducting microdomain has also been re-
ported.46,60 This is due to an increase in connectivity between
the microdomains of the ion-conducting block, providing a less
tortuous path for ion conduction. Similarly, transitioning from a
lamellar morphology to a mixed lamellar/cylindrical morphol-
ogy also achieves a large increase in conductivity54 by further
increasing connectivity between conducting microdomains.
Other works also emphasize the importance of BCP
morphology, demonstrating that microdomain orientation has
a substantial impact on conductivity.45,50

Here, the conducting microphase (PEO/IL) was the majority
phase for each BCP/IL blend investigated due to the relatively
high loading of IL that was required to suppress PEO
crystallization. Thus, a continuous pathway for ion conduction
was always assured regardless of the blend, resulting in the
observed near invariance in ionic conductivity with BCP
composition.
In contrast to much of the literature, there was little variance

in conductivity with microphase separation strength. IL/25R4
blends, despite having very weak microphase separation
strength, had nearly the same conductivity as the strongly
separated IL blends with 45R6 and 64R4. The results of the
conductivity measurements on the PEG 8000 gels further
demonstrate the limited dependence of ionic conductivity on
phase behavior in these mixtures. For the PEG 8000 blends,
there was only a single, mixed phase of PEO/IL. Despite the

lack of phase separation, the conductivity of IL/PEG 8000
blends was nearly the same as that of the IL/BCP gels. It
appears that microphase separation of the BCP blends does not
impart any substantial conductivity gain compared to PEG
8000 blends.
The present report also contrasts the literature in an

additional way. Several previous works have found that
microphase separation led to an increase in the local
concentration of charge carriers in the conducting block,
increasing ionic conductivity.50,57,62,83 Considering this, it
would seem that in the present work, microphase separation
should result in a higher effective IL concentration in the
conducting microphases of the IL/BCP gels compared to the
IL/PEG 8000 gel. However, this was not observed. The reason
for this difference is not clear, although the present mixtures do
vary from those investigated previously in several ways. For
example, in several of the cited works,57,62 the conducting block
is below its Tg, whereas here PEO is well above its Tg (average
reported value of 200 K).84 Perhaps the effect of local ion
concentration is not as significant when the conducting
midblock is far above its Tg. Also, in another report it was
concluded that charge carrier localization minimized the
retardation effect on ion transport from the interface with the
glassy PS microdomain.83 In the present case, the PPO
microdomain is not glassy, nor is the cross-linking particularly
dense, and thus an ion localization effect may again have a
reduced impact.
Despite BCP microphase separation not presenting any

substantial benefit for the present systems, it may still be
possible to obtain greater mechanical strength while maintain-
ing high conductivity by using a BCP, as the literature has
suggested.35,43,49,52 Here, the DMA results (Figure 3) show that
the strongly microphase separated blends had higher moduli
than the PEG 8000 blend, 33% greater for blends with 64R4
and 66% for blends with 45R6. It may be possible to further
enhance the moduli by using an additional cross-linker
molecule. BCP microphase separation can be used to isolate
this molecule from the conducting microphase, allowing
mechanical strength to be increased without a corresponding
decrease in ionic conductivity. This possibility was examined by
introducing cross-linker molecules which were phase selective
for either the PPO microphase or the PEO/IL microphase.

Phase Selective Cross-Linkers. The cross-linkers in this
work were PPO and PEO oligomers (with degrees of
polymerization n = 11−12 and n = 13−14 respectively) with
cross-linking acrylate end groups (Figure 5). The PPO−
acrylate was found to be immiscible in the IL, whereas the
PEO−acrylate was fully miscible in the IL. Therefore, the
PPO−acrylate was selective for the PPO blocks, and was
expected to cross-link only in the PPO microdomain upon UV
exposure.
The blends having oligomeric cross-linkers are referred to by

the parts by weight of the components present. For example,
80/20/10 with 45R6/PEO−acrylate refers to the blends having
80 parts IL (by weight), 20 parts 45R6, and 10 parts PEO−
diacrylate cross-linker.
The phase behavior of 80/20/10 and 90/10/05 with 45R6

blends having PEO− and PPO−acrylate cross-linkers was
investigated to ensure that strong microphase separation was
maintained when the cross-linkers are included. Figure 5 shows
the SAXS profiles of these blends, before and after cross-
linking. The un-cross-linked blends having both PEO−acrylate
and PPO−acrylate cross-linkers were strongly microphase

Macromolecules Article

dx.doi.org/10.1021/ma401302r | Macromolecules 2013, 46, 9313−93239319



separated. In the blend with PEO−acrylate, there was a clear
spherical morphology (q1: 2

1/2q1: 3
1/2q1:4

1/2). In the blend with
PPO−acrylate, there was a q1: 1.8q1: 2.4q1 ratio of scattering
peaks, which does not correspond to any particular BCP
morphology. The intensities of the higher order peaks were
subdued, complicating the determination of peak locations and
perhaps resulting in this uncharacteristic ratio of scattering
peaks. The SAXS profile for the un-cross-linked 90/10/05 with
45R6/PPO−acrylate blend showed weak microphase separa-
tion. As before, these morphologies became distorted after
cross-linking, but clear primary peaks remained, indicating that
the BCP/IL/cross-linker blends remained strongly microphase
separated.
To examine the effect of including the cross-linking

oligomers on the mechanical properties, DMA was again used
to measure the dynamic storage moduli of the cross-linked
blends. The results showed that these cross-linkers can
substantially increase the mechanical strength. The 80/20/10
with PEG 8000/PEO−acrylate blend had the highest modulus
(approximately 600 kPa at 0.02 Hz), about a 5-fold increase
compared to the 80/20 with PEG 8000 blend where the cross-
linker was absent (120 kPa at 0.02 Hz). The PEO−acrylate
cross-linker has a much lower molecular weight between cross-
linking end groups than PEG 8000 (degree of polymerization n
= 11−12 and molecular weight of 700 g/mol for the oligomer,

vs n = 180 and 8000 g/mol for PEG 8000), and thus cross-link
density was increased, increasing the modulus. The 80/20/10
blend with 45R6/PEO−acrylate showed the next highest
modulus, with an approximately 2.5-fold increase over the
80/20 blend (530 kPa compared to 200 kPa). The increase in
modulus for the 45R6 blend was less when the PPO−acrylate
cross-linker was used, approximately a 2-fold increase (400 kPa
compared to 200 kPa). Most likely this was due to cross-links
only being formed in the PPO minority blocks, maintaining
nearly the same molecular weight between cross-links across
the whole of the gel and only affecting an increase cross-link
density inside PPO microdomains. In comparison, the PEO−
acrylate cross-linker is selective for the PEO/IL block, and thus
cross-links were formed throughout the majority of the gel,
increasing cross-link density across the whole gel. The 90/10/
05 with 45R6/PPO−acrylate blend had the lowest modulus,
although there was a still a 2-fold increase compared to the 90/
10 with 45R6 blend in which the cross-linker was not included
(40 kPa compared to 20 kPa).
Compared to other reports of IL/polymer gels at high IL

concentrations (>50 wt %), the moduli reported here (Figure
6) are fairly high. With a 50 wt % concentration of IL, storage
moduli of 100−200 kPa were reported.52 At IL concentrations
near those reported here (75−90 wt %), moduli are on the
order of 1−10 kPa,51,56 with one report showing moduli up to

Figure 5. SAXS profiles of IL/45R6/cross-linker blends, both before and after cross-linking (xld), for the (a) 80/20/10 (w/w/w) blends with PEO-
acrylate, (b) 80/20/10 blends with PPO-acrylate, and (c) 90/10/05 blends with PPO-acrylate. All SAXS profiles were obtained at 80 °C. Also shown
are structures of the (d) PPO-acrylate cross-linker and the (e) PEO-acrylate cross-linkers.
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4.5 MPa.22 It is important to note that different characterization
methods result in varying measures of moduli (i.e., storage
moduli in shear are less than storage moduli in compression).
However, our results clearly demonstrate the present approach
achieves substantial mechanical reinforcement.
Lastly, the ionic conductivity for blends with the cross-linkers

present was examined, as shown in Figure 7. The conductivities

of each blend are still fairly close, although it is noticeably lower
for blends with the PEO−acrylate cross-linker. The ionic
conductivities at 25 °C, both before and after cross-linking,
have been estimated by cubic interpolation and are summarized
in Table 3 for ease of comparison.
Before cross-linking, there was no substantial difference in

conductivity between blends having either PPO−acrylate or
PEO−acrylate. However, after cross-linking, the conductivity

for blends with the PEO−acrylate cross-linker was decreased by
40−45%. Whereas for blends having the PPO−acrylate cross-
linker, there was no significant change in ionic conductivity.
Because PEO−acrylate is selective for the PEO/IL micro-

phase, cross-linking resulted in the formation a rigid network
primarily in this microphase. The introduction of the
oligomeric PEO−acrylate into the blends drastically increases
the cross-link density compared to the IL/PEG 8000 blends
not having additional cross-linker. Therefore, there is a much
greater retardation effect on the segmental dynamics of the
PEO chains for blends having the additional PEO−diacrylate
cross-linker. This in turn causes a noticeable decrease in ionic
conductivity. Segmental dynamics must be similarly slowed for
IL/45R6 blends having the PEO−acrylate cross-linker.
Conversely, the PPO−acrylate cross-linker was instead selective
for the PPO microphase and the cross-linked network remained
confined to this microphase after the cross-linking reaction.
Therefore, in the case of high cross-link density, microphase
separation becomes beneficial, as compared to the prior results
where cross-link density was far lower and thus isolation of the
cross-links had little impact, demonstrated by the near
invariance in conductivity for IL/PEG 8000 blends compared
to the microphase separated blends.
These results are consistent with the findings of Zhang et al.,

in which the ionic conductivity of ABA-type poly(styrene)−
poly(methyl methacrylate)−poly(styrene) BCP gels was found
to be decoupled from the mechanical stability provided by the
glassy poly(styrene) blocks.52 In another work, it was found
that increasing molecular weight of the PEO block resulted in
an increase in both the storage modulus and ionic conductivity,
also decoupling mechanical strength and ionic conductivity.38

In the present case, this decoupling was achieved by isolating
the cross-link points of a chemically cross-linked microphase
separated gel within the minor, nonconducting domain. This
represents an additional, additive-driven strategy for mechanical
property enhancement without incurring a large sacrifice in
conductivity.

■ CONCLUSIONS

Highly conductive, mechanically stable gels were fabricated
from cross-linkable PPO−PEO−PPO triblock copolymers and
cross-linkable PEO homopolymers. Blending the polymers with
the ionic liquid [BMI][PF6] inhibited their crystallization,
enabling rapid ion transport. The ionic liquid also induced
strong microphase separation in the triblock copolymers, which
were otherwise disordered or weakly ordered in the melt.
Cross-linking these blends yielded solid, elastic gels. Despite
variances in phase behavior with the choice of polymer, there
was very little difference observed in the ionic conductivity
between blends with the same ionic liquid loadings. However, it
was found that microphase separation can be used to increase
mechanical stability without detriment to the ionic con-
ductivity, by isolating phase-selective photoreactive cross-
linkers from the conducting phase. Therefore, although block
copolymer microphase separation cannot be used for the
present materials to substantially enhance ionic conductivity, it
does allow mechanical stability and conductivity to be
decoupled. This in turn will allow polymer electrolytes
constructed using this method to achieve both high ionic
conductivity and high mechanical strength.

Figure 6. Compressive storage moduli of the cross-linked IL/
polymer/cross-linker gels as function of frequency.

Figure 7. Ionic conductivities of the neat IL and cross-linked polymer
gels, for 80/20/10 IL/polymer/cross-linker blend compositions, using
either the PPO-acrylate or PEO-acrylate cross-linker.

Table 3. Ionic Conductivity (σ) in mS/cm (×10−3 S/cm) at
25 °C of [BMI][PF6]/Polymer/Cross-Linker Blends, before
and after Cross-Linking

composition un-cross-linked σ cross-linked σ

[BMI][PF6] 1.49 ± 0.14 −
80/20/10 w/ 45R6/PPO−acrylate 0.68 ± 0.01 0.64 ± 0.05
80/20/10 w/ 45R6/PEO−acrylate 0.60 ± 0.01 0.35 ± 0.07
80/20/10 w/ PEG 8000/PEO−acrylate 0.56 ± 0.03 0.32 ± 0.07
90/10/05 w/ 45R6/PPO−acrylate 0.93 ± 0.01 0.98 ± 0.01
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