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ABSTRACT Concentrated solutions of poly(styrene-b-ethylene oxide) (PS-PEO) diblock copolymers were prepared using the ionic
liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [EMI][TFESI] as the solvent. The self-assembled microstructures
adopted by the copolymer solutions have been characterized using small-angle X-ray scattering. Lyotropic mesophase transitions
were observed, with a progression from hexagonally packed cylinders of PEO, to lamellae, to hexagonally packed cylinders of PS
upon increasing [EMI][TFSI] content. The change in lamellar domain spacing with ionic liquid concentration was found to be
comparable to that reported for other block copolymers in strongly selective solvents. The ionic conductivity of the concentrated
PS-PEO/[EMI][TFSI] solutions was measured via impedance spectroscopy, and ranged from 1 x 107" to I x 107> S/cm at temperatures
from 25 — 100 °C. Additionally, the ionic conductivity of the solutions was found to increase with both ionic liquid concentration and
molecular weight of the PEO blocks. The ionic conductivity of PEO homopolymer/[EMI][TESI] solutions was also measured in order
to compare the conductivity of the PS-PEO solutions to the expected limit for a lamellar sample with randomly oriented microstructure

grains.
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INTRODUCTION
oncentrated solutions of block copolymers adopt self-

assembled microstructures akin to those of the bulk

state (1). For A—B diblocks, the common microstruc-
tures observed include spherical domains situated in a cubic
lattice (either bcc or fcc), hexagonally packed cylindrical
domains, the bicontinuous gyroid, and lamellae. If the
solvent used to prepare the solution is selective, the majority
will partition into one of the block microdomains. This is
analogous to a change in the block volume fraction of the
copolymer (f), which drives the domain interfacial curvature
toward the less soluble block domains. Additionally, the
unfavorable interactions between the insoluble block and the
selective solvent increases the effective degree of segrega-
tion (yN) between the domains, where y is the Flory—Huggins
interaction parameter between the (solvated) copolymer
blocks and N is the degree of polymerization. These changes
in the effective copolymer volume fraction and degree of
segregation drive lyotropic mesophase transitions as the
solution concentration is varied. The lamellar, gyroid, and
cylindrical phases are all of potential interest as membrane
materials.
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The behavior of block copolymers upon addition of
common organic and aqueous solvents has been extensively
studied (2—11). Ionic liquids are a fairly new class of solvents
that is attracting a high level of current research interest
(12, 13). lonic liquids are composed of ionic species that are
generally large and asymmetric and possess delocalized
charge. These characteristics result in a hindrance to the
formation of well-ordered ionic lattices and result in low
melting points for ionic liquids relative to more common
ionic compounds. In addition to low melting points, ionic
liquids also possess many other appealing properties, in-
cluding negligible volatility, high thermal and electrochemi-
cal stability, and good ionic conductivity, which make them
excellent candidates as electrolyte materials (14—16). In-
deed, ionic liquids have been explored as electrolytes in
various devices such as lithium ion batteries (17—23), fuel
cells (24—31), and dye-sensitized solar cells (32). However,
in many cases, a solid electrolyte material would be more
robust and versatile, and thus there is interest in imparting
solid structure to ionic liquids, while still maintaining their
good conductivity. One route to a solid structure has been
to blend ionic liquids with polymers to form so-called “ion
gel electrolytes”. Polymeric materials employed include
homopolymers (33—36), typically poly(ethylene oxide), and
copolymers (37—42), typically poly(vinylidene fluoride-co-
hexafluoropropylene). Additionally, chemically (43—48) and
physically (49—51) cross-linked polymer networks have
been swollen with ionic liquids to form ion gels. Moreover,
there have been multiple strategies reported for “gelling”
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Table 1. Molecular Characteristics of PS-PEO Block
Copolymers

copolymer Mps (kg/mol)* Mpro (kgimol) PDI? Soeo®
SO(20—5) 19.7 4.8 1.04 0.18
SO(20—06) 19.7 6.3 1.03 0.23
SO(20—8) 19.7 8.3 1.08 0.28
SO(20—13) 19.7 13.4 1.06 0.39

“Mps determined by SEC with multiangle light scattering
detection. ”PDI determined by SEC calibrated with polystyrene
standards. ¢ fero determined by 'H NMR spectroscopy.

ionic liquids (52—55). It may also be beneficial if the material
used to provide solid structure to the ionic liquid on the
macroscale also possesses an ordered structure on the
nanoscale. This has recently been demonstrated by the
groups of Ohno and Kato, who utilized liquid crystalline
materials that display hexagonal columnar and bicontinuous
cubic structures (56—58). Similarly, block copolymers could
also be used to impart nanoscale structure if the ionic liquid
selectively partitions into one domain. We have previously
studied the solvent selectivity and phase behavior of several
poly(butadiene-b-ethylene oxide) (PB-PEO) diblock copoly-
mers with the addition of ionic liquids, and found that the
ionic liquids selectively solvate the PEO blocks of the co-
polymers, resulting in interesting lyotropic phase behavior
(59). Here we describe the phase behavior of poly(styrene-
b-ethylene oxide) diblock copolymers (PS-PEO) with the
addition of the ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [EMI][TESI]. This ionic lig-
uid was chosen because it has been widely used in electro-
chemical applications and studies, mainly because of the
stability and low viscosities (i.e., high ionic diffusion coef-
ficients) of ionic liquids based on the [TFSI] anion. Addition-
ally, we have used [EMI][TFSI] in previous studies and are
thus familiar with its synthesis, characteristics, and success-
ful methods for sample preparation. This ionic liquid be-
haves as a selective solvent for the PEO blocks of the
copolymers and thus leads to lyotropic transitions. In addi-
tion, the ionic conductivity of the PS-PEO/[EMI][TFSI] solu-
tions is also reported. The overall goal of this study is to
understand the self-assembly behavior and ionic conductiv-
ity of block copolymer/ionic liquid solutions, with a view
toward their potential use as microstructured electrolyte
materials.

EXPERIMENTAL SECTION

Materials. The PS-PEO copolymers were synthesized via
living anionic polymerization and the molecular characteristics
are summarized in Table 1. The blocks were grown sequentially
following an established procedure for polymerizing ethylene
oxide blocks from polyalkane blocks (60). This method allowed
synthesis of copolymers from the same parent PS block, and
thus the PEO block length could be systematically varied while
keeping the PS block constant. The absolute molecular weight
of the parent PS block was determined via size exclusion
chromatography (SEC) utilizing a multiple angle light scattering
detector (DAWN DSP, Wyatt Technology Corp.). This Mps was
used along with "H NMR spectroscopy to determine the volume
fraction of PEO (fpro) and thus the Mpgo for the diblocks. The
overall polydispersity index (PDI) for the diblocks was deter-
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mined via SEC calibrated with PS standards. One PEO ho-
mopolymer was ordered from Sigma, and used without further
purification. The molecular weight of the PEO homopolymer
was determined via SEC calibrated with PS standards. Universal
calibration using the Mark—Houwink parameters for PS and
PEO in chloroform gave a molecular weight of 9.1 kg/mol for
the homopolymer. The [EMI][TFSI] was synthesized via anion
exchange between 1-ethyl-3-methylimidazolium bromide [EMI-
]1[Br] (Solvent Innovation) and lithium bis(trifluoromethylsulfo-
nyl)imide ([Li][TFSI]) (IoLiTec) in water at 70 °C for 12 h. After
the ion exchange, the aqueous layer was removed and the ionic
liquid was washed repeatedly with water. The ionic liquid was
further purified by stirring over activated carbon. The final
[EMI][TFSI] product was a clear, very faint yellow liquid. After
purification, the ionic liquid was dried under a vacuum (ca. 50
mTorr) at 70 °C for 3 days and stored in a vacuum desiccator
or in a glovebox under argon. Preparation of PS-PEO/[EMI][TF-
SI] solutions was performed as follows. The desired amounts
of block copolymer and ionic liquid were measured gravimetri-
cally into a vial and then codissolved in dichloromethane (ca.
5—10 wt % copolymer). The majority of the cosolvent was
removed slowly (36—48 h) with stirring under dry nitrogen
purge. Subsequently, the copolymer solutions were dried under
vacuum (ca. 50 mTorr) at 60 °C until constant weight was
reached (ca. 48 h). Finally, the solutions were annealed at 150
°C for 1 h. After preparation, the solutions were stored in a
vacuum desiccator.

Small-Angle X-ray Scattering. Small-angle X-ray scattering
(SAXS) experiments were performed at the DuPont—North-
western—Dow collaborative access team (DND-CAT) beamline
at the Advanced Photon Source, Argonne National Laboratories.
The PS-PEO/[EMI][TFSI] samples were loaded into hermetically
sealed, differential scanning calorimetry (DSC) pans, which
were heated and cooled in a Linkam DSC sample holder during
scattering experiments. Before collecting scattering patterns, all
samples were heated to 200 °C for 5—10 min and then patterns
were collected upon cooling the sample. Two-dimensional
scattering patterns were recorded by a Mar CCD area detector,
and then azimuthally integrated to give one-dimensional scat-
tering data as intensity (/) vs wave-vector (g = 4 sin(6/2)/4),
where 0 is the scattering angle (calibrated with silver behenate)
and 4 is the X-ray wavelength. The X-ray wavelengths used were
0.8856 and 0.7293 A, and the sample to detector distances
were 6.5 and 8.5 m.

AC Impedance Spectroscopy. The ionic conductivity was
measured via AC impedance spectroscopy, using a Solartron
1255B frequency response analyzer connected to a Solartron
SI 1287 electrochemical interface. The solutions were hot-
pressed at 150 °C into a Teflon ring, which held the samples at
a constant diameter (7 mm) and thickness (2 mm). The sample
disks were sandwiched between two stainless steel blocking
electrodes. The AC amplitude was 10 mV and the frequency was
scanned from 1 x 10°to 1 Hz. The conductivity of the solutions
was calculated from the complex impedance (z* = Z" — iZ").
The high-frequency plateau in the real impedance (Z') was taken
as the bulk resistance (R) of the sample, and the conductivity
was calculated as

L

7= Ra

(1
where L is the sample thickness and A is the electrode contact
area. The conductivity cell constant (L/A) was calibrated using
a 3.5 mM aqueous KCl solution standard (Fluka Analytical) with
an ionic conductivity of 5 uS/cm at 25 °C. The estimated error
in all the ionic conductivity values presented is £10 %, based
on experimental reproducibility.
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FIGURE 1. Representative 1D SAXS plots for PS-PEO/[EMI][TFSI]
solutions at 150 °C: (a) SO(20—5) ¢ = 0.93; (b) SO(20—8) ¢ = 0.76;
(c) SO(20—8) ¢ = 0.49. Filled triangles correspond to expected
intensity maxima for C at g/q* values of 1:v/3:v/4:/7:4/9:4/12:4/13:

V16, and open triangles correspond to expected intensity maxima
for L at g/q* values of 1:2:3:4.

RESULTS AND DISCUSSION

Phase Behavior. Figure 1 shows 1D SAXS patterns
collected at 150 °C, which are representative of those used
to map the microstructure phase behavior of the PS-PEO/
[EMI][TFESI] solutions. The scattered intensity maxima are
referenced by the g/g* ratios corresponding to the allowed
Bragg reflections for the ordered copolymer microstructures,
where g* is the position of the primary scattering peak.
Figure 2 shows the phase map for the PS-PEO/[EMI][TFSI]
solutions at 150 °C. The x-axis of the phase map corre-
sponds to the volume fraction of PEO in the neat copoly-
mers; thus, each vertical series of points represents the
phase behavior of one of the PS-PEO copolymers with
increasing [EMI][TFSI] content. The scattering patterns for
the neat SO(20—5) diblock did not display any long-range
order at any of the temperatures investigated (200—30 °C).
Similarly, the scattering patterns for the SO(20—6) diblock
at elevated temperatures (=100 °C) did not display long-
range order. The order—disorder transition temperatures of
the copolymers were not explicitly characterized; however,
at room temperature SO(20—6) displays a weak scattering
pattern corresponding to a hexagonally packed cylinder
microstructure (Cgo). The subscript designates which copoly-
mer block forms the minority (cylinder) domain. The low
degree of segregation observed for the SO(20—5) and
SO(20—06) copolymers is not surprising, because of the low
value of y between PS and PEO (~0.08 at 25 °C) (61). Upon
addition of ionic liquid, both SO(20—5) and SO(20—6) solu-
tions with ¢ of 0.93 adopt a Cgo microstructure, and do not
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FIGURE 2. Phase map for PS-PEO/[EMI|[TFSI] solutions at 150 °C.
The x-axis corresponds to volume fraction of EO in the bulk
copolymers. The y-axis is solution concentration given as copolymer
volume fraction. Regions of hexagonally packed EO cylinders (Cgo,
V), lamellae (L, ¢), and hexagonally packed styrene cylinders (Cs, A)
are denoted. Open circles (O) represent solutions that assemble into
coexisting L and C microstructures. Solid lines represent estimated
phase boundaries included to guide the eye.

display any thermotropic order—order or order—disorder
transitions between 30 and 200 °C. Likewise, no thermo-
tropic order—order or order—disorder transitions were ob-
served in the 30—200 °C temperature range for any of the
PS-PEO/[EMI][TFSI] solutions investigated. This indicates a
large increase in the degree of segregation between micro-
structure domains upon addition of the [EMI][TFSI] solvent,
which is selective for the PEO blocks. Here it is important
to note that SAXS does not provide direct evidence of the
partitioning of the ionic liquid into the PEO domains of the
copolymer microstructure. However, based on the fact that
PEO homopolymers are readily soluble in [EMI][TFSI] and
PS homopolymers are not, and on the solubility behavior of
similar block copolymers in ionic liquids (49, 59), we can
take [EMI][TFSI] to be a selective solvent for the PEO blocks
of the copolymers. Thus, as the concentration of ionic liquid
is increased, the PEO blocks are swollen and the interfacial
curvature is driven toward the PS domains. Thus, a lyotropic
Ceo to L transition is observed. Eventually, upon addition of
sufficient [EMI][TFESI], an L to Cs transition occurs, which
represents a “phase inversion” to a hexagonal cylinder
microstructure in which the longer PS blocks form the
minority domain.

If we use the qualitative assumption that increasing the
ionic liquid concentration is analogous to a simple increase
in frro, then a prediction of the phase behavior for the
solutions can be estimated by following a simple horizontal
path across the theoretical yN vs f phase diagram for A—B
diblocks (62). This method is often referred to as the trajec-
tory approach (5, 63). Starting in the region of Cgo on the
theoretical phase diagram and moving horizontally to the
Cs region, the anticipated microstructure progression would
be Cgo — Ggo — L — Gs — Cs. The gyroid microstructure is
not definitively observed for any of the PS-PEO solutions
investigated. Evidence for the possible coexistence of the
gyroid along with lamellae and hexagonally packed cylinders
is seen in the scattering pattern obtained for the SO(20—13)/
[EMI][TFSI] solution with ¢ of 0.68 (Figure 3a). The shoulder
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FIGURE 3. Representative 1D SAXS plots for PS-PEO/[EMI][TFSI]
solutions displaying coexisting microstructures: (a) SO(20—13) ¢ =
0.68; b) SO(20—8) ¢ = 0.50; (c) SO(20—8) ¢ = 0.91. Filled triangles
correspond to expected intensity maxima for C at q/q* values of
1:v/3:/4:/7:4/9:4/12:4/13:4/16, open triangles correspond to ex-
pected intensity maxima for L at g/g* values of 1:2:3:4:5:6, and half
filled triangles correspond to expected intensity maxima for G,
where the primary peak position is taken as +/3 and the secondary
peak positions are referenced to q/q* ratios of v/4 and /7.
on the primary scattering peak in the 0.68 pattern can be
referenced to the v/4 scattering peak consistent with the
gyroid, and a weak peak corresponding to the +/7 reflection
is also observed. The scattering peaks corresponding to the
coexisting L, C, and G persisted at all temperatures investi-
gated. The solutions were annealed at 150 °C for 1 hour
prior to preparation of the SAXS samples, and for ap-
proximately 10 min at each temperature before collecting
SAXS patterns. Thus, the coexisting L, C, and G microstruc-
tures appear to be at least metastable. However, longer-term
annealing experiments are necessary before solid conclu-
sions can be made about the thermodynamic stability of
these microstructures. Overall, coexisting C and L micro-
structures were observed for solutions in the region of the
phase map where gyroid would be expected (i.e., between
regions of C and L). The scattering patterns for the SO(20—8)
0.50 and 0.91 volume fraction solutions shown in Figures
3b and c are representative of those observed for solutions
which possess coexisting C and L microstructure (open
symbols in Figure 2). Similar results have been reported for
other diblock copolymer solutions with strongly selective
solvents, and have been attributed to destabilization of the
gyroid microstructure due to an increase in chain packing
frustration with increasing degree of segregation (6, 63, 64).
The solvent provides an extra degree of freedom, allowing
the formation of coexisting C/L instead of G.

A measure of the degree of segregation for the PS-PEO/
[EMI][TFSI] solutions can be obtained from the change in

www.acsami.org

VOL. 1 « NO. 12« 2812-2820 « 2009

40

§ 35
3
&
= SO(20-13) « =-0.92
30 ® SO(20-8) «=-063
A SO(20-6) «=-0.68
v SO(20-5) o=-0.58
0.5 0.6 0.7 08 09
¢
45— . . : :
(b)
40 i
1S
£ 35 E
S
©
m  SO(20-13) « =-0.94
e S0(20-8) «=-0.65
30 A SO(20-6) «=-0.73 ° .'
v S0O(20-5) a=-0.58
0.5 0.6 0.7 08 09
¢

FIGURE 4. Log—log plots of lamellar domain spacing (do0) versus
solution concentration, given as copolymer volume fraction (¢). Solid
lines represent power law fits (d ~ ¢%). (a) 150 and (b) 200 °C.

domain spacing (d) with solution concentration. Dilution of
a segregated copolymer with a neutral good solvent (i.e.,
equal solvation of both blocks) screens the unfavorable
interactions between the blocks and results in a decrease in
domain spacing due to relaxation of chain stretching normal
to the domain interface. Conversely, addition of a selective
solvent to a block copolymer results in a drive to decrease
the interfacial area, in order to reduce the number of
unfavorable contacts between the insoluble block and the
solvent. This brings about increased chain stretching normal
to the interface, and thus an increase in the domain spacing.
Figure 4 shows double logarithmic plots of the lamellar
domain spacing (d;q) versus solution concentration, given
as copolymer volume fraction (¢), for the PS-PEO/[EMI][TF-
SI] solutions. The lamellar domain spacing was calculated
as digo = 2mlg*, where g* is the position of the primary 100
lamellar scattering peak in the 1D SAXS patterns. The
addition of the selective [EMI][TFSI] solvent results in an
increase in domain spacing and thus negative values for a.
For the PS-PEO/[EMI][TFSI] solutions the most negative o
value was found to be —0.94 for SO(20—13) at 200 °C. This
is consistent with the experimental results of Hanley et al.
(63, 65) and Lai et al. (66), who studied the change in domain
spacing for various poly(styrene-b-isoprene) diblocks (PS-PI)
in selective solvents. Lai reported oo = —1.03 for PS-Pl in the
strongly isoprene selective solvent squalane, and Hanley
found oo = —0.61 for PS-PIl in the strongly styrene selective
solvent dimethyl phthalate (DMP). Additionally, through self-
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FIGURE 5. 1D SAXS patterns for SO(20—8) solution with ¢ = 0.57.

Patterns collected on cooling from 250 °C. Annealing time at each

temperature was approximately 10 min. Arrowheads and asterisks

mark expected reflections for lamellar microstructure (q/q* = 1:2:

3:4 ..).

consistent mean-field analysis of a lamellar forming diblock,
Hanley et al. showed that oo = —0.20 for a strongly selective
solvent (y between solvent and insoluble block equal to 1).
Thus, our experimental results imply that [EMI][TFSI] is
behaving with a higher degree of selectivity than the theo-
retical case calculated by Hanley et al. (i.e., y between the
solvent and the insoluble block greater than 1), and that the
large majority of the ionic liquid partitions into the PEO
domains. Moreover, in a recent report closely related to the
present study, Virgili et al. investigated the microstructure
domain spacing vs solution concentration for a poly(styrene-
b-2-vinylpyridine) diblock (PS-P2 VP) diluted with the ionic
liquid imidazolium bis(trifluoromethylsulfonyl)imide ([Im-
J[TESI]) (67). The researchers report large, negative values
of —2.31 and —3.16 at 145 and 225 °C, respectively. These
results are qualitatively similar to ours, in that addition of
the ionic liquid solvent results in negative values of a.
However, the values reported by Virgili are much more
negative than those obtained in the present study, which is
potentially a result of the limited concentration range (0.93
=< ¢ = 1.0) over which the lamellar domain spacing could
be measured in the PS-P2 VP/[Im][TFSI] solutions.
Another notable feature of the phase behavior of several
of the PS-PEO/[EMI][TFSI] solutions was the presence of
coexisting lamellar microstructures possessing different
domain spacing. As shown in Figure 5, two distinct sets of
scattering peaks are observed for the SO(20—8) solution with
¢ of 0.57. Similar patterns with coexisting lamellar scattering
peaks were observed for the SO(20—6) 0.59 and 0.68
volume fraction solutions as well. The heating and annealing
procedure employed while collecting the SAXS patterns in
Figure 5 was as follows. The solutions were initially heated
to 250 °C and annealed for 10 min prior to collecting the
scattering pattern. The samples were then cooled and an-
nealed for an additional 10 min at each subsequent temper-
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FIGURE 6. DSC thermograms: (a) SO(20—8) ¢ = 1.0; b) SO(20—8) ¢
= 0.57, ¥ = 0.40; ¢) SO(20—6) ¢ = 1.0; d) SO(20—6) ¢ = 0.68, r =
0.31; €) SO(20—6) ¢ = 0.59, ¥ = 0.46; f) PEO ¢ = 0.38, ¥ = 0.25. Ion
content (r) is the ratio of [EMI] cations to EO monomers in solution.
All traces are second heating scans at a rate of 10 °C/min.

ature before collecting the scattering patterns. Thus, the total
annealing time at elevated temperature (=100 °C) was
approximately 40—50 min (accounting for 1 —2 min cooling
time between temperatures). For the SO(20—8) solution with
¢ of 0.57, the lamellar microstructure with larger domain
spacing (lower ) begins to yield to the phase possessing
lower domain spacing as the sample is annealed. The
SO(20—6) 0.59 and 0.68 volume fraction solutions show a
smaller change in the relative intensities of the peaks cor-
responding to the two different lamellar microstructures.

Coexisting lamellar microstructures have also been re-
ported by Virgili et al. for a (PS-P2 VP) diblock copolymer
diluted with the ionic liquid ([Im][TFSI]) (67), and by Young
et al. for PS-PEO copolymers doped with lithium salts
(68, 69). Virgili et al. proposed that the coexisting lamellar
microstructures are a result of two coexisting phases pos-
sessing unequal amounts of ionic liquid. On the basis of DSC
experiments showing well-defined crystalline melting peaks,
Young was able to characterize the coexisting microstruc-
tures as arising from the crystallization of PEO—salt com-
plexes. For the latter system, the crystallized PEO—salt
complexes corresponded to the lamellar microstructure with
larger domain spacing.

DSC experiments were conducted with the three PS-PEO/
[EMI][TFESI] solutions that displayed coexisting lamellar mi-
crostructures. The DSC traces are plotted in Figure 6 for the
SO(20—8) 0.57 volume fraction solution, and the SO(20—6)
0.59 and 0.68 volume fraction solutions. DSC traces for the
neat SO(20—8) and SO(20—6) copolymers and for a 0.38
volume fraction solution of 9.1 kg/mol PEO homopolymer
in [EMI][TFSI] are included in Figure 6 for comparison. For
the 0.38 volume fraction PEO solution the ion content (r),
taken as the ratio of [EMI] cations to PEO ether oxygen
atoms (i.e., EO monomer units) in solution, is 0.25. Ion
content is calculated from the measured polymer concentra-
tion using the bulk densities of PS (1.05 g/cm?), PEO (1.13
glcm?), and [EMI][TFSI] (1.52 g/cm?), and the copolymer
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FIGURE 7. Conductivity vs temperature for PS-PEO/[EMI][TFSI] and PEO/[EMI][TFSI] solutions. (a) r = 0.20; (b) r = 0.25.

molecular volume fractions given in Table 1. For the
SO(0—8) 0.57 and SO(20—6) 0.59 and 0.68 volume fraction
solutions, r is equal to 0.40, 0.46, and 0.31, respectively.
Thus the PEO homopolymer solution serves as a close
comparison to the solvated state of the PEO blocks of the
PS-PEO/[EMI][TFSI] solutions. All of the DSC traces in Figure
6 represent second heating scans, where the heating and
cooling rates for all scans were 10 °C/min. The DSC samples
were heated from 25 to 215 °C, then cooled back to 25 °C,
and finally reheated to 215 °C. The hold times at the
minimum and maximum temperatures were one minute for
all the heating scans. The DSC results in Figure 6 show no
evidence of a crystalline melting peak for the PS-PEO/
[EMI][TESI] solutions or for the PEO homopolymer solution.
Only a slight increase in Ty is observed for the copolymer
solutions, as compared to the neat copolymers. This is
consistent with the results of Virgili et al., who also observed
a slight increase in Ty for PS-P2 VP/[Im][TFSI] solutions as
compared to the bulk PS-P2 VP. Thus, we do not observe
any evidence that the formation of crystalline PEO-ionic
liquid complexes is responsible for the coexisting lamellar
microstructures observed via SAXS. However, the formation
of crystalline PEO—ionic liquid complexes cannot be com-
pletely ruled out based on these results. The large size and
asymmetry of many ionic liquid constituent ions result in
inefficient crystal packing. Thus, slow crystallization of
PEO—ionic liquid complexes may preclude the observance
of crystallization and melting via DSC.

It should be noted that the lamellar domain spacing for
the three PS-PEO/[EMI][TFSI] solutions displaying coexisting
lamellar microstructures were included in the double loga-
rithmic plots of djo0 vs ¢ in Figure 4. For the SO(20—6)
solutions with ¢ of 0.59 and 0.68, the difference in the
domain spacing for the coexisting lamellar microstructures
is small (1.0 nm). Thus, using either the higher or lower
domain spacing value did not change the a value obtained
from the power law fits for the SO(20—6) solutions. How-
ever, the difference in domain spacing for the coexisting
lamellar microstructures in the SO(20—8) 0.57 volume frac-
tion solution is ~3 nm at 200 °C and ~2 nm at 150 °C,
which resulted in different values of o depending on which
domain spacing is used in the fits. In the SAXS patterns
collected for the SO(20—8) 0.57 volume fraction solution,
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the scattering peaks corresponding to the lamellar micro-
structure with lower domain spacing become dominant with
annealing. Thus, the lower lamellar domain spacing was
used in the plots of d g0 vs ¢ for the SO(20—8) and SO(20—6)
solutions shown in Figure 4.

Ionic Conductivity. The ionic conductivity of [EMI][TF-
SI], PEO solutions, and PS-PEO solutions was measured via
AC impedance spectroscopy. Figures 7a and b show repre-
sentative o vs T data for neat [EMI][TFSI], and concentrated
solutions of PEO homopolymer and PS-PEO copolymers
with ion content equal to 0.20 and 0.25, respectively. At
these concentrations, the SO(20—6) and SO(20—8) solutions
fall in the L microstructure region of the PS-PEO/[EMI][TFESI]
phase map, and the SO(20—13) solutions fall in a region of
the phase map characterized by coexisting L and Cs micro-
structure. In general, for all the PS-PEO solutions investi-
gated, o ranged from 1 x 1077 to I x 107° S/cm at
temperatures from 25—100 °C. Here we note that conduc-
tivity values are not reported for SO(20—5)/[EMI][TFSI]
because of general difficulty in preparing samples for im-
pedance measurements using the hot-pressing method
described in the experimental section. Samples prepared
using solutions of the three other PS-PEO copolymers uni-
formly filled the Teflon spacer ring with no visible cracks or
bubbles. For the SO(20—5) solutions, many samples were
prepared and almost all possessed visible cracks and other
inhomogeneities after hot-pressing, which is presumably due
to the higher content of the brittle PS block in the SO(20—5)
copolymer.

The ionic conductivity of the PS-PEO solutions is less than
that of the PEO solutions and the neat ionic liquid at all
temperatures. This is expected due to the randomly oriented
lamellar domains that limit the direct ionic conduction
through the sample. Simple geometric arguments predict for
materials with randomly oriented lamellar domains that the
ultimate conductivity for the sample is 2/3 of the maximum
conductivity for the conducting phase (70), which is calcu-
lated as

Omax = ®cpOcp )

where ¢¢p is the volume fraction of the conducting phase
(PEO plus ionic liquid) and ocp is the conductivity of the
conducting phase, taken as the measured conductivity of the
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PEO homopolymer/[EMI][TFSI] solution. Figure 8 shows the
normalized ionic conductivity (6/0may) at 100 °C vs molec-
ular weight of the PEO blocks (Mpgo) for PS-PEO/[EMI][TFSI]
solutions with ion content equal to 0.20 and 0.25. As the
molecular weight of the PEO blocks increases, it can be seen
that the normalized conductivity approaches the predicted
limit of 2/3. Note that the SO(20—13)/[EMI][TFESI] solutions
with ion content equal to 0.20 (¢ = 0.66) and 0.25 (¢ = 0.61)
fall in the region of the PS-PEO/[EMI][TFSI] solution micro-
structure phase map (Figure 2) characterized by coexisting
L and Cs. In the Cs microstructure, the PS blocks from the
cylindrical domains, while the majority, matrix domain is
formed by the PEO blocks plus the ionic liquid. Thus, the Cg
microstructure should display higher ionic conductivity,
which is not limited to the predicted 2/3 maximum for the
lamellar microstructure. It is likely that the presence of a
coexisting hexagonal cylinder phase results in the normal-
ized conductivity above the 2/3 limit for the SO(20—13)/
[EMI][TFSI] solution with r equal to 0.25. Additionally, a
portion of the increase in normalized conductivity for the
SO(20—13)/[EMI][TFSI] solution with r equal to 0.20 may
also be attributed to the presence of a hexagonal cylinder
phase coexisting with lamellae. However, a recent study by
Wanakule et al. reports that the normalized ionic conductiv-
ity for several PS-PEO diblock copolymers doped with
[Li][TESI] is independent of transitions in the copolymer
microstructure (71). Thus, further investigations of the af-
fects of copolymer microstructure on the ionic conductivity
in PS-PEO/[EMI][TFSI] solutions may be warranted.

The PS-PEO/[EMI][TFSI] ionic conductivity results can be
compared with those of Singh et al. and Panday et al. who
have recently reported on the ionic conductivity of PS-PEO
diblocks doped with [Li]J[TFSI] (72, 73). The closest com-
parison to our SO(20—13) copolymers is an SO(16—16)
diblock with r equal to 0.02 and 0.085, where the reported
Olomax ratio is approximately 0.1—0.15 for both ion content
values. However, these researchers showed normalized
conductivity values approaching the 2/3 limit as Mpgo in-
creased, with the limit ultimately being reached for copoly-
mers with Mpgo > 60 kg/mol. Thus, we expect similar
behavior in our PS-PEO/[EMI][TFESI] solutions, where increas-
ing Mpgo of the diblocks could lead to higher ionic conductiv-
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ity and o/omay values approaching 2/3 for samples possessing
lamellar microstructure.

Figures 9a and b show ionic conductivity of the PS-PEO
solutions vs Mpgo at r = 0.20 and 0.25, respectively. As can
be seen, the ionic conductivity of the copolymer solutions
increases with Mpgo. The studies of Singh and Panday
discussed previously also report increasing ionic conductivity
with Mpgo for PS-PEO diblocks doped with [Li][TFSI]. These
authors have attributed the increase in conductivity to an
increase in ionic dissociation at the center of the conductive
PEO domains. This is reasoned to be a result of a gradient
in the dielectric constant of the PEO domains, with the value
increasing toward the center of the domains. The increase
in dielectric constant stems from an increase in chain
conformational freedom with increasing distance from the
domain interface, where the PEO chains have a more highly
stretched conformation. Indeed, Gomez et al. have observed
localization of ions at the center of the PEO domains using
energy-filtered transmission electron microscopy (74). It is
conceivable that similar effects result in the increase in
conductivity with Mpgo observed in our PS-PEO/[EMI][TESI]
solutions.

Figures 10a—d shows o vs r for PEO homopolymer,
SO(20—13), SO(20—8), and SO(20—6) solutions, respec-
tively. The ionic conductivity for the PEO homopolymer and
the PS-PEO copolymer solutions increases with ion content
for all the concentrations measured. Similar results were
observed by Chen et al. for poly(methyl methacrylate)
homopolymer (PMMA) and a random PMMA-r-PS copolymer
diluted with [EMI][TFSI] (42). In comparison, PEO doped
with atomic ions (e.g., Li* salts) shows a maximum in ionic
conductivity with increasing r. This result has been observed
in both PEO homopolymers (75) and copolymers containing
PEO blocks (72). Initially, at low values of r, increasing ion
content leads to higher conductivity due to an increase in
the number of charge carriers. However, at higher values of
r a decrease in conductivity is observed because of ion
pairing and transient cross-linking of the PEO chains due to
strong coordination with the cations. Conversely, the large
size, asymmetry, and charge delocalization of the ionic liquid
ions potentially leads to weaker ion-dipole interactions with
the PEO chains. In other words, the same characteristics that
lead to low ionic liquid melting points, allows for increasing
ionic conductivity with r. This is supported by recently
reported molecular dynamics simulations of electrolytes
based on PEO and ionic liquids (76), where the researchers
found decreased interaction strength between PEO and the
large ions of an ionic liquid, as compared to Li*. This study
involved the ionic liquids 1,3-dimethylimidazolium hexaflu-
orophosphate [MMI][PF¢] and 1-butyl-3-methylimidazolium
hexafluorophosphate [BMI][PF]. Although these ionic lig-
uids differ from that used in the present study, we believe
parallels can safely be drawn because the nature of the
interactions depends mostly on the cations and the PEO
chains. Thus, we anticipate [EMI] to behave similarly to
[MMI] and [BMI].
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CONCLUSION
Concentrated solutions of PS-PEO in [EMI][TFSI] possess

well-defined nanostructure that can be tuned by simply
adjusting solution concentration. [EMI][TFSI] is found to be
strongly selective for PEO, and thus the ionic liquid is
confined to the microstructure adopted by the PEO domains
of the copolymer. These simple nanostructured electrolyte
materials displayed ionic conductivities in the range of 1 x
107% S/cm at 100 °C, and show further promise due to their
increasing ionic conductivity with both ion concentration
and Mpgo. One drawback for these materials is a limit in their
ultimate conductivity due to the randomly oriented micro-
structure grains inherent in the bulk samples. Thus efforts
are ongoing to align the electrolyte microstructure in order
to improve the ultimate ionic conductivity attainable for
these materials.
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