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ABSTRACT: We report on the thermal properties, phase behavior, and thermodynamics of a series of
polystyrene-block-poly(ethylene oxide) copolymers (SEO) mixed with the ionic species Li[N(SO,CFj3),]
(LiTFSI), imidazolium TFSI (ImTFSI), and an equimolar mixture of LiTFSI and ImTFSI (Mix). Differ-
ential scanning calorimetric scans reveal similar thermal behavior of SEO/LiTFSI and SEOQ/ImTFSI at the
same salt concentrations. Phase behavior and thermodynamics were determined using a combination of
small-angle X-ray scattering and birefringence. The thermodynamics of our mixtures can be mapped on to the
theory of neat block copolymer phase behavior provided the Flory—Huggins interaction parameter,
%, between the blocks is replaced by an effective y (y.fr) that increases linearly with salt concentration. The
phase behavior and the value of m, the slope of the y.g versus salt concentration data, were similar for SEO/
LiTFSI, SEO/ImTFSI, and SEO/Mix blends. The theory developed by Wang [ J. Phys. Chem. B. 2008, 41,
16205] provides a basis for understanding the fundamental underpinnings of the measured value of m.
We compare our experimental results with the predictions of this theory with no adjustable parameters.

Introduction

Block copolymers are known to self-assemble into a wide
variety of morphologies such as lamellae (LAM), gyroid (GYR),
and hexagonally packed cylinders (CYL) with characteristic
length scales on the order of 10—100 nm. Charge transport
enabled by the presence of continuous domains such as LAM,
CYL, and networks can be exploited to obtain structured poly-
mer electrolyte membranes (PEM).'™'® Typically, when block
copolymers are designed for use as a PEM, one block preferen-
tially solvates the ionic species (e.g., salts), enabling ion conduc-
tion. Although an ionic species can be incorporated into the
backbone of a polymer chain, we focus on polymer electrolytes
where ionic species are added to the polymer. A promising
PEM for rechargeable lithium metal batteries is poly(ethylene
oxide) (PEO), which readily dissolves lithium salts such as
Li[N(SO,CF3),] (LiTFSI). The second block, which is non-
conductive, can be tuned to optimize other aspects of the PEM
such as mechanical strength. As has been the case with previous
studies from our group,">~!"!? we use PEO blocks to dissolve the
salts and polystyrene (PS) blocks to obtain the nonconductive
microphase.

The effect of salts on the properties of PEO homopolymers has
been studied extensively.**~2* An overview of this body of work
can be found in ref 25. We focus on studies of the phase behavior
of PEQ/salt mixtures. The nature of both the cations and anions
affect the properties of PEO/salt mixtures. It has been reported
that the solubility of alkali metal salts with TFSI™ as the
counterion in PEO (molecular weight of about 4 kg/mol) in-
creases with decreasing ion radius.?® In this paper we often use the
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molar ratio of cations to monomers in the ion-solvating polymer
chain or block, r, to quantify the salt concentration in our system.
In the case of mixed salts, r includes cations from both salts. The
values of rat the solubility limit for LITFSI, NaTFSI, and KTFSI
are0.67,0.25, and 0.20, respectively. The phase diagrams of PEO/
NaTFSI and PEO/LiTFSI, reported in refs 26 and 21, exhibit
important differences. Crystalline intermediate compounds are
obtained at EO:Na ratios of 7:1 and 3:1 in PEO/NaTFSI with
melting points of 50 and 68 °C, respectively, and at EO:Li ratios
of 6:1, 3:1 and 2:1 in PEO/LiTFSI with melting points of 46, 85,
and 110 °C, respectively. In the case of PEO/LITFSI, crystal-
lization of PEO is not observed in compositions between r = 0.08
and 0.17, resulting in a window that has been referred to as the
crystallinity gap. The crystallinity gap is not found in PEO/
NaTFSI or PEO/KTFSI, i.e. there is no suppression of PEO
crystallization in the presence of NaTFSI or KTFSI. The
solubility limit of alkali metal salts is also affected by changes
in the anion. For example, changing the salt from LiTFSI to
LiSCN changes the solubility limit from r = 0.67 to 0.33. In
contrast, the values of r at the solubility limit for KSCN and
KTFSI are within experimental error (0.20). Changing the anion
from TFSI™ to CF3SO,N(CH,);0OCH;~ (MPSA™) results in a
dramatic change in phase behavior. The phase behavior of PEO/
LiMPSA is that of a simple binary eutetic with no intermediate
crystalline compounds or crystallinity gaps. In contrast, the phase
behavior of PEO/KMPSA contains a large crystallinity gap.

It is evident from the above discussion that the behavior of
both crystalline and amorphous PEO/salt mixtures depends on
the chemical structure of the anion and the cation. Effects such
as ion dissociation, charge delocalization, and dispersive inter-
actions between the ions and the polymer (particularly for large
cations) play an important role in determining phase behavior.
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Some insight into the underpinnings of the observed phase
behavior is obtained by measuring the ionic conductivity of
PEO/salt mixtures. Studies of LiTFSI, NaTFSI, and KTFSI in
PEO show that the conductivity values of these systems in the low
salt concentration limit have a weak dependence on the cation
(LiTFSI and NaTFSI have conductivity values of 1.1 x 10~°
S/cm while KTFSI has a value of 0.9 x 1072 S/cm at r = 0.03).%
This is probably because most of the current is carried by the
anion. The measured transference number of the cation in
LiTFSI/PEO mixtures, the most widely studied system, ranges
from 0.17 to 0.6 (for r of 0.03 to 0.20).>” The nature of the anion has
a profound effect on conductivity. The conductivity values
of PEO/LiTFSI mixtures at low temperatures is several-fold
higher than that of PEO mixed with LiClO4 or LiCF5SOj; at the
same r.>'*%2>28 This is principally due to the large TFSI™ anion,
which has high charge delocalization allowing for greater disso-
ciation.?> Spectroscopic studies indicate that the dissociation of
alkali metal salts in PEO is complicated by the formation of ion
pairs, triplets (Li* associated with an ion pair), and other complex
aggregates.”

Another class of TFSI-containing compounds is ionic liquids
(IL), such as imidazolium TFSI (ImTFSI) and pyrrolidinium
TFSI. Whereas salts are crystalline solids in the temperature
range of interest, [Ls are liquids at moderate temperatures. These
compounds are of great current interest due to their unique
physiochemical properties (e.g., nonflammability, negligible
vapor pressure, electrochemical stability, etc.) and their ability to
promote ion conduction.”? ** Their liquid structure and high
ionic conductivity (at 30 °C, ILs have conductivity values on the
order of 10~ to 1072 S/cm™¥>3) have been shown to enhance
conductivity of PEOQ/LIiTFSI systems. Thus, ionic liquids have
been investigated as a supporting electrolyte for the PEO/LiTFSI
system for lithium batteries.

The thermal properties of IL-containing PEO systems differ
from PEO/LIiTFSI systems. DSC thermograms of PEO/LiTFSI/
IL systems have distinct crystallinity peaks corresponding to
either PEO crystals or P(EO)sLiTFSI crystals at all ionic liquid
concentrations.*>¥*¥”3 That is, PEO/LiTFSI/IL mixtures do
not exhibit full suppression of the crystallinity peak as seen in the
crystallinity gap of PEO/LiTFSI systems. There is some suppres-
sion of the crystalline phases. Zhu et al.*” measured the decrease
in AH,, upon addition of I-ethyl-3-methylimidazolium TFSI
(EMITESI) or N-methyl-N-propylpiperidinium TFSI (PP;TESI)
to a sample of P(EO),LiTFSI. In the equimolar IL to LiTFSI case,
AH,, decreases from 73.94 J/g for PEO/LITFSI (r = 0.05) to 41.66
J/g for PEO/LITFSI/EMITFSI (r = 0.10) and 36.46 J {Sg for PEO/
LiTESI/PP;TFSI (» = 0.10). Similarly, Cheng et al.” measured
a decrease in AH,, for P(EO),,LiTFSI systems with 1-butyl-4-
methylpyridinium (BMPyTFSI). At r = 0.10, equimolar LiTFSI:
BMPyTFSI, AH,,, = 20.89 J/g. Despite the presence of crystals in
PEO/LIiTFSI/IL systems, room temperature conductivity of these
samples are still high. At 20 °C, the conductivity values of PEO/
LiTFSI systems with various N—but}ll-N—methylpyrrolidinium range
from 2.02 x 107¢ to 1.28 x 10™* S/em.* In the case of pure
EMITFSI in PEO or SEO studied by Simone et al..*® complete
suppression of crystallinity is seen at » = 0.20 and » = 0.25. Simone
et al. also note a change in SEO phase behavior with increasing
EMITEFSI content. As EMITFSI concentration is increased, the
samples transform from CYL (with minor phase PEO), to LAM, to
CYL (with major phase PEO).

In this paper, we study the effect of adding the salt LiTFSI
(melting point of 234 °C) and the ionic liquid ImTFSI (melting
point of 72 °C) to polystyrene-block-poly(ethylene oxide) (SEO)
copolymers on thermodynamics and morphology. Figure 1
shows the structure of Li", TFSI", and Im™. Li" is small and
spherical, while Im™ is large and planar. For simplicity, we use
the term “salt” to refer to either ImTFSI or LiTFSI. Some of

Macromolecules, Vol. 43, No. 19, 2010 8283

FsC-S

|
$-CFs HNZZ)NH
® iy ©)

Figure 1. Schematic of Li* cation, TFSI™ anion, and Im* cation.
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Table 1. Properties of LiTFSI and ImTFSI ions

salt melting point (°C) cation radius (nm) anion radius (nm)

LiTFSI 234 0.076 0.381
ImTFSI 72 0.210 0.381

the relevant characteristics of the salts are given in Table I.
One expects effects such as ion dissociation, charge delocaliza-
tion, and dispersive interactions between the ions and the poly-
mer to affect salt/block copolymer thermodynamics, as was the
case with PEO/salt mixtures. The added factor in the system of
interest is the dispersive interaction between polystyrene (PS) and
PEO blocks in the SEO copolymer. The phase behavior of neat
block copolymers are governed by the volume fraction of one of
the blocks, ¢ (we use the PEO block volume fraction in this
paper), the degree of polymerization, N, and the Flory—Huggins
interaction parameter, ¥, which is a measure of the dispersive
interactions between the two monomers comprising the block
copolymer.* Previous experimental'”'®* and theoretical*' stud-
ies have demonstrated that the effect of added salt results in an
increase of the “effective” Flory—Huggins interaction parameter,
Zerr- In other words, the framework developed for describing the
thermodynamics of neat block copolymers can be used to
describe the thermodynamics of block copolymer/salt mixtures
provided y is replaced by y.q Similar concepts were used to
describe the thermodynamic properties of block copolymer
solutions.**** Since the added salt resides primarily in one of
the phases, the concomitant changes in ¢ must be taken into
account. In addition, a simple linear relationship between y.g
and r has been proposed:

Xeff = Xneat+lnr (1)

Here, %04 1s the Flory—Huggins interaction parameter of the
neat copolymer, and m is a system-dependent constant. The effect
of salt addition on block copolymer thermodynamics is quanti-
fied by the magnitude of m. In the case of LiCl added to
polystyrene-block-poly(methyl methacrylate) (SMMA) copoly-
mers, ¥.rr increases from 0.0360 to 0.0368, when r increases from
0t0 0.1, indicating that m is about 10~*.** Young et al. found that
values of m in the cases of LiAsFg, LiClO4 and LiCF5SO5 in SEO
copolymers are 5.70, 5.53 and 3.90, respectively.'® Young et al.
noted that the effective repulsion between the blocks gets weaker
as the Lewis basicity of the anion decreases. In our previous
publication, Wanakule et al. reported that m for SEO/LiTFSI is
1.56."7 The data obtained in ref 17 are consistent with the
arguments of Young et al. There is considerable uncertainty in
the determination of salt concentration in the SMMA/LiCl
mixtures as it was obtained by spectroscopy owing to the
immiscibility of the salt in the polymer.** No such difficulty
arises in the case of mixtures of SEO and lithium salts and the salt
concentration can readily be determined gravimetrically. The
effect of this on the 4 orders of magnitude difference in the
measured values of m in SMMA and SEO is unclear.
Theoretical work by Wang*' indicates that m can be cal-
culated using independently determined parameters such as
the dielectric constants of the two phases, the size of the ions,
the extent of dissociation, the dielectric constant of the block
copolymer microphases, and the statistical segment lengths of
the copolymer chains. In this paper, we compare our experi-
mental data and that reported in ref 18 with the predictions
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Table 2. Characterization of copolymers used in this study

polymer M, ps (kg/mol) M, pro (kg/mol) ¢(PEO block) PDI
SEO(5.3—3.0) 5.3 3.0 0.34 1.02
SEO(5.3—3.6) 5.3 3.6 0.38 1.02
SEO(4.6—3.7) 4.6 3.7 0.43 1.02
SEO(6.4—7.2) 6.4 7.2 0.52 1.02
SEO(3.1-5.1) 3.1 5.1 0.60 1.02
SEO(2.3—4.6) 2.3 4.6 0.65 1.02

of the theory developed in ref 41 without resorting to any
adjustable parameters.

Experimental Section

Materials. The polystyrene-block-poly(ethylene oxide) copoly-
mers used in this study were synthesized by sequential living
polymerization using the methods described in refs 46—48. The
polystyrene block was synthesized first using sec-butyl lithium
as the initiator. This was followed by the polymerization of
ethylene oxide with P4 fert-butylphosphazene base as a catalyst
and then terminated with 2-propanol. The copolymers were
purified by filtration of the SEO dissolved in benzene through a
0.2 um filter followed by precipitation in a cold hexane solution.
The filtration/precipitation steps were repeated two more times.
The molecular weight of the polystyrene block and the poly-
dispersity indices (PDI) of the polystyrene block and overall
polymer were obtained by size exclusion chromatography using
a Waters 717 plus autosampler instrument equipped with a
Waters 486 tunable absorbance detector and Wyatt Tech
DAWN EOS light-scattering detector calibrated with polysty-
rene standards. 'H NMR spectroscopy was used to determine
the volume fraction of each block. The polymers used in this
study, which we call SEO(xx—yy) where xx and yy are the
molecular weights of the PS and PEO blocks in kg/mol respec-
tively, are listed in Table 2.

LiTFSI salt, purchased from Sigma-Aldrich, was heated at
100 °C under vacuum for 1—2 days to get rid of residual
moisture and then stored in the glovebox. Imidazole (=95%)
and bis(trifluoromethane)sulfonimide (HTFSI, 295%) were
purchased from Sigma-Aldrich and purified by sublimation
under vacuum. Differential scanning calorimetry (DSC) and
"H NMR were used to assess the purity of the two starting
materials. Purified imidazole and HTFSI were combined in
equimolar quantities in a glovebox, sealed, and heated in an
oven outside the glovebox to 100 °C for 2—3 h to prepare the
ionic liquid ImTFSI. The composition of the ionic liquid was
confirmed by comparing the measured melting point of the
compound, using DSC, with literature.*’

The copolymers were doped with the salt LiTFSI, the ionic
liquid ImTFSI, or a 50:50 molar mixture of the salt and the ionic
liquid (Mix). To prepare the doped copolymers, the SEO was
first dried at 90 °C under vacuum for 1 day, then immediately
brought into the glovebox. A predetermined amount of LiTFSI
and/or ImTFSI was added to the polymer. The salt and ionic
liquid concentration in our copolymers is quantified by the
molar ratio of cation to ethylene oxide moieties, , which ranges
from 0.01 to 0.125. Samples were typically freeze-dried, and then
annealed in a sample cell at 110 °C for 2 days. lonic liquid samples
were prepared by solvent casting from dry dichloromethane, and
annealed at 110 °C inside a glovebox for about 12 h.

Structural Characterization. The structure of the polymer
electrolyte was determined by small-angle X-ray scattering
(SAXS). SAXS samples were sealed off in a custom-designed-
airtight sample holder with Kapton windows and annealed for
1—3 days at 100 °C. Because of the hygroscopic nature of the
salts, glovebox integrity was maintained throughout all stages of
experimentation.

Measurements were performed at beamline 7.3.3 at the
Advanced Light Source (ALS) at Lawrence Berkeley National
Laboratory and beamline 1—4 at the Stanford Synchrotron
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Figure 2. DSC scans of SEO with LiTFSI and ImTFSI.

Radiation Laboratory (SSRL). Samples were mounted on a
custom-built temperature stage and annealed at each tempera-
ture for 20 min before taking measurements. Longer annealing
times were not practical due to limited access to the instrumen-
tation. A silver behenate sample was used as a standard. Full
two-dimensional scattering patterns were collected on an ADSC
CCD detector. The scattering patterns from ALS were reduced
using the Nika program for Igor Pro available from Jan Ilavsky
at Argonne National Laboratory, and data from SSRL were
reduced using a program written by John Pople at SSRL.

Order-to-disorder transition (ODT) temperatures were con-
firmed using birefringence. Birefringence measurements were
performed using the setup described in ref 50 with a plane-
polarized laser beam with wavelength 633 nm as the source. The
samples were subjected to two heating and cooling cycles with
temperature steps of approximately 10 °C. Minimum annealing
times for the heating and cooling runs at each temperature were
20 and 45 min, respectively. The intensity of the beam after it
passed through the sample placed between two crossed polar-
izers was recorded with a photodiode as a function of tempera-
ture and then normalized by the incident intensity.

Differential scanning calorimetry (DSC) was performed on a
TA Instruments DSC 2920. The samples were crimped in a
glovebox using hermetically sealed pans and placed inside a
container with desiccant for transfer to the DSC. Indium and
dodecane were used as calibration standards for the DSC.
Samples underwent three heating and cooling cycles.

Results and Discussion

We first focus on the thermal properties of SEO with LiTFSI
and ImTFSI. Parts a and b of Figure 2 show DSC scans of
SEO(6.4—7.2) with varying concentrations of LiTFSI and SEO-
(3.1-5.1) with varying levels of ImTFSI, respectively, at 5 °C/
min. The melting point of the PEO/salt microphase and the
enthalpy of melting, AH,,,, decrease with increasing r in both
SEO/LIiTFSI and SEQ/ImTFSI. The melting peak temperature
decreases from 50 to 40 °C as r is increased from 0 to 0.05, while
AH,, values decrease from 55 to 19 J/g in SEO(6.4—7.2)/LiTFSI
and from 63 to 32 J/g in SEO(3.1-5.1)/ImTFSI. At r values
higher than 0.05, we observe complete suppression of crystal-
linity. This behavior is consistent with observations of Lascaud
et al. on PEO/LiTFSI homopolymer/salt mixtures.”' They mea-
sured a decrease in melting temperatures with increasing salt
concentration up tor = 0.08. Between » = 0.08 and 0.17, a crystal-
linity gap appears in the PEO/LiTFSI phase diagram. The fact that
the phase behavior of SEO/LiTFSI and SEO/ImTFSI data agrees
with PEO/LIiTFSI data indicates that the salts are preferentially
segregating to the PEO-rich domains. This is due to the higher
dielectric constant, &, of the PEO domain (estimates of epgp range
from 4 to 8,”'~>* while that of epg ranges from 2 to 4°>°°), and

specific interactions between ether oxygens and Li*.!*
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Figure 3. SAXS profiles for SEO(3.1—5.1) with varying concentrations of (a) LiTFSI, (b) Mix, and (c) ImTFSI at 100 °C. Arrows, closed upside down
triangles and open upside down triangles indicate higher order reflections of LAM, GYR, and CYL, respectively.

One can also view salts as highly selective solvents. Extensive
studies by Lodge et al.’™® have shown that this leads to stabi-
lization of the ordered phase. This behavior is apparent in the
SAXS profiles of SEO(3.1 —5.1) at 100 °C with varying con-
centrations of LiTFSI, a 50:50 molar mixture of both LiTFSI
and ImTFSI (Mix), and ImTFSI as shown in Figure 3. Although
the neat polymer is disordered (DIS) at all temperatures, chang-
ing r allows us to access a wide variety of morphologies including
lamellar (LAM), gyroid (GYR) and hexagonally packed cylin-
ders (CYL). At an r value of 0.03, the primary peaks in the
SEO(3.1 — 5.1) with ImTFSI and Mix are significantly sharper
than those at r = 0 (full-width-at-half maximum of peak
decreases by an order of magnitude). Higher order peaks can
be seen at 2¢* for SEO(3.1 — 5.1)/ImTFSI, shown by the arrow in
Figure 3b, indicating that the samples are LAM. Following the
arguments presented in ref 17, we conclude that the addition of
salt leads to a DIS to LAM transition in these samples at 100 °C.
SEO(3.1 — 5.1)/Mix samples contain the higher order 2¢* peaks
at lower temperatures, but not in the vicinity of the ODT at
100 °C. The loss of higher order peaks is often observed in weakly
ordered block copolymers due to effects in the vicinity of the
ODT such as limited long-range order and diminished contrast
between the coexisting phases. At r=0.05, SEO(3.1-5.1)/LiTFSI
and SEO(3.1 — 5.1)/Mix samples are clearly GYR, with promi-
nent peaks at +/(4/3)¢* and +/(7/3)¢* (for the Mix case), as
indicated by the upside-down filled triangles in Figure 3a and b.
For the sample with ImTFSI at r=0.05 (Figure 3c), a shoulder is
apparent at /(4/3)¢*.> Higher order reflections at +/(10/3)g*
and +/(24/3)¢* further confirm the GYR structure in this sample.
At r = 0.085 and above for SEO(3.1—5.1) combined with
LiTFSI, Mix, and ImTFSI, the samples are clearly CYL with
higher order peaks at +/3¢*, v/4¢*, +/7¢*, and /9¢*.

Similar experiments were carried out over a range of tem-
peratures between 70 and 150 °C, and a phase diagram (Figure 4)
was constructed using SAXS profiles of SEO(3.1-5.1) with
LiTFSI and ImTFSI at r = 0, 0.02, 0.03, 0.05, 0.085, and
0.125. Note that we generalize the definition of r to be the ratio
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Figure 4. Phase behavior of SEO(3.1—5.1) at various temperatures and
concentrations of (a) LiTFSI and (b) ImTFSI, where DIS is the
disordered phase, GYR is the gyroid phase, LAM is the lamellar phase,
CYL is the hexagonally packed cylinders phase, and GYR/LAM is
coexistence of GYR and LAM. Dashed lines are locations of transitions
within £5 °C. The error in ris £0.005 at the DIS/LAM transition, +0.01
at the DIS/GYR transition, and £0.0175 at the GYR/CYL transition.

of all cations to EO monomers in the mixtures. The top axes of
Figure 4 show is the calculated volume fraction of the PEO-rich
phase, dro/sar, in the presence (or absence) of salt. The changes in
®E0/saic due to changes in r were calculated using the relationship
between the density of PEO/LITFSI phase and salt concentra-
tion, as described in ref 27. Similar density data were not available
for PEO/ImTFSI mixtures. We have assumed that the depen-
dence of ¢go/sar on r for PEO/IMTFSI and PEO/LiTFSI are
identical. The series of phase transitions shown in Figure 4 are the
result of changes in both y.r and ¢go/sa With increasing r.

The neat polymer is disordered (DIS) at all temperatures. At
temperatures below 90 °C, we find that as the salt concentration is
increased from r = 0.02 to » = 0.03, the LAM phase is favored
over the DIS phase, indicating a disorder-to-order transition
(DOT) at r = 0.025 £ 0.005 for SEO(3.1-5.1) with LiTFSI or
ImTFSI. The LAM phase persists at » = 0.03 up to 7' = 93 °C for
LiTFSI/SEO(3.1-5.1) and T=117 °C for InTFSI/SEO(3.1-5.1).
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Figure 5. Birefringence detection of the ODT temperatures for SEO-
(3.1-5.1) at r = 0.03 for LiTFSI (M) and ImTFSI (@®).

Locations of ODTs and OOTs were confirmed with birefringence,
as described in ref 17, with a precision of 5 °C. Figure 5 plots the
birefringence signal (1/1,), where I is the measured intensity and 1,
is the incident intensity, as a function of temperature for SEO-
(3.1=5.1) at r=10.03 for samples with LiTFSI and ImTFSI. The
ODT temperatures are at 93 °C for SEO(3.1—5.1)/LiTFSI and at
117 °C for SEO(3.1—5.1)/ImTFSL

Above these respective ODTs, Figure 4 shows a DIS to GYR
or GYR/LAM coexistence at r = 0.04 £ 0.01 instead of a DIS to
LAM transition. For GYR/LAM coexistence, higher order
reflections for both systems are seen in the SAXS profiles, and
the birefringence signals decreased gradually with temperature
instead of a step decrease in intensity which typically occurs at
transitions, as described in ref 17. At r = 0.068 £+ 0.018
and higher (up to r = 0.125), CYL is obtained, regardless of
temperature. We note in passing that the Gibbs phase rule
requires coexisting phases to exist at each boundary between
single-phase regions. The phase rule also requires the presence of
a thin pure GYR phase between the coexistence region and the
CYL phase. The fact that these features are not observed simply
implies that the windows are narrower than the width of steps
used to determine the phase diagram.

In general, SEO/LiTFSI and SEO/ImTFSI show similar phase
behavior. Minor differences occur around r = 0.03, where the
ImTFSI stabilizes the LAM phase to a higher temperature than
LiTFSI (Figure 4 and Figure 5). This suggests that the cation
plays a minor role in determining the phase behavior of SEO/salt
mixtures. There has been considerable focus on the liquid-like
structure of EO monomers solvating the Li" ion due to a match in
the spacing between the ether oxygens in the PEO chains and the
radius of the solvation shell.®*~% It is likely that the solvation
shell around the Im* ion is very different from that of the Li" ion
due to the differences in ion radius and shape. The fact that these
differences have little effect on the phase behavior of SEO/salt
mixtures is somewhat surprising. This result cannot be antici-
pated from the strong effect of cation size on the properties of
salt/PEO mixtures as discussed in the Introduction.

If we 6picture the well-known block copolymer phase
diagram,®*® the effect of adding salt to the SEO copolymer
corresponds to a “movement” from a point on the phase
diagram in the disordered state near the middle of the phase
diagram diagonally up and to the right, toward higher values
of yerrand ¢rosar. The observed movement in block copoly-
mer/salt mixtures is similar to that obtained in block
copolymer/selective solvent mixtures.*’

We can quantify the increase in y.r as a function of r by
exploiting well-known relationships between y and the ODT. By
studying the phase behavior of several other SEO/salt mixtures in
a similar manner to the analysis of SEO(3.1 — 5.1) above, ODTs
at various salt concentrations were obtained. The results in these
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Table 3. List of Polymer Systems and Locations of Order—Disorder
Transition Temperatures”

polymer salt r ODT (°C)
SEO(6.4—7.2) N/A 0 95
SEO(5.3—3.6) LiTFSI 0.019 95
SEO(4.6—3.7) LiTFSI 0.02 115
SEO(5.3—3.0) LiTFSI 0.027 105
SEO(3.1-5.1) LiTFSI 0.03 93
SEO(2.3—4.6) LiTFSI 0.05 130
SEO(4.6—3.7) ImTFSI 0.01 DIS
SEO(4.6—3.7) ImTFSI 0.02 CYL
SEO(3.1-5.1) ImTFSI 0.03 117
SEO(3.1-5.1) Mix 0.03 80
SEO(2.3—4.6) Mix 0.05 130

“In cases where no ODT is observed between 50 to 150 °C, the
structure is given instead.

Table 4. List of Parameters Used in Equations 2 and 3 To Determine
Jerr from Experimental Results

polymer r N PEO/salt S S5
SEO(6.4—7.2) 0 219 0.52 10.6 17.5
SEO(5.3—3.6) 0.019 145 0.395 11.3 19.7
SEO(4.6—3.7) 0.01 135 0.436 10.7 18.9
SEO(4.6—3.7) 0.02 135 0.443 10.7 18.8
SEO(5.3—3.0) 0.027 136 0.357 124 21.8
SEO(3.1-5.1) 0.03 131 0.62 11.8 20.8
SEO(2.3—4.6) 0.05 110 0.68 13.9 253

systems are summarized in Table 3. Included in this list are binary
mixtures of SEOs with LiTFSI, ImTFSI, and ternary mixtures of
SEOs with 50:50 (mole basis) mixtures of LiTFSI:ImTFSI
(labeled as Mix in Table 3). In the case of the Mix, r includes
cations of both salts. The phase behavior reported in Table 3 was
obtained using a combination of SAXS and birefringence. In the
case of SEO(4.6—3.7) doped with ImTFSI, we conclude that
ODT occurs at r = 0.015 & 0.005 since it is DIS at » = 0.01 and
CYL at r = 0.02 across the accessible temperature window.

In our previous publication,'” we employed Leibler’s mean field
theory on the thermodynamics of block copolymer melts to
determine y. of the SEO/LiTFSI mixtures. According to Leibler:*

(eyN)opr = S1(Beo/san) (2)

where N is defined by N = (vg/vo)Nps + (Veo/vo) NpEo, USING vy =
0.1 nm?, vgo is the volume of the PEO monomer (0.069 nm?), v is
the volume of the PS monomer (0.179 nm3), Nps 1s the number of
styrene monomers in the PS block, Npgo is the number of EO
monomers in the PEO block, and S|(¢rosar) 1 a variable that
depends solely on the volume fraction of the EO-rich microphase.
The values of ¢roysai and N corresponding to each system are given
in Table 4.

Using eq 2 and Tables 3 and 4, the Yerr MeanField fOr each
polymer/salt combination is calculated. Figure 6 plots ¥ef. meanField
vs r for SEOQ/LITFSI mixtures (closed squares), SEO/Mix
(closed triangles), and SEO/ImTFSI mixtures (closed circles). We
note that SEO(2.3—4.6)/ImTFSI at r=0.05 (the highest ImTFSI
concentration probed for this particular polymer) was macro-
phase separated (salt precipitation was visible to the naked eye).
All of the other samples remain transparent over the temperature
range of the experiments. This indicates that the solubility of
ImTFSI in SEO(2.3—4.6) is less than that of LiTFSI. The line
through the points in Figure 6 is the linear least-squares fit
through all the mean-field data with the corresponding fit
equation, Jefr, MeanFicld a8 @ linear function of r indicated in the
figure. This linear relationship corresponds with eq 1 with the
slope of the line, m, equal to 1.52 £ 0.2. The fact that the data for
all salt/SEO mixtures lie on the same line indicates that despite the
numerous differences between LiTFSI and ImTFSI including
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Figure 6. Plot of y.rr vs r for LiITFSI (squares), ImTFSI (circles), and
50:50 Mix of both (triangles) in SEO from the mean-field calculated g
using eq 2 (closed markers) and fluctuation corrected y. using eq 3
(open markers).

cation size and physical state, the thermodynamics of these SEO/
salt systems is dominated by the interactions between the TFSI™
anion and PEO. This is in sharp contrast to the phase behavior of
PEQO/salt mixtures, which depends on the chemical structure of
both the cation and the anion.

We also use the more elaborate theory of Fredrickson and
Helfand that includes the effect of composition fluctuations
on the thermodynamics of block copolymers. In this theory,
(XerrN)opt depends on both ¢ro sa and N 63

ey N)opr = S2(N, deo/sar) (3)

For a symmetric block copolymer, Fredrickson and Helfand
predict the location of the ODT to occur at (yN)opt = 10.495 +
41.022N" '3, which is equivalent to S at ¢gosar = 0.5. As a
first approximation, we have calculated values of S, at other

PEO0/sal USING
S2(N, $eo/sai) = UN)S1(Peo/sait) (4)

where a(N) = 1+3.91N P istheratio S,/S; at proysar = 0.5. In
the small chain length limit (N = 10%), the fluctuation corrected
phase boundary is approximately parallel to the mean field
calculated curve from ¢ = 0.3 to 0.7. Since fluctuation effects
are important in low molecular weight systems, one expects
significant corrections to the mean-field calculations. Figure 6
also shows the relationship between yefr, Fuctuation a0d 7 calculated
using eq 3 for SEO/LiTFSI, SEO/ImTFSI, and SEO/Mix. The
values of m and y,e, using the fluctuation corrected calculation
are about a factor of 2 higher than those of the mean-field
calculation (2.92 4 0.4 and 0.080 instead of 1.52 4 0.2 and 0.049,
respectively). The literature value of ¥ for SEO is 0.048 at
100 °C.”%"" This value, which was determined using the random
phase approximation, is in agreement with our mean-field
analysis for neat SEO. Our analysis ignores the temperature-
dependence of y.g, which appears to be much weaker than the
m-dependence of y.r.

Inref 18, Young et al experimentally measured m for mixtures
of SEO with LiCF;3S0s3, LiClO4, and LiAsFg. In that paper, they
used SEO copolymers with molecular weights that were signifi-
cantly higher than those used in this paper. They compared the
observed increase in the domain spacing with added salt and used
the strong segregation theory of neat block copolymers to infer
the effect of salt on y.rand m. Their values of y.r were determined
relative to the value of ye. obtained from literature.®® The
experimental values of m for TFSI™, CF3;SO;, ClO4, and
AsF¢ as a function of anion radius are plotted in Figure 7.
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Figure 7. Comparison of theoretical (O) and experimental (O) m values
for various anions. Anion size obtained from refs 72—74. Theoretical
values of m were calculated using eq 5 and experimental values of m for
CF3S05 7, ClO4 , and AsF¢  obtained from ref 18. The TFSI™ value is
from the mean-field calculations (eq 2) with an error bar to indicate the
fluctuation-corrected value (eq 3).

The m value for TFSI™ using mean-field calculations is plotted
with an error bar, the edge of which indicates the fluctuation-
corrected value.

An expression for m in the mean field limit is derived in ref 41
by combining Flory-Huggins theory with the Born energy for
solvating ions and the translational entropy of the ions. In that
theory, the change in y arises from several competing effects: the
tendency for free, mobile ions to be preferentially solvated by
the phase rich in the component of the higher dielectric constant, the
translational entropy of the ions, and the local enrichment of the
higher dielectric component around an ion in the homogeneous
mixture. The Li* ions are expected to be tightly bound to the
oxygen groups of the EO blocks in both the disordered and
ordered states. Thus, their energetics are, to a first approxima-
tion, unaffected by microphase separation. By the considerations
inref 41, only the free anions contribute to changing the miscibility
of the S and EO blocks. Taking the anions as the dominant
contributor and accounting for differences in parameter definitions,
we arrive at the following theoretical prediction for m:

Y VAV IR U/AAYIN.
Mhieory = 7,7 = ( 8VEO ) (as) (ae ! n3£a2> ( 3 > 5)
where v, is the reference volume and vgg is the volume of an EO
monomer as defined in eq 2, ¢go is the volume fraction of PEO
in the diblock, /y is the Bjerrum length in vacuum (43.6 nm at
110 °C), ais the radius of the anion, 4,, the packing length (0.287
for a symmetric SEO system) which is defined by v(,/bm,e2 (where
b,y 1s the average statistical segment length defined by bpgobps/
(Peobpro+ Psbps) and bpro and bpg are the statistical segment
lengths of PEO and PS, respectively, based on a monomer of
volume v,), ¢ is the average dielectric constant of the polymer
defined as ¢ = (¢ro)epro + (Ps)eps and Ae is the difference in
dielectric constants defined as Ae = epgg — €ps. Details of the
derivation of eq 5 are provided in ref 41. For our calculations, we
use ¢po = 0.5, eppo = 7.5, and epg = 2.6. Strictly speaking, the
expression derived in ref 41 applies to binary polymer blends.
Unpublished calculations show that if the local enrichment effect
is neglected, the change in y is the same for the diblock copolymer
and the binary blend. Here we assume that the local enrichment
effect is also the same for the diblock copolymer and the binary
blend.
Equation 5 is derived assuming that (1) all of the salt ions are
dissociated but only the anions contribute to Mneory, (2) triplets
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and other charged aggregates are not present, and (3) the Li™ ions
are bound to the PEO-blocks in both the ordered and disordered
phases while the anions are free. However, charge neutrality and
the higher dielectric constant of PEO will bias the anions to PEO-
rich locations in both ordered and disordered states. In ref 17,
Wanakule et al. measured the conductivity of a variety of SEO/
LiTFSI mixtures across the ODT. There was neither a disconti-
nuity at the ODT nor a change in slope in the temperature
dependence of the conductivity in the ordered and disordered
state. In other words, the temperature dependence of SEO/
LiTFSI mixtures obtained from fully ordered systems, fully
disordered systems, and systems with accessible ODTs were
identical. We take this observation as evidence that the ions in
the system have the same PEO-rich local environment regardless
of the state of order of the samples. This provides justification for
assumption 3 in the analysis.

In Figure 6, we compare the experimental measurements of
m as a function of anion size with theoretical predictions, #neory-
The only parameter that was varied in the theoretical calculations
was the anion radius. We use values of 0.381, 0.315, 0.24, and
0.243 nm as the radii of TFSI™, CF5S05 ", ClO4 , and AsFy
respectively.”>"*Itis clear that the theory captures the trend seen
in the experimental data. However, the theoretically predicted
values of mypeqry are considerably larger than the experimentally
determined values of m. For completeness, we note that mgeory
values calculated assuming that the cations dominate thermo-
dynamics are —245 for Li* (¢ = 0.076 nm) and 26.1 for Im™
(¢ = 0.21 nm).

Considering that the values of meory Were calculated using all
nonadjustable parameters, the discrepancy between theory and
experiment is reasonable. However, there are many possible
reasons for the fact that theoretically calculated values of m are
larger than experimental measurements. For example, there is a
wide range of epgp and epg reported in literature. 1756 None of
these values were reported for the temperature range of our
experiments. We chose epgo measured for an amorphous PEO
and the median value for eps. If, instead, we use values at the
extremes of the reported ranges (epgo = 4 and epg = 3), the
calculated values of myeory decreases by a factor of 4. Further-
more, the theory does not account for the formation of charged
aggregates and ion pairs directly. Both of these will reduce the ion
concentration and increase the effective ion radius, resulting in a
reduced mypeory. It has also been shown that the addition of
lithium salts to PEO increases the dielectric constant of the
PEO/salt system. If we use a value of epgo = 12 (the dielectric
constant measured for a PEO/LiClO, mixture),>* the calculated
value of Mpeory also decreases. While many improvements can be
proposed, ref 41 provides a starting point for exploring the
underpinnings of the phase behavior of block copolymer/salt
mixtures.

Conclusions

The thermodynamics and phase behavior of mixtures of SEO
copolymers with added salts (LiTFSI, ImTFSI, and mixtures
thereof) were studied by SAXS and birefringence. This enables a
study of the effect of the cation size and shape on the properties of
block copolymer electrolytes. All of our observations were
consistent with the assumption that the salts reside exclusively
in the PEO-rich microphase. The morphologies obtained as a
function of added salt were in agreement with the calculated
changes in volume of the PEO-rich microphase due to the
presence of salt. In addition to changes in effective composition
of the copolymer, the addition of salt increases the effective
Flory—Huggins interaction parameter, y.g, between the PEO/
salt system and PS. Surprisingly, the data obtained from mixtures
containing LiTFSI and ImTFSI were similar, indicating that the
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thermodynamics are dominated by the nature of the anion. The
parameter m that captures the increase in j.q with increasing
salt concentration, r, obtained from experiments described here
and those reported by Young et al.'® was compared with
theoretical predictions of Wang*! with no adjustable parameters.
The qualitative trends seen in the experiments are captured by
theory but the predicted values of m are consistently higher than
those measured experimentally. It is clear, however, that m
decreases with increasing anion size and is independent of the
cation size.
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