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ABSTRACT: Single-ion conducting block copolymers, such as
poly(ethylene oxide)-b-poly[(styrene-4-sulfonyltrifluoromethyl-
sulfonyl)imide lithium] (PEO−P[(STFSI)Li]), represent an
exciting new class of materials capable of improving the
performance of solid-state batteries with metal anodes. In this
work, we report on the synthesis and characterization of a
matched set of lithiated (PEO−P[(STFSI)Li]) and magnesiated
(PEO−P[(STFSI)2Mg]) single-ion conducting diblock copoly-
mers. We measure the temperature dependence of ionic
conductivity, and through analysis using the Vogel−Tamman−
Fulcher (VTF) relation, demonstrate that ion dissociation is significantly lower for all PEO−P[(STFSI)2Mg] samples when
compared to their PEO−P[(STFSI)Li] counterparts. The VTF parameter characterizing the activation barrier to ion hopping
was similar for both cations, but the VTF prefactor that reflects effective charge carrier concentration was higher in the lithiated
samples by an order of magnitude. We study the melt morphology of the single-ion conducting block copolymers using
temperature-dependent X-ray scattering and use the mean-field theory of Leibler to extract the effective Flory−Huggins
interaction parameter (χ) for PEO/P[(STFSI)Li] and PEO/P[(STFSI)2Mg] from the X-ray scattering data. We demonstrate a
linear relationship between the charge-concentration-related VTF parameter and the parameter quantifying the enthalpic
contribution to χ. It is evident that ion dissociation and block copolymer thermodynamics are intimately coupled; ion
dissociation in these systems suppresses microphase separation.

■ INTRODUCTION

The development of high energy density electrical storage
represents an essential task necessary for the efficient
implementation of renewable energy sources toward portable
technologies, transportation, and improvements to the electrical
grid.1−3 High energy density batteries represent one solution to
portable or grid storage; however, to achieve the energy
capacities required for demanding applications such as electric
vehicles, next-generation batteries will almost certainly require
the use of a metal foil anode.4,5 The use of metal foils, such as
lithium, as anodes in rechargeable battery cells introduces many
complications, including chemical instability with liquid
electrolytes and uneven metal deposition that can lead to a
short circuit.6 One successful approach to mitigating these
effects and producing a safe lithium foil battery is to utilize a
solid polymer electrolyte.7

Most research into the development of solid polymer
electrolytes has centered around systems utilizing salt-doped
poly(ethylene oxide) (PEO), which is known to readily solvate
and conduct ions.8 Recently a new class of polymer electrolytes

has been developed, wherein a block copolymer has an ion-
containing block (i.e., the anion is covalently bonded the
polymer backbone) and a neutral block, such as PEO, that can
solvate and transport the counterions from the ion-containing
block.9 As demonstrated by Bouchet and co-workers, triblock
copolymers of poly(ethylene oxide) (PEO) and the lithiated
ion-containing polymer, poly(styrene-4-sulfonyltrifluoromethyl-
sulfonyl)imide lithium P[(STFSI)Li], behave as efficient single-
ion (i.e., Li+) conductors that can significantly improve the
performance of lithium metal batteries.10

In addition to the development of lithium metal batteries,
there is significant interest in the development of alternative
metal foil battery chemistries, such as magnesium metal, which
could provide similar energy density, while decreasing both raw
material cost and the hazards associated with pyrophoric nature
of lithium.11 Unfortunately, stable magnesium conducting
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electrolytes have yet to be developed.11−15 We demonstrate the
development of magnesium-based single-ion conducting block
copolymers.
This study is based on a matched-set of lithiated (Li+) and

magnesiated (Mg2+) single-ion conducting PEO−P(STFSI)
block copolymers with varying P(STFSI) block length (i.e.,
charge concentration). We first explore the impact of
counterion (Li+ vs Mg2+) on the ionic conductivity using
temperature-dependent potentiostatic electrochemical impe-
dance spectroscopy (PEIS). Our analysis reveals that the
number of effective charge carriers contributing to the
conductivity for the lithiated sample is about an order of
magnitude higher than its magnesiated counterpart. To probe
the nanoscale morphology of the single-ion conducting block
copolymers, we performed temperature-dependent small- and
wide-angle X-ray scattering (SAXS/WAXS) measurements.
Our analysis reveals that counterion dissociation in single-ion
conducting block copolymers of PEO−P(STFSI) induces
compatibility between the two blocks, which in the case of
PEO−P[(STFSI)Li] leads to negative effective Flory−Huggins
interaction parameters (χ). In conventional block copolymers,
thermodynamically driven self-assembly through microphase
separation is often leveraged to improve bulk mechanical
properties of the electrolyte film.16−20 The results presented in
this paper suggest that this approach is not applicable to single-
ion conducting block copolymer electrolytes; single-ion systems
with efficient ion conduction are unlikely to exhibit microphase
separation. In this scenario, a new strategy must be employed to
provide the mechanical support necessary to suppress uneven
metal deposition in metal foil batteries,16,20,21 for example, the
introduction of a third incompatible rigid block, such as
polystyrene.

■ EXPERIMENTAL SECTION
Polymer Synthesis and Characterization. PEO−P(STFSI)

polymers with a constant PEO molecular weight and varying
P(STFSI) block length were synthesized as described previously.22,23

The synthesis of block copolymers was confirmed through gel
permeation chromatography (see SI 1), and the molecular weights of
the P(STFSI) blocks were determined through 1H NMR spectroscopy
(see SI 2). The polymerization product has potassium counterions for
the ion-containing block, which were exchanged through dialysis with
lithium chloride (LiCl), as described previously,22,23 and magnesium
chloride (MgCl2) in deionized water to form PEO−P[(STFSI)Li] and
PEO−P[(STFSI)2Mg], respectively. The success of the magnesium
ion exchange was confirmed through Instrumental Neutron Activation
Analysis (INAA) of Cl, F, Mg, and K on PEO-P[(STFSI)2Mg]
samples (Elemental Analysis Inc., see SI 3 for details). The chemical
structures of each type of the single-ion conducting block copolymer
are shown in Figure 1. All of the polymers studied in this work are
listed in Table 1. The PEO−P[(STFSI)Li] and PEO−P[(STFSI)2Mg]
samples were subsequently dried under vacuum for a minimum of 1
week at ambient temperature and then dried under vacuum in a heated
glovebox antechamber at 90 °C for 24 h before being brought into an
argon (Ar) glovebox (MBraun). An inert atmosphere was maintained
for all subsequent sample preparation and analysis.

Thermal transitions in PEO, PEO−P[(STFSI)Li], and PEO−
P[(STFSI)2Mg] were probed using differential scanning calorimetry
(DSC). Samples were prepared in an Ar glovebox by placing 6−8 mg
of polymer into a TZero aluminum pan and sealing with a TZero
hermetic lid (T.A. Inc.). A reference TZero hermetically sealed pan
was also prepared in the Ar glovebox. The actual mass of polymer in
the pans was recorded as the difference in mass of the pan and lid
before and after polymer addition. In order to ensure the polymers had
consistent thermal history, the hermetically sealed DSC samples (and
reference pan) were subsequently annealed at 135 °C in a vacuum
oven at −10 mmHg for 24 h, after which the heater was turned off and
the samples were allowed to slowly cool. Measurements were

Figure 1. Chemical structure for both types of single-ion block copolymers characterized in this study (including end groups).

Table 1. Characteristics of the Matched Set of Block Copolymersa

sample name Mn,PEO (kg mol−1) Mn,PSTFSI (kg mol−1) NPEO NPSTFSI ϕPSTFSI r ([cation][EO]−1)

PEO−P[(STFSI)Li](5-3.2) 5.00 3.19 114 9.9 0.32 0.087
PEO−P[(STFSI)Li](5-2.0) 5.00 1.99 114 6.2 0.24 0.054
PE0−P[(STFSI)Li](5-1.1) 5.00 1.05 114 3.3 0.16 0.029
PEO−P[(STFSI)2Mg](5-3.2) 5.00 3.24 114 9.9 0.33 0.043
PEO−P[(STFSI)2Mg](5-2.0) 5.00 2.02 114 6.2 0.24 0.027
PEO−P[(STFSI)2Mg](5-1.1) 5.00 1.08 114 3.3 0.16 0.014
PEO(5) 5.00 114

aMn,PEO and Mn,PSTFSI are the number-average molecular weights of each block, with corresponding number-average degrees of polymerization NPEO
and NPSTFSI. ϕPSTFSI is the volume fraction of the ion-containing block, and r is the ratio of cations to ethylene oxide (EO) moieties in each sample.
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performed a minimum of 72 h after the oven heater was turned off. A
heat−quench−heat−cool method was used in order to determine the
PEO melting temperature (Tm,PEO), crystallization temperature
(Tc,PEO), and, in cases where observable, glass transition temperature
(Tg,PEO). Details of the DSC method used and analysis performed can
be found in the Supporting Information (SI 4).
Electrochemical Characterization. The electrochemical re-

sponse of the ion-containing block copolymers was monitored using
potentiostatic electrochemical impedance spectroscopy (PEIS) on
symmetric two-electrode cells. The samples used for PEIS were
prepared by melting polymer into a 1/8 in. inner diameter spacer
made of 10 mil thick silicone elastomer placed upon a stainless steel
shim electrode. After filling the spacer with polymer, a second stainless
steel shim was placed on top to seal the polymer within the spacer and
serve as the counter electrode. Aluminum tabs were used to contact
the stainless steel electrodes, and the entire assembly was vacuum
sealed in an air-free pouch material (Showa Denko). The samples were
subsequently removed from the Ar glovebox and mounted to a
custom-built heating stage for variable-temperature electrochemical
analysis. Triplicate samples of each ion-containing block copolymer
were prepared.
PEIS measurements were performed using a Biologic VMP3

multichannel potentiostat utilizing a 50 mV excitation voltage over a
frequency range of 1 MHz−0.5 Hz. The measurements were
performed during a cooling temperature scan, where the samples
were first heated to 130 °C and held at temperature for 3 h before
cooling in 10 °C intervals down to 30 °C. The samples were
equilibrated for 1 h at each temperature before performing PEIS
measurements.
Resistance due to ion motion was interpreted as the real impedance

of the low frequency minimum on a Nyquist plot. In cases of
extremely resistive semicrystalline samples, the real impedance at 60
Hz was used to approximate the resistance due to ion motion. The
ionic conductivity (σ) was calculated from the real impedance
measurements and the sample geometry by σ = L/AsZRe, where L is
the sample thickness, As is the area defined by the silicone spacer, and
ZRe is the real contribution to the impedance measured through PEIS.
The reported conductivity values represent the average of the three
replicate samples, with error bars that represent their standard
deviation from the mean.
Small- and Wide-Angle X-ray Scattering (SAXS/WAXS). X-ray

scattering samples were prepared by melt-forming the polymer
samples into a 1/8 in. diameter spacer made of 1/32 in. thick Aflas
rubber. The polymer/spacer assembly was subsequently covered with
1 mil Kapton film windows and enclosed in a custom-built
hermetically sealing aluminum sample holder. The hermetically sealed
samples, as well as the empty reference sample, were then removed
from the Ar glovebox and annealed in a vacuum oven following the
same thermal treatment as the DSC samples. SAXS/WAXS experi-
ments were performed at Lawrence Berkeley National Laboratory’s
Advanced Light Source, Beamline 7.3.3.24 Measurements were
performed in transmission geometry using a custom-built heated
sample stage and the Pilatus 2M detector (see SI 7). Each experiment
was replicated using both a SAXS setup with a sample-to-detector (S−
D) distance of approximately 3.8 m through an evacuated flight tube
and a WAXS configuration utilizing a S−D distance of ∼0.3 m through
ambient air. The exact S−D distance for each experiment was
determined using a silver behenate (AgB) calibration standard. For
each experiment, the stage temperature was set directly to 130 °C and
held at that temperature for at least 1 h. The stage was subsequently
cooled in either 10 or 20 °C steps down to 90 °C, equilibrating at least
30 min at each temperature before the scattering patterns were
measured. The sample temperature at each step was determined by the
reading of a dummy sample with an inserted thermocouple (details in
SI 5). On average, the sample temperature was found to be a factor of
0.94 times the stage set point temperature. For simplicity, we refer to
the stage set point temperature throughout the text; however, all
analysis accounts for the temperature offset.
The scatting data were reduced using the Nika macro developed by

Jan Ilavsky25 in Igor Pro. The beam center and S−D distance were

calibrated using the scattering from the AgB standard, and an image
mask was used to exclude dead pixels and shadows from the beamstop.
The isotropic 2D scattering patterns were azimuthally averaged to
yield 1D data sets of intensity (I) versus the magnitude of the
scattering vector (q), where q = (4π/λ) sin(θ/2), λ is the X-ray
wavelength, and θ is the scattering angle. The averaged SAXS and
WAXS intensities were further corrected for sample transmission,
parasitic scattering from the sample holder, and then calibrated to
absolute units (cm−1) using a glassy carbon intensity standard
provided by Jan Ilavsky (Sample M13).26 Details of the data
corrections can be found in the Supporting Information (SI 7).
Independent calibration of the SAXS and WAXS intensities allows for
the I versus q scattering profiles to be combined without arbitrary
scaling, providing structural information over a wide range of length
scales, i.e., 0.04 < q < 35 nm−1, which in real space probes length scales
from ∼150 nm down to ∼0.2 nm. For the purposes of this study, we
limit our analysis to structures on the order the polymer chain
dimensions and focus on 0.04 < q < 4 nm−1; however, a detailed
treatment of the WAXS scattering (q > 4 nm−1) and semicrystalline
structures in these single-ion block copolymers will be the focus of a
forthcoming study.

■ RESULTS AND DISCUSSION
The results of the DSC analysis for all of the samples are
summarized in Table 2. All samples exhibited PEO melting

peaks after the thermal pretreatment described in the
Experimental Section; however, crystallization during the
cooling scan was significantly depressed for PEO−P-
[(STFSI)2Mg](5-3.2) and was not observed in the PEO−
P[(STFSI)Li](5-3.2) sample. The inhibited crystallization in
these samples facilitated the observation of the glass transition
of PEO (Tg), whereas the strong crystallization of PEO in the
other samples precluded the observation of a Tg.
The results of the variable-temperature PEIS analysis of the

PEO−P[(STFSI)Li] and PEO−P[(STFSI)2Mg] single-ion
conducting block copolymers are shown in Figure 2a, where
ionic conductivity is plotted in Arrhenius fashion versus
reciprocal temperature. Qualitatively, at temperatures above
the melting point of PEO, all of the samples exhibit the
modified Arrhenius (i.e., Vogel−Tamman−Fulcher, VTF)
behavior typical of polymer electrolytes, wherein ion motion
is linked to the dynamics of the solvating polymer chains.8 At
temperatures below the melting point of PEO, the crystal-
lization of the PEO chains freezes the dynamics of most
samples and causes a precipitous drop in ionic conductivity
down to the limits of instrumental noise for the potentiostat.
For clarity, we omit the conductivity values from samples that
have crystallized; however, the data from all temperatures can
be found in Figure S7 of the Supporting Information.
The first major takeaway from the conductivity data is that

for all molecular weights, the lithiated samples exhibit ionic

Table 2. Sample Details and Results from DSC Analysisa

sample name
sample

mass (mg)
Tm,PEO
(°C)

Tc,PEO
(°C)

Tg,PEO
(°C)

PEO−P[(STFSI)Li](5-3.2) 8.0 55.7 − −34
PEO−P[(STFSI)Li](5-2.0) 7.1 57.9 35.7 −
PEO−P[(STFSI)Li](5-1.1) 7.0 58.1 35.3 −
PEO−P[(STFSI)2Mg](5-3.2) 8.1 57.2 −28.5 −39
PEO−P[(STFSI)2Mg](5-2.0) 6.4 57.2 17.2 −
PEO−P[(STFSI)2Mg](5-1.1) 7.2 57.9 23.9 −
PEO(5) 6.5 59.8 42.2 −

aA dash (−) indicates that the transition was not observed.

Macromolecules Article

DOI: 10.1021/acs.macromol.6b01886
Macromolecules 2016, 49, 9139−9147

9141

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01886/suppl_file/ma6b01886_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01886/suppl_file/ma6b01886_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01886/suppl_file/ma6b01886_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01886/suppl_file/ma6b01886_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01886/suppl_file/ma6b01886_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.6b01886


conductivities about an order of magnitude higher than their
magnesiated counterparts. In principle, the differences in
conductivity could be due to either a difference in the energetic
barrier to ion motion (e.g., activation energy) or in the amount
of effective charge carriers within the sample. To differentiate
between these two potential causes, we fit the temperature-
dependent data to the well-known VTF equation8

σ = − − −T
A
T

( ) e B R T T/ [ ( 50)]g

(1)

where A and B are fitting parameters relating the effective
charge carrier concentration and pseudoactivation energy,
respectively, and Tg is the glass transition temperature of the
conducting polymer phase. As noted previously, only PEO−
P[(STFSI)Li](5-3.2) and PEO−P[(STFSI)2Mg](5-3.2) ex-
hibited Tg’s in DSC. Therefore, the conductivity of the
PEO−P[(STFSI)Li](5-3.2) and PEO−P[(STFSI)2Mg](5-3.2)

samples were fit with the VTF equation using A and B as
adjustable parameters and the measured Tg,PEO from DSC
analysis (Table 2). To limit the number of adjustable
parameters in our fits, B was held constant for the rest of the
lithiated and magnesiated series (BLi = 9.6 ± 0.1 kJ/mol and
BMg = 10.5 ± 0.2 kJ/mol). By using a constant value for B, we
assume that the activation barrier to ion hopping does not
change significantly with ion concentration in our samples, but
rather the apparent activation barrier for ion conduction is only
attenuated by differences in polymer dynamics (i.e., the Tg of
the conducting phase). All fit parameters with their respective
uncertainties are listed in Table S3. We note that value of B
determined for the lithiated and magnesiated versions of PEO−
P(STFSI)(5-3.2) are similar, within 10%, and within the range
typically observed for PEO-based polymer electrolytes with
added salt.27,28 The major cause of the difference in
conductivity values observed for the PEO−P[(STFSI)Li] and
PEO−P[(STFSI)2Mg] is highlighted in Figure 2b, where A
from VTF analysis is plotted versus the volume fraction of ion-
containing block, ϕPSTFSI. In the case of the lithiated polymers,
ALi directly correlates with the total concentration of charge, as
demonstrated by the linear fit through the origin in Figure 2b.
The magnesiated polymers, however, have a more complex
relationship between AMg and ϕPSTFSI, which we found to be
best described by the quadratic fit through the origin shown in
Figure 2b. Perhaps more importantly, comparing of the
absolute values of ALi and AMg reveals that in all cases AMg is
more than an order of magnitude lower than ALi. Since it is
generally believed that the VTF parameter A reflects the
concentration of effective charge carriers,8 we conclude that the
concentration of free magnesium ions in the PEO−P-
[(STFSI)2Mg] samples is approximately an order of magnitude
smaller than that of free lithium in the PEO−P[(STFSI)Li]
samples. This behavior is consistent with the nature of the
charged species; one expects less dissociation in systems with
divalent cations such as Mg2+ when compared to monovalent
cations such as Li+. We note that further work is needed to
establish the efficacy of Mg2+ transport in our polymers. For
example, in addition to less dissociation, one may also expect a
decrease is mobility of divalent cations due to their ability to
bind two different polymer chains, thereby creating physical
cross-links. Furthermore, it is important to measure steady-state
currents in symmetric Mg−polymer−Mg cells to ascertain that
our electrolyte is a single-ion conductor. We note that such
experiments are much more difficult than the analogous
experiments on lithiated polymers10,22,23 due to difficulties in
reversible stripping and plating of magnesium.13,29,30

While there is considerable data on conductivity of lithium
single-ion conductors,10,22,23,31 to our knowledge, there are no
studies reporting conductivity values for magnesium single-ion
conductors. Most work in the development of Mg2+ electrolytes
has focused on liquid systems,13,30,32 and many of the studies
on polymer electrolytes have used divalent salts that do not
solvate as readily as those composed of the bis(trifluoro-
methanesulfonyl)imide (TFSI) anion (e.g., Mg(TFSI)2).

33−35

The work of Lee and Allcock,36 wherein they directly compare
the conductivities of electrolytes prepared from LiTFSI and
Mg(TFSI)2 with the same polymer, poly[bis(2-(2-methoxy-
ethoxy)ethoxy)phosphazene] (MEEP), seems most relevant to
this work. They observed similar conductivities between
MEEP/LiTFSI and MEEP/Mg(TFSI)2 samples; thus, electro-
lytes composed of divalent cations do not have intrinsically
lower conductivities than those composed of monovalent

Figure 2. (a) Measured temperature-dependent ionic conductivity for
all single-ion conducting block copolymer samples. Closed symbols
correspond to Li+, and open symbols correspond to Mg2+ with purple
squares = PEO−P(STFSI)(5-1.1), cyan triangles = PEO−P(STFSI)-
(5-2.0), and red diamonds = PEO−P(STFSI)(5-3.2). Solid curves
represent the nonlinear least-squares fits to the VTF equation. The
shaded region denotes temperatures below the melting point of PEO
where crystallization is expected to occur. (b) The VTF fit coefficient
A, reflecting the number of effective charge carriers per volume,
plotted as a function of the volume fraction of ion-containing block for
both the lithiated and magnesiated polymers. Error bars represent the
uncertainty in the value for A from the least-squares regression of the
VTF fitting, and solid line/curve represent the least-squares best fits to
the data: ALi = 1.68ϕPSTFSI and AMg = 0.136ϕPSTFSI − 0.33ϕPSTFSI

2.
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cations. Lee and Allcock hypothesized that the measured
conductivities were due predominantly to anion motion,
although they did not attempt to measure steady-state currents
to prove that conjecture. In our case, anion motion is
precluded; thus, we attribute our observed conductivity values
to the motion of Li+ and Mg2+. We have not found any
evidence that the motion of Mg2+ is intrinsically limited in this
new class of single-ion conducting block copolymers.
Figure 3 shows the X-ray scattering profiles of both sets of

polymers in absolute units, with the absolute scattering

intensity of PEO(5) for reference at 90 °C (in the melt
state). These profiles were obtained by combining the SAXS
and WAXS data as described in the Experimental Section. The
lack of scattering peaks in the SAXS profiles for PEO−
P[(STFSI)Li] in Figure 5a is consistent with previous
observations.22,23 The SAXS profile of PEO−P[(STFSI)Li](5-
3.2) contains a weak shoulder in the vicinity of q = 2.5 nm−1.

This may be due to the so-called ionomer peak,37 reflecting the
presence of ionic domains with an average interdomain spacing
of ∼2.5 nm. Determining the nature of these domains is
beyond the scope of the present study. The SAXS profiles for
PEO−P[(STFSI)2Mg], on the other hand, contain a broad
primary scattering peak. The lack of higher order peaks suggests
that the primary scattering peak reflects disordered concen-
tration fluctuations.38 The position of the primary peak shifts to
lower q-values as the P[(STFSI)2Mg] block length increases,
consistent with the theory of Leibler.38

Theoretical predictions for scattering profiles from ion-
containing block copolymers have not yet been proposed.
Lacking a better alternative, we use the mean-field theory of
uncharged block copolymers proposed by Leibler38 to analyze
our scattering profiles. In Figure 4 we show least-squares fits of
the well-known Leibler structure factor38,39 modified to account
for polymer chain length dispersity40 for the magnesiated block
copolymers. The fitted parameters for the magnesiated samples
are the overall polymer radius of gyration (Rg), which is
determined by the position of the scattering peak, and the
Flory−Huggins interaction parameter (χ) between PEO and
P(STFSI). Detailed information regarding the fitting procedure
is provided in the Supporting Information (SI 8). As
demonstrated in Figure 4, the Leibler structure factor provides
a reasonable fit to the PEO−P[(STFSI)2Mg] scattering. The
excess scattering intensity for low q-values seen in the
magnesiated block copolymer data in Figure 4 is similar to
that observed in other ion-containing block copolymers.9,28,41

Encouraged by the results from PEO−P[(STFSI)2Mg], we also
attempted to model the scattering from the PEO−P[(STFSI)-
Li]. The radius of gyration of the lithiated samples could not be
determined from X-ray scattering due to the lack of a scattering
peak. Lacking a better alternative, we used the radius of
gyration (Rg) values determined from the matched PEO−
P[(STFSI)2Mg] sample for each lithiated sample. Thus, the
only adjustable parameter for the Leibler structure factor of the
PEO−P[(STFSI)Li] samples was the Flory−Huggins inter-
action parameter (χ). The χ parameters reported here are based
on a reference volume of 0.1 nm3. All parameters obtained from
the fits described here are given in Tables S4−S6 in the
Supporting Information.
The dependence of the Flory−Huggins interaction param-

eter on ϕPSTFSI for both lithiated and magnesiated block
copolymers at 90 °C is shown in Figure 4d. In the case of
magnesiated copolymers, χ is positive and decreases with
increasing ϕPSTFSI. In contrast, χ values obtained from PEO−
P[(STFSI)Li](5-2.0) and PEO−P[(STFSI)Li](5-3.2) are
negative; i.e., no positive value of χ could suitably model the
scattering from the PEO−P[(STFSI)Li](5-2.0) and PEO−
P[(STFSI)Li](5-3.2) samples. The black dashed curves in
Figures 4a−c indicate the predicted scattering for χ = 0. The
only lithiated sample with a positive χ is PEO−P[(STFSI)Li]-
(5-1.1).
The fitting procedure described above was applied to data

obtained at 110 and 130 °C to determine the temperature
dependence of χLi and χMg. Figure 5a shows the result of this
analysis in a plot of χ versus inverse temperature. The solid
lines through each data set represent the linear least-squares fit
to eq 2

χ α β= +T
T

( )
(2)

Figure 3. Combined SAXS/WAXS profiles for (a) PEO−P[(STFSI)-
Li] (closed symbols) and (b) PEO−P[(STFSI)2Mg] (open symbols)
samples after cooling from 130 °C down to 90 °C; scattering intensity,
I, is plotted versus the magnitude of the scattering vector, q. Purple
squares/curves = PEO−P(STFSI)(5-1.1), cyan triangles/curves =
PEO−P(STFSI)(5-2.0), and red diamonds/curves = PEO−P(STFSI)-
(5-3.2). For clarity, SAXS data markers are only plotted for every 15th
data point and WAXS data are represented by lines only. Scattering
from PEO(5) is shown for reference (open gray circles/curves) on
both plots. All intensities are presented on an absolute scale. The
dashed vertical lines indicate our demarcation between the SAXS and
WAXS scattering regimes, which we chose based on the intensity
upturn from the first amorphous WAXS halo. The feature in the
scattering data near q = 4 nm−1 is due to imperfect subtraction of the
scattering from the Kapton sample holder windows.
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where α and β are the fit parameters. In Figure 5b, we plot α
versus ϕPSTFSI for both PEO−P[(STFSI)Li] (αLi) and PEO−
P[(STFSI)2Mg] (αMg) samples. αLi and αMg have qualitatively
opposite trends: αLi increases with increasing ϕPSTFSI while αMg

decreases with increasing ϕPSTFSI. In Figure 5c, we plot β versus
ϕPSTFSI for both sets of PEO−P[(STFSI)Li] (βLi) and PEO−
P[(STFSI)2Mg] (βMg) samples. βLi is negative and decreases
with increasing ϕPSTFSI. In contrast, the βMg values are negligibly
small and essentially independent of ϕPSTFSI.
In Figure 6, we plot β obtained from analysis of the SAXS

data versus A obtained from analysis of the PEIS data. It is
evident that β and A are correlated, suggesting a relationship
between ion dissociation and self-assembly. In the case of
PEO−P[(STFSI)2Mg] samples where little ion dissociation
occurs, the polymer morphology resembles that of a typical
disordered diblock copolymer, with concentration fluctuations
on length scales on the order of the radius of gyration of the
polymer chains. In the case of PEO−P[(STFSI)Li], on the
other hand, dissociation of the lithium ions suppresses
concentration fluctuations. Figure 6 provides evidence for the
fact that dissociated lithium ions induce mixing of PEO and
P(STFSI)Li blocks due to favorable interactions between the
ions and PEO.

■ CONCLUSION

In the pursuit of developing high-energy-density batteries with
metallic anodes, single-ion conducting block copolymers
represent an exciting class of materials that has demonstrated
improvements in battery performance.10 In this work, we report
on the synthesis of a matched set of lithiated and magnesiated
single-ion conducting block copolymers, PEO−P[(STFSI)Li]
and PEO−P[(STFSI)2Mg]. The melt morphology of the block
copolymers was studied by X-ray scattering, and the temper-
ature-dependence of ionic conductivity was determined by
PEIS experiments. The effective Flory−Huggins interaction
parameter (χ) for PEO/P[(STFSI)Li] and PEO/P-
[(STFSI)2Mg] was estimated by analyzing the X-ray scattering
data using the mean-field theory of Leibler. The VTF equation
was used to analyze the conductivity data. We demonstrate a
linear relationship between the parameter β that characterizes
the temperature dependence of χ and the VTF parameter A,
which reflects the concentration of effective charge carriers. We
thus demonstrate that block copolymer polymer self-assembly
is coupled to ion dissociation.
There is great interest in using microphase-separated block

copolymers as electrolytes due to their ability to decouple
electrical and mechanical properties.16,20 In these systems, the
microphase separation is driven by thermodynamic incompat-

Figure 4. (a−c) Scattering intensity, I, versus magnitude of the scattering vector, q, of lithiated and magnesiated pairs at 90 °C. Experimental data
were fit to Leibler’s mean field theory to estimate the Flory−Huggins interaction parameter, χ. Experimental data: lithiated samples = blue triangles;
magnesiated samples = gold squares (symbols overlap due to high resolution). Theoretical fits: lithiated samples = solid magenta curves; magnesiated
sample = solid dark gold curves. The dashed black curves indicate the model prediction for χ = 0. (d) The fitted χ-parameter values used to model
the data in (a−c) versus the volume fraction of ion-containing polymer block, ϕPSTFSI. Values for PEO−P[(STFSI)Li] samples (χLi) are indicated by
blue triangles, and those for PEO−P[(STFSI)2Mg] (χMg) are denoted by gold squares. The χ = 0 axis value is denoted by a dashed line for reference.
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ibility between the polymer blocks, quantified by the product
χN. For example, in the case of symmetric block copolymers,
microphase separation will occur if χN exceeds 10.5.38 For the
copolymers used in this study, microphase separation is
predicted to occur if χN exceeds values ranging from 11 to
30, depending on ϕPSTFSI. While the χ values determined for
the magnesiated samples suggest that microphase separation
might occur at larger chain lengths (i.e., larger N) than those
used in this study, the values of χ determined for lithiated
samples are negative in most cases. We thus predict that PEO−
P[(STFSI)Li] will be homogeneous (i.e., not microphase
separated), regardless of chain length. (Crystallization of the
PEO block can lead to microphase separation in these
systems,22,23 but this phenomenon is not of interest in this
study because crystalline PEO is essentially nonconducting.)
We have shown that microphase separation only occurs in the
absence of ion dissociation. Thus, while we may be able to
obtain microphase-separated PEO−P[(STFSI)2Mg] samples,
the ionic conductivity of these samples is likely to be very low.
To obtain mechanically rigid single-ion conducting block
copolymers, it will be necessary to synthesize ABC triblock
polymers with an additional incompatible C-block to provide
mechanical support (e.g., PEO−P[(STFSI)Li]−PS).

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.macro-
mol.6b01886.

(SI 1) Gel permeation chromatography (GPC); (SI 2)
1H nuclear magnetic resonance (1H NMR); (SI 3)
instrumental neutron activation analysis (INAA); and (SI
4) differential scanning calorimetry (DSC) analysis of the
single-ion conducting block copolymers; (SI 5) provides
the relationship between the stage and sample temper-
atures during the SAXS/WAXS experiments; all ionic
conductivity data and VTF fitting parameters are given in
(SI 6), and (SI 7) details the SAXS/WAXS data
reduction and calibration procedure as well as providing
the temperature-dependent SAXS profiles for all samples;

Figure 5. (a) Flory−Huggins interaction parameter, χ, determined by
fitting SAXS data versus reciprocal temperature. Closed symbols
correspond to Li samples, and open symbols correspond to Mg
samples, with purple squares = PEO−P(STFSI)(5-1.1), cyan triangles
= PEO−P(STFSI)(5-2.0), and red diamonds = PEO−P(STFSI)(5-
3.2). Solid lines indicate the linear least-squares fits to eq 2. The dotted
line indicates χ = 0. (b) The fitting constant (α) from eq 2 determined
from the linear fits in (a) plotted versus volume fraction of the ion-
containing block, ϕPSTFSI. Values for PEO−P[(STFSI)Li] samples
(αLi) are indicated by blue triangles, and those for PEO−
P[(STFSI)2Mg] (αMg) are denoted by gold squares. (c) The fitting
constant (β) from eq 2 determined from the linear fits in (a) plotted
versus ϕPSTFSI. Values for PEO−P[(STFSI)Li] samples (βLi) are
indicated by blue triangles, and those for PEO−P[(STFSI)2Mg] (βMg)
are denoted by gold squares. Error bars in (b, c) represent the fitting
error in the parameters, and solid lines through the αLi and βLi data
indicate the linear least-squares fits: αLi = 0.2 + 1.5ϕPSTFSI and βLi =
70−1.3 × 103ϕPSTFSI. The dotted line in (c) indicates β = 0.

Figure 6. Parameter β, which quantifies the temperature dependence χ
(χ(T) = α + β/T), plotted as a function of the VTF parameter related
to the effective charge carrier concentration (A) for all samples. Error
bars represent the fitting uncertainty for each parameter, and the solid
line is the best fit to the data accounting for the errors in both axes: β
= −670A + 5.9.
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(SI 8) details the model used to fit the SAXS data as well
as the procedure used to achieve the fitted curves shown
in the main text (PDF)
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■ ABBREVIATIONS
AgB silver behenate
DSC differential scanning calorimetry
EO ethylene oxide
1H NMR proton nuclear magnetic resonance
INAA instrumental neutron activation anal-

ysis
MEEP poly[bis(2-(2-methoxyethoxy)ethoxy)-

phosphazene]
PEIS potentiostatic electrochemical impe-

dance spectroscopy
PEO poly(ethylene oxide)
PEO−P[(STFSI)Li] poly(ethylene oxide)-b-poly[(styrene-

4-sulfonyltrifluoromethylsulfonyl)-
imide lithium]

PEO−P[(STFSI)2Mg] poly(ethylene oxide)-b-poly[(styrene-
4-sulfonyltrifluoromethylsulfonyl)-
imide magnesium]

P(STFSI) poly[(styrene-4-sulfonyltrifluoro-
methylsulfonyl)imide], unspecified ion

PS polystyrene
S−D sample to detector distance
SAXS small-angle X-ray scattering
TFSI bis(trifluoromethanesulfonyl)imide
VTF Vogel−Tamman−Fulcher
WAXS wide-angle X-ray scattering
Symbols
A effective charge carrier concentration (from VTF fit),

S cm−1 K0.5

As conductivity sample electrode area, cm2

B effective activation barrier (from VTF fit), kJ mol−1

I scattering intensity, cm−1

L conductivity sample thickness, cm
Mn,PEO number-average molecular weight of PEO block, kg

mol−1

Mn,PSTFSI number-average molecular weight of P(STFSI)
block, kg mol−1

NPEO number-average degree of polymerization of PEO
block, −

NPSTFSI number-average degree of polymerization of P-
(STFSI) block, −

q magnitude of the scattering vector, nm−1

R gas constant, kJ mol−1 K−1

Rg radius of gyration, nm
T temperature, K
Tc,PEO crystallization temperature of PEO, °C
Tg glass transition temperature, K
Tg,PEO glass transition temperature of PEO, °C
Tm,PEO melting temperature of PEO, °C
ZRe real component of conductivity sample impedance, Ω
Greek Letters
α temperature-independent contribution to the inter-

action parameter, −
β temperature-dependent contribution to the interaction

parameter, K
χ monomer−monomer interaction parameter, −
ϕPSTFSI volume fraction of the P(STFSI) block, −
λ scattering wavelength, nm
θ scattering angle, rad
σ ionic conductivity, S cm−1
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