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ABSTRACT: Crystallization within block copolymers is a
subject of considerable interest; however, little is understood
about how the presence of an ion-containing block, such as
poly[(styrene-4-sulfonyltrifluoromethylsulfonyl)imide (P-
[(STFSI)]), influences the crystallization behavior of single-
ion conducting block copolymers derived from poly(ethylene
oxide)-b-poly[(styrene-4-sulfonyltrifluoromethylsulfonyl)imide
(PEO−P[(STFSI)]). In this study, we report on the
crystallization behavior of PEO in a matched-set library of
lithiated (PEO−P[(STFSI)Li]) and magnesiated (PEO−
P[(STFSI)2Mg]) single-ion conducting block copolymers that are disordered in the melt. Structural and thermal analysis of
semicrystalline samples prepared by quenching amorphous melts reveals that total PEO crystallinity is independent of cation
identity. Furthermore, crystallization induces the formation of lamellar nanostructures regardless of the counterion present.
However, the quality of the PEO crystallites and concomitant nanostructures appears to be strongly influenced by counterion
identity; magnesiated samples demonstrate more disorder at both the crystalline and nanostructural level. By monitoring PEO
crystallization with in situ small and wide-angle X-ray scattering, we show that PEO crystallizes from a homogeneous melt within
PEO−P[(STFSI)Li] but is hindered by the presence of disordered concentration fluctuations within the magnesiated samples.
Thus, counterion identity influences PEO crystallization by controlling the miscibility of the polymer blocks within the
crystallizing melt.

■ INTRODUCTION

Single-ion conducting block copolymers have recently garnered
considerable interest for their potential application in high
energy lithium metal batteries.1−4 A promising class of single-
ion conducting block copolymers comprise the ion-containing
polymer poly(styrene-4-sulfonyltrifluoromethylsulfonyl)imide
lithium (P[(STFSI)Li]) and the ion-conducting polymer
poly(ethylene oxide) (PEO).2 Recently we reported on ion
transport in a library of single-ion conducting diblock
copolymers of PEO-b-P[STFSI], with both lithium and
magnesium counterions.5 The chemical structures of the
block copolymers are shown in Figure 1. A major finding in
that work was that counterion dissociation from the P[STFSI]
backbone could induce mixing of the PEO and P(STFSI)
blocks; consequently, the melt morphology and ionic
conductivity were strongly coupled. For example, lithium ions
were found to readily dissociate from the P[STFSI] block to
coordinate with PEO, leading to high ionic conductivity and
strong mixing between the PEO and P[STFSI] blocks. In
contrast, the lack of dissociation of magnesium counterions
from the P[STFSI] block led to poor conductivity and strong
concentration fluctuations in the disordered melt. In this work,

we study the influence of the lithiated and magnesiated
P[STFSI] blocks on the crystallization of PEO within PEO-b-
P[STFSI] single-ion conducting block copolymers.
Crystallization in neutral block copolymers has been well-

studied and is known to both induce and be influenced by
nanostructuring.6−13 In the case of microphase-separated block
copolymers, polymer crystallization can either be confined
within the nanoscale microphases or the crystallites may “break
out” from the microphases and destroy the self-assembled
nanostructure of the polymer.6,7,10−13 For block copolymers
that are disordered in the melt, polymer crystallization can
effectively induce periodic nanostructural order.7−9 Crystal-
lization-induced nanostructures have previously been demon-
strated in PEO−P[(STFSI)Li] diblock copolymers.3,4 Since the
lithiated (PEO−P[(STFSI)Li]) and the magnesiated (PEO−
P[(STFSI)2Mg]) single-ion conducting block copolymers in
the present study (see Figure 1) have disordered melt
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morphologies,5 we also expect to observe crystallization-
induced self-assembly.
The main difference between our system and all previous

studies on block copolymer crystallization (e.g., refs 6−13 from
the previous paragraph) is the presence of ionic moieties in the
noncrystalline block. In PEO/salt mixtures, the addition of
moderate amounts of salt reduces PEO crystallinity and
decreases crystallization temperature.14−17 This is due to
interactions between the cation and ether oxygens along the
PEO backbone. There is no added salt in our system:
interactions between cations and ether oxygens can only
occur if the cations dissociate away from the P[STFSI]
backbone. In the melt, we have found that cation dissociation
dictates the degree of block mixing within the disordered state.5

Thus, cation dissociation in single-ion conducting block
copolymers could influence PEO crystallization directly,
through interactions with the ether oxygens or, indirectly, by
influencing the morphology of the sample during crystallization.
In this work, we use differential scanning calorimetry (DSC)

and wide-angle X-ray scattering (WAXS) analysis to reveal that
the degree of cation dissociation in PEO-b-P[STFSI] has little
impact on total PEO crystallinity if the magnesiated and
lithiated samples are exposed to the same thermal history.
However, small-angle X-ray scattering (SAXS) and scanning
transmission electron microscopy (STEM) results from
samples subjected to the same thermal treatment demonstrate
that cation identity does influence the nature of the
crystallization-induced morphologies seen in PEO-b-P[STFSI].
Through in situ SAXS/WAXS crystallization experiments, we
show that cation identity also influences the kinetics of PEO
crystal formation. The differences in crystallization kinetics and
crystallization-induced nanostructures stem from the differ-

ences in miscibility of PEO and P[STFSI] in the melt: PEO
crystallization within the well-mixed PEO−P[(STFSI)Li]
samples occurs in a manner similar to homopolymer PEO,
whereas the presence of strong concentration fluctuations
within the PEO−P[(STFSI)2Mg] samples slow down PEO
crystallization kinetics and inhibit the formation of well-ordered
crystallization-induced nanostructures.

■ EXPERIMENTAL SECTION
Materials. The synthesis and characterization of the single-ion

conducting block copolymer library was described previously.5 After
synthesis, PEO−P[(STFSI)Li] and PEO−P[(STFSI)2Mg] samples
were 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). Inert atmosphere was maintained for all
subsequent sample preparation and analysis. We provide the chemical
structures of the lithiated and magnesiated versions of the single-ion
conducting block copolymer in Figure 1 as well as the chain
characteristics of each sample in Table 1.

Thermal Analysis. We previously reported on the thermal
characterization of the PEO(5), PEO−P[(STFSI)Li], and PEO−
P[(STFSI)2Mg] samples as measured with differential scanning
calorimetry (DSC).5 In this work, we expand upon our analysis of
that data in order to explore the crystallization behavior of PEO. For
convenience, we summarize the methodology used here and provide
the data and analysis details in the Supporting Information (SI 1). The
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. 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 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 melting temperature (Tm) and fractional crystallinity
(xcr

DSC), crystallization temperature (Tc), and in cases where observable
glass transition temperature (Tg) of PEO.

5

Small- and Wide-Angle X-ray Scattering (SAXS/WAXS). The
details involving scattering sample preparation and data collection have
been described previously.5 In brief, all SAXS/WAXS samples,
including an empty reference cell, were prepared inside of an Ar
glovebox. The polymer samples were made by melt-forming into a
custom-built hermetically sealed sample holder with 25 μm Kapton
film windows. The samples were subsequently removed from the
glovebox and thermally pretreated using the protocol described above
for the DSC samples.

The SAXS/WAXS experiments were performed at Lawrence
Berkeley National Laboratory’s Advanced Light Source, Beamline
7.3.3,18 using a transmission setup and a custom-built heating stage.
Temperature scans were replicated using both SAXS and WAXS. For
each experiment, the samples were initially equilibrated at near
ambient conditions (either 30 or 35 °C) where the scattering of

Figure 1. Chemical structures for both types of single-ion block
copolymers characterized in this study.

Table 1. Characteristics of the Matched Set of Block Copolymersa

sample name Mn,PEO [kg mol−1] Mn,P(STFSI) [kg mol−1] NPEO NPSTFSI ϕPEO

PEO-P[(STFSI)Li](5-3.2) 5.00 3.19 114 9.9 0.68
PEO-P[(STFSI)Li](5-2.0) 5.00 1.99 114 6.2 0.76
PEO−P[(STFSI)Li](5-l.l) 5.00 1.05 114 3.3 0.84
PEO−P[(STFSI)2Mg]{5-3.2) 5.00 3.24 114 9.9 0.67
PEO−P[(STFSI)2Mg](5-2.0) 5.00 2.02 114 6.2 0.76
PEO−P[(STFSI)2Mg](5-l.l) 5.00 1.08 114 3.3 0.84
PEO(5) 5.00 114 1

aNPEO and NPSTFSI are the number-average degrees of polymerization for each block, and ϕPEO is the volume fraction of PEO.
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semicrystalline samples was recorded. The samples were then heated
directly to 130 °C and held at that temperature for at least 1 h. The
stage was subsequently cooled in 20 °C steps down to 90 or 70 °C.
Measurements were performed at each temperature upon waiting at
least 30 min after the stage reached the target set point. Finally, in
cases when beamtime was available, the samples were quenched
directly to 35 °C and allowed to isothermally crystallize for at least 90
min (note, the stage took ∼45 min to reach 35 °C), with scattering
patterns being measured every 10−15 min. As noted previously, the
actual sample temperature was found to be approximately 0.94 times
the stage set point.5 We report all temperatures as the set point
temperature for simplicity.
The 2D scatting images were reduced using the Nika macro

developed by Jan Ilavsky19 in Igor Pro, as detailed in the Supporting
Information (SI 2). The resulting 1D data from both SAXS and WAXS
were further corrected for sample transmission and parasitic scattering

from the sample holder and were calibrated to absolute intensity units
using a glassy carbon (GC) standard provided by Jan Ilavsky (Sample
M13).20 Details of the data corrections, including a detailed derivation
of an improved angle-dependent absorption correction for the WAXS
data, can be found in the Supporting Information (SI 3). All corrected
1D combined SAXS/WAXS scattering profiles from the temperature
scan of the thermally pretreated samples as well as the 1D scattering
profiles from the in situ isothermal (35 °C) crystallization experiments
are included in SI 5.

Scanning Transmission Electron Microscopy (STEM). STEM
measurements were performed on two of the semicrystalline ion-
containing block copolymers: PEO−P[(STFSI)Li](5-2.0) and PEO−
P[(STFSI)2Mg](5-2.0). These samples underwent the same thermal
treatment as the DSC and SAXS/WAXS samples. The thermally
pretreated samples were cryo-microtomed at −90 °C in a Leica FC6.
Sections with thickness approximately 100 nm were obtained using a

Figure 2. (a, b) Combined SAXS/WAXS profiles where scattering intensity, I, is plotted versus the magnitude of the scattering vector, q, for (a) the
lithiated (PEO−P[(STFSI)Li]) (closed symbols) and (b) magnesiated (PEO−P[(STFSI)2Mg]) (open symbols) samples at ambient conditions
after thermal pretreatment. P(STFSI) chain length decreases from top to bottom in each plot, with the red diamonds/curves = PEO−P(STFSI)(5-
3.2); cyan triangles/curves = PEO−P(STFSI)(5-2.0); purple squares/curves = PEO−P(STFSI)(5−1.1); and for reference, the scattering from
PEO(5) is provided in open gray circles/curves. For clarity, SAXS data markers are only plotted for every 15th data point, WAXS data are
represented by lines between data points, and the absolute intensity profiles are offset by the factors indicated on the plot. The locations of the
primary scattering peaks are marked with black upside-down triangles. 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. (c, d) STEM micrographs from thermally pretreated, cryo-microtomed, and
stained samples of (c) PEO−P[(STFSI)Li](5-2.0) and (d) PEO−P[(STFSI)2Mg](5-2.0). The bright phase indicates PEO-rich regions.
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diamond knife and picked up onto lacey carbon-coated copper grids
(Electron Microscopy Sciences). STEM samples were stained in
ruthenium tetroxide vapor for 30 min prior to experiments. STEM
experiments were performed on an FEI Titan microscope operated at
200 kV at the National Center for Electron Microscopy of the
Molecular Foundry, Lawrence Berkeley National Lab. The microscope
is equipped with a high angle annular dark field detector (HAADF).

■ RESULTS AND DISCUSSION

In Figure 2, we provide the combined SAXS/WAXS profiles for
all of the lithiated and magnesiated single-ion conducting block
copolymers, as well as PEO(5), at ambient temperature after
the thermal pretreatment described in the Experimental
Section. In general, the SAXS profiles (Figure 2a,b) of the
block copolymer samples exhibit the same features as that of
the homopolymer PEO(5) sample, i.e., integer-spaced peaks
indicative of a stacked lamellar nanostructure. We confirm the
presence of lamellar order in PEO−P[(STFSI)Li](5-2.0) and
PEO−P[(STFSI)2Mg](5-2.0) with STEM in Figure 2c,d. The
location of the primary scattering peak (q*), which reflects the
long period of the stacked lamellar lattice, is indicated by the
black upside-down triangles in Figure 2a,b. The methodology
used to determine the peak locations is described in the
Supporting Information (SI 4). Each of the block copolymer
WAXS profiles in Figure 2a,b exhibits Bragg scattering peaks in
the same locations as those observed for PEO(5), indicating the
presence of crystalline PEO domains; the scattering from
PEO(5) is consistent with previous observation.21 Since neither
the Bragg peaks in WAXS nor the integer-spaced SAXS peaks
are present for any sample at temperatures above the melting
point of PEO (see SI 5), we conclude that the ordered
nanostructures observed at ambient temperatures are induced
by PEO crystallization. Thus, PEO crystallization and polymer
nanostructure are coupled in these samples.
In order to characterize the coupling between PEO

crystallization and block copolymer nanostructure, we must
first determine the PEO crystallinity for each sample. In this
work, we calculate PEO crystallinity using both thermal (DSC)
and structural (WAXS) analysis. The crystallinity of PEO
determined from DSC (xcr

DSC), defined as the mass fraction of
crystalline PEO relative to the total mass of PEO within the
sample, was calculated using eq 1

=
Δ

Δ °
x

H
w Hcr

DSC m

PEO m (1)

where ΔHm is the experimental melting enthalpy, wPEO is the
weight fraction of PEO within the sample, and ΔHm° is the ideal
melting enthalpy from a fully crystalline sample. We assume
that the ideal melting enthalpy of fully crystalline PEO is ΔHm°
= 206 J g−1.22 Literature values of ΔHm° range from 198 to 216 J
g−1.22−24 The xcr

DSC values as well as the PEO melting (Tm) and
crystallization (Tc) temperatures determined from DSC for all
of the samples are provided in Table 2. The DSC data used to
obtain these results are shown in Figures S1−S3 of the
Supporting Information.
The crystallinity of PEO calculated by WAXS analysis

(ϕcr
WAXS) represents the volume of PEO crystals relative to the

total volume of PEO within the sample. The presence of the
additional amorphous material (i.e., P(STFSI)) in the block
copolymer samples complicates the calculation of PEO
crystallinity using of typical scattering analysis techniques;25,26

however, we have developed a framework to extract the
crystallinity of PEO using absolute WAXS data, such as that
shown in Figure 2a,b. A detailed derivation of our method is
provided in the Supporting Information (SI 3). In brief, we
have extended the approximation that was proposed by
Goppel,27 and recently employed by Balko and co-workers,28

to allow for the analysis of block copolymers with one
crystallizable block. The Goppel approximation is based on the
measurement of the scattering intensity due to the amorphous
fraction of a crystallizable polymer in both the semicrystalline
(Iscr) and fully molten (Imolten) state. Through a molar balance it
can be shown that the amorphous volume fraction of a
semicrystalline sample (ϕam

scr), and hence crystalline volume
fraction (ϕcr

WAXS), can be given by

ϕ ϕ≈ = −
I q

I q

( )

( )
1am

scr scr 0

molten 0
cr
WAXS

(2)

where q0 is the scattering vector chosen to evaluate Iscr and
Imolten. For eq 2 to provide an accurate measure of crystallinity,
the intensity contributions from incoherent scattering and
diffuse scattering from crystalline disorder must be negligible
compared to the contribution from amorphous polymer at
q0.

27,28 We note that errors induced by incoherent and diffuse

Table 2. Thermal and Structural Polymer Properties

aValue from the blue-highlighted sector averages in Figures S15, S17, S19, and S21. bValue from the pink-highlighted sector averages in Figures S15,
S17, S19, and S21.
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scattering will depress the values of ϕcr
WAXS; thus, the Goppel

approximation can be considered a lower bound of the
crystalline fraction. The values of ϕcr

WAXS determined from the
data in Figure 2a,b are provided in Table 2. For convenience,
Table 2 also includes the DSC crystallinity converted to
volumetric terms (xcr

DSC) by

ϕ
ρ

ρ ρ
=

+ −
x

x x

( / )

( / ) ((1 )/ )cr
DSC cr

DSC
cr
PEO

cr
DSC

cr
PEO

cr
DSC

am
PEO

(3)

where ρcr
PEO = 1.24 g cm−3 is the density of crystalline PEO and

ρam
PEO = 1.12 g cm−3 is the density of amorphous PEO near
ambient temperature.27

Inspection of the crystallinity values determined by thermal
(DSC) and structural (WAXS) analysis in Table 2 reveals
interesting phenomena: both techniques show that PEO
crystallinity is reduced by increasing the length of the P(STFSI)
block. However, DSC suggests that PEO crystallinity is
unaffected by the counterion identity, whereas WAXS shows
a small but distinct difference in PEO crystallinity between
matched pairs: the magnesiated samples have a lower PEO
crystallinity than their lithiated counterparts. PEO crystallinity
values determined from DSC and WAXS of all samples are
shown in Figure 3a, where ϕcr

WAXS is plotted versus ϕcr
DSC. It is

clear from Figure 3a that ϕcr
WAXS and ϕcr

DSC are essentially
equivalent (within ±5%) for the lithiated samples as well as for
PEO(5); however, the magnesiated samples have ϕcr

WAXS values
that are systematically lower than ϕcr

DSC by approximately 7%, as
indicated by the linear fit with slope fixed to unity. As noted
above, the ϕcr

WAXS values determined using the Goppel
approximation can be influenced diffuse scattering from
crystalline disorder. Since crystalline disorder should affect
the Bragg scattering peaks,29 we have characterized the changes
in PEO crystallites by fitting the PEO [120] peak in each
WAXS profile with a simple Gaussian function (SI 4) and
provided the resulting peak height (Ip,[120]), peak position
(qp,[120]) and full width at half-maximum (fwhm[120]) for each
sample in Table 2. In Figure 3b, we show the influence of
P(STFSI) chain length and counterion identity on PEO crystal
disorder by plotting fwhm[120] versus the volume fraction of
P(STFSI) (ϕPSTFSI) for all of the samples. Interestingly, the
fwhm[120] values for the lithiated samples are independent of
ϕPSTFSI, while the fwhm[120] values for the magnesiated samples
increase significantly with increasing ϕPSTFSI, following what
appears to be a quadratic relation. At this time it remains
unclear whether the [120] peak broadening is due to crystallite
size or imperfections in the crystalline lattice.29 The data in
Figure 3 indicate that the counterion influences the structure of
the PEO crystallites within these PEO−P(STFSI) block
copolymers.
In addition to the total crystallinity being unaffected by

counterion identity, the melting temperature of the PEO
crystals is a weak function of the length of the ion-containing
block and the identity of the cation. As shown in Table 2,
melting temperatures (Tm’s) between 55 and 60 °C are
observed in all cases. In PEO homopolymers, single crystals
with once- or twice-folded PEO chains exhibit melting
temperatures between 57 and 60 °C.30,31 Nearly all of the
samples in the present study have Tm’s within that range,
suggesting the predominant presence of PEO crystallites with
once- and twice-folded chains. The exception lies in PEO−
P[(STFSI)Li](5-3.2), where the slightly depressed melting Tm
suggests the presence of some kinetically trapped thrice-folded

chain crystals,30 or it may demonstrate melting point
depression due to the presence of dissociated ionic
species.14−17 If the PEO crystallizes into lamellae of the same
thickness, Lcryst, for all samples (i.e., each PEO chain is folded
the same number of times), then the simplest crystallization-
induced nanostructure that could explain the SAXS profiles in
Figure 2 would be stacked layers of crystalline PEO lamellae
separated by an amorphous layer consisting of amorphous PEO
and P(STFSI). In such a scenario, the interlamellar domain
spacing (dSAXS), which can be calculated from the position of

Figure 3. (a) Comparison of the fractional crystallinity of PEO
determined through structural analysis (WAXS, ϕcr

WAXS) and thermal
analysis (DSC, xcr

DSC). Blue triangles indicate lithiated samples, gold
squares indicate magnesiated samples, and gray circles indicate
PEO(5). The error bars for PEO(5) and the lithiated samples indicate
the range of values determined from different sector averages of the
2D WAXS data. The dashed black line indicates the prediction for a
perfect correlation between ϕcr

WAXS and ϕcr
DSC, whereas the solid gold

line represents a perfect correlation with a constant offset, determined
by the best fit of a line with slope = 1 to the magnesiated data: ϕcr

WAXS =
ϕcr
DSC − 0.067(6). (b) Relationship between the full width at half-

maximum of the PEO [120] scattering peak (fwhm[120]) and the
amount of P(STFSI) in the sample (ϕPSTFSI). Blue triangles indicate
lithiated samples, gold squares indicate magnesiated samples, and the
gray circle indicates PEO(5). The dashed lines are meant to guide the
eye. The blue dashed line is the best fit to the lithiated and PEO(5)
data with a slope set equal to zero: fwhm[120] = 0.110(2). The gold
dashed line is the best fit of the magnesiated and PEO(5) data to a
quadratic polynomial: fwhm[120] = 0.11(1) + 2.7(2)ϕPSTFSI

2. The
fitting uncertainty in the last digit of each fit parameter is indicated by
the value in parentheses.
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the primary SAXS scattering peak (q*) by dSAXS = 2π/q*,
should scale with the volume of amorphous material present in
the sample. The volume of amorphous material can be
calculated on a per-chain basis by the product ϕamVchain,
where ϕam is total amorphous fraction in the sample and Vchain
is the volume of an individual polymer chain. ϕam can be
determined using knowledge of the sample composition and
the PEO crystallinity through

ϕ ϕ ϕ ϕ ϕ ϕ≡ + = + −[1 ]am PSTFSI PEO
am

PSTFSI PEO cr (4)

where ϕPEO
am is the amorphous volume fraction of PEO within

the semicrystalline sample and ϕcr is the crystalline volume
fraction that can be obtained by either WAXS or DSC. The
volume of an individual chain can be approximated by

= +V N v N vchain PEO PEO PSTFSI PSTFSI (5)

where NPEO and NPSTFSI are the degrees of polymerization for
each block, and vPEO and vPSTFSI are their respective monomer
volumes (vPEO = 0.066 nm3; vPSTFSI = 0.34 nm3).5

In Figure 4, we plot dSAXS versus ϕamVchain using the data
from Figure 2 and Table 2. It is clear that the interlamellar

domain spacing (dSAXS) increases with increasing amorphous
volume. If the PEO crystal thickness (Lcryst) remains constant
between samples and nearly all chains participate in
crystallization, then the interlamellar domain spacing can be
expected to scale as

ϕ
α

= +d
V

LSAXS
am chain

cryst (6)

where α [nm2] is the areal density of PEO−PSTFSI block
junctions on the PEO crystal surface, which is fixed by the
number of times the PEO chains fold within the crystal. We
find that eq 6 accounts for the scaling behavior observed in all
of the single-ion conducting block copolymers. In the case of
the lithiated block copolymers, the scaling behavior falls in line
with the data for PEO(5), and Lcryst = 15 ± 1 nm, as
determined by the intercept of the linear fit shown in Figure 4.
For a PEO sample with Mn,PEO = 5 kg mol−1, the thicknesses of
crystalline lamellae comprising once- and twice-folded chains
are 15.0 and 10.6 nm, respectively.30 It appears that the PEO
crystals in the lithiated polymer primarily comprise once-folded
chains. The value of Lcryst for the lithiated samples also stands in
good agreement with the width of the PEO-rich domains
observed in the STEM image from PEO−P[(STFSI)Li](5-2.0)
in Figure 2c. This indicates that a single once-folded PEO
crystal spans the width of the PEO lamellar domain, i.e., the
“homeotropic” crystal orientation.32 The magnesiated block
copolymers fall upon a separate line in Figure 4, with Lcryst = 9.3
± 0.8 nm when using ϕcr

DSC to calculate ϕam(Lcryst = 7.7 ± 1.3
nm when using ϕcr

WAXS to calculate ϕam). The value of Lcryst
determined from the magnesiated samples is roughly consistent
with the thickness of PEO crystallites composed of twice-folded
chains. However, since the melting temperatures between the
lithiated and magnesiated matched pairs are similar, one might
also expect a similar distribution of PEO crystals with once- and
twice-folded chains. We posit that the consistently lower dSAXS
values in the magnesiated samples stems from a difference in
nanostructure formation and crystal orientation (i.e., not
“homeotropic”), rather than a significant difference in the
population of PEO crystallite thicknesses.
It is known that the morphology of semicrystalline polymers

is kinetically controlled.7−10 Furthermore, it is known that
polymer crystallization kinetics depend strongly on the degree
of supercooling. Unlike the melting temperatures (Tm’s), the
crystallization temperatures (Tc’s) observed in DSC (Table 2)
are very different for the lithiated and magnesiated matched
pairs, suggesting crystallization kinetics might differ consid-
erably between samples, even under the same crystallization
conditions. We probed the kinetics of PEO crystallization by
quenching the block copolymers from temperatures well above
the melting temperature of PEO to 35 °C and then monitoring
the morphological development by in situ X-ray scattering.
Time = 0 is defined as the time at which the sample
temperature reached 35 °C (typically 45 min after the quench
was initiated). In Figure 5a, we provide the combined SAXS/
WAXS profiles for PEO−P[(STFSI)2Mg](5-2.0) during such
an experiment. We note that the SAXS and WAXS data were
collected during two independent experiments; the absolute
intensity data are simply plotted together to yield the profiles in
Figure 5a. For time ≤30 min, the SAXS profile exhibits a single
broad peak at q = 0.509 nm−1. In this time window, the WAXS
profile only contains intensity from the broad amorphous
scattering halo.27 While the SAXS profiles of molten
P[(STFSI)2Mg](5-2.0) (time <30 min) rule out the presence
of ordered phases, the broad peak at q = 0.509 nm−1 can, in
principle, arise from either highly disordered microphase
separation or periodic concentration fluctuations. In ref 5, we
showed that the SAXS profiles in the melt (time = 0 in Figure
5a) are consistent with the scattering from concentration
fluctuations predicted by Leibler,33 provided the Flory−
Huggins interaction parameter and the statistical segment
lengths of the chains are treated as adjustable parameters. For

Figure 4. Relationship between nanostructure determined through
SAXS and the fractional crystallinity of PEO. The lamellar spacing
between PEO crystals (dSAXS) is plotted versus the total amorphous
volume contributed per chain (ϕamVchain). Blue triangles indicate
lithiated samples, gold squares indicate magnesiated samples, and gray
circles indicate PEO(5). Closed symbols use ϕcr

DSC to calculate ϕam,
while open symbols use ϕcr

WAXS. The solid blue line represents the
linear fit to the data from the lithiated polymers: dSAXS =
2.1(2)ϕamVchain = 15(1) (R2 = 0.9598). The solid gold line represents
the linear fit to the data from the magnesiated polymers using ϕam
calculated from ϕcr

DSC: dSAXS = 2.3(2)ϕamVchain + 9.3(8) (R2 = 0.9955),
and the dashed gold line is the linear fit to the magnesiated polymers
using ϕam calculated from ϕcr

WAXS: dSAXS = 2.4(2)ϕamVchain + 7.7(1.3)
(R2 = 0.9907). The fitting uncertainty in the last digit of each fit
parameter is indicated by the value in parentheses.
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simplicity, we refer to the structures obtained in molten
P[(STFSI)2Mg](5-2.0) as concentration fluctuations in the
remainder of the paper.
Returning to Figure 5a, between time = 45 and 120 min,

three changes occur in the scattering profile: the scattering peak
from disordered fluctuations diminishes, a new scattering peak
emerges at q = 0.325 nm−1, and the WAXS intensity at q = 14.6
nm−1 decreases. The vertical dashed lines in Figure 5a are
located at q = 0.325 and 14.6 nm−1. The correlated changes in
SAXS and WAXS at these two values of q are due to the
formation of PEO-rich crystals. The Bragg peaks corresponding
to PEO crystals are evident in the WAXS data obtained after
time = 45 min. The formation of PEO crystals results in a
dramatic increase in the length scale of the periodic structure
from 12 to 19 nm. To our knowledge, such large changes in
periodic length scale only occur within block copolymers
during crystallization-induced self-assembly (e.g., unconfined or
breakout crystallization).6,8,9,34,35 It is perhaps worth noting
that all of the scattering profiles in Figure 5a merge at q = 0.397

nm−1. The scattering intensity at this value of q at time = 0
arises due to concentration fluctuations. Further work is needed
to identify the reason why the scattering intensity from
semicrystalline samples at this value of q is equal to that from
amorphous fluctuations.
In Figure 5b, we quantify the correlation between SAXS and

WAXS by plotting the normalized intensity (Ipeak) of the
primary SAXS peak (q* = 0.325 nm−1), calculated using eq 7,
as well as the absolute PEO crystalline fraction (ϕcr

WAXS) versus
time.

≡ ° * − ° *I I q I q( ) ( )peak 35 C 90 C (7)

It is clear that Ipeak and ϕcr
WAXS are correlated, which we

demonstrate conclusively in Figure 5c by plotting Ipeak versus
ϕcr
WAXS. We note that Ipeak reflects SAXS intensity at q = 0.325

nm−1, while ϕcr
WAXS reflects WAXS intensity at q = 14.6 nm−1.

The linear relationship shown by the regression analysis in
Figure 5c indicates that Ipeak is a measure of relative crystallinity.

Figure 5. (a) Time-dependent combined SAXS/WAXS patterns from PEO−P[(STFSI)2Mg](5-2.0) during isothermal crystallization at 35 °C. The
dashed vertical lines indicate the q-values where intensities were extracted to calculate Ipeak and ϕcr

WAXS. For clarity, the SAXS data markers are only
plotted for every 15th data point and WAXS data are represented by lines between data points. (b) Ipeak (left axis, open cyan triangles) and ϕcr

WAXS

(right axis, filled black diamonds) plotted vs time during isothermal crystallization of PEO−P[(STFSI)2Mg](5-2.0). Dashed curves are meant to
guide the eye. (c) Ipeak vs ϕcr

WAXS from the data shown in (b). The solid line indicates the linear fit to the data: Ipeak = 11.5(3)ϕcr
WAXS − 0.4(1) (R2 =

0.995).
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In Figure 6, we show time-dependent SAXS profiles for
PEO−P[(STFSI)Li](5-3.2) after quenching from 70 to 35 °C.

We see the development of crystalline lamellae, indicated by
the growth of a peak at q = 0.215 nm−1. The main difference
between the lithiated sample in Figure 6 and magnesiated
sample in Figure 5 is the absence of the broad scattering peak
due to concentration fluctuations in the fully amorphous state
(compare time = 0 data in Figures 5a and 6). We note that we
were unable to replicate the experiment with PEO−P[(STFSI)-
Li](5-3.2) using a WAXS configuration due to limited access to
the beamline.
The in situ SAXS experiments described above were

performed on all of the single-ion conducting block
copolymers. (The in situ SAXS profiles from samples not
shown in Figures 5 and 6 are provided in the Supporting
Information (SI 5)). In Figure 7, we plot Ipeak extracted from all
of the samples versus time. In Figure 7a, we show that PEO−
P[(STFSI)Li](5-1.1) and PEO−P[(STFSI)Li](5-2.0) are
essentially fully crystallized by the time the in situ SAXS
heating stage reached 35 °C. This result is consistent with DSC
observations showing Tc ∼ 35 °C for those samples.
Interestingly, PEO−P[(STFSI)Li](5-3.2), which did not
portray a detectable crystallization temperature during the
DSC cooling scan (see Table 2), began to rapidly crystallize 20
min after the stage reached the 35 °C set point. The
crystallization time for PEO−P[(STFSI)Li](5-3.2), approxi-
mated using the linear fits in Figure 7a, was 53 min. The
cooling rate employed in the DSC experiments precluded
crystallization in this sample. It is evident in Figure 7a that the
rate of crystallization decreases as the molecular weight of the
P[(STFSI)Li] block is increased from 1.1 to 3.2 kg mol−1. In
Figure 7b, we show the time dependence of Ipeak of the
magnesiated block copolymers. In this set, the rate of
crystallization also decreases with increasing molecular weight
of the P(STFSI) block. Crystallization of PEO−P-
[(STFSI)2Mg](5-1.1) is essentially complete at time = 0.
With a crystallization time of ∼71 min, the crystallization of
PEO−P[(STFSI)2Mg](5-2.0) is qualitatively similar to PEO−
P[(STFSI)Li](5-3.2). The crystallization of PEO−P-
[(STFSI)2Mg](5-3.2) is very slow and was not observed over

the course of the experiment; note that Ipeak only increases by 2
cm−1 during the experiment (Figure 7b) (negative values of
Ipeak can be obtained because of our definition (eq 7)). WAXS
data obtained at time = 150 min for PEO−P[(STFSI)2Mg](5-
3.2) showed no evidence of PEO Bragg peaks (SI 5). The rate
of crystallization in the magnesiated samples as measured by
SAXS is reflective of their crystallization temperatures observed
by DSC. Table 3 summarizes the approximate crystallization
times determined by in situ SAXS for each set of matched pairs.
The time-dependent data in Figures 5−7 represent three

different states: (1) a homogeneous disordered state in the
lithiated samples at early times, (2) a disordered state with

Figure 6. Time-dependent in situ SAXS profiles from PEO−
P[(STFSI)Li](5-3.2) during isothermal crystallization at 35 °C.

Figure 7. Evolution of the semicrystalline SAXS peak intensity (Ipeak)
with time during isothermal crystallization at 35 °C for (a) the
lithiated samples (closed symbols) and (b) the magnesiated samples
(open symbols). Red diamonds = PEO−P(STFSI)(5-3.2); cyan
triangles = PEO−P(STFSI)(5-2.0); purple squares = PEO−P(STFSI)-
(5-1.1). The dashed curves are meant to guide the eye. The black lines
were used to approximate the crystallization times for each sample.

Table 3. Crystallization Times (in min) at 35 °Ca

matched pair Li Mg

PEO−P(STFSI)(5-3.2) ∼53 >150
PEO−P(STFSI)(5-2.0) <10 ∼71
PEO−P(STFSI)(5-1.1) ∼0 <15

aBased on the data in Figure 7; a time of ∼0 indicates crystallization
occurred at T > 35 °C during the quench.

Macromolecules Article

DOI: 10.1021/acs.macromol.7b00735
Macromolecules 2017, 50, 4827−4839

4834

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00735/suppl_file/ma7b00735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00735/suppl_file/ma7b00735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00735/suppl_file/ma7b00735_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.7b00735
http://pubs.acs.org/action/showImage?doi=10.1021/acs.macromol.7b00735&iName=master.img-007.jpg&w=200&h=202
http://pubs.acs.org/action/showImage?doi=10.1021/acs.macromol.7b00735&iName=master.img-008.jpg&w=181&h=364


concentration fluctuations in the magnesiated samples at early
times, and (3) lamellar microphases induced by PEO
crystallization in both samples at late times. We posit that the
differences in crystallization kinetics observed between matched
pairs of lithiated and magnesiated single-ion conducting block
copolymers stem from differences in their melt morphology.
Before crystallization, the SAXS profile from the magnesiated
sample (PEO−P[(STFSI)2Mg](5-2.0)) indicates the presence
of periodic concentration fluctuations, whereas the SAXS
profile from lithiated sample (PEO−P[(STFSI)Li](5-3.2)) is
essentially featureless and does not indicate the presence of
periodic fluctuations. To characterize the different states within
these samples, we turn to the SAXS invariant (Q). Q provides a
measure of the magnitude of electron density fluctuations
within a sample and is related to the difference in scattering
length densities of the two polymer blocks.36 The SAXS
invariant is defined as

∫
π

= − −Q I q q dq
1

2
( ) cm nm

q

q

2
2 1 3

min

max

(8)

In principle, the integration limits should be qmin = 0 and qmax =
∞; however, in practice, the extrapolations of I(q) to q = 0 and
q = ∞ lead to significant errors in the calculation of Q.27,36 We
set the integration bounds based on the experimentally
measured SAXS q-range (qmin = 0.04 nm−1 and qmax = 2.0
nm−1) and used the NCNR Analysis Macro37 package for Igor
Pro to calculate the invariant; no fluctuating background
intensity was subtracted from the SAXS curves prior to
integration.38 In Figure 8, we plot Q versus time during the

isothermal crystallization of PEO−P[(STFSI)Li](5-3.2) and
PEO−P[(STFSI)2Mg](5-2.0), the two samples wherein
crystallization kinetics occurred on accessible time scales. The
trends observed in these two samples are qualitatively different,
with Q increasing for the lithiated PEO−P[(STFSI)Li](5-3.2)
sample and Q decreasing for the magnesiated PEO−
P[(STFSI)2Mg](5-2.0) sample as the PEO chains crystallize.
Furthermore, the absolute values of Q in the fully molten state
(i.e., at time = 0) for PEO−P[(STFSI)2Mg](5-2.0) is nearly 4
times greater than that of PEO−P[(STFSI)Li](5-3.2). We first
analyze the discrepancy in values of Q in the molten state and
then propose a pathway that can explain the opposing trends in
Q during crystallization.
In an ideal two-phase system with sharp interfaces, the SAXS

invariant (Qideal) is determined by the volume fraction of each
phase and their scattering contrast:

ϕ ϕ= × −− − −Q B B1 10 ( ) cm nmideal
21

A B
2

A B
1 3

(9)

where BA and BB are the scattering length densities and ϕA and
ϕB are the volume fractions of phases A and B. The factor of
1 × 10−21 is a simple unit conversion factor required to convert
the (BA − BB)

2 cm−4 term into the appropriate units. The
phases of interest here are PEO and the PSTFSI. In Table 4, we
provide the values of 1 × 10−21(BA − BB)

2 and ϕAϕB, which are
calculated as described previously,5 for PEO−P[(STFSI)2Mg]
(5-2.0) and PEO−P[(STFSI)Li](5-3.2) at 35 °C. We provide
these calculations under two conditions: first assuming fully
amorphous PEO (ρam

PEO = 1.112 g cm−3)22 and second assuming
100% crystalline PEO (ρcr

PEO = 1.24 g cm−3).27 In both cases we
use a density for the P(STFSI) block of ρPSTFSI = 1.57 g cm−3.4

(We have not explicitly measured the density of P-
[(STFSI)2Mg] and assume that it is the same as P[(STFSI)Li].
Given the fact that the monomers are bulky and mostly organic
in nature (see Figure 1), we expect this assumption to hold.)
The changes in Qideal during crystallization can be estimated
using the data in Table 4. For both the lithiated and magnesiaed
samples, Qideal is predicted to decrease by a factor of about 2
upon PEO crystallization. The magnesitated sample (PEO−
P[(STFSI)2Mg](5-2.0)) follows this behavior, with Q decreas-
ing from 0.073 to 0.038 cm−1 nm−3 upon crystallization. This
result suggests the presence of large amplitude concentration
fluctuations in PEO−P[(STFSI)2Mg](5-2.0). The presence of
such fluctuations in short disordered block copolymers has
been established both theoretically and experimentally.39,40 In
contrast, the increase in Q seen in the lithiated PEO−
P[(STFSI)Li](5-3.2) sample during crystallization cannot be
explained by the ideal two-phase model.
For a two-phase system with diffuse interface boundaries, the

relation for the ideal SAXS invariant (Qideal) in eq 9 must be
modified. By using a three-dimensional Gaussian smoothing
function, the SAXS invariant for a two-phase system with
diffuse interfaces (Qdiff) can be written as

Figure 8. Evolution of the SAXS invariant (Q) during the isothermal
crystallization of PEO−P[(STFSI)Li](5-3.2) (blue triangles) and
PEO−P[(STFSI)2Mg](5-2.0) (gold squares) at 35 °C. Dashed curves
are meant to guide the eye.

Table 4. Calculated Values Relating Qideal Assuming Fully Amorphous PEO and 100% Crystalline PEO in the PEO−
P[(STFSI)Li](5-3.2) and PEO−P[(STFSI)2Mg](5-2.0) Samples

amorphous PEO 100% crystalline PEO

sample 1 × 10−21(BA − BB)
2 [cm−1 nm−3] ϕAϕB 1 × 10−21(BA − BB)

2 [cm−1 nm−3] ϕAϕB

PEO−P[(STFSI)2Mg](5−2.0) 1.11 0.19 0.46 0.20
PEO−P[(STFSI)Li](5−3.2) 1.06 0.22 0.43 0.23
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where t is the thickness of the interface region and lp is Porod’s
length of inhomogeneity, which describes the average “domain
size” within the sample.36 In Table 5, we provide the measured

SAXS invariants (Q) for the magnesiated PEO−P-
[(STFSI)2Mg](5-2.0) and lithiated PEO−P[(STFSI)Li](5-
3.2) samples before and after PEO crystallization, along with
the corresponding calculated values of Qideal for those samples
in the fully amorphous and 100% crystalline state, respectively.
In the final column of Table 5, we provide the value of t/lp
necessary to yield the experimentally measured invariant values
assuming a diffuse interface, which we calculate using Q and
Qideal in eq 11:

= −t
l

Q
Q

1
p ideal (11)

It is clear from Table 5 that, in the melt, the thickness (t) of the
diffuse interface layer (relative to the “domain size” (lp)) is
much larger for the lithiated sample. In fact, the value of t/lp =
0.92 indicates that “domains” in PEO−P[(STFSI)Li](5-3.2)
are extremely diffuse. We conclude that the increase in Q
during crystallization in PEO−P[(STFSI)Li](5-3.2) arises from
the formation of new interface boundaries as PEO crystallites
form within the homogeneous PEO−P[(STFSI)Li] melt. In
contrast, the value of t/lp = 0.65 calculated for PEO−
P[(STFSI)2Mg](5-2.0) in the melt is similar to the value
determined for the semicrystalline PEO−P[(STFSI)Li](5-3.2)
sample (t/lp = 0.66), indicating that the phase boundaries that
form upon crystallization are just as diffuse as the dynamic
interfaces that are present in the molten state with
concentration fluctuations. We note in passing determining
absolute values of interfacial thickness accurately is difficult.
Clearly, using the same model to quantify three dramatically
different states, a homogeneous disordered state, a disordered
state with fluctuations, and a semicrystalline ordered state may
be thought of as a crude first step toward the characterization of
crystallization in single-ion conducting block copolymers. The
values for t/lp provided in Table 5 represent an upper bound
for (t), since the measured SAXS invariant (Q) used in eq 11 is
determined from the experimentally limited region of q-space.
Furthermore, our treatment of the invariant in this work is
derived for a two-phase system, and strictly speaking, the
semicrystalline samples might need to be treated as three-phase
systems; however, the qualitative interpretation of our results

should still hold. Extension of our treatment to three-phase
systems is outside the scope of this paper.
In Figure 9, we provide schematics of the nanostructures of

molten and semicrystalline PEO−P[(STFSI)2Mg] and PEO−

P[(STFSI)Li] that are consistent with the structural insights
from the static SAXS/WAXS and STEM measurements in
Figure 2 as well as with the in situ scattering data from Figures 5
and 6. In Figure 9a, we demonstrate periodic concentration
fluctuations in the PEO−P[(STFSI)2Mg] melt, whereas PEO−
P[(STFSI)Li] is homogeneous in the melt. Upon crystal-
lization, the periodicity of the fluctuations in PEO−
P[(STFSI)2Mg] increases by nearly a factor of 2, consistent
with the in situ SAXS profiles from the PEO−P[(STFSI)2Mg]-

Table 5. Invariant Values and Diffuse Interface Thicknessesa

sample
Q

[cm−1 nm−3]
Qideal

[cm−1 nm−3] t/lp

PEO−P[(STFSI)2Mg](5-2.0) at
time = 0

0.073 0.21 0.65

PEO−P[(STFSI)Li](5-3.2) at time
= 0

0.018 0.24 0.92

PEO−P[(STFSI)2Mg](5-2.0) at
time = 150

0.038 0.09 0.58

PEO−P[(STFSI)Li](5-3.2) at time
= 90

0.033 0.10 0.66

aExperimental (Q) and ideal (Qideal) invariant values for PEO−
P[(STFSI)Li](5-3.2) and PEO−P[(STFSI)2Mg](5-2.0) at the begin-
ning and end of the in situ SAXS experiments. t/lp values are the results
from eq 11.

Figure 9. (a) Cartoons depicting possible composition profiles and
(b) chain configurations that could lead to the observed invariants as
well as the scattering profiles in Figures 4 and 5. The cartoons
highlighted in gold represent PEO−P[(STFSI)2Mg], and the cartoons
highlighted with blue represent PEO−P[(STFSI)Li]. Red indicates
P(STFSI), cyan indicates amorphous PEO, blue parallelograms
indicate crystalline PEO, and violet indicates well-mixed PEO and
P(STFSI).

Macromolecules Article

DOI: 10.1021/acs.macromol.7b00735
Macromolecules 2017, 50, 4827−4839

4836

http://dx.doi.org/10.1021/acs.macromol.7b00735
http://pubs.acs.org/action/showImage?doi=10.1021/acs.macromol.7b00735&iName=master.img-010.jpg&w=230&h=431


(5-2.0) sample. We believe the rearrangement of the
P[(STFSI)2Mg]-rich regions required for this change in
periodicity causes the slower crystallization kinetics and
increased disorder observed in the magnesiated samples. In
other words, PEO crystallization in the magnesiated samples is
disrupted by the presence of the disordered P[(STFSI)2Mg]-
rich concentration fluctuations. In contrast, crystallization in
PEO−P[(STFSI)Li] leads to the formation of periodic
structure from the homogeneous melt, as revealed by an
increase in the scattering invariant upon crystallization and the
formation of peaks in the SAXS profiles in Figure 6. In Figure
9b, we demonstrate possible chain configurations that could
lead to the semicrystalline structures depicted in Figure 9a;
crystallite orientation in the magnesiated sample is depicted as
random, whereas the crystallites in the lithiated sample are
depicted in the “homeotropic” orientation.32

■ CONCLUSION
Single-ion conducting block copolymers composed of the ion-
containing block poly(styrene-4-sulfonyltrifluoromethyl-
sulfonyl)imide (P(STFSI)) and the ion solvating/conducting
block poly(ethylene oxide) (PEO) represent a unique class of
materials, wherein single-ion conduction occurs by solvating
and transporting the cation with the neutral polymer block
(PEO).2−4 In this study we report on the crystallization
behavior of PEO within a matched pair library of lithiated
(PEO−P[(STFSI)Li]) and magnesiated (PEO−P-
[(STFSI)2Mg]) single-ion conducting block copolymers. DSC
analysis revealed that the P(STFSI) counterion (Li+ or Mg2+)
does not significantly affect PEO crystallinity. SAXS/WAXS
and STEM analysis revealed that PEO crystallization induces
the formation of lamellar morphologies in all samples; however,
the magnesiated samples were found to have increased levels of
disorder at both crystalline and nanostructural length scales.
We studied the kinetics of PEO crystallization in the matched

pairs using the absolute scattering intensity data from
independent time-resolved in situ SAXS and WAXS experi-
ments. These experiments show that PEO crystallization is
significantly slowed when the P(STFSI) counterion is switched
from Li+ to Mg2+. In the molten state, the lithiated samples are
homogeneous, whereas the magnesiated samples contain
concentration fluctuations. The homogeneous nature of the
lithiated samples allows PEO to crystallize into well-ordered
lamellae, similar to those observed in homopolymer PEO(5).
We attribute the slowed crystallization kinetics as well as the
increased structural disorder observed in the semicrystalline
magnesiated samples to the presence of concentration
fluctuations in the melt. Thus, the identity of the P(STFSI)
counterion (Li+ vs Mg2+), which dictates the interactions
between P(STFSI) and PEO in the melt state,5 ultimately
controls the kinetics of PEO crystallization and the formation
of concomitant crystallization-induced nanostructure.
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■ NOMENCLATURE

Abbreviations
AgB silver behenate
DSC differential scanning calorimetry
PEO poly(ethylene oxide)
PEO-b-P[STFSI] poly(ethylene oxide)-b-poly[(styrene-

4-sulfonyltrifluoromethylsulfonyl)-
imide] diblock copolymer, unspecified
ion

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
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STEM scanning transmission electron micros-
copy

WAXS wide-angle X-ray scattering

Symbols
dSAXS interlamellar domain spacing, nm
fwhm[120] full width at half-maximum of the [120] WAXS

peak, nm−1

ΔHm experimentally measured specific melting enthalpy, J
g−1

ΔHm° ideal specific melting enthalpy, J g−1

I scattering intensity, cm−1

Ip,[120] fit parameter corresponding to the [120] WAXS
peak height, cm−1

Ipeak intensity at q = q*, normalized by the molten sample
intensity, cm−1

Lcryst crystal lamellae thickness, nm
lp Porod’s length of inhomogeneity, nm
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

q* position of the primary SAXS peak, nm−1

qp,[120] the fitted [120] WAXS peak position, nm−1

q0 location where Iscr and Imolten are evaluated to
calculate ϕcr

WAXS, nm−1

Q SAXS scattering invariant, cm−1

Qdiff scattering invariant for two-phase system with
diffuse interfaces, cm−1

Qideal ideal scattering invariant for two-phase system, cm−1

qmax maximum attainable scattering vector in SAXS,
nm−1

qmin minimum attainable scattering vector in SAXS, nm−1

t domain interface thickness, nm
Tc crystallization temperature, °C
Tg glass transition temperature, °C
Tm melting temperature, °C
vPEO monomer volume for EO, nm3

vPSTFSI monomer volume for STFSI, nm3

Vchain volume of a single chain, nm3

wPEO weight fraction of PEO
xcr
DSC mass fractional crystallinity calculated through DSC

Greeks
α areal density of block junctions on the PEO crystal

surface, nm−2

χ Flory−Huggins interaction parameter
ϕam
scr amorphous volume fraction of a semi crystalline

polymer block
ϕam total amorphous volume fraction within a semi

crystalline polymer
ϕcr
DSC volume fractional crystallinity calculated through DSC

ϕcr
WAXS volume fractional crystallinity calculated through

WAXS
ϕPEO volume fraction of the PEO block
ϕPSTFSI volume fraction of the P(STFSI) block
λ scattering wavelength, nm
ρam
PEO density of amorphous poly(ethylene oxide), g cm−3

ρcr
PEO density of crystalline poly(ethylene oxide), g cm−3

ρPSTFSI density of poly[(styrene-4-sulfonyltr ifluoro-
methylsulfonyl)imide], g cm−3

θ scattering angle, rad
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