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ABSTRACT: The order-to-disorder transition temperature (Topr) in a
series of mixtures of polystyrene-b-poly(ethylene oxide) (SEO) and
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt is identified by
the disappearance of a quadrupolar 'Li NMR triplet peak splitting above a
critical temperature, where a singlet is observed. The macroscopic
alignment of ordered domains required to produce a quadrupolar splitting

occurs due to exposure to the NMR magnetic field. Alignment is

confirmed using small-angle X-ray scattering (SAXS). The T,
I\ﬁ\/IR is consglstent w1tyh that detergmined using SAXS. ot

determined by

Block copolymers (with or without salt added) self-assemble
into a variety of ordered phases."” At sufficiently
high temperatures, entropy dominates, resulting in the
formation of a disordered phase. Established experimental
approaches for locating the order-to-disorder transition
temperature (Topr) include small-angle X-ray scattering
(sAXs),* small-angle neutron scattering (SANS),” birefrin-
gence,é and rheology.7_10 There is increasing interest in the
properties of mixtures of block copolymers and fluorine-
containing lithium salts due to their relevance in lithium
batteries. Locating the Topr in these systems is important, as
microscopic morphology has a profound impact on bulk
properties such as mechanical rigidity and ionic conductiv-
i .11,12

While nuclear magnetic resonance spectroscopy (NMR) is
often used to study the chemical environment of lithiated
compounds, it is rarely used to study block copolymer
electrolyte systems. Both naturally occurring lithium isotopes,
SLi and "Li, can be observed using NMR, but Li is chosen
most commonly due to its higher natural abundance and NMR
sensitivity.” Several researchers have used NMR to study these
polymer electrolytes."*™"” In these studies, the NMR peak
corresponding to lithium appears as a single line. While lithium
spin—spin (scalar J or dipole—dipole D) coupling to other
NMR-active nuclei such as protons (‘"H) or fluorine (*’F) is
possible,lg’19 to our knowledge, lithium splitting due to such
coupling has never been observed in polymeric systems.
Previous studies of lithium cations in polymer electrolytes
report only "Li line broadening due to heteronuclear dipolar
interactions.”

order-to-disorder transitio>

The quadrupolar moment of the spin-3/2 “Li nucleus
enables splitting of the NMR signal into a triplet when the
lithium atoms experience a nonzero average electric field
gradient (EFG).*" (*F, however, is spin-1/2 and therefore
cannot exhibit quadrupolar splitting.) A triplet peak splitting
will occur only when lithium cations are sampling an EFG
environment with an overall degree of alignment, as in a
macroscopically aligned sample. It is therefore not surprising
that in the vast majority of experiments "Li spectra appear as
single peaks. However, recent work has demonstrated that
strong magnetic fields can uniformly align the domains of
block copolymers, allowing for a higher degree of average
orientation.”” Earlier work has shown that quadrupolar
splitting can be used to investigate magnetic-field-aligned
biological membrane bicelles” and alignment in polymers
using labeled probe molecules,”* including D,O-swollen block
copolymers aligned by a casting process,”” but never with
lithium ions in block copolymers. In previous work on aligned
polymer electrolytes with magnetic fillers, quadrupolar
interactions have been shown only to cause line broadening,
due to a broad distribution in domain orientation."

Herein, we report the presence of quadrupolar Li triplet
spectra in lamellae-forming mixtures of block copolymers and a
lithium salt oriented through exposure to the NMR magnetic
field. The splittings disappear when the sample is disordered,
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Figure 1. SAXS profiles at a range of temperatures for SEO(3.3—2.6) r = 0.02 (a), SEO(1.7—1.4) r = 0.075 (b), and SEO(1.5—2.0) r = 0.125 (c).
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Figure 2. Plots of the full-width at half-maximum (FWHM) of the primary scattering peak at a range of temperatures for SEO(3.3—2.6) r = 0.02

(a), SEO(1.7—1.4) r = 0.075 (b), and SEO(1.5—2.0) r = 0.125 (c).
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Figure 3. NMR spectra of SEO(1.7—1.4) r = 0.075 at 90 °C for "Li (a), ”F-decoupled "Li (b), and °Li (c).

indicating that NMR can be used to detect the order-to-
disorder transition.

SAXS profiles of three electrolytes at selected temperatures
are shown in Figure 1. The scattering from these samples was
isotropic, as is typically the case for block copolymers in the
absence of external fields. In Figure 1a, we show SAXS profiles
of polystyrene-b-poly(ethylene oxide) (SEO) with a molecular

weight of 3.3 kg mol™" of polystyrene (PS) and 2.6 kg mol™" of
poly(ethylene oxide) (PEO) mixed with a lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) salt at a concen-
tration of 0.02 lithium ions per ethylene oxide (EQ) moiety
(SEO(3.3—2.6) r = 0.02). At 75 and 89 °C, we see two
scattering peaks, a sharp primary scattering peak at g = g* =
0.60 nm™" and a higher-order scattering peak at g = 2¢*. This
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Figure 4. Two-dimensional SAXS profile of magnetic-field-aligned SEO(1.7—1.4) r = 0.075 (a), plots of normalized scattering intensity as a
function of angle, I(¢), for aligned SEO(1.7—1.4) r = 0.075 (red M), SEO(1.5—2.0) r = 0.125 (green @), and SEO(3.3—2.6) r = 0.02 (blue A)
(b), and the two-dimensional SAXS profile of SEO(1.7—1.4) r = 0.07S not exposed to the magnetic field (c).

indicates the presence of a lamellar phase in this temperature
range. At 99 and 103 °C, we observe a single broad scattering
peak due to disordered concentration fluctuations."*® The
scattering profile at 94 °C is a superposition of a broad peak
and a narrow peak, indicating coexistence of ordered and
disordered phases. This coexistence is required by the Gibbs
phase rule.””** Qualitatively similar results are observed for the
other two electrolytes, SEO(1.7—1.4) r = 0.075 (Figure 1b)
and SEO(1.5-2.0) r = 0.125 (Figure 1c). Based on previous
studies,”” we can assert that the ordered phases are lamellar.
(The higher-order peaks are outside the q window of some
of our experiments.) In these experiments, we also observe
coexistence of ordered and disordered phases. In Figure 2, we
plot the full-width at half-maximum (FWHM) of the primary
scattering peak as a function of temperature. In cases where
broad and sharp peaks coexist, we fit two curves and report the
FWHM of the sharp peak. The temperature change that results
in complete disordering of the partially ordered sample is used
to define the Topy. For SEOQ(3.3—2.6) r = 0.02, Topr = 96.5 +
3 °C; for SEO(1.7—1.4) r = 0.07S, Topr = 114 + 2 °C; and for
SEO(1.5-2.0) r = 0.125, Topr = 114 + 2 °C.

The "Li NMR spectrum of SEO(1.7—1.4) r = 0.075 taken at
90 °C on a 14.1 T instrument is shown in Figure 3a. The
spectrum contains a primary peak and two satellites spaced 1.8
ppm (420 Hz) apart. In principle, this splitting could be due to
indirect spin—spin coupling of lithium to fluorine (*°F; I =1/
2), the only significantly naturally abundant NMR-observable
nucleus in the anion. We therefore performed '*F-decoupled
’Li NMR, and the resulting spectrum is shown in Figure 3b.
The persistence of a triplet in this spectrum indicates that the
splitting seen in Figure 3a is not due to spin—spin coupling of
lithium to fluorine.

Quadrupolar splitting is the most likely explanation for the
presence of a triplet in the "Li NMR spectrum, as "Li is a spin I
= 3/2 nucleus with a moderate quadrupole moment (—40.1
mbarn).”’ We tested this hypothesis by measuring the °Li
spectrum of SEO(1.7—1.4) r = 0.075, as °Li is a spin I = 1
nucleus with a very weak quadrupole moment (—0.808
mbarn). If heteronuclear coupling was responsible for the
splitting, the °Li spectrum would also show a triplet with a
spacing of 1.8 ppm (160 Hz), while if residual quadrupolar
splitting was the cause, such a triplet would not appear in the

®Li spectrum. The result of this experiment is shown in Figure
3¢, where only a single peak is observed. In principle, the spin I
= 1 °Li nucleus should exhibit doublet quadrupolar splitting,
but the low quadrupolar moment of °Li causes the predicted
splitting to be 26 Hz (0.36 ppm) in this case,”’ which is
smaller than the spectral resolution of the measurement.
Additional confirmation of our conclusion based on the 'F-
decoupled “Li and the °Li NMR spectra can be found in the
peak integrals of the "Li spectrum: triplets caused by spin—spin
coupling have a peak ratio of 1:2:1, while those caused by
quadrupolar splitting have a ratio of 3:4:3.>> When the peaks in
Figure 3a are fit to Lorentzian curves and integrated, they have
a ratio of 3.0:4.0:3.3, further indicating that the origin of the
triplet peak pattern is quadrupolar.

Our observation of quadrupolar splitting indicates inter-
actions between the “Li nuclei and local EFGs which could, in
principle, be generated by an ordered phase composed of
alternating PS-rich and PEO-rich lamellae. However, if these
lamellae were randomly oriented with respect to the applied
magnetic field direction, the effect of the concomitant
randomly oriented electric fields would cancel, precluding
quadrupolar splitting. Therefore, the splitting in SEO(1.7—1.4)
r = 0.075 could arise only if the lamellae were not randomly
oriented.

Recent work by Osuji and co-workers has shown that block
copolymer domains can align spontaneously under an applied
magnetic field, even if the chains are devoid of mesogenic
units.”” In order to test whether this is the case in SEO(1.7—
1.4) r = 0.075, a SAXS sample of the electrolyte was placed in
an NMR tube, heated above the Topr outside the magnet to
erase thermal history and prior alignment, and then inserted
into the 14.1 T NMR magnet, where it was cooled to 90 °C (a
temperature that is below the Topr). After S min, it was rapidly
removed from the NMR magnet and quenched in liquid
nitrogen to lock in the morphology that was relevant for our
NMR experiment. (Crystallization of the PEO-rich lamellae
can distort the morphology of block copolymers.””** The
quench vitrifies the PEO, preventing crystallization.) The
sample was then studied using SAXS, yielding the two-
dimensional pattern shown in Figure 4a. The presence of
anisotropic arcs in the SAXS pattern indicates alignment of the
lamellae. The experiment was repeated for the other two
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Figure 5. NMR spectra of SEO(1.7—1.4) r = 0.075 at 90 and 120 °C (a) and the distance between the two satellite peaks, Av, in "Li NMR
quadrupolar triplets versus temperature, normalized by subtracting the SAXS Tqpr, for SEO(1.7—1.4) r = 0.075 (red M), SEO(1.5-2.0) r = 0.125

(green @), and SEO(3.3—2.6) r = 0.02 (blue A) (b).

electrolytes, and the results are qualitatively similar. These
results are shown in the form of normalized scattering intensity
in the vicinity of the primary peak, I, versus the azimuthal
angle, ¢, in Figure 4b. (Our experimental setup does not
enable determination of the relationship between the magnetic
field direction and ¢.) A control sample of SEO(1.7—1.4) r =
0.075 was exposed to the same conditions but was never
placed in the magnet. The SAXS pattern of this sample is
more-or-less isotropic (Figure 4c), indicating that alignment in
the other samples is a result of magnetic field exposure.

The attribution of 'Li NMR triplets to quadrupolar
interactions caused by aligned lamellae requires this behavior
to disappear in disordered samples. In Figure Sa, we show the
NMR spectra of SEO(1.7—1.4) r = 0.075 obtained at 90 and
120 °C. We define Ao as the difference between the locations
of the satellite triplet peaks. When there is no splitting, as is the
case at 120 °C, Av is zero. Figure Sb presents Av as a function
of temperature for all three electrolytes. In these measure-
ments, samples were first annealed outside the magnet to
remove any previous alignment, then inserted into the magnet,
where measurements were taken upon cooling after 10 min of
equilibration at each temperature. In all cases, the first
temperature studied was above Topp (as determined by
SAXS). The triplet splittings appear below the Tqpr,
confirming our assignment of the triplet splitting to
quadrupolar interactions caused by an aligned ordered
morphology which arises due to exposure to the NMR
magnetic field. There is a 5 °C difference between the NMR
and SAXS signatures of Topr in SEO(1.7—1.4) r = 0.075 and
SEO(1.5-2.0) r = 0.125. Given the large differences in sample
geometry and instrumentation, we attribute this shift to
imprecise temperature calibrations and complications arising
from the presence of coexistence windows in the vicinity of the
Topr2"?

The data in Figure 5b show that, for a given electrolyte, Av
is a weak function of temperature below the Topy. The
splitting magnitude in the ordered phase likely depends on a
variety of parameters, such as salt concentration, degree of
alignment, ion dynamics, domain spacing, anisotropic chain
stretching, and the nature of the interface between PS-rich and
PEO-rich lamellae.”**>*> While further work is needed to
elucidate the relationship between Av and the ordered

morphology, we have established that the disappearance of
NMR quadrupolar splitting is a definitive signature of the
order-to-disorder transition in magnetic-field-oriented lamel-
lae-forming block copolymer electrolytes.

In summary, we have demonstrated that 'Li NMR can be
used to locate the Tpr in block copolymer electrolytes. The
electrolytes tested here have lamellar morphology in the
ordered state, which is oriented through exposure to the strong
magnetic field present in an NMR instrument. The orientation
of lamellae is confirmed using SAXS. The anisotropic material
environment causes NMR spectra of the quadrupolar "Li
nucleus to display a triplet splitting. The triplet becomes a
singlet above the Topp due to the disappearance of the
anisotropic environment. The Tgpp determined by NMR
agrees well with that determined by SAXS experiments.

B EXPERIMENTAL SECTION

Polymer Synthesis and Characterization. The polystyrene-b-
poly(ethylene oxide) (SEO) block copolymers in this study were
synthesized, Euriﬁed, and characterized using methods described by
Teran et al.”” and Hadjichristidis et al.*® The polymers are denoted
SEO(Mps—Mopygp), where Mpg and Mpgo are the number-averaged
molecular weights of PS and PEO, respectively, in kg mol™".

Preparation of Electrolytes. The salt-containing co%)olymers
were prepared using methods described by Thelen et al.*® Argon
gloveboxes from Vacuum Atmospheres Company were used for all
sample preparation. The molar ratio of lithium ions to ethylene oxide
(EO) units, r, is used to quantify salt concentration. Table 1 describes
the electrolytes used in this study.

Table 1. Characteristics of Electrolytes Used in This Study

polymer Mps (kg mol™) Mpgo (kg mol™) r
SEO(1.7—1.4) 17 14 0.075
SEO(1.5-2.0) 1.5 2.0 0.125
SEO(3.3-2.6) 33 26 0.020

SAXS Measurements. SAXS samples, consisting of electrolyte in
a rubber spacer sandwiched between two Kapton windows, were
prepared according to methods described by Loo et al.*” Experiments
were conducted at the Advanced Light Source beamline 7.3.3 at
Lawrence Berkeley National Lab®® and beamline 1—35 at the Stanford
Synchrotron Radiation Lightsource (SSRL) at SLAC National
Accelerator Laboratory. Measurements were taken upon cooling



from 130 °C in steps of 2.5 to 60 °C, after 20 min annealing at each
temperature.

NMR Spectroscopy. NMR measurements were performed at 14.1
T using a 600 MHz Bruker Avance III spectrometer with a S mm
PABBO direct detection broad-band probe (BB-1H/D Z-GRD) and a
variable-temperature unit. Measurements were performed on “Li at a
resonance frequency of 233.23 MHz with a 90° pulse time of 13.5 us
at a power level of —2 dB, acquisition time of 0.4 s, and relaxation
delay of 1 s and on °Li at a resonance frequency of 88.32 MHz with a
90° pulse time of 16.75 us at a power level of —2 dB, acquisition time
of 0.58 s, and relaxation delay of 1 s. Additionally, "Li measurements
were acquired with '°F decoupling using an inverse-gated decoupling
sequence30 on resonance with §("’F) frequencies at —78 ppm at 1.66
W. The acquisition time was 0.114 s and the relaxation delay 1.5 s.
Before each experiment, prior to exposure to the magnetic field,
samples were heated above Tgpr and allowed to cool to remove
previous alignment. When temperature was varied during NMR
experiments, samples were allowed to equilibrate for 10 min at each
new temperature, and the first temperature studied was above the
Topr determined by SAXS.

SAXS Measurements of Magnetically Aligned Samples.
SAXS samples were prepared as described above and inserted into S
mm NMR tubes in an argon glovebox. Because the polymer was
protected by Kapton windows, it did not experience shear stress upon
insertion into the tubes. The samples were heated above Typr and
annealed at 90 °C for S min in the same 14.1 T instrument used for
NMR experiments, while control samples were exposed to the same
conditions without the presence of a magnetic field. All samples were
quenched at —196 °C for 5 min to prevent morphological changes
upon crystallization. They were then removed from NMR tubes in an
argon glovebox and analyzed with SAXS at room temperature using
the methods described above. Two-dimensional scattering profiles
were divided into sectors which were integrated in the vicinity of the
primary scattering peak to determine the azimuthal dependence of the
scattered intensity, I(¢).
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