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ABSTRACT: Low-molecular-weight poly(ethylene oxides) (PEOs) were used in the synthesis
of cyclodextrin (CD)-based solid polymer electrolytes to reduce the coordination strength
between the Li+ ions and the ligands and facilitate lithium-ion transport. The produced samples
demonstrated fast dynamics of the Li+ species dissociated from the polymer chains, which is
considered to play a key role in fast lithium-ion transport. As revealed from 1H and 7Li highresolution NMR, choosing a low-molecular-weight PEO chain improved the mobility and, by
increasing the temperature, the amount of mobile Li+ species was signiﬁcantly increased in the samples. Enhancement (3 orders of
magnitude) in the ionic conductivity of the samples was achieved. This study provides insight into fast Li+ ion transport in CD PEO/
Li+ crystals and signiﬁcantly facilitates the ionic conduction enhancement of tunnel-like CD-based polymer electrolytes.

■

on termed CD PEO/Li+ solid electrolytes. Similar to the case
of ceramic superionic conductors, nanotunnels formed by
ordered CDs provide a suitable long-range-ordered pathway
for directional Li+ ion transport. β-CD was applied in this
study instead of α-CD to establish broader nanotunnels for ion
transport.20,23 Moreover, bistriﬂuoromethanesulfonimide lithium salt (LITFSI) was selected in the synthesis. By altering the
molecular weight of PEO, fast Li+ ion transport was
successfully achieved in small-molecule CD-based SPEs,
demonstrating a 1000 times enhancement of the ionic
conductivity compared with those electrolytes synthesized by
high-molecular-weight polymers. 1H and 7Li NMR analyses
were used to analyze the structures and dynamics of the
samples. Subsequently, the eﬀects of structure on fast Li+ ion
transport were elucidated. This work is critical for clarifying the
fast ion transport and ionic conduction mechanism in tunnellike SPEs, creating a promising approach for synthesizing
highly conductive SPEs.

INTRODUCTION
Fast lithium-ion transport, extensively present in inorganic
ceramic lithium superionic conductors, is capable of signiﬁcantly promoting the ionic conductivity of solid electrolytes.1−4 For example, Li10GeP2S12 exhibits a particularly high
ionic conductivity (2 × 10−3 Scm−1 at ambient temperature)5
for fast transport of Li+ ions. This is caused by the long-rangeordered Li+ ion pathway and the attenuated coordination
between Li+ ions and the inorganic framework.6−8 However,
similar fast Li+ ion transport is rarely identiﬁed in solid
polymer electrolytes (SPEs). Mimicking a suitable structure,
such as those in ceramic conductors, to facilitate fast Li+ ion
transport refers to an intriguing method to enhance the ionic
conductivity of SPEs.9−12
The absence of fast ionic transportation in SPEs can be
attributed to two reasons. First, a long-range-ordered pathway
for Li+ ion transport does not exist in many polymer materials.
Second, robust Li−O coordination signiﬁcantly suppresses the
ionic mobility. For example, the movement of Li+ ions is
constantly accompanied by the Brownian movement of
polymer chains in most amorphous poly(ethylene oxide)
(PEO)-based polymer electrolytes.13−15 Accordingly, the
randomness of the segmental motion induces an absence of
any long-range-ordered pathway for Li+ ion transport as well as
the directed charge transfer. Furthermore, Li+ ions tend to be
stably coordinated with the oxygen atoms of PEO chains. The
enhancement in the segment movement of polymer chains
may weaken the Li−O coordination, thereby improving the
ionic conductivity.16,17 In crystalline PEO-based electrolyte
materials, the nanotunnels formed by the crystalline chain
segments create a directed pathway for ionic transport, thereby
enhancing the ionic conductivity.18−23
In this study, a series of SPE materials were synthesized,
consisting of nanotunnels formed by the self-assembly of
cyclodextrins (CDs), PEO chains, and lithium salts, from here
© 2020 American Chemical Society
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EXPERIMENTAL SECTION

Sample Preparation. All of the chemical reagents were
purchased from Sigma-Aldrich. The molecular weights of the PEOs
used were Mw = 200, 400, 600, 1k, 1.5k, 2k, 3k, 4k, 6k, and 10k. β-CD
PEOn/LiTFSI solid electrolytes were prepared using the following
procedure: PEO (0.20 g) was mixed with LiTFSI (0.2175 g), and the
mixture was dissolved in 10 mL of water. This solution was then
added to a saturated aqueous solution of β-CD (1.2 g of β-CD
dissolved in 40 mL of water). After mixing, the solutions were kept at
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Figure 1. (a) Structure model of β-CD PEOn/LiTFSI electrolytes. (b) 1H−13C CP MAS spectra of neat β-CD, β-CD PEO200/LiTFSI, and β-CD
PEO10k/LiTFSI crystals. (c) WAXD patterns of neat LITFSI, β-CD, and β-CD PEO200/LiTFSI electrolytes. The experimental temperature was
room temperature.

■

room temperature to self-assemble. After 2 d, the samples were moved
to a vacuum oven and kept at 313 K for 1 week before being used in
further experiments. The Li+ contents (wt %) were 0.39, 0.33, 0.27,
and 0.29 for the samples with PEO Mw = 200, 1k, 3k, and 10k,
respectively. More details about the sample characterization can be
found in the Supporting Information (Figures S5−S7).
Solid-State NMR Experiments. All of the 1H, 7Li, and 13C solidstate NMR experiments were performed on a Bruker AVANCE NEO
400 WB spectrometer operating at 400.25, 155.55, and 100.65 MHz
for 1H, 7Li, and 13C, respectively. A 3.2 mm double-resonance magic
angle spinning (MAS) probe was used for all of the 1H and 7Li NMR
experiments. A single-pulse excitation (SP) pulse sequence was used
in the 1H and 7Li NMR experiments. The spinning rates were set to
20 and 15 kHz in the 1H and 7Li SP NMR experiments, respectively.
The recycle delay was set to 2 s (1H) or 20 s (7Li) to ensure complete
relaxation of the 1H and 7Li spins. The spin−spin relaxation time of
the 7Li spins was measured by the Carr−Purcell−Meiboom−Gill
echo delay method. In the 1H−7Li cross-polarization under magic
angle spinning (CP/MAS) NMR, the cross-polarization time was 1
ms and the spin rate was 10 kHz. In the T2-ﬁltered 1H and 1H−7Li
CP/MAS experiments, a Hahn echo of 0.8 ms was added to remove
the signals originating from β-CD. The cross-polarization time was set
to 200 μs to suppress the spin diﬀusion. In the two-dimensional (2D)
7
Li−7Li exchange NMR experiments, the exchange time was 100 ms.
For the 13C NMR experiments, a 7.0 mm double-resonance MAS
probe was used. The spin rate was set to 5 kHz in the 13C SP and
1
H−13C CP/MAS NMR experiments. The recycle delay was set to
100 s for 13C to ensure complete relaxation of 13C spins, and the
cross-polarization time was 1 ms. The 1H, 7Li, and 13C chemical shifts
were calibrated using adamantane (δ = 1.91 ppm), the LiCl aqueous
solution (1 mol/L, δ = 0 ppm), and adamantane (δ = 38.5 ppm),
respectively.
X-ray Diﬀraction Measurements. X-ray diﬀraction was
performed at room temperature on a Bruker D8 ADVANCE
diﬀractometer using Cu Ka (1.5406 Å) radiation (35 kV, 25 mA).
All samples were mounted on the same sample holder and scanned
from 2θ = 5 to 45° at a speed of 30°/min.
Electrochemical Impedance Spectroscopy (EIS). EIS measurements were performed using an electrochemical workstation (Princeton PARSTAT4000+). The frequency range was from 1 MHz to 0.1
Hz with an amplitude voltage of 300 mV. The polymer electrolyte
disks were sandwiched between two stainless steel plates in a twoelectrode cell, which was itself located within an argon-ﬁlled stainless
steel chamber.
Electrochemical Property Measurements. All of the electrochemical measurements were performed on an electrochemical
workstation (Princeton PARSTAT4000+). The electronic conductivities of β-CD PEOn/LiTFSI were measured by applying a 1 V DC
voltage on the Li/electrolyte/Li cell. For linear scanning voltammetry
(LSV) measurements, a Li/electrolyte/Fe cell was used. A Li/
electrolyte/Li cell was used for Li+ transference number measurement,
and a small potential, 0.1 V, was applied to it until the current became
stable.

RESULTS AND DISCUSSION
Structural Characterization. β-CD PEOn/LiTFSI solid
electrolytes were prepared with the procedure reported above.
The structure of the β-CD PEOn/LiTFSI solid electrolytes is
illustrated by the cartoon in Figure 1a. The formation of the
resulting composites was conﬁrmed by wide-angle X-ray
diﬀraction (WAXD) and 1H−13C CP/MAS NMR.24−29 Figure
1b illustrates the 1H−13C CP/MAS NMR spectra of neat βCD and the β-CD PEO/LiTFSI with diﬀerent Li+ concentrations. Well-resolved signal splitting is identiﬁed in the
spectrum of neat β-CD. For the β-CD-PEO/LiTFSI electrolytes, the signal splitting completely disappears, and only
smooth signals exist in their spectra. According to the
literature,26,27 the assembly of CD and PEO can assimilate
the conformations of the glucose units of CD, thereby causing
disappearance of the signal splitting in the 1H−13C CP/MAS
spectrum. The spectra of the complex crystals in Figure 1b thus
signiﬁcantly indicate the formation of CD−polymer inclusion
complexes.
WAXD was applied to the aforementioned samples to
further analyze the formation of the channel-like structure. The
diﬀraction pattern of the neat β-CD consists of multiple
ascribable diﬀraction peaks (Figure 1c), demonstrating that the
β-CDs organize into a so-called “cage-type” crystalline
structure.27,28 In contrast, the diﬀraction pattern of β-CD
PEO/LiTFSI contains no peak that could be ascribed to neat
β-CD. A much simpliﬁed peak is identiﬁed at 2θ = 17.6°,
demonstrating that the crystal structure is completely diﬀerent
from neat β-CD. Such a diﬀraction peak is similar to that
exhibited by the complex between β-CD and PPG or pnitroacetanilide, which have been shown to have channel-like
column structures.30,31 Based on the literature, such characteristic diﬀraction peaks indicate that the diameter of the CD
channels may be about 7.0 Å. For this reason, the formation of
a channel-like structure for the β-CD PEO/LiTFSI electrolytes
is evident from the variations in the diﬀraction peaks for the
diﬀerent electron density distributions when CDs form the
channels. Moreover, the morphologies of the β-CD PEOn/
LiTFSI electrolytes are also identiﬁed under a scanning
electron microscope (SEM), as shown in Figure S3. As
revealed from the existence of the similar lamellar structure in
the mentioned crystals, the molecular weight of PEO impacts
the major crystal structure.
Electrochemical Properties. A current−time curve was
used to determine the electronic conductivity of the β-CD
PEO/LiTFSI electrolyte with a 1 V polarization; the result is
shown in Figure 2a. The electronic conductivity reached 9.7 ×
10079
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Figure 3. (a) Ionic conductivity of β-CD PEOn/LiTFSI electrolytes at
room temperature. (b) Arrhenius plot of ionic conductivity of β-CD
PEOn/LiTFSI electrolytes.

Figure 2. (a) Current−time curve of the β-CD PEO/LiTFSI
electrolyte. (b) Linear scanning voltammogram (LSV) of the β-CD
PEO/LiTFSI electrolyte. (c) Li+ transference number measurement
of the β-CD PEO/LiTFSI electrolyte.

signiﬁcant conductivity enhancement cannot be identiﬁed in
small-molecule electrolytes (β-CD PEOn/LiTFSI, n = 200,
400, 600, or 1k). Only a slight conductivity enhancement is
identiﬁed, increasing from 1.51 × 10−6 S × cm−1 (PEO-1K) to
2.44 × 10−6 S × cm−1 (PEO-200). It is therefore suggested
that the electrochemical behavior of small-molecule β-CDPEOn/LiTFSI electrolytes is signiﬁcantly attractive. In
addition, even though a 3-order enhancement in the ionic
conductivity is reached by decreasing the molecular weight of
the PEO chains, the ionic conductivity is still relatively low for
application in practice. Studies on improving the ionic
conductivity of such SPEs are underway in our lab.
The variable-temperature ionic conductivities of β-CD
PEOn/LiTFSI electrolytes were measured. An Arrhenius plot
demonstrating the temperature-dependent conductivities is
illustrated in Figure 3b. Fitting the plot yields an activation
energy of 24.1 kJ/mol for PEO-200, 28.9 kJ/mol for PEO-1k,
59.4 kJ/mol for PEO-3k, and 58.2 kJ/mol for PEO-10k. The
activation energy decreased from 59.4 to 28.9 kJ/mol as the
molecular weight of the PEO decreased from 10k to 1k.
Nevertheless, only a small enhancement in activation energy is
exhibited when altering the PEO-1k to PEO-200 in β-CD
PEOn/LiTFSI electrolytes. In general, the ionic conductivities
of Li+ solid electrolytes often exhibit a close relationship with
the ionic transport of Li+ ions. The invariableness of the
activation energy thus implies an extraordinary Li+ motion in
small-molecule β-CD PEO/LiTFSI electrolytes.
Li+ Species and Mobility. Figure 4a presents the obtained
7
Li NMR spectra of β-CD PEOn/LiTFSI (n = 200, 1k, 3k, and
10k) electrolytes at ambient temperature. Three signals exist in
the 7Li NMR spectra of β-CD PEO3k/LiTFSI and β-CD

10−10 Scm−1, nearly 5 orders of magnitude lower than the ionic
conductivity. The low electronic conductivity can restrain the
lithium dendrite formation and thus boost the safety of the
electrolyte.
LSV was performed on the β-CD PEO/LiTFSI electrolyte to
determine the electrochemical stability. Figure 2b presents the
LSV curve of a symmetrical cell. The electrolyte remained
stable until the potential increased up to 5 V vs Li+/Li. The
high voltage range makes this electrolyte available for highvoltage cathodes, which may be due to the coordination of
[TFSI]− anions by CDs alleviating their oxidation. The Li+
transference number of the β-CD PEO/LiTFSI electrolyte was
determined by the Bruce Vincent method,32 which has been
reported to acquire reproducible measurements of the
transference number for SPEs exhibiting a relatively low
ionic conductivity. By exploiting a small polarization potential
on a symmetrical cell and AC impedance before and after
polarization, the charge carried by the target Li+ ions can be
calculated. Figure 2c presents the current and impedance
measurements obtained. The Li+ transference number of the βCD PEO/LiTFSI electrolyte was determined as 0.71, which is
signiﬁcantly higher than that of traditional PEO-based SPEs.
The high Li+ transference number could eﬀectively reduce the
concentration polarization in the charge−discharge process
when SPEs are applied in Li+ batteries, thereby enhancing the
electrochemical cycle stability. This high Li+ transference
number should be derived from the separation of cations and
anions, leading to diﬀerent dynamics for the cations and
anions. 7Li and 19F static NMR experiements were performed
on the samples to determine the dynamics. As shown in Figure
S4, the line widths of the 7Li and 19F signals indicate that the
Li+ ions are signiﬁcantly mobile while the anions are in a static
condition, thus explaining the substantial increase in the Li+
transference number.
Low ionic conductivity is a general restriction to the
application of SPEs in Li+ ion batteries. Generally, molecular
weight signiﬁcantly aﬀects the mobility of polymer chains and
Li+ ions as well as the ionic conductivity of SPEs. This study
determined the eﬀect of molecular weight on ionic
conductivity in β-CD PEOn/LiTFSI electrolytes by altering
the molecular weight of the PEO chains. Ionic conductivity
results are presented in Figure 3a. It is identiﬁed that
decreasing the molecular weight of the PEO chains can
signiﬁcantly enhance the ionic conductivity; for example, the
ionic conductivity of β-CD PEO1k/LiTFSI is about 3 orders
higher than that of β-CD PEO10k/LiTFSI. However, the

Figure 4. (a) 7Li MAS NMR spectra of β-CD PEOn/LiTFSI
electrolytes at room temperature (n = 200, 1k, 3k, and 10k). (b) 7Li
signal decomposition and T2 curves of β-CD PEO1k/LiTFSI at room
temperature.
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PEO10k/LiTFSI electrolytes, i.e., at −1.04 ppm (Li-2), −0.56
ppm (Li-3), and −0.31 ppm (Li-4). With a decrease in the
molecular weight of PEO, a novel signal appears at nearly
−1.16 ppm (Li-1) in the β-CD PEO1k/LiTFSI and β-CD
PEO200/LiTFSI electrolytes, and the signal at −1.04 ppm (Li2) disappears completely in the β-CD PEO200/LiTFSI
electrolyte. 7Li signal decomposition is illustrated in Figure
4b. The newly identiﬁed Li-1 signal has a particularly narrow
full width half-maximum (FWHM, 18 Hz), indicating fast
mobility of the mentioned Li+-1 ions. Intuitively, T2 of the
signals was measured, and the values reached 5.7 and 0.5 ms
for the Li-1 signal and Li-2 signal, respectively. Such obvious
enhancement in the T2 value is attributed to the fast dynamics
of Li+ ions, demonstrating that the mentioned Li+-1 ions have
fast Li+ ion transport. Moreover, the Li-1 signal can only be
identiﬁed in β-CD PEOn/LiTFSI electrolytes with a low
molecular weight of PEO (PEO-200 and PEO-1k). Signal
deconvolution in the 7Li spectra of β-CD PEOn/LiTFSI is
shown in Figure S10. It can be observed that the Li-1 signal
almost disappears in the spectra of polymer electrolytes with a
high molecular weight (Mw > 3k), which may be due to the
signal broadening caused by the suppression of the Li+ ionic
dynamics. For this reason, we infer that the fast mobility of the
mentioned Li-1 ion may be the origin of the high ionic
conductivity.
7
Li signal assignments were achieved with the methods
reported in our previous study,21 based on 1H T2-ﬁltered

Article

Figure 6. (a) 2D 7Li−7Li exchange NMR spectrum of the β-CDPEO1k/Li+ electrolyte at 313 K. (b) Enlarged 2D 7Li−7Li exchange
NMR spectrum. (c) 1D Spectra extracted from the 2D exchange
spectrum of the β-CD-PEO1k/Li+ electrolyte at 313 K.

6b,c. (The contour plot is also adjusted to clearly show the
cross-peaks in Figure 6b.) The cross-peaks between Li-1 and
Li-2 signals in both the 1D and 2D spectra indicate a
correlation between these two types of Li+ ions. This means
that Li+-1 ions, which are somewhat mobile, may have a close
relationship with PEO chains. A possible reason for such
correlation is that these fast Li-1 ions are derived from the Li+
ions complexed by PEO chains. When the molecular weight of
PEO is decreased, the coordinated Li+ ions would be thrown
out because of the fast dynamics of polymer chains, which may
be located in the space inside or outside the channels.
Unfortunately, cross-peaks between Li-1 and Li-3 were not
observed in this experiment. This might be caused by the
distribution of the diﬀerent Li+ ions at diﬀerent sites inside the
channels. The speciﬁc chemical environments of these Li+ ions
need further analysis. Nevertheless, the reason for the
formation of the fast Li+ ions could be the fast dynamics of
the polymer chains in small-molecule samples, which can be
veriﬁed by variable-temperature 1H and 7Li experiments
described in the following section.
Fast Li+ Ion Transport. Solid-state 1H NMR was used to
probe the dynamics of the PEO chains in β-CD PEOn/LiTFSI
electrolytes. Figure 7 shows static solid-state 1H NMR spectra

Figure 5. (a) 1H SP and 1H T2-ﬁltered NMR spectra and (b) 1H−7Li
CP/MAS and 1H T2-ﬁltered 1H−7Li CP/MAS NMR spectra of the βCD-PEO1k/Li+ electrolyte.
1

H−7Li CP/MAS experiments. Figure 5a presents 1H SP and
H T2-ﬁltered NMR spectra of the β-CD PEO1k/LiTFSI
electrolyte. The wide signal of β-CDs can be observably
suppressed by the Hahn echo, and only the narrow signal of
the PEO chains is retained. By adding this before the 1H−7Li
CP process, only the 7Li signal polarized from the 1H signals of
polymer chains is retained. As revealed from the results, there
exists only a Li-2 signal (Figure 5b). Accordingly, the Li-2
signal is assigned to the Li+ ions close to the polymer chains,
and the Li-3 and Li-4 signals are assigned to the Li+ ions close
to the β-CDs.
2D 7Li−7Li exchange NMR was performed on the sample to
ﬁnd out the origin of the Li-1 signal. Figure 6a shows the 2D
7
Li−7Li exchange NMR spectrum of the β-CD-PEO1k/Li+
electrolyte. Cross-peaks can be clearly identiﬁed between the
Li-2 and Li-3 signals, indicating the exchange behavior between
the Li+ ion close to the polymer chains and CD channels.
However, cross-peaks between Li-1 and Li-2 signals are not
very clear because of the overlap of these two signals. To
clearly exhibit the relatedness of the mentioned two types of
Li+ ions, the spectrum enlarged and the one-dimensional (1D)
spectra extracted from the 2D spectrum are given in Figure
1

Figure 7. 1H NMR spectra of β-CD-PEOn/Li+ electrolytes at room
temperature.

of β-CD-PEOn/Li+ electrolytes at ambient temperature. There
exists only a broad peak in the spectrum of the β-CD PEO10k/
LiTFSI electrolyte, and the PEO chain signals overlap with the
signals from CDs. With the decrease in the molecular weight of
PEO, a narrow peak appears, and the intensity of this signal
increases as the molecular weight decreases. This narrowing
process results from the fast segmental motion of the PEO
chains. Furthermore, the FWHM and intensity of these narrow
10081
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Figure 8. Temperature-dependent 7Li NMR spectra of β-CD PEOn/Li+ (n = 200, 1k, 3k, 10k) electrolytes from 293 to 323 K.

Figure 9. Temperature-dependent 1H NMR spectra of β-CD-PEOn/Li+ (n = 200, 1k, 3k, 10k) electrolytes from 293 to 323 K.

A similar temperature-dependent 1H NMR experiment was
also performed on the mentioned samples to determine the
segmental mobility of the PEO chains; the spectra are
presented in Figure 9. The sharp signals are identiﬁed for
the PEO-200 and PEO-1k electrolytes over the whole
temperature range, demonstrating that the fast segmental
mobility occurs in small-molecule electrolytes. It is noteworthy
that in the PEO-3k and PEO-10k samples, a sharp signal
emerges at temperatures of 308 and 318 K, respectively,
demonstrating that the fast segmental mobility starts at these
temperatures. The identical temperature point at which the 7Li
and 1H sharp signals appear indicates that the fast segmental
mobility should be the origin of the fast Li+ ion transport in the
samples mentioned.
Based on the above knowledge of the dynamics in these
complex crystals, the origin of the fast Li+ ion transport in
small-molecule β-CD PEOn/Li+ electrolytes can be discussed.

signals are similar to those of the aforementioned smallmolecule electrolytes (β-CD-PEOn/LiTFSI, n = 200, 400, 600,
and 1k), which give fast Li+ ion transport. Therefore, the fast
segmental motion of the PEO chains should be the major
cause of the fast Li+ ion transport in the mentioned smallmolecule electrolytes.
Figure 8 shows variable-temperature 7Li NMR spectra of βCD-PEOn/Li+ (n = 200, 1k, 3k, or 10k) electrolytes from 293
to 323 K. The sharp Li-1 signals are identiﬁed for the PEO-200
and PEO-1k electrolytes over the entire temperature range,
revealing that the fast Li+ ion transport occurs in smallmolecule electrolytes. It is worth noting that this sharp signal
appears for the PEO-3k and PEO-10k samples only at an
elevated temperature (308 K in PEO-3k and 318 K in PEO10k). The appearance of this signal demonstrates that the fast
Li+ ion transport can also occur in the samples at high
temperatures.
10082
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methods were used to understand the dynamics and the
relationship between the polymer segmental motion and Li+
ion transport. As revealed from these results, the Li+ ions in
small-molecule β-CD PEO/LiTFSI electrolytes exhibit extremely fast dynamics. Such fast Li+ ion transport can enhance
the ionic conductivity of the solid polymer electrolyte. Our
observations elucidate a potential conduction mechanism in
PEO-based solid electrolytes and demonstrate a way to achieve
fast Li+ ion transportation in solid polymer electrolytes,
thereby creating a promising way to further enhance the
ionic conductivity of CD-based host−guest supramolecular
crystalline SPEs.

Scheme 1 illustrates the mechanism for the appearance of the
fast Li+ ion transport. In β-CD PEO/Li+ electrolytes, individual
Scheme 1. Illustration of the Appearance of the Fast Li+ Ion
Transportation in β-CD PEO/LiTFSI Electrolytes

■
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PEO chains are separately included in CD-based channels and,
thus, are physically segregated from each other, exhibiting a
completely amorphous state. Amorphous polymer chains
commonly exhibit fast segmental motion that can be
modulated by the molecular weight. In small-molecule β-CD
PEO/Li+ electrolytes, the segmental motion of the PEO chains
exhibits a fast-limit state. Li+ ions are prone to be coordinated
by oxygen and subsequently coordinated by PEO chains.
According to previous reports,33−37 the Li−O coordination
between Li+ ions and ether oxide will cause coupling of the
dynamics of the polymer chains and Li+ ions in many types of
polymer/Li+ complexes. When the molecular weight of the
PEO is decreased, the viscosity of the polymers can be
signiﬁcantly reduced. For bulk PEO samples with molecular
weights less than 1000, the samples are liquid at room
temperature. Thus, the dipolar interactions between the Li+
ions and polymer chains can be averaged out by the high
mobility of the PEO chains, and such high mobility leads to
enhancement of the ionic motion of Li+ ions. Similarly, the fast
segmental motion of PEO chains in small-molecule β-CD
PEO/Li+ electrolytes can observably inhibit the coordination
between PEO chains and Li+ ions. The weak coordination
reduces the restriction and, in turn, provides high mobility to
the Li+ ions (Li-1). Therefore, in small-molecule β-CD PEO/
Li+ electrolytes, it is the fast segmental mobility of PEO chains
that causes the weak coordination between the Li+ ions and the
EO segments and, thus, is the origin of the highly mobile Li+
ions. In addition, as the molecular weight of PEO is decreased
in samples with Mw < 1000, the amount of hydroxy end groups
in PEO would increase, which would have a relatively strong
constraining eﬀect on Li+ ions. This may be a reason for the
discontinuities in the ionic conductivity. Moreover, in β-CD
PEO/Li+ electrolytes with relatively high molecular weights,
the rather slow mobility of the PEO chains makes them
suitable to form stable coordination structures with Li+ ions
and, consequently, slows the Li+ ion motion. Thus, we
determine that the fast segmental mobility of PEO chains
induces fast Li+ ion transport in small-molecule β-CD PEO/
LiTFSI electrolytes, as well as a high ionic conductivity.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01521.
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All WAXD, SEM, EIS, and quantitative NMR results of
SPE samples (PDF)
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