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ABSTRACT: A highly conducting polymer electrolyte was developed, where the structure included molecular elements guided by
computational modeling results. The electrolyte comprises acidic boron and basic oxygen atoms within the molecular structure.
Because of the presence of the boron and oxygen atoms within the structure, it interacts with the anion and cation of the dissolved
salt and functions as an ion separator by increasing the bond length between the anion and cation. Increasing the bond length
weakens the electrostatic interaction between the anion and cation, resulting in a decreased level of aggregation within the electrolyte
matrix and higher ionic conductance. The new electrolytes show ionic conductivity values of 10−3 S cm−1 at 25 °C, which are
suitable for lithium-ion polymer batteries. The approach demonstrates the importance of integrating computational modeling with
experimental studies to design and develop promising electrolytes for lithium-ion polymer batteries.

1. INTRODUCTION
Clean and renewable energy sources utilized at a higher level
than currently used would minimize the adverse impact of
using fossil fuels by reducing overall carbon emissions.1−5

Consequently, the need to decrease dependence on fossil fuels
and mitigate CO2 emissions is of global interest and
necessitates the development of effective and efficient high-
energy-density power sources.6−8 Promising energy storage
devices are the lithium-ion battery (LIB) and the Li−air
battery (LAB), which use lithium ions as the main component
of their electrochemistry. Li batteries are rechargeable batteries
commonly employed in portable electronic devices, electric
vehicles, and aerospace applications.5,6,9−13

Polymer electrolytes used in lithium-ion batteries show low
ionic conductivities for several reasons, including aggregation
of the salts within the polymer matrix. In liquid and solid
solutions of the electrolytes, the majority of the dissolved salts
is present as dimers, tetramers, and higher aggregates. The
aggregates are nonpolar compared with individually charged
anions and cations and are in higher concentrations within the
electrolyte matrix.14,15 The formation of aggregates results in
only a small fraction of the dissolved salts acting as mobile
charge carriers. Furthermore, increasing the salt content
increases the level of aggregation and does not necessarily

contribute to additional charge carriers within the matrix.
Within a polymeric electrolyte, there are multiple interactions,
but to simplify the complex set of interactions, we may
consider three interactions. The three interactions are the
anion and cation interacting with the polymer backbone and
the electrostatic interaction between the anion and the cation.
Optimizing the three interactions may contribute to the design
and development of new electrolytes with higher conductivity.
Conceptually, controlling the interaction of the anion and
cation with the polymer backbone may weaken the electro-
static interaction between the anion and the cation.
Most polymer electrolytes are based on poly(ethylene

oxide)s, which can be explained based on the area’s historical
development. Interest in ion-conducting polymer electrolytes
started in 1973 when Wright et al. demonstrated ion transport
within poly(ethylene oxide)/alkali metal salt blends.16,17
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Wright’s publications led to the design and development of
many innovative, highly conductive electrolytes in the
1980s.18−24 The reported electrolytes contained oxygen
atoms interacting with the lithium cation and forming polymer
salt complexes. It was determined in the 1980s that the
segmental motion of the polymers facilitated ion transport
within the electrolyte matrix. Thus, polymers with short
oligooxyethylene side chains and low glass transition temper-
atures were synthesized. Two such polymers were the comb
polymers of oligooxyethylene with polysiloxane and poly-
phosphazene backbones.25,26 Modified versions of the siloxane
polymers have since been reported.23,27,28 One significant issue
with these electrolytes was that the transference number of
anions was high, and anion movement was the major
contributor to the overall ionic conductivity value.29,30

Therefore, to minimize anions’ contribution to the observed
ionic conductivity values, single-ion (cation) conducting
polymers where the anion was covalently bonded to the
polymer backbone have been reported.31−33 Over the past four
decades, numerous promising polymer electrolytes have been
reported. Many of these electrolytes have excellent mechanical
and conductive properties.24

As we develop newer electrolytes, perhaps we can prepare a
structure that allows for controlling the interaction between
the anion and the cation as well as the two interactions
between the polymer backbone and the two ions. In ethylene
oxide-based polymers, the oxygen atom coordinates with the
lithium ion. In these polymers, because the anion is not
coordinated with the polymer backbone, the anion becomes
the dominant species, contributing to the overall ionic
conductivity. Recent studies showed that cation diffusion
could be increased by suppressing anion diffusion via Lewis
acid sites.34 The addition of different boron structures to
electrolytes has been reported to anchor the anion and increase
cation mobility.35,36 An oligo(ethylene glycol) borate (OEGB)
utilized as an anion-trapping material led to the dissociation of
LiClO4 by Lewis acid−Lewis base interaction between the
boron atom of the OEGB and the ClO4

− anion.37

In this report, we focus on three design requirements to
develop a new electrolyte: (i) ion transport is a function of the
segmental motion of the polymers, and thus, polymers with
low glass transition temperatures are required; (ii) the polymer
must have the ability to dissolve salts by acid−base
interactions; (iii) the polymer contains both acids and basic
sites.

2. EXPERIMENTAL SECTION
2.1. Materials. Supplies such as methoxypolyethylene

glycol (MPEG, MW 350), THF, and allyl bromide were
obtained from Sigma-Aldrich, purified, and dried before
utilization. Sodium hydride (NaH) and anhydrous magnesium
sulfate from Sigma-Aldrich were used as received, without
additional purification. Borane tetrahydrofuran complex
solution (1.0 M in THF) from Fisher Scientific was also
used without further purification. Glassware was cleaned and
dried in an oven before use.

2.2. Instrumentation. A Bruker 500 MHz nuclear
magnetic resonance spectrometer (NMR) was employed for
1H NMR analysis. Functional groups were identified by using a
PerkinElmer L1600301 Spectrum Two FT-IR spectrometer.
Thermal properties were examined by using a PerkinElmer
differential scanning calorimeter (DSC 600) and a thermog-
ravimetric analyzer (TGA 4000). Electrochemical properties
were analyzed by using a 6430 SMU Keithley instrument.

2.3. Synthesis of Allyl-methoxy Polyethylene Glycol
350 (AMPEG). In a 250 mL three-neck round-bottom flask
containing 100 mL of a dried THF solvent equipped with a
magnetic stirrer, 10.9 g (0.03 mol) of MPEG 350 and 1.12 g
(0.04 mol) of NaH were stirred under an inert atmosphere at
0−10 °C in an ice bath for 3 h. Then, 5.6 g (0.04 mol) of allyl
bromide was added to the mixture, and the H2 gas was
evaluated. After that, the flask was capped with a rubber
septum, and the reaction mixture was allowed to steer
overnight at RT. Finally, the reaction mixture was filtered to
remove the sodium bromide salt and the unreacted sodium
hydride before removing the solvent using a rotary evaporator
to yield 8.09 g (66%) of a slightly yellow oily liquid. The
obtained product showed the following spectral results: FT-IR
1646 cm−1 (C�C), 3077 cm−1 (�C−H); 1H NMR (500
MHz, CDCl3) δ (ppm): 3.37 (3H, s, OCH3), 3.50−3.81
(∼31H, m, OCH2CH2O), 4.01 (2H, d, �CHCH2O), 5.16
(1H, dd, and, HcisC�CHCH2O), 5.26 (1H, dd, HtransC�
CHCH2O), 5.89 (1H, m, H2C�CHCH2O).

2.4. Synthesis of Tripegylated Boron (TPB). The
reaction was carried out in a 100 mL three-neck round-
bottom flask containing 25 mL of the THF solvent under inert
conditions (Scheme 1). AMPEG (11.6 g, 0.03 mol) was added
into the flask, and the mixture was flushed with N2 gas for an
hour. Then, 0.14 g (0.01 mol) of borane-tetrahydrofuran
complex solution 1.0 M was added dropwise to the reaction
mixture at 0 °C and allowed to stir overnight. After the
reaction was stopped and the reaction mixture was filtered, the

Scheme 1. Synthesis of Tripegylated Boron (TPB350) Structure
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solvent was removed by the rotary evaporator to yield 9 g
(76%) of viscous oil. The product presented the following
spectral results: FT-IR 1039 cm−1 (B−C); 1H NMR (500
MHz, CDCl3) δ (ppm): 1.35 (m, 2H, BCH2C), 1.57 (m, 2H,
BCCH2C), 3.37 (s, 3H, OCH3), 3.55 (m, 2H, BCCCH2O),
3.60−3.78 (m, 32H, OCH2CH2O). 13C NMR (125 MHz,
CDCl3) δ (ppm): 13.72, 18.79, 58.98, 67.92−70.49, 72.01.

2.5. Measurements. Ionic conductance was measured by
the two-probe method38 using a model 6430 SMU from
Keithley with Remote PreAmp controlled by Lab Tracer
software (Keithley Instruments, Inc.). A varying current was
passed through the outer probes and induced a voltage in the
internal voltage probes from −2.0 to +2.0 V. Resistance of the
samples was determined using the two-probe method under
nitrogen gas at 25, 40, 55, and 70 °C. The measurements were
carried out during both the heating and cooling cycles. Each
resistance measurement was repeated eight times. Conductivity
measurements were carried out with the samples sandwiched
between copper electrodes. Conductivity was calculated from
the bulk resistance according to the following equation:

= ×D A R( / )

where σ is conductivity, D is the thickness of the sample, A is
the section area of the sample, and R is bulk resistance.

3. RESULTS AND DISCUSSION
Instead of synthesizing various structures containing both
acidic and basic sites, our approach started with computational
methods so that we could narrow down possible structures to
synthesize. Our study began with a first-principles analysis of
boron centers’ effects in polymer electrolytes using model
molecules with three oligooxyethylene arms connected with a
central boron or carbon atom (Figure 1). Energetic
consequences of ion-pair dissociation and anion complexation

at boron centers were calculated for LiTFSI. We calculated a
1:1 molecular ratio for the polymer and salt model complexes.
The initial search for stable structures was done through force-
field-based MD to obtain the optimum geometry and
characterize the electronic interaction between PEO and
LiTFSI. These energy minimizations were performed in
vacuum. The resultant structures were further optimized
through first-principles calculations. The binding energies
were extracted from first-principles analyses.
After introducing boron centers, the calculation results

reveal a reduction in binding energy between Li+ and TFSI−
(∼29 kcal/mol per Li+), i.e., the ionic bond strength between
Li+ and TFSI− decreased from 133 to 104 kcal/mol. As seen in
Figure 1, the bond length between Li+ and TFSI− increased
from 1.8 to 2.1 Å after the addition of boron centers.
Furthermore, the distance between the TFSI− and the polymer
backbone decreased from 4.1 to 2.6 Å when the boron atom
was part of the polymer structure. This suggests a strong
interaction between the anion and the boron atom. In addition,
the interaction between the nearest neighboring species of the
nearest neighbor O and Li+ increased. The distance between O
and the Li+ ions decreased from 2.5 to 1.9 Å after introducing
boron centers. The increase in the bond length between the
anion and cation and the decrease in the electrostatic
interaction suggest that a structure containing both basic and
acidic sites may function as an ion separator.
The charge density was calculated using first-principles

density functional theory. As seen in Figure 1, the dashed
brown circles in the LUMO and LUMO+1 highlight where the
charge complexes are forming. The charge density distribution
of LUMO+1 shows that a charged complex is formed between
Li+, TFSI−, and the nearest neighbor oxygen in the polymer
matrix after introducing a boron center. Thus, the charge
density of the LUMO depicts the strengthening of interaction
between the anion (TFSI) and the boron center. It is worth
noting that the changes mentioned earlier in the charge density
distribution are absent with the pure PEO polymer. Based on
our modeling results, we synthesized the tripegylated boron
structure shown in Scheme 1.
Allyl-methoxy polyethylene glycol 350 (abbreviated AMPEG

350) was synthesized using the reaction shown in Scheme 1.
The characterization data for AMPEG are provided in the
Supporting Information (Figures S1 and S2). The tripegylated
boron, abbreviated as TPB350, synthesis was carried out by a
dropwise addition of an excess amount of the boron/THF
complex into a mixture of THF solution and allyl-methoxy
polyethylene glycol 350 (AMPEG 350) at 0 °C. The reaction
mixture was then stirred under N2 gas at RT overnight. After
that, the reaction mixture was filtered, and the THF solvent
was removed by evaporating. These steps were repeated two
more times to ensure that each of the B−H bonds of the BH3
had reacted successfully with the alkene group of the AMPEG
to form the TPB350, as shown in Scheme 1. One of the
advantages of this reaction was that it could be carried out
under mild conditions without any catalyst. Results of FT-IR
spectroscopy of the obtained product show a band around
1045 cm−1, corresponding to the stretching of the B−C bond
(see Figure S3).
The 1H NMR spectrum of the synthesized product displays

peaks around 1.35 ppm, corresponding to (B−CH2), and
peaks around 1.57 ppm, related to (BCC−H2C). The singlet
peak at 3.37 ppm corresponds to the methyl group (CH3−).
The peaks around 3.55 ppm correspond to (BCCCH2O−),

Figure 1. Depiction of the interactions in the polymer/LiTFSI
electrolyte with (top right) and without (top left) a boron center.
Insets show ion coordination without boron (bottom left panel) and
with boron (bottom right panel). Elements are colored as follows:
lithium (pink), fluorine (light blue), oxygen (red), carbon (green),
and hydrogen (white). The polarized blue and yellow isosurface
represents the calculated charge density at HOMO and LUMO levels
(0.1 au).
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whereas those around 3.64 ppm correspond to ethylene oxide
(CH2CH2O) repeating units, as shown in Figure 2.
The preparation of polymer electrolytes was conducted by

mixing TPB350 and LiTFSI salt in the THF solvent for 4 h.
The THF solvent was evaporated under a N2 atmosphere at
room temperature. The blends were then dried in a vacuum
oven for 48 h at 50 °C. Four electrolyte compositions were
prepared with varying ratios of Li+ to ethylene oxide (EO)
repeat units (Table 1).

The ionic conductivity values of TPB350/LiTFSI complexes
are listed in Table 1. Interestingly, the ionic conductivity was
higher than 10−3 S cm−1 over a wide range of salt contents at
25 °C (Figure 3). The reported ionic conductivity values are
similar to the electrolytes containing anion-trapping boron
moieties reported in the literature.35 The glass transition
temperatures of the TPB350/LiTFSI electrolytes are given in

Table 2. The pure TPB350 shows a glass transition
temperature of −71 °C. The Tg increases with an increasing

salt content. The increasing Tg can be attributed to the
formation of a pseudocross-linked structure because of ion−
dipole interaction. However, the effect of the rising Tg on the
TPB350/LiTFSI is relatively minor compared to the poly-
(siloxane) and the poly(phosphazene) electrolytes.25,26 A
plausible explanation for this observation is that decreasing
ionic aggregation results in less of an effect on the segmental
motion of the polymers, thus lowering the increase in the glass
transition temperature.
We believe that the behavior of the TPB350/LiTFSI

electrolytes is attributed to the role that the boron atom
plays within the matrix. In the TPB350/LITFSI electrolytes,
both the anion and the cation interact with the polymer
structure, effectively increasing the distance between the anion
and the cation. The TPB350 thus functions as an ion separator,
and this, in turn, plausibly decreases ionic aggregation. Our
modeling study predicted that this may be the effect of
incorporating a boron atom within the structure, i.e., the
prediction was that the bond length between Li+ and TFSI
would increase. The increased bond length would decrease the
electrostatic interactions and thus reduce the level of
aggregation, resulting in a more significant fraction of the
dissolved ions acting as charge carriers. The modeling
prediction was an approximate decrease of 29 kcal/mol for
the electrostatic interaction for the boron-containing structure
compared with the structure without the boron.
The ion separator function is possible because the anion and

cation simultaneously interact with the TPB350 structure
(Figure 1). The computational methods predicted the
interaction of TFSI− with TPB350 and were validated by
FT-IR experiments.

Figure 2. 500 MHz 1H NMR spectrum of TPB350 in CDCl3.

Table 1. Ionic Conductivity of TPB350/LiTFSI as a
Function of the Salt Content and Temperature

σ (S cm−1)

EO/Li+ 25 °C 40 °C 55 °C 70 °C
5:1 1.0 × 10−3 1.2 × 10−3 1.3 × 10−3 1.5 × 10−3

15:1 1.4 × 10−3 1.5 × 10−3 1.5 × 10−3 1.7 × 10−3

25:1 1.6 × 10−3 1.8 × 10−3 1.9 × 10−3 1.9 × 10−3

35:1 2.1 × 10−3 2.5 × 10−3 3.4 × 10−3 3.9 × 10−3

Figure 3. Ionic conductivities of the TPB350/LiTFSI electrolytes at
[EO]:[Li+] ratios of 5, 15, 25, and 35 as a function of temperature.

Table 2. Glass Transition Temperature (Tg) as a Function
of the Salt Content for the TPB350/LiTFSI Electrolytes

polymer electrolyte EO/Li+ ratio glass transition temperature (Tg)

TPB350 pure 0 −71 °C
TPB350/LiTFSI 35:1 −67 °C
TPB350/LiTFSI 25:1 −56 °C
TPB350/LiTFSI 15:1 −49 °C
TPB350/LiTFSI 5:1 −43 °C
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The infrared spectra of the TPB350/LiTFSI were simulated
using the first-principles density functional theory within the
electric field linear response formalism in the CASTEP code.39

Theoretically, infrared absorption intensities are described
using a dynamic matrix known as Hessian and Born effective
charges. The Born effective charge of an ion is the partial
derivative of the macroscopic polarization concerning a
periodic displacement of all of the periodic images of that
ion at zero macroscopic electric fields. The Born effective
charge tensor is calculated within the linear response formalism
by applying a Gonze approximation.40−42 The Perdew−
Burke−Ernzerhof (PBE) parametrization of the generalized
gradient approximation (GGA) was used in the calculations. A
kinetic energy cutoff of 630 eV in the plane-wave basis and
appropriate Monkhorst−Pack k-points 6 × 6 × 1 were
sufficient to converge the grid integration of the charge density
and stable conformations. The classical molecular dynamics
method carried out the initial search for stable structures. The
obtained local energy-minimum structures were optimized
through first-principles calculations with forces less than 0.001
eV/A. For IR spectroscopy calculations, norm-conserving
pseudopotentials were employed. Optimizing atomic positions
proceeds until the change in energy is less than 1 × 10−6 eV
per cell.
The interaction between the boron centers and the anion

(TFSI) results in a strong electron supply and increases the B−
C bond strength. Stretching frequency changes occur with the
B−C bond’s strength upon interaction with a donor. Our
results show that the B−C bond stretched up to 1.59 Å from
its initial value of 1.46 Å after interacting with the TFSI, while
the B−C bond stretched up to 1.61 Å from its initial value of
1.46 Å in the absence of TFSI (Figure 4). The wavenumbers

are proportional to energy, and the angstrom is inversely
proportional to energy. In the IR, a blueshift in the bond
frequency corresponds to an increased frequency or shift to
higher wavenumbers. A redshift indicates a decrease in the
frequency or shifts to lower wavenumbers. We observe a
change in absorption to the blue part of the spectrum (a
blueshift), indicating a population of higher frequency
transitions (1040 to 1053 cm−1) (Figure 5a,b). The vibrational
analysis was carried out by importing a Hessian matrix from
the calculation. Vibrational mode frequencies and infrared
intensities were displayed by requesting an electric field
response calculation.

4. CONCLUSIONS
In conclusion, we have shown that computational modeling
can be utilized to focus on specific design requirements to

synthesize new structures for the development of promising
electrolytes for lithium batteries. Computational results
highlight the value of integrating acidic boron and basic
oxygen atoms into the TPB350 structure. Within the TPB350/
LiTFSI matrix, both the cations and the anions were
interacting with the TPB structure, and this result is TPB350
acting as an ion separator, i.e., increasing the bond length
between the anion and cation, thus decreasing the electrostatic
interaction. The interaction of the TFSI− anion with the
TPB350 was predicted by computational modeling and
validated by experimental FT-IR studies. The observed ionic
conductivities of the TPB/LiTFSI electrolytes were greater
than 10−3 S cm−1 at room temperature over a large salt
concentration range, making the system very promising as an
electrolyte for lithium batteries. The report suggests the
tremendous potential of structures containing acidic and basic
sites as promising electrolytes for lithium-ion polymer
batteries.
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Figure 4. Illustration of the changes in C−B bond stretching in the
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1040 cm−1 in (a) pure triglyme boron and at 1053 cm−1 in (b)
blended triglyme boron and experimental FT-IR spectra showing
peaks of C−B at 1045 cm−1 in (c) pure TPB350 and 1054 cm−1 in
(d) TPB350/LiTFSI.
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