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In this study, a series of phosphonium polymeric ionic liquids (PILs) was synthesized via ring-opening
metathesis polymerization (ROMP), and the trifluorosulfonylimide anion successfully replaced the
bromide anion via ion exchange. Subsequently, the effect of various substituent groups (including
triphenyl, tripropyl, tertbutyl and trifluorophenyl) on the conductivity of the PILs was studied. The results
showed that an alky substituent backbone resulted in higher conductivity compared to the aromatic
functional group-bearing polymer architecture. The optimum conductivity of PILs at room temperature
was found to be 6 x 107* S cm™ for the propyl substituent group PILs (SM2) doped with 15 wt% LiTFSI
salt. Furthermore, the effect of grafting polyethylene glycol (PEG) units to the polymer backbone on the
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1. Introduction

Due to the growing concerns regarding fossil fuel depletion,
pollution and greenhouse gas emission, there is a strong call
for electrified land and air transportation as well as the use of
large-scale renewable energy sources, which has increased the
need for the creation of more effective and dependable electro-
chemical energy storage devices,"”> Consequently, rechargeable
lithium-ion batteries (LIBs) have emerged as the most benefi-
cial storage devices since Sony released its first commercial
product in 1991.> The market for LIBs, which was valued at
30 billion USD in 2017 is expected to reach 129.3 billion USD by
2027 and is projected to increase at a compound annual growth
rate of 31% over the forecast period (2019-2027).* Furthermore,
due to the increasing interest in electric and hybrid vehicles, it
is forecasted that the automotive end-use industry will dom-
inate the global market.

LIBs are composed of three primary parts, ie., anode,
cathode and electrolyte. Essentially, an electrolyte is a
substance that exhibits electrical conductivity because it con-
tains concentrated free ionic species.” Nonetheless, there are
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conductivity value was also investigated.

numerous safety concerns resulting from the use of liquid
electrolytes in conventional LIBs, such as the flammability of
organic solvents and electrolyte leakage, hindering the wide
application of LIBs.®®

In this case, as an alternative, solid polymer electrolytes
(SPEs) and ionic liquids utilizing both organic and inorganic
materials have emerged as the most advantageous electrolyte
systems for the construction of highly safe and dependable
large-format batteries to overcome the above-mentioned issues.
Wright et al.® initially produced a polymer electrolyte (PE) by
the complexation of polyethylene oxide (PEO) and alkali
metal salts. PEs have been thoroughly investigated as a safer
alternative to liquid electrolytes to address these issues.'®
This is because PEs are more flexible and machinable than
liquid electrolytes and enhance the safety performance of
batteries,'**?

There is a growing interest in PEs, and the research on their
application in various electrochemical devices especially in LIB
technology is increasing. However, it is commonly known that
PEs have a low lithium transference number and ionic con-
ductivity at room temperature.’® Thus, several methods have
been reported to increase the lithium-ion dissociation in the
polymer matrix and increase the ionic conductivity. A new type
of single lithium-ion polymer electrolyte with -SO,-N(")-S0,-
CF; anionic groups and PEO was proposed by Armand et al.**
The ionic conductivity of these mixed polymer electrolytes can
reach up to 107% S em™" at 70 °C. In particular, the unusual
structure of -S0O,-N(")-SO(=NS0,CF;)-CF; with both super-
delocalized negative charge distribution and very flexible
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1'% This lithium-ion

characteristics was reported by Zhou et a
conducting polymer exhibited the optimum conductivity of
1.35 x 10°* S ecm ' at 90 °C. The larger delocalized size of
the anion further improves the ionic conductivity due to the
increased negative charge distribution and lithium-ion disso-
ciation. However, the process for the preparation of these
lithium salts with super-delocalized structures is laborious
and complicated. Additionally, due to the stiffness and absence
of Li-ion conductors near the anionic centers in homopoly-
mers, the homologous PEs produced by the polymerization of a
salt monomer often cannot achieve high ionic conductivity."®
Thus, lithium salt-containing homopolymers are frequently
blended with polymers having a soft segment, such as PEO,
to increase their ionic conductivity. In PEO, the Lewis base
groups act as a Li-ion conductor to enable the solvation and
desolvation of Li* ions.'” Another strategy involves copolymer-
izing a monomer of lithium salt with a co-monomer that has
flexible segments containing a Lewis base group. The advan-
tage of the soft chains is that through Lewis acid-base interac-
tions, they can serve as a transporter of Li* ions."®

Ionic liquids (ILs) have received significant attention due to
their intriguing physicochemical characteristics, including
non-flammability, minimal vapor pressure, particularly high
conductivity, and broad electrochemical windows."® However,
the liquid nature of room-temperature ionic liquids typically
results in issues in terms of leakage and fabrication.>® Hence, a
new class of materials where the IL molecules are combined
with polymer chains, known as polymeric ionic liquids (PILs),
has emerged as an alternative. These materials are also
known as polymerized ionic liquids or poly(ionic liquids).**
PILs are bound to the polymer backbone as either cationic
or anionic species. They provide a new family of functional
polymers that combines the distinct properties of room-
temperature ionic liquid (RTILs) with the macromolecular
architecture of polymers.

Accordingly, extensive research has been conducted on PILs
for use as tailored electrolytes in various applications, such as
energy storage (batteries and super capacitors), conversion (fuel
cells), and electromechanical (actuators and sensors)
devices.**® PILs are endowed with tunable features (such as
glass transition temperature and solubility) due to their unique
combination of polymers and counter-ions, enabling a wide
range of sophisticated applications. The main benefits of
adopting PILs over ILs include their greater mechanical stabi-
lity, improved processability, robustness, and spatial controll-
ability as compared to IL species.

Imidazolium, ammonium, and phosphonium-based PIL
materials have received significant attention as ion-conduc-
tive components for electrochemical devices such as fuel cells,
lithium batteries, actuators, and solar cells.”” However, com-
pared to imidazolium- and ammonium-based compounds,
phosphonium-based ILs and PILs are scarce in the literature
despite their substantial advantages compared to their
nitrogen-based analogues. One notable exception is the report
in 2022 by Hofmann et al., who studied a phosphonium-based
ionic liquid electrolyte for battery application.>®

1978 | Mater. Adv,, 2024, 5,1977-1990

View Article Online

Materials Advances

In ammonium cations, nitrogen carries a partial negative
charge due to its higher electronegativity compared to the
a-carbon. The electrostatic interaction primarily occurs
between the counter anion and the positively charged
a-carbons. Alternatively, in phosphonium cations, phosphorus
carries a partially positive charge given that its electronegativity
is lower than that of carbon, resulting in slightly negatively
charged a-carbons. These negatively charged a-carbons effec-
tively shield the positive charge on phosphorus, reducing the
electrostatic interactions and allowing more single ions to
freely diffuse, thereby resulting in higher ionic conductivity
for phosphonium-based polyelectrolytes. Colby et al. calculated
the charge distribution of Bu,P", BuyN" and BuMeIm" based on
ab initio calculation.”

Phosphonium-based ILs and PILs exhibit greater thermal
stability, base stability and ion conductivity compared to their
nitrogen-based analogues.*** For instance, poly(4-vinylbenzyl
ammonium) and poly(4-vinylbenzyl phosphonium) homopoly-
mers with different alkyl replacements were examined by Long
et al. and it was observed that the phosphonium-based PILs
showed an increase in the onset of thermal deterioration of
over 100 °C.*° Hoffman elimination and/or reversible Menshut-
kin degradation occur in ammonium salts (for benzylic pro-
tons). In contrast, phosphonium salts have higher thermal
stability because they are less susceptible to both breakdown
processes.’®** Alternatively, alkaline anion exchange mem-
branes made of polyethylene functionalized with phosphonium
pendant groups were created in the study by Coates and
colleagues.®” In comparison to their ammonium counterparts,
phosphonium PILs also displayed higher ion conductivity of
22 x 10° S em ™" (normalized with Tp).

According to the comparison of the major PILs, phospho-
nium cation-based PILs exhibit better properties, such as
higher thermal stability, higher conductivity, and lower viscos-
ity, although this family of PILs is the least studied.** The
majority of research focused on the flame retardancy, adjus-
table hydrophilicity,*® lower humidity sensitivity,>® and anti-
bacterial properties®” of PILs.

A thorough understanding of the interactions between the
length of the alkyl chain substituent and characteristics will be
crucial in the development of phosphonium-containing poly-
mers for practical applications such as fuel cell membranes,
solid-state polyelectrolytes for lithium-ion batteries, and bio-
sensors. Nowadays, the flammability of polymer electrolytes
has the potential to endanger battery safety, although this
issue has been neglected to date.*® Thus, the production of
noncombustible polymer hosts, such as fluoropolymers
and polymers containing phosphorus and/or nitrogen for self-
extinguishing properties, is also important for polyelectrolytes
that can be used in lithium ion batteries.*® Presently, due to the
increasing public awareness regarding the environment,
phosphonium-containing polymer flame retardants have
become more significant.*®

In this study, a series of phosphonium PILs with
alkyl substitution with different lengths were synthesized
including triphenyl (SM1), tripropyl (SM2), tertbutyl (SM3),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the synthesis of the monomers.

and trifluorophenyl (SM4) functional groups. Subsequently,
the effect of the substituent groups towards ionic conductivity
was investigated. The quaternary phosphonium functionality
attached to oxanorbornene monomers (Scheme 1) was poly-
merized using a Grubbs third-generation catalyst, as shown in
Scheme 2. The bromine anion was replaced with the TFSI anion
via ion exchange. The trifluorosulfonylimide (TFSI") anion
exhibits higher conductivity compared to the bromide ion
(Br™) due to its larger size and relatively delocalized negative
charge, which weakens the interactions between the TFSI anion
and the phosphonium cation.”® Furthermore, the structure-
conductance property relationship was examined using a con-
trolled polymerization technique.

2. Experimental
2.1 Materials

A series of phosphonium monomers (triphenyl, tripropyl, tert-
butyl and trifluoro phenyl) was synthesized according to the
literature.*' The Grubbs 2nd generation catalyst was purchased
from Aldrich, which was used to freshly prepare the Grubbs 3rd

© 2024 The Author(s). Published by the Royal Society of Chemistry

generation catalyst [(H,-Imes)(3-Br-py),-(Cl),Ru=—CHPh] according
to the literature.”> Poly(ethylene glycol)dithiol (average M, =
8000 g mol ) and lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) (99%) was purchased from Aldrich and used without
further purification. All solvents including dichloromethane
(DCM), petroleum ether, diethyl ether, ethyl acetate, hexane,
chloroform, N,N-dimethylformamide (DMF), pentane, ethyl
vinyl ether, acetic anhydride, 2,2,2-trifluoroethanol, and acet-
one were also purchased from Aldrich and used without further
purification.

2.2 Instrumentation

A PerkinElmer Fourier transform infrared (FTIR) spectrophot-
ometer (Model FTIR - Spectrum 400) equipped with attenuated
total reflection (ATR) was used to conduct the FTIR analysis.
The infrared beam was passed through with a resolution of
4 cm ™! at a frequency in the range of 4000 to 400 cm ™.

'H NMR (500 MHz) spectra were collected in CDCl; or
DMSO-d¢ on a Bruker Avance III 500 MHz spectrometer. A
Varian Mercury VX 400 MHz BB spectrometer was used to
obtain *'P NMR spectra.

Mater. Adv., 2024, 5,1977-1990 | 1979
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Scheme 2 (a) Polymerization of phosphonium ionic liquid monomers via ROMP and (b) ion exchange procedure for the preparation of the

phosphonium polymeric ionic liquid.

Field-emission scanning electron microscopy (FESEM) on a
JEOUL 7600f was used to characterize the structural properties
of the solids. The PILs were placed on black cellophane tape
prior to image collection and transferred to the sample holder
imaging and characterization. Images were acquired at 1 kv
under the magnification of 5 um-10 pm.

A DSC instrument (HP DSC3, Mettler-Toledo Co.) was used
to examine the standard PIL samples and LiTFSI-doped PILs.
The electrolyte content in the sample pan was 6.5 £ 0.5 mg. The
samples were heated from 0 °C to 200 °C at a heating rate of
10 °C min~" under nitrogen gas flow.

Impedance spectroscopy was carried out for conductiv-
ity measurement on a HIOKI 3531-01 LCR Hi Tester

1980 | Mater. Adv, 2024, 5,1977-1990

interfaced to a computer in the frequency range of
50 Hz-1 MHz. The cold press technique was used to
press all the polymeric ionic liquid electrolyte films.
The samples were 1 cm in diameter with a thickness
of 0.05 + 0.003 um. Under spring pressure, the samples
were placed between two stainless steel blocking electro-
des. The impedance of the polymer electrolyte was deter-
mined using the complicated impedance approach. The
conductivity of the samples was determined using the
following equation:

c=— (€]

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 ™ NMR spectrum of triphenyl-trifluoromethylsulfonylimide salt
(SM1). Inset shows 3P NMR spectrum.

where ¢ = conductivity in S em ™, ¢ is thickness in cm, R}, =
bulk resistance and A is area in cm?.

2.3 Monomer and polymer synthesis

The monomers and polymers used in this investigation were
prepared using the process described in the literature.*"** The
synthesis of the monomers was initiated by the Diels-Alder
reaction between maleic anhydride and furan to yield exo-7-
oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride (com-
pound 1). Then, compound 1 was reacted with 3-bromopropyl
amine hydrobromide to produce 4-(3-bromopropyl) 10-oxa-
4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (compound 2).
Compound 2 was purified by column chromatography

View Article Online
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using ethyl acetate:hexane (1:1, v/v) as the eluent. A
scheme of the monomer synthesis is presented in Fig. S1
(ESIY).

2.4 Anion-exchange reaction of phosphonium-containing
polymeric ionic liquid (PILs)

The typical anion exchange procedure for the phosphonium-
based polymeric ionic liquid was as follows: 200 mg of phos-
phonium PIL was dissolved in a mixture of 3 mL chloroform
and 2.5 mL acetone and 0.5 g LiTFSI salt was dissolved in
2.5 mL acetone. Then the two solutions were mixed homoge-
nously. After stirring at room temperature for 1 week, all the
solvent was evaporated using a Rotavapor. Then, the samples
were redissolved in 3 mL acetone. The solutions were precipi-
tated with distilled water. The precipitate was washed until it
was free from bromide ions. Specifically, the resulting PILs
were tested with silver nitrate until no silver bromide precipi-
tate was seen (clear solution), indicating that bromide anions
were not present (see ESI,T Fig. S2). Finally, the product was
dried in an oven at 60 °C.

2.5 PEGylation of phosphonium-containing PILs

Briefly, 0.2 g of propyl PILs and 1.36 g PEG di-thiol (average
M, = 8000 g mol ') in a molar ratio of 1 to 20 were dissolved
in a mixture of 4 mL chloroform and 1 mL acetone. Then,
0.033 g Irgacure 2959 was added to the solution. The obtained
solution was placed in a photoreactor (equipped with a 365 nm,
100 W lamp) and left overnight. After the reaction was com-
pleted, all the solvent was evaporated using a Rotavapor. The
peg-propyl-substituted phosphonium PILs were redissolved in
water and subjected to dialysis for further purification. The
sample in the dialysis bag was further added to a Petri dish and
the water was removed at 60 °C in an oven. After drying, the
residue was redissolved in a 1:1 (v/v) mixture of acetone and
chloroform, and then reprecipitated with a 1:1 (v/v) mixture of
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Fig. 2 FTIR spectra for polymers possessing (a) triphenyl-Br salt and (b) triphenyl-TFS| salt (SM1) in the range of 4000 cm ™~ to 550 cm™™. Inset shows
FTIR spectra for (a) triphenyl-Br salt and (b) triphenyl-TFSI salt (SM1) in the range of 1500 cm™ to 1000 cm™2.
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Fig. 3 Surface elemental composition of SM1.

diethyl ether and petrol ether, producing a creamy rubbery
residue.

2.6 Lithium ion-salt doping

The PIL-LiTFSI composition was prepared by dissolving PILs in
acetone and 15 wt% of LiTFSI salt was doped in the solution
and stirred homogenously for 5 min. Then, the solution was
poured in a Petri dish and the solvent evaporated under a hood
overnight.

2.7 Film formation for conductivity analysis

Thin films of PILs were prepared via the cold press technique
using a hydraulic press. All the samples were pressed at a
pressure of 2 MPa for 15 s; The PILs film obtained had the
diameter of 1 cm radius and 0.05 pm. A typical picture of the
film is shown in the Graphical abstract.

F Kal.2

S0pm. 50pm.

Fig. 4
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3. Results and discussion

3.1 Synthesis of trifluoromethanesulfonimide (TFSI) anion
bearing phosphonium PILs

In the first part of this study, bromide anion-bearing phospho-
nium PILs were synthesized and characterized according to the
literature,*" as shown in Scheme 1(a). Subsequently, the bro-
mide anion was exchanged with the TFSI anion via the anion
exchange method.**

In preliminary studies, the bromide anion in phosphonium
oxanorbornene monomer was readily exchanged with the tri-
fluorosulfonylimide (TFSI) anion as the model compound. After
workup, the model compound was subjected to thin layer
chromatography (Fig. S3, ESIT) and NMR analysis (Fig. S4 and
S5, ESIf respectively). The "H NMR spectra (Fig. S4, ESIf)
showed the chemical shift of methylene near the phosphonium
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Fig. 5 Cole—Cole plot of SM1.
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SEM image and elemental mapping images of the constituent elements in SM1 (C, O, F, S, and P), respectively.
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Table 1 Conductivity values of phosphonium PIL samples
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Table 1 (continued)

Conductivity
value (S cm™ 1)

Doping
15 wt%
LiTFSI

T,

g
Sample (°C) Bare

SM 1

PhCH: o CH,
m
o o
N F
E

F 122 1.01 x 107° 1.21 x 10°°

[o)
\SZO

/

0
: : geuo/s%F
@ |

SM 2

-

PhCH 0 CH,

-

119 291 x 1077 6.00 x 10°*

N
F
F
o
Nd—o
e
/\/P o
3.20 x 107°

120 1.18 x 1078
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Conductivity
value (S cm ")

Doping
15 wt%
LiTFSI

©»
&
=i

=)
®

—
an

) Bare

121 1.20 x 10°% 4.30 x 10°°

cation (peak e), revealing an up-field shift for the anion from
3.6 ppm to 3.3 ppm, which indicated enhanced the shielding
effects of the larger counterion. This finding was also sup-
ported by the *'P NMR (Fig. S5, ESIt) spectra, which showed the
chemical shift in phosphonium from 24.8 to 24.1 ppm.

The series of phosphonium-bearing PILs was synthesized via
the ring-opening metathesis polymerization (ROMP). The side
chain attached to the phosphonium was varied with aliphatic
and aromatic groups to study their influence on the conductiv-
ity. A targeted number average molecular weight (M,) of
10000 g mol ™" was applied using the proper ratio of monomer
to catalyst concentration. Then, the bromide anion-bearing
phosphonium polymers were dissolved with acetone and
chloroform solvent and LiTFSI salt for anion exchange from
the bromide anion to TFSI anion.

After workup, the full elimination of the monomer olefin
proton peaks at 6.4 ppm in the "H NMR spectra indicated that
the polymerization process was complete and the occurrence of
cis or trans signals for the polymer backbone double bond
protons at 5.7-5.9 ppm for the triphenyl side chain phospho-
nium PILs (SM1), as depicted in Fig. 1. The production of both
cis- and trans-double bonds was caused by the appearance of
vinylic hydrogens produced by the ROMP pathway and the
integration of these two signals in the "H NMR spectra revealed
the relative cis/trans ratio in the polymer backbone. The PILs
contained 65% trans residue. The NMR spectra of the other
phosphonium PILs are provided in the ESIt (Fig. S6-S8). Then,
the 3*P NMR spectra exhibited a peak at 24.1 ppm, which is the
same as monomer model compound, indicating the anion
exchange successfully occurred.

The FTIR analysis also confirmed the anion exchange in the
PIL series. Various bands were monitored to examine the
chemical structural changes that occurred in the backbone of
the phosphonium PILs after the Br anion was changed to the

Mater. Adv., 2024, 5,1977-1990 | 1983
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-TFSI anion (Fig. 2). The phosphonium PILs containing the
bromide anion showed the characteristic C—0, -CH; asym-
metric, -CH; symmetric, and C-O-C stretching frequencies at
1773 em™ ', 2924 cm ™', 2857 cm™ ' and 1110 ecm ™ *, respectively.
The peaks for the -CH; asymmetric and -CH; symmetric
bending frequencies were identified at 1450 and 1399 cm ™,
respectively.** The medium peaks at 722-755 cm ™' correspond
to the P-C stretching.*®

The phosphonium PILs consisting of the -TFSI anion
showed almost the same absorption peaks with the bromide
anion-containing PILs, thus indicating that there no new
bonds were formed or strong chemical interaction occurred
in the polymer backbone during the ion exchange procedure.
However, a new peak was observed at 1222 cm™ " (depicted in
Fig. 2) due to the stretching characteristic of -CF; from the
~TFSI anion.*® Thus, according to the NMR and FTIR analysis,
the anion exchange procedure successfully achieved the sub-
stitution of the bromide anion for the —-TFSI anion.

3.3 EDX analysis

The surface of PIL-TFSI was subjected to EDX examination
(Fig. 3) and elemental mapping analysis (Fig. 4). The expected
elements were found in atomic percentage%, including carbon
(86%), oxygen (21%), fluorine (7.7%), phosphorus (0.9%) and
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sulphur (0.8%). The X-ray elemental mapping showed the even
distribution of phosphorus and fluorine near the film surface.

3.4 Conductivity studies

In the conductivity studies, the PIL powder was pressed using a
cold press and analyzed by impedance spectroscopy operating
at 303 K to 353 K. Fig. 5 displays the Cole-Cole plot for SM1 at
ambient temperature. The point where the semicircle line and
the spike intersect can be used to calculate the bulk resistance
(Rp)- The slanted spikes represent the capacitance nature of the
border and absence of electronic conductivity, while the semi-
circle in the plot represents the characteristic of comparable
combinations of bulk resistance, Ry,, and bulk capacitance.*”*8

The conductivity and glass transition (Ty) values of the
phosphonium PIL samples containing the LiTFSI anion are
reported in Table 1. LiTFSI was also doped in the PILs in
15 wt% to enhance their ionic conductivity. It was reported
that doping LiTFSI in the polymer matrix results in improved
thermal and electrochemical stability, good ionic conductivity,
and significantly reduced moisture sensitivity.*® Table 1 shows
that all samples exhibited significantly higher conductivity
after being doped with 15 wt% LiTFSI salt, with an increase
ranging from 2 to 3 magnitude. The highest conductivity was
obtained at 6.00 x 1077 S em ' for SM2, which possessed
propyl subunits. Doping 15 wt% LiTFSI in this polymer resulted
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Fig. 6 Cole-Cole plots of SM1, SM2, SM3 and SM4 doped with 15 wt% LiTFSI salt, respectively.
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in the highest increase in the conductivity value (6.00 X
107" S ecm™") in the polymer series.

A polymer electrolyte with high ionic conductivity should
have a low glass transition temperature (7,) to promote the
movement of the conductive polymer chains. Thus, DSC ana-
lysis was performed to determine the T, of the polymers. The T,
of the polymers appeared to be close; however, the T, of the
propyl-based polymer was observed at a slightly lower tempera-
ture (119 °C). Also, the polymers did not show any melting
transition. The polymer with the highest conductivity, SM2, was
selected to examine the effect of LiTSF doping on the thermal
relaxation. The introduction of 15 wt% LiTFSI salt resulted in a
melting temperature of 52 °C. Thus, the addition of extra LiTFSI
salt to the polymer matrix can reduced the thermal relaxation of
the matrix and increase the ionic conductivity.

The Cole-Cole plots of the 15 wt% of LiTFSI-doped PILs, i.e.,
SM1, SM2, SM3 and SM4, are depicted in Fig. 6.

In general, four types of phosphonium PILs containing
LiTFSI salt (SM1, SM2, SM3 and SM4) were synthesized,
demonstrating potential to be good candidates as polyelectro-
lytes for application in LIBs. The substituent group was varied
with two classes, i.e., aromatic (SM1 and SM4) and aliphatic
(SM2 and SM3) units. The aliphatic alkyl chains showed greater
conductivity compared to the aromatic groups due to their
better flexibility, and thus lower hindrance to the bond
rotation.>®

Aziz et al. reported that> two main factors need to be
considered when choosing a polymer host. One is that the
backbone of the polymer must have polar functional groups
with large electron-donating power and the other is that the
polymer must possess low hindrance for bond rotation. It was
observed that SM2, possessing an aliphatic tripropyl side chain
group, exhibited the highest conductivity. Surprisingly, the
polymer bearing an aromatic fluorophenyl side chain group,
SM4, exhibited a higher conductivity value compared to the
polymer possessing an aliphatic tertbutyl side chain, i.e., SM3.
This is probably because the presence of fluoride groups in SM4
resulted in H bonding between the polymer matrix, which
enhanced the molecular packing efficiency in the PIL back-
bone. Besides this, the steric effect cannot be ruled out as well.
The tertbutyl side chains in SM3 may also cover and pack the
anions, and thus decreased the conductivity. Previous research
revealed that depending on the ion concentration, polyelectro-
lytes contain three separate ionic constituents, ie., free ions,
contact ion pairs, and ion aggregates.”> In this case, SM3
(possessing aliphatic tertbutyl side chain group) exhibited
lower conductivity compared to SM4 (possessing aromatic
fluorophenyl side chain group), which can be clearly attributed
to the decrease in free ions given that the dissociation constant
of the tertbutyl phosphine salt is lower than that of the tris(4-
fluorphenyl) phosphine-based salt.”?

To fully comprehend the potential ionic conduction process,
the ionic conductivity was further studied at various tempera-
tures in the range of 303 K to 353 K. Fig. 7(a) depicts the plot of
conductivity as a function of temperature, demonstrating how
the increase in temperature can increase the conductivity of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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samples. This can be attributed to the ion mobility in the
polyelectrolytes, which can be accelerated by an increase in
temperature. Thus, an increase in temperature increased the
conductivity by increasing the cation hoping phenomenon.>*>>
The Arrhenius behaviour was confirmed by the conductivity
trend, with the regression value (R*) getting closer to unity.

The activation energy, E,, was calculated using the gradient
of log conductivity versus 1000/T, as follows:

o = aoexp(—E,)/KT

where ¢, is the pre-exponential factor, E, is the activation
energy, K is the Boltzmann constant, and T is the absolute
temperature.

Fig. 7(b) illustrates the relationship between the activation
energy and the conductivity at room temperature. It can be seen
clearly from this graph that the relationship between activation
energy and the ionic conductivity is inverse. According to the
reported studies, a lower activation energy enables the faster
segmental movement of the polymer backbone, resulting in a
larger free volume.>® Consequently, this promotes the passage
of ions through the host matrix, increasing the conductivity. It
is evident that the sample with the lowest activation energy
(SM2) possessed the highest conductivity. This indicates that
the flexibility of the tripropyl substituent group enhanced the
ionic conductivity, which requires less energy to move more
ions through the backbone of the polymer blend. As discussed
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Scheme 3 PEGylation process of SM2 sample.

above, the lower T, value of SM2 compared to the other
polymers also contributed to its higher conductivity.

4. PEGylation of phosphonium PILs

Given that the SM2 sample showed the optimum conductivity,
polyethylene glycol (PEG) units were attached to the SM2
backbone to investigate the conductivity values with an
increase in the flexibility of the polymer backbone. PEGylation
is one of the strategies to reduce the rigidity of the oxanorbor-
nene polymer backbone due to the high flexibility of the PEG
blocks.>” The SM2 samples were subjected to the PEGylation
process via thiol-ene coupling using polyethylene glycol dithiol
under 365 nm irradiation for 24 h, as depicted in Scheme 3.

After dialysis of the product to remove the unsubstituted
PEG units, a rubbery residue was obtained. Initially, SM2
was insoluble in water; however, after the PEGylation process,
the polymer was found to be soluble in water. Additionally,
the "H NMR spectrum (Fig. 8) showed new peaks at 3.7 (1) and
2.7 (k) ppm, which are attributed to the protons in the
PEG units.

The FTIR spectra of SM2, SM2-PEG and pure polyethylene
glycol dithiol are depicted in Fig. S10 (ESI{). The peaks
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observed at 1690 cm™ ' and 1342 cm ™' for SM2 and SM2-PEG
are attributed to the C=O stretching and aromatic imine C-N
stretching, respectively. Additionally, in the PEGylated SM2
sample, a new peak was observed at 1095 cm™ ', which is
attributed to the stretching of the C-O group from polyethylene
glycol dithiol.>® After PEGylation, the peaks attributed to C-H
alkene stretching at 3000 cm™' and C=C stretching at
1638 cm ™" were found to disappear in the spectrum of SM2.
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Fig. 8 H NMR spectrum of PEGylated SM2.
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Table 2 Conductivity values of PEGylated SM2 sample
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Thus, it can be concluded that the polyethylene glycol dithiol
reacted at the double bond of the SM2 backbone.

DSC analysis was also conducted to examine the impact of
PEGylation on the thermal relaxation of SM2, showing a melt-
ing transition at 39 °C and 137 °C. Due to fact that the polymer
molecular weight and PEG molecular weight were close, the
PEG units were dominant as a result of the thiol-ene chemistry.

The Cole-Cole plot and conductivity value of the PEGylated
SM2 and PEGylated SM2 doped with 15 wt% LiTFSI salt are
presented in Table 2. The optimum conductivity for the PEGy-
lated SM2 when doped with 15 wt% LiTFSI salt was 5.8 X
107 S cm™ ' under ambient conditions. It was observed that
this conductivity value was slightly lower than that of SM2. The
conductivity seems to be dominated by the tendency of the
high-molecular weight of the PEG unit in the overall polymer
matrix to have a greater barrier to segmental motion of the
chains, resulting in a decrease in conductivity.’® Additionally,
the high molecular weight of PEG is typically correlated with
less PEG-PIL phase boundary delineation, which is another
element that influences the decrease in the conductivity value.
It has been demonstrated that the transport characteristics of
polymer electrolyte materials are adversely affected by poorly
defined boundaries.®***

5. Conclusion

In this study, a series of polyoxanorbornene phosphonium PILs
possessing various alkyl and aromatic substituents was synthe-
sized and their counterions changed from the bromide anion to
the trifluorosulfonylimide anion. Subsequently, the influence
of the chemical structure of the polymers on the conductivity of
the PILs was investigated using a controlled polymerization
technique, ie., ring-opening metathesis polymerization (ROMP).
It was observed that the more flexible substituent group
(SM 2-15 wt% LiTFSI) exhibited the highest conductivity value
of 6.00 x 107" S ecm™' under ambient conditions. The rigid
backbone of the nonaromatic groups was found to limit the
conductivity value of the PILs. The introduction of PEG units in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the polymer backbone of SM 2 resulted in a decrease in its
conductivity. Nonetheless, continuing efforts to design flexible
backbone polyethylene phosphorus ionic liquids are in progress.
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