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A series of PEO-functionalized, ladder-like structured polysilsesquioxane copolymers were synthesized and utilized for the
fabrication of PEGylated hybrid ionogels through chemical crosslinking of the ionic liquid, 1M LiTFSI in N-butyl-N-

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide. Through a systematic variance of the copolymer concentration of

methacryloxypropyl- and PEG groups, we were able to demonstrate enhanced ionic conductivity and lithium ion

dissociation as the PEO content increased. Through an in-depth spectroscopic investigation of the ion conduction behavior

of these PEGylated hybrid ionogels and comparison with hybrid ionogels without PEG groups, we were able to

demonstrate how enhancement in lithium ion battery performance for PEGylated hybrid iongels could be achieved at

identical

Introduction

With the ever next generation
electrochemical cells to achieve higher performance, often

increasing demand for

overlooked are the safety issues arising from the thermal and
mechanical stability of organic liquid electrolytes.l’2 And with
the applications requiring high performance electrochemical
cells: electronic devices such as portable laptops, cell phones,
and hybrid/fully electronic vehicles all being utilized in close
range by humans, safety concerns over electrolyte leakage and
thermal expansion have been well-documented.>* Further
exacerbating this issue is the flammability of electrolyte
solutions, which are comprised of lithium salts dissolved in
highly flammable carbonate-based organic solvents.>®

In order to alleviate the above safety concerns, ionogels
recently garnered great interest in the academic
community. lonogels are defined as ion conducting liquids
solidified through physical or chemical crosslinks, usually
through the use of crosslinkable polymeric gelators.7'9 Through
tuning of both the content and composition of the solidifying
gelator, various ionogels have been fabricated, and their utility
practical performance confirmed.***?
However, even these ionogels crosslinked with organic gelator
and mechanical

have

for electrochemical

materials lacked the necessary thermal
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crosslinker concentrations.

properties, leading to excess use of crosslinking material,
invariably depreciating ion mobility and electrochemical
performance.B’14

The hybridization of the crosslinking matrix network to
attain hybrid ionogels has also been a booming field of interest
to alleviate the above concerns of low thermal, mechanical,
and ion transport properties. The gelation of ionic conducting
solutions with various inorganic-organic hybrid materials such
as ORMOCERs,15 inorganic oxides,le'18 and
polysilsesquioxanes10 have been extensively investigated.
However, many of these approaches have entailed the use of
organic moiety for only crosslinking function. Additionally,
inorganic-oxides, such as nano-sized silica and alumina, have
shown great promise due to their ability to gel
conducting solutions through the aggregation of inorganic
networks, following the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory.19 Pioneering works by the Archer groupu’lz’zo‘21
have investigated hybrid ionogels gelled through silane
surface-modified metal oxides. Through surface modification
of ionic liquid groups, oligo-ethylene oxide groups, and single
ion conducting groups, all functioning to improve the electrical
properties of the hybrid ionogels, these hybrid ionogels have
been pioneering in improving the thermal stability, mechanical
properties and ion mobility. However, these hybrid ionogels
still suffer from the fact that they can only be dispersed, not
homogenously dissolved in ion conducting solutions,m’22 and
that the degree of control over mechanical properties is low
compared with chemically crosslinked hybrid ionogels.

In our previous study, we investigated hybrid gel polymer
electrolytes and hybrid ionogels fabricated with a
methacryloxypropyl-functionalized ladder-structured
polysilsesquioxane homopolymer.
polysilsesquioxanes, which are comprised of an inorganic
Si-O-Si ladder backbone, with radial organic functional groups,

ionic

Ladder-structured
10, 23

J. Name., 2013, 00,1-3 | 1

Page 2 of 8



Page 3 of 8

RSC Advances

exhibited high solubility in various ion conducting solutions,
and thus we were able to tune the mechanical properties such
that liquid-like ionic conductivity was able to be attained
without sacrificing gel robustness.

In this study, we sought out to investigate the effect of
free-dangling oligomeric polyethyleneoxide groups
copolymerized with methacryloxypropyl- groups at various
comonomer ratios on the ion conduction behavior of
chemically crosslinked hybrid ionogels. We stipulated that
through introduction of the free-dangling oligomeric
polyethyleneoxide groups into the inorganic ladder-structured
backbone at the molecular level, the inorganic backbone
would function as support for mechanical robustness, while
the PEO groups would contribute to enhanced ion conduction
behavior through an in-depth spectroscopic analysis of these
PEGylated hybrid ionogels compared to our previously studied
hybrid ionogels.

Experimental

Materials

2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane (Gelest,
90%), 3-methacryloxypropyltrimethoxysilane (Shin-Etsu, 98%),
and ethyl acetate (J.T. Baker, HPLC grade) were distilled over
CaH, prior to use. Potassium carbonate (Daejung) was dried at
40 °C. THF (J.T. Baker, HPLC grade) was distilled over sodium.
Azobisisobutyronitrile  (Daejung Chemicals, 99%) was
recrystallized from methanol. Lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) (Aldrich, 99.9%,
battery grade) and N-butyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (BMPTFSI) (C-TRI, 99.9%)
were used dried in a vacuum oven and stored in a argon-
charged glove box prior to use.

Synthesis of LPEOMASQ series

LPEOMASQ was synthesized following a modified literature
procedure.24' ®na typical experiment, potassium carbonate,
K,CO;3 (0.04 g, 0.29 mmol) was dissolved in deionized H,0 (4.8
ml, 0.27 mol) and 8 g of THF was added. To this solution, 3-
methacryloxypropyltrimethoxysilane (9.9 ml, 0.04 mol) and 2-
[methoxy(polyethyleneoxy)propyl]trimethoxysilane (19 ml,
0.04 mol) were added dropwise under nitrogen flow. The
solution was magnetically stirred for 10 days when the
molecular weight reached its maximum value. After partial
evaporation of THF, the resinous material was dissolved in
dichloromethane and extracted several times with water.
Collection of the organic layers followed by drying of the
organic layer over anhydrous magnesium sulphate and
evaporation of the solvent under reduced pressure yielded a
transparent liquid with medium viscosity (22 g, 92% crude
yield). LPEOMASQ was found to have excellent solubility in the
majority of organic solvents of medium to high polarity.
LPEOMASQs with 3 different
methacryloxypropyl:polyethyleneoxide ratios, 25:75,
50:50, 75:25, were synthesized by simply varying the initial
feed comonomer ratio and the samples were named

mol
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LPEOMASQ25, LPEOMASQ50, and LPEOMASQ75, accordingly
to the PEO-copolymer composition percentage.
'H NMR (CDCl5) (8, ppm):

0.35-0.45 (m, Si(CH,CH,CH,0OCOCCH,CHjs,
SiCH,CH,CH,0(CH,CH,0)s9CH3, 4H),

1.8-1.9 (m, Si(CH,CH,CH,0COCCH,CH3,
SiCH,CH,CH,0(CH,CH,0)s9CH3, 4H),

1.95-2.05 (m, Si(CH,CH,CH,0COCCH,CHs, 3H),
3.15-3.3 (m, Si(CH,CH,CH,0COCCH,CH3,
SiCH,CH,CH,0(CH,CH,0)s9CH3, 4H),

3.7-3.8 (m, SiCH,CH,CH,0(CH,CH,0)¢.9CH3, 30H),
4.08-4.16 (m, SiCH,CH,CH,0(CH,CH,0)¢9CH5, 3H),
5.3-6.1 (m, Si(CH,CH,CH,0COCCH,CHjs, 2H)

295i NMR (ppm): -68~-70 ppm,

M,, =24.3 k.

Characterization and Measurements

Fourier transform infrared spectra were measured with a
Perkin-Elmer FT-IR system Spectrum-GX on cast KBr plates.
Raman spectra were obtained with a Renishaw InVia
spectrometer equipped with 633 nm HeNe laser. Weight
averaged molecular weight (M,) and molecular weight
distributions (M,,/M,) of polymers were measured using JASCO
PU-2080 plus SEC system equipped with refractive index
detector (RI-2031 plus), UV detector (A = 254 nm, UV-2075
plus) and Viscotek SLS apparatus using THF as the mobile
phase at 40 °C with a flow rate of 1 mL min~*. The samples
were separated through four columns (Shodex-GPC KF-802,
KF-803, KF-804, KF-805). Solution-state "H-NMR and *°Si NMR
spectra were recorded in CDCl; at 25 °C using a Varian Unity
INOVA (*H: 300 MHz, %°Si: 59.6 MHz). Solid-state 'Li NMR and
9 NMR spectra were obtained on a Varian INOVA (lH: 400
MHz, ’Li: 155.45 MHz, *°F: 376.3 MHz), with spinning
frequency held constant at 10 kHz with a pulse delay time of 4
s. Samples were packed into 7.5 mm zirconia rotors and sealed
with Kel-F short caps. Thermal gravimetric analysis was carried
out with TA instrument (TGA 2950) at heating rate of 10 °C
! under N, atmosphere. Rheological properties were
examined using a rheometer (Advanced Rheometric Expansion
System, ARES) instrument with cone-plate geometry (25 mm
diameter). All rheological measurements were performed in
the linear viscoelastic region under N, atmosphere. The ionic
conductivity was determined using a complex impedance
analyzer (Bio-Logics, VMP3) over frequency range from 1 Hz to
1 MHz at AC amplitude of 10 mV. The electrochemical stability
of the gel polymer electrolytes was examined using a linear
sweep voltammetry system. In the experiments, a stainless
steel working electrode was used with lithium metal as both
the counter and reference electrodes. The voltage was swept
at a scan rate of 1.0 mV s. Electrochemical measurements of
the hybrid ionogel polymer electrolytes were conducted using
2032 coin cells consisting of a separator, Li metal and LiFePO,
(90 wt% LiFePO,, 5 wt% carbon black, and 5 wt% PVDF)
electrodes. All the cells were assembled in argon-charged
glove box. After fabrication, the cells with pre-gel solution was
subjected to thermal cross-linking for 3 h at 70 °C. The
galvanostatic charge-discharge experiments were carried out

min
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with voltage range of 2.2-3.8 V using a battery cycler
(Wonatech, WBCS3000) at room temperature.

Results and Discussion

Synthesis of LPEOMASQ Copolymers and Fabrication of PEGylated
Hybrid lonogels

PEO-functionalized ladder-structured polysilsesquioxanes were
synthesized using our previous method,“' g base-catalyzed
aqueous sol-gel reaction, in which various comonomer
compositions, 25:75, 50:50, 75:25, of 2-
[methoxy(polyethyleneoxy)propylltrimethoxysilane and  3-
methacryloxypropyltrimethoxysilane were hydrolyzed and
condensed in-situ. (Scheme 1a) Obtained hybrid polymers
were named as such: LPEOMASQ25, LPEOMASQS50,
LPEOMASQ75 according the PEO comonomer percentage.
Through design of the comonomers, crosslinkable ladder-
structured polysilsesquioxanes with free-dangling PEO groups
were introduced at the molecular level. These LPEOMASQ
compounds then were utilized to crosslink ionic liquid
solutions of 1M LiTFSI in BMPTFSI at a low concentration of 5
wt %.
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Scheme 1. (a) Synthesis of LPEOMASQ series and (b) fabrication of PEGylated
Hybrid lonogels

The characterization of the LPEOMASQ compounds were
conducted with *H NMR, g; NMR, and FTIR, as shown in Fig.
1. 'H NMR of the LPEOMASQ compounds showed that the
methacryloxypropyl groups and PEG groups were introduced
according to their initial comonomer ratio as indicated by the
increasing large signal at 3.7 ppm, attributed to the ethylene
oxide proton, as the PEG-ratio increased from LPEOMASQ25 to
LPEOMASQ75. Moreover, no discernible peaks were found at
5.0 ppm, attributed to the uncondensed silanol Si-OH end
groups.26 Also, 29Si NMR results revealed the presence of two
large signals centered at -67 and -69 ppm, attributed to the
fully condensed T3 Si-0-Si structure of Si-methacryloxypropyl-
(Si-MMA) and 2-[methoxy(polyethyleneoxy)propyl (Si-C5-PEG)
groups, respectively.27 As shown, the relative intensity of the
T for Si-C3-PEG at -69 ppm (assigned as X) increased as the
PEG-ratio increased from LPEOMASQ25 to LPEOMASQ75, and
the relative integrative ratio between the T for Si-C3-PEG at -
69 ppm (assigned as X) and T for Si-methacryloxypropyl at -67

This journal is © The Royal Society of Chemistry 20xx

ppm (assigned as Y) reflected the initial comonomer feed ratio.
Also noteworthy is the lack of signals near -58 ppm, which are
the charcateristics chemical shifts for the uncondensed T
alkyl-silicons, as this provides additional evidence for the fully
condensed, ladder-like structure of the LPEOMASQ
compounds. FTIR spectra revealed the presence of C=0, and
C=C, and Si-O-Si bands centered at 1745 cm'l, 1638 cm"l, and
1050 cm™, 1100 cm™, respectively.
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Fig 1. (a) "H NMR, (b) *°Si NMR, and (c) FTIR spectra for the PEGylated LPSQs

The hybrid ionogels were prepared via a thermally curing
process. The unsaturated  vinyl groups of the
methacryloxypropyl- moieties in ladder-like
poly(methacryloxypropyl-co-polyethyleneoxide)silsesquioxane
(LPEOMASQ) were cross-linked in an ionic liquid solution of 1
M LiTFSI in BMPTFSI to form a polymeric network structure,
resulting in an mechanically stable and homogeneous ionogels
as shown in Fig 2. As shown, the disappearance of peaks
assigned to the C=C bonds at 1638 cm™ was determined by FT-
IR after thermal treatment. To eliminate mitigating factors of
crosslinker concentration, we fabricated the PEGlyated hybrid
ionogels with equal concentrations (5 wt%) of LPEOMASQs.
Furthermore, the dynamic viscoelastic properties of the
thermally cured hybrid ionogels as a function of frequency are
presented in Fig. 2b. For all ionogel samples, the response of
dynamic modulus was seen to be nearly independent of the
applied frequency and the elastic modulus G’ was greater than
storage modulus G”, indicating predominantly solid-like
viscoelastic behavior.>**® Moreover, the effect of increasing
PEO content was to plasticize the hybrid ionogel, as
LPEOMASQ75 5 wt% exhibited the lowest modulus and
LPMASQ 5 wt%, which has no PEO groups, giving the highest
modulus values across all frequencies. This was in due part to
the free-dangling oligomeric PEO groups, which at room
temperature existed in the melt-phase given the liquid state of
of the neat PEGylated LPSQs. Moreover, given that all of the
LPEOMASQ gels exhibited solid-like behaviour, even the low
MMA content of LPEOMASQ25 contained enough crosslinking
functionality for obtaining mechanically robust hybrid gels.

J. Name., 2013, 00, 1-3 | 3
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Fig 2. (a) FTIR spectra of LPEOMASQ75 5 wt% before and after crosslinking and (b)
rheological properties of the ILand hybrid ionogels

lon Conduction in PEGylated Hybrid lonogels

Fig. 3a compares the measured ionic conductivities as a
function of temperature. As presented, gelation of ionic liquids
provided an undeniable depreciating effect on ionic
conductivity, enabling mechanical support
dimensional stabilization. Such decreased ionic conductivity (o)
of the electrolyte can be described using the following
equation.

while and

o(T)=2nxqgxpu
where n is the number of charge carriers, q is the charge on
the charge carrier, and u is the mobility of charge carriers.”®
The decrease in ionic mobility and the number of ions per unit
volume of electrolyte, caused by the introduction of the
crosslinking agent, is attributed to the deteriorated ionic
conductivity. Interestingly, the incorporation of ethylene oxide
groups into network structure led to the increase in ionic
conductivity. Moreover, we observed the ionic conductivity
increased continuously with increasing the content of ethylene
oxide groups. It should be note that the amount of crosslinker
contents was the same in ionogel systems, held constant at 5
wt%. Considering the number of charge carrier was invariant,
the observed ion transport behavior could be explained by the
change in mobility of charged species. We speculated that the
efficient diffusion of ions in PEGylated network structure

4| J. Name., 2012, 00, 1-3

correlated with the ability of ion dissociation and conduction
that facilitates ion transport.zg' 0
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Fig. 3 (a) Temperature dependent ionic conductivities, (b) Solid-state 7Li NMR
spectra for the IL and hybrid ionogels, (c) temperature-dependent Solid-state 7Li
NMR spectra of LPMASQ 5 wt% and LPEOMASQ75 5 wt%, and (d) 7Li NMR
linewidth summary
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As such, we conducted solid-state ‘Li NMR single-pulse
experiments comparing the neat ionic liquid and the various
hybrid ionogels as shown in Fig. 3b, to probe the ability of ion
dissociation and conduction of lithium ions. As shown, while
the neat IL showed a very sharp peak attributed to the lithium
cation derived from the lithium salt dissolved in IL, the ’LiNMR
linewidth for the hybrid ionogels revealed a noticeable degree
of decrease, or sharpening effect, as the PEO comonomer
content increased from LPMASQ (0%) (chemical structure
shown in ESI, Fig. S1) to LPEOMASQ13 (75%). This point was
further explored by the temperature dependent solid state “Li
NMR spectra comparing LPMASQ and LPEOMASQ75 (Fig. 2c),
which showed the rapid sharpening of the Li* peak starting
around 35 °C (Fig. 3d), correlating to the melt-phase state of
the ionic liquid confined in the hybrid matrix.” It was clear from
these NMR results that the effect of free-dangling PEGs on the
lithium salt was pronounced in effectively dissociating the TFSI
anion from lithium cation. This was a noteworthy result, as the
effect was only previously demonstrated with zwitterionic
compounds and single-ion conducting compounds, which
functioned to immobilize the anion completely.31 Further
distinguishing from these previously results, is the
concentration of crosslinker (5 wt%) required to fully gel the
liquid solution, due to the hybrid inorganic backbone
delivering mechanical robustness further showcasing the
inherent high and effective ion conduction behavior of these
hybrid PEGylated ionogels for practical commercial
performance.

Moreover, solid-state

low

F NMR single-pulse experiments
with the PEGylated hybrid ionogels (Fig. 4a) showed similar
peak sharpening effect as the fluorines derived from the TFSI
anions were more dissociated for those hybrid gels containing
greater concentration of PEO groups. To better understand the
observed intermolecular interaction, we characterized the
extent of ion pair formation using Raman analysis. It has
previously reported that the strong Raman bands at 742 cm™
and 748 cm™ correspond to the free, or dissociated TFSI” ions
and the bonded, or associated Li* TFSI° pairs,
respectively.32’ 3 As shown Fig. 4b, we observed changes in Li*
coordination with PEO concentration that may possibly
contribute to an increase in ionic mobility. It can be clearly
seen that there was a weak interaction in LPEOMASQ ionogels
over the non-PEO containing LPMSASQ ionogel counterpart.
When considering the minimal contribution of the highly
sterically hindered ester groups of the crosslinked MMA
junctions to ionic conductivity in our hybrid ionogels, and that
the PEO-groups are only functionalized to the silicon backbone
on one end, or free-dangling, we attributed the increase in
ionic mobility and ionic conductivity to the melt-phase, liquid-
like, free-dangling PEO groups.

Before evaluating the electrochemical performances of the
ionogels, we assessed the electrochemical stability using linear
sweep voltammometry (LSV) measurements. As shown in ESI
Fig. S2, no abrupt rise in oxidative current related to the
electrochemical decomposition of the electrolyte was detected
below 5.0 V in the anodic sweep, demonstrating that the
prepared ionogels were electrochemically stable up to 5.0 V,

ion
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which could be utilized in high-voltage lithium batteries.
Additionally, the thermal stability of ionogels was investigated.
As depicted in ESI Fig. S3, these ionogels exhibited excellent
thermal stability with no obvious weight loss observed at
temperatures exceeding 350 °C. Moreover, this high thermal
stability of indistinguishable decomposition of residual silanol
groups, thus full condensation of the Si-O-Si backbone,
rendered the high electrochemical stability of the PEGylated
hybrid ionogels.
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Electrochemical Cell Performance

We fabricated LiFePO,/lithium cells assembled with hybrid
ionogels (95 wt % of ionic liquid containing 5 wt% cross-linker)
to characterize the electrochemical performance of the hybrid
PEGylated ionogels. Fig. 5a presents the rate capabilities of the
cells with different cross-linker systems. For the test, the cells
were charged at a constant current density of 0.1 C (1 C rate
corresponded to a current density of 155.1 mA g '1) and
discharged at various current densities in a voltage range of
2.5-4.2 V. At a low current rate of 0. 1 C, the reversible
discharge capacity of LPEOMASQ hybrid ionogels was 148.9
mAh g"l, which was slightly larger than that of cells containing
ionogels without PEO groups, LPMASQ. However, upon the
increase in the current rate, the LPEOMASQ PEGylated hybrid
ionogels cells exhibited improved capacity retention. For
instance, the cell fabricated with LPEOMASQ ionogel retained
47.2 % of its initial capacity, whereas the cell containing
LPMASQ ionogel retained 33.1 % at a current rate of 0.5 C. In
general, rate capability of cell suffered from poor kinetics at

J. Name., 2013, 00, 1-3 | §
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the electrode-electrolyte interface.’” As expected, the capacity
degradation was closely coupled with ion transport of different
electrolyte systems. Thorough these results, we stipulated that
the enhanced electrochemical performance achieved in this
work was due in part to the incorporation of free-dangling PEO
groups in the network structure, promoting transport of
lithium ions’ heightened ability to dissociate from the anion,
thereby alleviating the ohmic polarization loss of the cell.*®

The cycling performance of the cells was evaluated further
through measuring the discharge capacities, where the cells
were charged at a current density of 0.1 C and discharged 0.1
C. Fig. 5b presents the charge/discharge capacity and Columbic
efficiency as a function of cycle number. As shown, the cycling
behaviors of the cells containing LPEOMASQ hybrid ionogels
were more stable in the following cycles. In the initial stages of
cycling, reversible discharge capacities reached 148.2 mAh g'l,
which was close to the cells fabricated with the liquid 1 M
LiTFSI BMPTFSI (ESI, Fig. S4). The retained discharge capacity
was 136.6 mAh g'1 after 50 cycles and the Columbic efficiency
of the system was observed to be nearly 99 %. In addition, as
depicted in Fig. 5b inset, a well-defined voltage plateau around
3.4 V (vs. Li/Li") associated to the lithium insertion/extraction
into cathode materials was a highl y maintained and
repeatable process,39 confirming the sufficient mobility of
lithium ions and electrochemical stability of these PEGylated
hybrid ionogels. Therefore, we clearly demonstrated that the
incorporation of polyethyleneoxide groups in the network
structure could help facile ion transport of hybrid ionogels,
resulting in improved electrochemical performance.

O
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Fig 5. (a) Discharge capacities at various C-rates for LiFePO,/Hybrid lonogel/Li
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Conclusions

In conclusion, we synthesized a series of PEGylated ladder-
structured polysilsesquioxanes with various
PEG:methacryloxypropyl copolymer ratios. Chemical

crosslinking of the methacryl groups in a 1M LiTFSI N-butyl-N-
methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide ionic
liguid solution at a low concentration of 5 wt% yielded
PEGylated hybrid ionogels. Through an in-depth spectroscopic
investigation of the ion conduction behavior of these
PEGylated hybrid ionogels and comparison with hybrid
ionogels without PEG groups, we were able to demonstrate
how enhancement in lithium ion battery performance for
PEGylated hybrid iongels could be achieved at identical
crosslinker concentrations.
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