7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Deep eutectic ion-conductive hybrids produced
ket o e amse 1o Y €OMbINing hydroxyl-functionalized

s silsesquioxane and mono-/difunctional hydrogen
bond acceptorst

{ M) Check for updates ‘

Tomohito Inoue, Sota Saito, Akihiro Nishioka and Hideharu Mori @ *

The use of ion-conductive organic—inorganic hybrids with high ionic conductivity, suitable flexibility/vis-
cosity, and good thermal and mechanical properties is a promising approach for the development of
next-generation, safer solid-state electrolytes. In this study, a series of new deep eutectic silsesquioxane
(SQ) hybrids (DESQs) were developed by simply mixing hydroxyl-functionalized SQ acting as a polyol-
type hydrogen bond donor (HBD) with imidazolium- and ammonium-based organic salts acting as
hydrogen bond acceptors (HBAs) in the presence of a small amount of difunctional HBAs without the use
of volatile organic solvents. The use of cross-linkable HBAs results in improved thermal stability and
tunable flexibility (glass transition temperature and viscosity). The combination of hydroxyl-functionalized
SQs and imidazolium salt-based mono-/difunctional HBAs afforded hybrids with hydrogen bond net-
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works, showing a suitable balance between thermal properties and high ionic conductivity (4.17 X 1074s
cm™ at 25 °C), while maintaining reasonable viscosity (5.62 x 10® mPa S at 25 °C). The ionic conductivity
can be improved by adding a lithium salt, allowing for an efficient approach for obtaining safer, greener,
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Introduction

Deep eutectics, frequently called deep eutectic solvents (DESs),
have been intensively investigated as promising environmen-
tally friendly compounds that contribute to green chemistry
and a sustainable society because of their attractive properties,
such as high thermal stability, non-flammability, negligible
vapor pressure, low toxicity, and low cost."™ Deep eutectics
consist of two or more solid substances and therefore are sub-
stantially distinct from ionic liquids, which are single mole-
cules consisting of a single cation and a single anion in the
molecule, even though some properties of deep eutectics (e.g:,
non-flammability and negligible vapor pressure) are similar to
those of ionic liquids. In deep eutectics, the interaction
between a hydrogen bond acceptor (HBA, e.g., organic salts)
and a hydrogen bond donor (HBD, e.g, urea derivatives)
affords a eutectic mixture with a melting point remarkably
lower than those of the individual original compounds due to
self-association. Their potential applications have been
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and cost-effective electrolytes with good ionic conductivity.

extended from basic research (e.g., organic synthesis,® dis-
sociation/extraction,” catalysis, and metal processing®’) to
advanced materials (e.g., nanomaterials,®° polymers,”*'" soft
materials,'* bioinspired inorganic-organic materials,"® and
energy-related materials'*). In particular, the preorganized
nature of DESs allows them to serve as inorganic stabilizers
and soft templates for the production of hybrids with hierarch-
ical structures ranging from the atomic to the macroscopic
level, which can provide modern bioinspired materials with
sophisticated features."®

Deep eutectic electrolytes (DEEs) have been the focus of
recent developments in this field and are eutectics that can be
used as electrolytes in electrochemical devices such as lithium
batteries.”>>' Distinct from flammable organic electrolytes,
DEEs consisting of a solid salt (HBA) and a solid HBD offer
the potential advantages of improved safety and reduced risk
of volatilization and ignition. Another attractive feature of
DEEs is their ability to achieve relatively high Li" transfer
numbers owing to the presence of a single cation species,'®"”
which is essentially distinct from ionic liquids frequently used
as non-flammable electrolytes. Research on DEEs is a dynami-
cally developing field, and a wide variety of HBD/HBA combi-
nations have been continuously introduced into DEEs, offering
greater versatility, higher ion conductivity, wider electro-
chemical windows, and greater safety and higher robustness. A
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variety of pioneering studies have been recently reported in
this field, e.g., potential and advantageous aspects of DEEs
and DESs for low-temperature metal-ion batteries,** electro-
chemical energy storage and conversion,> and effectiveness of
computational methods to accelerate the discovery and
material design of novel DES-based materials.>*

Solid-state electrolytes, such as polymeric materials and
gels consisting of DEE units, have been developed as safer,
greener, and cost-effective electrolytes.'>>>"2° Despite the wide
variety of research studies on solid-state electrolytes, develop-
ment of new ion-conductive organic-inorganic hybrids based
on a novel approach is required to overcome the inherent
tradeoff between ionic conductivity and solidification. For
instance, solid composite electrolytes consisting of inorganic
silica surrounding a lithium-ion-conducting DEE have been
developed.’® Another intriguing example of the efficient
employment of DESs involves the synthesis of siloxane-based
self-healing gel electrolytes for quasi-solid-state lithium metal
batteries.>® Silsesquioxane (SQ), a silicon-containing com-
pound characterized by a silicon/oxygen ratio of 1.5, has been
employed as an inorganic core with an organic shell of qua-
ternary-ammonium/urea derivative DEEs.*> These organic-in-
organic hybrids possess a unique combination of various
advantages of DEEs and inorganic components, e.g., silica
(Si0,) and SQs (R-SiO;.5), (n = even number). Their low cost,
suppressed flammability, and a wide variety of possible HBD/
HBA combinations make DEE-based hybrids excellent candi-
dates for the discovery of novel hybrids with favorable perform-
ance that are suitable for industrial-scale utilization. In
addition, ionic liquid-based SQs have been developed to
produce ion-conductive organic-inorganic hybrids as solid-
state electrolytes for future battery applications.**~’

In this study, a simple, efficient, and volatile organic
solvent-free green method for creating ion-conductive organic-
inorganic DESQ hybrids by combining deep eutectics and SQ
nanoparticles was demonstrated. Ion-conductive organic-in-
organic hybrids were prepared by mixing hydroxyl-functiona-

(@)

HBD HBA Cross-linkable HBA Zm
(Hydrogen bonding donor) (Hydrogen bonding acceptor) Mgw \ ,/
- 4
\// ENP S S o=
- 7 \=/ =/ -~ -
~ N or rel TN
so,,) - ANNEA~ : , \
g ) - (MITESI),C,0 “d 3 e
,, \\ . \ﬁ’/\N’\/ﬁ\//_\/N/ -+« Hydrogen bond
\/ = o T n I on Teac id TF\Szl_/ TFST
HO.
2 cr Br~ s f
E e (MITFSI),C, % CI.-'“"]EJ‘/ ;_\((;N H}“N%
Hydroxyl HO TS \=/ f, 7R~ ) hd o Hd o
functionalized SQ-NPs EMIBr oS- 0 H -‘_9 F K o“-
(sQ) o TFSI = FF%fé’ ~ e Hydrogon bond S g K
e F o0 F lonic bond F FF
R NN
> ~ =/ A=/

View Article Online

Paper

lized SQ nanoparticles as HBDs, quaternary ammonium salt-
or imidazolium salt-based HBAs, and difunctional cross-link-
able HBAs, as shown in Fig. 1. Among various categories of
DESs defined previously by Abbott et al.,>*®* much attention
has been paid to type III DESs consisting of a quaternary
ammonium salt as the HBA and an organic molecule such as
amide, carboxylic acid, and polyol (e.g., ethylene glycol, gly-
cerol, and xylitol) compounds as the HBD, owing to their low
melting points, composition flexibility, and potential
applications.”*?° In this study, hydroxyl-functionalized SQ
nanoparticles (an average particle size of approximately 3 nm)
prepared by the reaction of (3-aminopropyl)triethoxysilane and
glycidol followed by hydrolytic condensation with more than
50 hydroxyl groups on the SQ surface’®*" were selected as
polyol-type HBDs. The formation of DESQ hybrids is based on
noncovalent interactions between multifunctional hydroxyl
groups (multi-HBD units) in the organic chains covalently
linked to SQ and the monofunctional HBA in the presence of a
small portion of the difunctional HBA. Three monofunctional
HBAs, namely tetrabutylammonium chloride (TBACI), choline
chloride (ChCl), and 1-ethyl-3-methylimidazolium bromide
(EMIBr), were selected and can be regarded as quaternary
ammonium salt- and imidazolium salt-based HBAs.
Difunctional cations ((MITFSI),C,0 and (MITFSI),C,) were
used as cross-linkable HBAs. The potential advantages of
DESQ hybrids include tunable solidity/viscosity, hardness/
flexibility, and ionic conductivity via the HBD/HBA balance
and the exploitation of numerous possible HBD/HBA combi-
nations. To simultaneously achieve high ionic conductivity,
suitable viscosity, and thermal properties, an appropriate
balance between the HBDs on SQ/monofunctional HBA/
difunctional HBA is crucial. Increasing the difunctional HBA
content may lead to an increase in the cross-linking density,
improving the thermal and mechanical properties, but it may
also reduce the flexibility and therefore ionic conductivity.
Hence, a good balance between HBD/HBA/cross-linkable HBA
and their suitable combination is required to achieve the

Fig. 1 (a) Structures of the HBD (hydroxyl-functionalized SQ nanoparticles), HBAs (TBACI, ChCl, and EMIBr), and cross-linkable HBAs ((MITFSI),C,O
and (MITFSI),C,) used in this study. (b) Postulated cross-linking structures of DESQ hybrids formed through hydrogen bonds.
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desired deep eutectic effects and high ionic conductivity. The
fabrication of inorganic SQs with designed DEE structures con-
sisting of a suitable HBD/HBA combination is a promising
green approach for basic research on DEE-based organic-in-
organic hybrids and future industrial applications.

Results and discussion
Two-component DESQ hybrids

As a polyol-type HBD, hydroxyl-functionalized SQ was prepared
by the reaction of (3-aminopropyl)triethoxysilane and glycidol,
followed by hydrolytic condensation,*®*! and has the basic
unit of (R-SiO; 5) with a molecular weight of 258.3, where R
corresponds to an organic chain with four hydroxyl groups
originating from glycidol. Each SQ was reported to contain
approximately 14.6 Si atoms (12-18 Si atoms), suggesting the
presence of 58 hydroxyl groups on average.’®*' A quaternary
ammonium salt-based HBA (TBAC], Ty, = 70 °C) and an imida-
zolium salt-based HBA (EMIBr, Ty, = 74 °C) were used as repre-
sentative monofunctional HBAs (Table S1 and Fig. S2 and
S3t). Two-component DESQs were prepared through the reac-
tion of hydroxyl groups covalently linked to SQ with two
different HBAs (TBACl and EMIBr) at different feed ratios
([R-Si0, 5)/[HBA] = 100/50, 100/100, and 100/200, abbreviated
as SQ/HBA (x/y)), corresponding to [OH group]/[HBA] = 8/1, 4/
1, and 2/1, respectively. As shown in Table 1, a solid-to-liquid
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transformation was observed after mixing the hydroxyl-functio-
nalized SQ with TBACI and EMIBr at 60 °C for 24 h, implying
the successful formation of viscous DESQ hybrids. In both
cases, the viscous hybrids were maintained at room tempera-
ture without solidification and were employed directly for
further investigation. Under these conditions, the hydrogen
bonds between the hydroxyl groups on SQ and the monofunc-
tional HBA (TBACl or EMIBr) were sufficiently strong to
achieve a eutectic effect, lowering the melting point, while the
interaction was weak enough to prevent the formation of
cocrystal structures. Hydrogen bonds between the HBA and
the HBD have been reported to weaken the inherent electro-
static attraction between the cation and the anion in the pris-
tine HBA'*> (TBACI or EMIBr in the present system). When
the hydroxyl-functionalized SQ was reacted with tetrabutyl-
ammonium bromide (100/50, 100/100, and 100/200) under the
same conditions, the solid components remained even after
mixing at 60 °C for 24 h (Table S2}), suggesting the impor-
tance of a suitable selection of a counter anion.

Nuclear magnetic resonance (NMR) analysis was employed
to characterize the two-component DESQ hybrids. The 'H
NMR spectrum of SQ/TBACI (100/200) in D,O (Fig. S57) exhibi-
ted four sharp peaks at 3.14, 1.56, 0.88, and 1.30 ppm, corres-
ponding to the butyl group in TBAC], in addition to broad reso-
nances at approximately 0.4-0.7, 1.4-1.8, 2.4-2.9, and
3.2-4.0 ppm attributed to the methylene and methine units of
the organic chain linked covalently to the SQ core. Similar

Table 1 Preparation and thermal properties of two-component DESQ hybrids by the reaction of SQ and HBAs?

Appearance

Two-component hybrid Tyas (°C) Ty (°C) Residual weight? (%) 0h 24h
R-SiO, 5/TBACI

(100/200) 196 -30.2 14.1

(100/100) 198 —-12.5 14.7

(100/50) 214 -12.4 19.8

R-SiO, 5/EMIBr

(100/200) 258 17.2 20.7

(100/100) 257 -17.6 22.6

(100/50) 257 -14.0 15.9

“Two-component DESQ hybrids were prepared by mixing the hydroxyl-functionalized SQ with tetrabutylammonium chloride (TBACI) and 1-ethyl-
3-methylimidazolium bromide (EMIBr) at 60 °C for 24 h. ? Temperature for 5 wt% weight loss under nitrogen. ° Determined by DSC.  Residual
weight of the sample heated at 10 °C min~" until 700 °C in TGA under nitrogen.
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broad peaks attributed to the restricted motion of the organic
chain attached to the SQ core were also observed in the 'H
NMR spectrum of SQ/EMIBr (100/200) in D,O, with two sharp
peaks at 7.3 and 8.6 ppm corresponding to the imidazolium
unit (Fig. S67).

TGA and DSC measurements were conducted on the two-
component DESQs prepared using the two HBAs (TBACI and
EMIBr) at different feed ratios. As shown in Fig. 2a, the TGA
results for the SQ/TBACI (100/100 and 100/200) hybrids
showed sharp decomposition over the 180-240 °C range,
which is most likely due to the decomposition of the HBA
(TBACI in this case), and the subsequent gradual decompo-
sition over the 240-500 °C range, which is attributed to the
decomposition of pristine SQ. The SQ/TBACI (100/50) hybrid
showed intermediate decomposition behavior between those
of SQ/TBACI (100/100) and pristine SQ (Table S37). The 5 wt%
weight loss (Tg4s) values of the two-component hybrids were
196, 198, and 214 °C for the SQ/TBACI (100/200, 100/100, and
100/50) hybrids, respectively, substantially lower than that of
pristine SQ (T4s = 229 °C). The char yields for the SQ/TBACI
hybrids were between 14.1% and 19.8%, lower than that of SQ
(29%), implying that the incorporation of an organic salt
(TBACI) resulted in a slight decrease in the thermal stability.
Two-component SQ/EMIBr (100/50, 100/100, and 100/200)
hybrids showed similar decomposition behaviors, as shown in
Fig. 2b, while they exhibited higher thermal stability (Ty5 =
257-258 °C) compared to that of SQ/TBACI hybrids, which is
most likely due to the higher thermal stability of EMIBr
(235 °C) compared to that of TBACI (187 °C). The glass tran-
sition temperature (T,) of the SQ/TBACI hybrids increased
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Fig. 2 (a and b) TGA curves, (c and d) storage (G') and loss (G") moduli
against temperature, and (e and f) temperature-dependent ionic con-
ductivities of (a, c and e) SQ/TBACl and (b, d and f) SQ/EMIBr hybrids.
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from —30.2 °C to —12.4 °C with decreasing HBA content, while
the T, values of the SQ/EMBr (100/200 and 100/50) hybrids
were 17.2 °C and —14.0 °C, respectively.

Viscoelasticity measurements of the SQ/TBACI and SQ/
EMIBr two-component DESQs (100/200 in both cases) were
conducted using rheological temperature sweeping. When the
temperature increased from 25 °C to 60 °C, the storage (G')
and loss (G") moduli of the SQ/EMIBr hybrid decreased gradu-
ally, showing a cross-over temperature 7T, where G' (T.) = G”
(T.), of approximately 29.1 °C (Fig. 2d). The SQ/EMIBr hybrid
exhibited elastic behavior at temperatures lower than T, (G' >
G") and viscous behavior at higher temperatures (G' < G”). In
contrast, the SQ/TBACI hybrid was found to be in a hetero-
geneous state between 25 °C and 50 °C and exhibited viscous
behavior (G' < G") at higher temperatures in the range of
50-70 °C (Fig. 2c). The ionic conductivities of two-component
DESQs prepared using two HBAs (TBACl and EMIBr) at
different feed ratios were evaluated using electrochemical
impedance spectroscopy. The ionic conductivity of SQ/EMIBr
(100/200) was found to be the highest (4.91 x 107, 8.66 x 10™%,
1.21 x 1073, and 4.35 x 10™> S em™" at 25, 45, 55, and 90 °C,
respectively), which is most likely due to the planar structure
of the imidazole ring. The relatively low ionic conductivity of
SQ/TBACI is probably attributed to the steric hindrance caused
by the free rotation of the four butyl groups.

Three-component DESQ hybrids

Two imidazolium-based cross-linkable HBAs were prepared by
reacting 1-methylimidazole with bis(2-bromoethyl)ether and
1,2-dibromoethane, followed by reaction with LiTFSI, as
reported previously.”*** When the SQ was reacted with TBACI
in the presence of (MITFSI),C,O at [R-SiO;s]:[TBACI]:
[(MITFSI),C,0] = 100:200:1, 5, and 10, the white solid
mixture turned into a transparent viscous liquid at 60 °C for
24 h (Table 2). These combinations have been abbreviated as
SQ/HBA/crosslinker (x/y/z), where HBA/crosslinker represents
the HBA (TBACI or EMIBr) and the crosslinker ((MITFSI),C,0
or (MITFSI),C,), respectively, and x/y/z corresponds to the feed
ratio (Table S4t). The resulting three-component SQ/TBACl/
(MITFSI),C,O (100/200/1) was kept in the eutectic viscous state
that showed improved thermal stability (T4s = 233 °C) com-
pared to that of the two-component SQ/TBACI (100/200) hybrid
(Tas = 196 ©C). DSC measurements of the SQ/TBACI/
(MITFSI),C,40 (100/200/1) hybrid revealed that the T, value was
below room temperature (T, = 0.0 °C), which is between the T,
values for the two-component SQ/TBACI (100/200) hybrid
(=30.2 °C) and the SQ/EMIBr (17.2 °C) hybrid. The addition of
the cross-linkable HBA led to a substantial increase in T45 and
T, indicating an improvement in the thermal properties of the
SQ/TBACI hybrid (Fig. S8 and S11 and Table S5}). Similar
degradation behaviors were observed in the TGA traces of both
the ammonium- and imidazolium salt-based hybrids (SQ/
EMIBr/(MITFSI),C,0 and (MITFSI),C,). For the SQ/EMIBr
hybrids, no remarkable increase in Tys was observed, whereas
T, increased in all combinations with the incorporation of the
cross-linkable HBA (Fig. S9, S10, S12, and S13 and Table S57),

Polym. Chem., 2025, 16, 2378-2388 | 2381
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Table 2 Preparation and thermal properties of three-component DESQ hybrids by the reaction of SQ, HBAs, and cross-linkable HBAs

Appearance
Three-component hybrid Tas” (°C) T, (°C) Residual weight* (%) 0h 24h
RSi0O, 5/TBACI/(MITFSIL,)C,0
(100/200/1) 233 0.0 30.6 n
(100/200/5) 188 —38.4 7.32 m
(100/200/10) 189 —-37.6 9.97 3
4 gl
- e
R-SiO, 5/EMIBr/(MITFSI,)C,0
(100/200/1) 252 38.1 16.3
(100/200/5) — — — -
(100/200/10) — — -
R-SiO, 5/EMIBr/(MITFSIL,)C,
(100/200/1) 255 32.6 17.7 -
(100/200/5) 248 3.1 15.3 } ‘ i
- ‘:6 S
(100/200/10) 254 2.4 E

" m

“Temperature for 5 wt% weight loss under nitrogen. ? Determined by DSC. ¢ Residual weight of the sample heated at 10 °C min~" until 700 °C in

TGA under nitrogen.

implying the formation of cross-linked structures with
improved thermal properties originating from the cross-link-
able HBA.

The FT-IR spectra of the three-component SQ/TBACI/
(MITFSI),C,O (100/200/1) and two-component SQ/TBACI (100/
200) hybrids showed the preserved OH functional group as
indicated by the broad absorption from 3000 to 3800 cm™"
with the peak located at approximately 3397 and 3349 cm™’,
respectively (Fig. S141). These absorption peaks are slightly
shifted from the peak of the pristine hydroxyl-functionalized
SQ (3369 cm™"), most likely due to the presence of hydrogen
bonding. Additionally, sharp peaks were observed between
2944 and 2873 em ™, attributed to the C-H stretching vibration
in the alkyl chain, and at 1473 cm™, corresponding to the C-
H bending vibrations in the TBACI unit. In both hybrids, a
weak band at approximately 1124-1039 cm™ " was detected,
which is ascribed to Si-O-Si stretching originating from the
SQ-based hybrids. Similar characteristic peaks were also
detected in the FT-IR spectra of the three-component SQ/
EMIBr hybrids (Fig. S147).

2382 | Polym. Chem., 2025, 16, 2378-2388

The temperature-dependent complex viscosity (|n*|) was
measured for the two-component and three-component
hybrids using a rotational rheometer. As shown in Fig. 3a-c,
the incorporation of a small amount of the cross-linker
((MITFSI),C40 or (MITFSI),C,) had a remarkable impact on
the rheological properties of the SQ/EMIBr and SQ/TBACI
hybrids. For both imidazolium- and ammonium-based
hybrids, three-component hybrids with the cross-linker
showed higher |#*| values than two-component hybrids.
Generally, high viscosities of DESs originate from the hydrogen
bond networks formed between the HBD/HBA constituent
compounds, in addition to other interactions (e.g., ionic and
van der Waals interactions), affecting the mobility and
diffusion of ions and molecules.'® Incorporation of the cross-
linker HBA leads to an increase in cross-linking density and
therefore the viscosity of the DESQ hybrids. In all cases, the
values of |#*| of the two- and three-component hybrids
decreased with increasing temperature, which is consistent
with a general tendency of DESs, showing an exponential
decrease in the viscosity with increasing temperature.'?

This journal is © The Royal Society of Chemistry 2025
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Nevertheless, the temperature dependence of the viscosity
(In*]) was affected by the cross-linker ((MITFSI),C,O and
(MITFSI),C,) and HBA (imidazolium- and ammonium-based
hybrids). As shown in Fig. 3d-f, the measured 7. values were
57.8, 44.7, and 52.6 °C for SQ/TBACI/(MITFSI),C,0, SQ/EMIBr/
(MITFSI),C,0, and SQ/EMIBr/(MITFSI),C, (100/200/1 for all
cases). These values are higher than those of the two-com-
ponent systems, suggesting that the range of elastic behaviors
can be extended by the addition of the cross-linkable HBA.
The ionic conductivities of the three-component hybrids
(100/200/1 in all cases) were evaluated under ambient con-
ditions. As shown in Fig. 3g-i, both SQ/EMIBr/(MITFSI),C,0
and SQ/EMIBr/(MITFSI),C, exhibit higher ionic conductivity
(9.23 x 107*-2.47 x 107 S em™" at 55 °C) than SQ/TBACI/
(MITFSI),C,0 (1.07 x 1077 S em™" at 55 °C). In all cases, the
addition of the cross-linkable HBA led to a decrease in the
ionic conductivity, most likely due to the restriction of chain
mobility by cross-linking and the decrease of ion mobility.
However, a limited effect of the cross-linker on the decrease in
the ionic conductivity was observed for the imidazolium salt-
based hybrids (SQ/EMIBr/(MITFSI),C,O0 and (MITFSI),C,). In
contrast, the ionic conductivity of SQ/TBACI/(MITFSI),C,O was

This journal is © The Royal Society of Chemistry 2025

more than two orders of magnitude lower than that of the two-
component SQ/TBACI (100/200) hybrid, suggesting a remark-
able effect of the crosslinker on the quaternary ammonium
salt-based hybrids. The activation energy for the ionic conduc-
tivity of SQ/EMIBr (100/200) calculated from the Arrhenius plot
(Fig. S151) was 35.0 k] mol™", which was substantially lower
than those (54-58 kJ mol™") of SQ/TBACI (100/200) and SQ/
EMIBr (100/100). No significant effect of the cross-linker on
the activation energy was observed for the SQ/TBACI hybrids
(55.5 k] mol™" for SQ/TBACI/(MITFSI),C,0 and 57.3 k] mol™*
for SQ/TBACI (100/200), Fig. S16 and Table S6t). The addition
of (MITFSI),C,0 to the SQ/EMIBr (100/200) hybrid (activation
energy = 35.0 k] mol™") led to a slight increase in the activation
energy (40.1 k] mol™"), while a slight decrease in the activation
energy was observed upon the addition of (MITFSI),C, (27.0 kJ
mol™"). Nevertheless, the imidazolium-salt-based three-com-
ponent hybrids (SQ/EMIBr) with cross-linkers ((MITFSI),C,0O
and (MITFSI),C,) exhibited improved thermal stability with
wider elastic states, owing to the enhanced degree of cross-
linking, while maintaining ionic conductivity, most likely due
to the planar structure of the imidazole ring. The SQ/EMIBr/
(MITFSI),C,O combination exhibited the best balance between

Polym. Chem., 2025, 16, 2378-2388 | 2383


https://doi.org/10.1039/d5py00192g

Published on 22 Aibrean 2025. Downloaded on 14/03/2026 14:12:34.

Paper

the ionic conductivity and the thermal and mechanical
properties.

Different tendencies in the preparation and properties of
the ChCl-based hybrids were observed. Compared to TBACI
and EMIBr, ChCl, which is a representative HBA for DES for-
mation, has a higher melting point (7, = 302 °C). When ChCl
was mixed with SQ as a binary system, even though a drop in
the melting point occurred, SQ/ChCI showed no solid-to-liquid
transformation. In contrast, solid-to-liquid transformation was
observed for the preparation at an [R-SiO,;]/[ChCl]/
[(MITFSI),C,0] of 100/50/1 when the eutectic mixture was gen-
erated using a lower feed ratio of ChCl compared to other
HBAs at higher temperature for a longer mixing time (80 °C,
48 h, Fig. 4a). In the ChCl-based hybrids, a small portion of
(MITFSI),C,O may have acted as a plasticizer, and the presence
of a hydroxyl group in ChCl may have affected the HBD/HBA
ratios, affording a homogeneous DESQ hybrid. TGA measure-
ments of SQ/ChCl/(MITFSI),C,O (100/50/1) demonstrated its
good thermal stability (T4s = 244 °C, Fig. 4b), which is compar-
able to those of the TBACI- and EMIBr-based three-component
hybrids and is intermediate between the T4s values of ChCl
(280 °C) and SQ (229 °C). DSC measurements revealed a T,
value below 0 °C (—24.9 °C, Fig. 4c). The FT-IR spectra showed
peaks derived from the hydroxyl groups of SQ and ChCl (SQ:
3257 em™ " and ChCl: 3369 cm™"), which shifted to 3361 and
3367 cm™', respectively, in the three-component hybrid
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(Fig. 4d), confirming the formation of hydrogen bonds. In
addition, peaks originating from SQ and ChCl were detected
in the three-component hybrids. The ionic conductivity of the
ChCl-based hybrid was 2.20 x 1077 S cm™" at room tempera-
ture (Fig. 4e), which is intermediate between the values for the
TBACI- and EMIBr-based three-component hybrids. The free
rotation of the three methyl groups around the ammonium
ion in ChCl may contribute to steric hindrance, resulting in a
lower ionic conductivity than that of the EMIBr-based hybrid.
In addition, the hydroxyl group in ChCl can act as a structural
trap for the cation and reduce its degrees of freedom, which
may be the origin of the lower ionic conductivity. In contrast,
the lower steric hindrance of ChCl may contribute to better
ionic conductivity compared to that of the bulky TBACl-based
hybrid.

Three quaternary ammonium salt-based cross-linkable
HBAs were also prepared from N,N,N',N'-tetramethyl-
ethylenediamine and bis(2-dimethylaminoethyl)ether com-
bined with iodomethane, followed by reaction with LiTFSI
(Fig. S1}). These cross-linkable HBAs were used to produce
DESQ hybrids, whereas the solid components partially pre-
vented the formation of homogeneous viscous products,
implying a limited eutectic effect (Table S4}). In other words,
two imidazolium-based cross-linkable HBAs, ((MITFSI),C,O
and (MITFSI),C,), used mainly in this study, were effective in
achieving a sufficient eutectic effect and homogeneous DESQ

Run [R-SiO1 sJ[ChCI] Appearance
YN J(MITFSI).C:0) 0h 48h

1 100/50/1

-
3 100/50/10 m -

SQ/ChCU(MITFS1),C.0
— 10000
— 10020011

Heat flow

.

60 40 -20 0 20 4
Temperature (°C)

o

SQIChCU(MITFSI),C.0
- 1001501

10* .

Residual weight (%)
3 3
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Fig. 4 (a) Photographs, reaction conditions, and results, (b) TGA curves, (c) DSC curves, and (d) FT-IR spectra of SQ and three-component DESQ
([R-SiO4 sl/[ChCU/[(MITFSI),C40] = 100/200/1). (e) Temperature-dependent ionic conductivity of SQ/ChCl/(MITFSI),C,O (100/200/1).
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hybrids. From the structural viewpoint, (MITFSI),C,O has a
longer alkyl spacer with an ether unit, while (MITFSI),C, has
an ethylene spacer between the two imidazolium units. The
different spacers may contribute to the difference in the cross-
linking density and spatial distance between SQ nanoparticles
in the three-component hybrids. The incorporation of a small
amount of the imidazolium-based cross-linkable HBA efficien-
tly enhanced the thermal properties, but it led to a decrease in
the flexibility and therefore ionic conductivity. These results
suggest that the mono- and difunctional HBAs and the HBD/
monofunctional HBA/difunctional HBA composition must be
properly selected to obtain homogeneous viscous hybrids with
high ionic conductivity, suitable viscosity, and thermal pro-
perties under the assumed conditions.

Three-component DESQ hybrids with a lithium salt

The effects of the addition of a Li salt to the three-component
hybrids  (SQ/TBACl/(MITFSI),C,0, SQ/EMIBr/(MITFSI),C,40,
and SQ/EMIBr/(MITFSI),C,) on their thermal and ion-conduc-
tive properties were evaluated. A representative Li salt (LiTFSI)
was selected to confirm its ability to produce homogeneous
hybrids with improved ionic conductivity and thermal pro-
perties. Predetermined amounts of LiTFSI were mixed with a

(a) (b

N
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mixture of SQ, HBA (TBACI or EMIBr), and difunctional HBA
to obtain three-component DESQ hybrids with increasing
lithium salt concentrations (LiTFSI: 10, 20, 30 and 40 wt%, as
shown in Table S71). The SQ : HBA: difunctional HBA ratio was
kept constant at 100:200: 1 based on the results obtained in
the previous section. When 10 wt% LiTFSI was mixed with the
three-component systems, homogeneous hybrids were
obtained, regardless of the SQ/HBA/cross-linker combination.
However, undissolved LiTFSI remained as a white solid in the
heterogeneous hybrids when the Li-salt content increased to
20-40 wt% (Fig. S177). Hence, three-component hybrids (SQ/
HBA/cross-linker) with 10 wt% LiTFSI were employed for
further evaluation. As shown in Fig. 5a-c, the thermal stability
of SQ/TBACI/(MITFSI),C,O decreased significantly upon the
addition of 10 wt% LiTFSI (T4s = 195 °C and 233 °C for
hybrids with and without LiTFSI, respectively), while no sub-
stantial effect due to the Li salt was observed on the thermal
stability of the imidazolium-based hybrids (SQ/EMIBr/
(MITFSI),C,O0 and SQ/EMIBr/(MITFSI),C,). The incorporation
of LiTFSI into the three-component hybrids was confirmed by
FT-IR measurement (Fig. 5d-f). The addition of the lithium
salt (LiTFSI) improved the ionic conductivity in all cases, and
this tendency was affected by the combination of the three
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Fig. 5 (a—c) TGA curves, (d—f) FT-IR spectra, and (g—i) temperature-dependent ionic conductivities of two- and three-component Li hybrids. (a, d
and g) SQ/TBACL/(MITFSI),C,O-Li, (b, e and h) SQ/EMIBr/(MITFSI),C4O-Li, and (c, fand i) SQ/EMIBr/(MITFSI),C,—Li hybrids.
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components (Fig. 5g-i). The ionic conductivities of the hybrids
with 10 wt% LIiTFSI were in the order of SQ/EMIBr/
(MITFSI),C,0 > SQ/EMIBr/(MITFSI),C, > SQ/TBACl/(MITFSI)
C,0, which was the same order as that of the three pristine
hybrids. The ionic conductivities were 2.23 x 107°-3.77 x 10>
S em™" at 25 °C (Table S8t), which were comparable to or
higher than those of representative ionic-liquid-based SQs
(107107 S em™ at 22-25 °C)***® and composite polymer
electrolytes (107*-1077 S em™" at 24-30 °C).** These values
were also comparable to those of representative DEEs (e.g.,
7.61 x 107> S em™" at 20 °C for ChCl/ethylene glycol (1/2)***°
and 0.76 x 107> S em™" at 25 °C for LiNTf,/urea (1/3.6)).'%**
The activation energies for the ionic conductivity of the
hybrids with 10 wt% LiTFSI (24.6-35.5 k] mol ") were substan-
tially lower than those of the three-component hybrids
(27.0-55.5 kJ mol™", Fig. $19 and Table S61). The tendency is
probably attributed to an increased movement of the organic
units derived from increased viscosity at lower temperatures
upon the addition of LiTFSI. A drastic decrease in T4s due to
the addition of LiTFSI was observed in the TBACIl-based
hybrids, whereas no significant change due to the addition of
LiTFSI was observed for the EMIBr-based hybrids, which is
most likely caused by the higher thermal stability of EMIBr
(234.8 °C), compared to that of TBACI (186.9 °C). These Tys
values were higher than those of representative DEEs (e.g.,
onset decomposition temperature = 111 °C for ChCl/ethylene
glycol (1/2)*” and 189 °C for ChCl/urea (1/2)*” and Ty5 = 178 °C
for LiTFSI/urea (1/5)'°), implying that the use of SQ nano-
particles improved the thermal stability.

To clarify the effect of the Li salt on the viscosity of the
three-component DESQ hybrids, the temperature-dependent
complex viscosity (|*|) was measured for the three-component
Li hybrids (100/200/1 + LiTFSI 10 wt%). As shown in Fig. S20,}
the addition of LiTFSI to the TBACl-based hybrid led to a
remarkable decrease in the viscosity in a relatively low temp-
erature range (<70 °C). Similarly, a decrease in the viscosity
upon the addition of LiTFSI was observed for the EMIBr-based
hybrids, while the effect was not significant, compared to that
of the TBACl-based hybrid. The T. values were 39.5 and
31.5 °C for the SQ/EMIBr/(MITFSI),C,O-Li and SQ/EMIBr/
(MITFSI),C,-Li hybrids, respectively, which were lower than
those of the corresponding EMIBr-based hybrids without
LiTFSI (44.7 and 52.6 °C). These results suggest that the
addition of LiTFSI to the three-component hybrids leads to a
decrease in the viscosity and an increase in the temperature
range, showing viscous behavior. Even if crosslinking leads to
a substantial decrease in the ionic conductivity, the incorpor-
ation of a lithium salt (LiTFSI) may contribute to reducing the
crosslink density, resulting in the simultaneous achievement
of both high ionic conductivity and heat resistance. A cyclic
voltammetry (CV) experiment was performed to evaluate the
electrochemical stability of the two- and three-component
DESQ hybrids with and without LiTFSI. Oxidation and redox
peaks were observed for three imidazolium salt-based hybrids
([R-SiO4 5]/[EMIBr]/[(MITFSI),C,0O] = 100/200/0, 100/200/1, and
100/200/1 + Li 10 wt%, Fig. S217). The shape of the CV profile
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of the DESQ hybrid with 10 wt% LiTFSI remained relatively
unaltered compared with those of the two- and three-com-
ponent hybrids, implying that the addition of LiTFSI had no
remarkable effect on the electrochemical properties. After 50
cycles, the CV peaks of the imidazolium salt-based hybrids
remained unchanged compared to those for the first cycle,
suggesting good cycling stability, regardless of the presence of
the Li salt and cross-linker. In all cases, no additional volatile
organic solvent was employed during mixing and no purifi-
cation steps were necessary. Consequently, all components in
the feed remained in the resulting DESQ hybrids, implying
100% atom economy, which contributes to the production of
safer, greener, and cost-effective electrolytes. This sustainable
approach opens a new avenue for obtaining deep eutectic-
based organic-inorganic hybrids with three-dimensional struc-
tures and predetermined HBD/HBA combinations with sophis-
ticated properties and features.

Conclusions

In summary, we reported a simple and facile preparation
method of deep eutectic ion-conductive hybrids by combining
hydroxyl-functionalized SQ and mono-/difunctional HBAs.
Hydroxyl-functionalized SQ was first used as a polyol-type HBD
to design a series of ion-conductive hybrids obtained via a
solvent-free green process. Different ratios of SQ and mono-/di-
functional HBAs were used to tune the thermal, physical, and
ion-conductive properties. In this study, we proposed a novel
structural strategy that allows chemical linkage of more than
50 hydroxyl groups, corresponding to the polyol-type HBD, on
a single SQ nanoparticle that can interact with mono/difunc-
tional HBAs, resulting in the formation of hydrogen bond net-
works. Characterization studies using DCS, TGA, viscosity, and
ionic conductivity measurements verified the successful for-
mation of DESQ hybrids with unique deep eutectics. The
three-component hybrids with 1 mol% cross-linkable HBA
exhibited improved thermal properties while maintaining
good ionic conductivity and structural integrity. In these two-
and three-component systems, a suitable HBD/HBA/cross-link-
able HBA molar ratio and reaction temperature were required
to achieve eutectic hybrids with the desired physical and
chemical properties. DEE formation by combining HBAs and
HBDs chemically linked on the SQ nanoparticle surface pro-
vides a new tool for developing deep eutectic hybrids, offering
a platform for studying the ion-conductive properties on a
nanoscale surface. The fabricated HBA and HBD combinations
linked to the nanoparticle surface are potential building
blocks for future safer, greener, and more cost-effective solid-
state electrolytes.
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