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Nonvolatile ionogels have recently emerged as
promising soft electrolyte materials due to their high
ionic conductivity and good durability. However, the
compatibility between polymer networks and ionic
liquids (ILs), which show significant influence on the
physicochemical propertiesoftheionogels,hasbeen
rarely studied. Herein, we elucidate a lower critical
solutiontemperature (LCST)-type phase behavior of
ionogels composed of polyacrylates and hydro-
phobic 1-alkyl-3-methylimidazolium bis{(trifluoro-
methyl)sulfonyl}amide ILs. We systematically study
the structural effects of ILs and monomers on the
LCST of ionogels. Our work illustrates that the LCST
of ionogelsis primarily determined by the polarity of
polymer side chains and the alkyl chain on cations of
ILs. The oriented solvationbetweenpolymersandILs
caused by hydrogen-bonding effects and van der
Waals interactions may serve as the driving force for
the LCST phase behaviorinour system. Furthermore,
by varying the mixing ratio of two structurally similar
ILs in their blends, the LCST ofionogels can be tuned
toexhibitalinearvariation withinawidetemperature
range (from subzerotoover200 °C).Finally,thermo-
responsive ionogels with desired patterns are
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prepared using photomasks. These nonvolatileiono-
gels with tunable LCST enriched the functionality of
state-of-the-artionogels, which providesinsightinto
the design and fabrication of smart and flexible elec-
tronic/optical devices.
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Introduction

lonic liquids (ILs) are room temperature molten salts that
have drawn great attention due to their appealing prop-
erties such as nonvolatility, tunable polarity, wide liquid
temperature ranges, and strong solvation ability."”? Due to
these well-known properties, particularly the wide elec-
trochemical window and good ionic conductivity, com-
bined with the thermal and chemical stability, ILs have
been extensively applied as an ideal electrolyte with
good electrochemical performance.® lonogels are com-
posed of three-dimensional (3D) polymer networks and
ILs are promising systems, as they can be shaped like
solids while simultaneously maintaining the macroscopic
properties of ILs.** Recently, the development of iono-
gels has offered great potential for electrical, optical, and
biomedical applications, such as energy storage and
conversion devices,®® transistors,®" actuators,*” and
drug delivery and luminescent materials.'*™

lonogels can be classified into three categories according
to the nature of the solid-like 3D network, which are organic,
inorganic, and organic-inorganic hybrid, respectively. Or-
ganicionogelscanbefabricated usinglow molecularweight
gelators or dissolving polymers in ILs directly.® The
well-known “bucky” gels and silica-based ionogels are typi-
calinorganicionogels.”™® Organic-inorganic hybrid refers to
polymeric ionogels reinforced with inorganic fillers.® As a
facile strategy to prepare ionogel matrices with desired
mechanical resistance, the organic 3D network formed by
cross-linked polymers is generally adopted and extensively
studied. Further, polymeric ionogels may be separated into
physical and chemical gels. For physically cross-linked iono-
gels, the existence of specific functional groups is a prereqg-
uisite. For example, in 1-ethyl-3-methylimidazolium bis
(trifluoro-methylsulfonylimide/poly(vinylidene fluoride-
co-hexa-fluoropropylene) (LEMIMILTFSI1/PVDF-HFP)
ionogels systems, the PVDF crystallites work as physical
cross-linking sites, which provide the mechanical strength
to the ionogel.®® In contrast, chemical cross-linking is a
ubiquitous strategy, as ionogels can be directly fabricated
by polymerizing target monomers in ILs.

Generally, the properties of ionogels are expected to be
derived from both from the ILs and the components
forming the 3D network. In reality, the intrinsic character
of ionogels relies on the intimate combination of ILs and
3D networks. Recent studies indicate that the nanometer
scale assembly may affect the properties of ionogels. For
example, in some polymeric ionogels, only one glass
transition (lower than the T4 of neat ILs and higher than
the T4 of pure polymer) was observed, suggesting a
compatible system of ionogels.?’ Consequently, the mis-
cibility between ILs and polymer network directly deter-
mines the properties of organic ionogels.

It is worth mentioning that the mutual miscibility be-
tween ILs and polymer is not invariable. In certain
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systems, the solubility of the polymer in ILs can respond
to an external stimulus, such as light illumination, heat,
and certain chemicals.?>?® Similar to poly(N-isopropyla-
crylamide) (PNIPAmM) that exhibits lower critical solution
temperature (LCST) or upper critical solution tempera-
ture (UCST) phase behavior in aqueous solutions, poly-
mer/ILs systems exhibit more diverse and sophisticated
LCST and UCST phase behavior.?® For instance, Poly(ben-
zyl methacrylate)/1-alkyl-3-methylimidazolium bis(tri-
fluoromethanesulfone)imide (PBzMA/[C,MIM][NTf,]1),%
Poly(n-butyl methacrylate) (PnBMA)/[C,MIM]I[NTf,],22°
Polyethylene oxide (PEO)/[C,MIM]Tetrafluoroborate
[BF,], and polyethers/[C,MIM][NTf,] are reported for
their typical nature of LCST phase behaviors.**? PNI-
PAM/[C,MIM][NTf,] is a system that possesses UCST
phase behavior.*®* However, most relative studies have
mainly focused on polymer/ILs solution systems, while
the LCST or UCST phase behavior of the ionogel states
are rarely investigated. Herein, to fundamentally explore
these important thermodynamic phenomena and ex-
pand the functionality of the ionogels, polyacrylates/
[C,MIM][NTf,] ionogels with tunable LCST phase behav-
jor are designed and fabricated based on our previous
study.®

To understand this phase behavior from a deeper per-
spective, we systematically investigated the structural
effects of ILs and monomers on the LCST phase transi-
tion of ionogels. The mechanism of LCST phase behavior
is analyzed, and the prerequisites for the LCST phase
behavior of the ionogels are proposed. Meanwhile, how
hydrogen bonds between polymer and ILs influence the
LCST of ionogels are studied. By varying the mixing ratio
of two structurally similar ILs in their blends, the LCST of
ionogels can be tuned within a wide temperature range.
Resemble the effect of molecular weight on LCST in
polymer/ILs systems, the LCST of ionogels decreased as
increasing the polymerization degree of the monomers.
Taking advantage of this property, thermoresponsive
ionogels with desired patterns are prepared using a
photomask. These nonvolatile ionogels with high optical
transparency, tunable LCST, good durability, and wide
temperature range mechanical stability show promising
applications in fields related to flexible sensors and
“smart” optical devices.

Experimental Methods

Preparation of ionogels

Butyl acrylate (monomer), ethyleneglycol dimethacry-
late (EGDMA, cross-linker), and diethoxyacetophenone
(DEOP, photoinitiator) were dissolved in ILs, and then the
mixture was stirred for 10 min until a fully transparent
solution was obtained. The polymerization was initiated
by UV irradiation, and the solution was cured under UV
light (365 nm, 800 mW/cm?) for 10 min.
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Mechanical characterization

The mechanical characterization of ionogels was realized
using a tensile machine (SUNS, UMT4103, Shenzhen,
China). The sample was cut into a dumbbell shape, and
both ends of the dumbbell-shaped sample were con-
nected to the clamps with a fixed lower clamp. The upper
clamp was pulled by the load cell at a constant velocity of
20 mm/min at room temperature, by which the
stress-strain curve was recorded and the experimental
data were further analyzed. The tensile strength was
obtained from the failure point. We determined the
modulus of ionogels by the average slope over 0-10%
of strain ratio detected from the stress-strain curve.

LCST characterization of ionogels

The LCST of ionogels was determined by optical trans-
mittance measurements using dynamic light scattering
(Litesizer™ 500; Anton Paar, Graz, Austria). A transmit-
tance of 100% indicates ionogel homogeneity, and a
decrease in transmittance suggests that the ionogel

undergoes LCST phase separation. We define the LCST
as the temperatures at which the transmittance drops to
80% (Supporting Information Figure S4).

Thermal analysis

Thermal analysis was conducted using a thermogravi-
metric analyzer (TGA) (Q500; TA Instruments, New Cas-
tle, DE) and a differential scanning calorimeter (DSC)
(Q2000; TA Instruments) at a heating rate of 10 °C/min.

Results and Discussion

Preparation and the LCST phase behavior of
ionogels

The ionogels were fabricated by in situ photoinduced
polymerization (Supporting Information Figure S1) of
acrylates monomers in ILs using EGDMA and DEOP as
cross-linker and photoinitiator (Figures 1b and 1c), re-
spectively. Polyacrylates are typically used to prepare
functional elastomer matrices due to their good
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Figure 1| Design and fabrication of polyacrylates/[C.MIMI[NTf.] ionogels. (a) Acrylate monomers with different alky!
chain lengths are utilized to construct the backbone of ionogels. (b) Cross-linker and (c) photoinitiator used in this
work. (d) Imidazolium cations with different alkyl chain length and (e) their counter ions. (f) A series of snapshots show
the LCST phase behavior of PBA/[C-MIMJ[NTf5] ionogels (2 mm in thickness). (9) Schematic illustration shows the
mechanism of LCST phase behavior of PBA/[C,MIM][NTf>] systems.
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mechanical resistance and adhesion. The structural for-
mula of acrylate monomers with different alkyl chain
lengths is given in Figure 1a. Figures 1d and le show the
structures of ILs used in this work. The basic physico-
chemical properties of poly(butyl acrylate) (PBA) iono-
gels are characterized and given in Supporting
Information Figure S2. It is worth noting that different
from previous reports stating that [CoMIMIINTf,] cannot
form transparent and soft ionogels with PBA due to
differences in polarity,® the as-prepared PBA/[C,MIM]
[NTf,] ionogels are transparent substances without any
leakage of ILs at room temperature. We supposed that
the PBA/[C,MIM][NTf,] ionogel exhibits a LCST phase
behavior. This hypothesis is subsequently demonstrated
by a thermal response test of the PBA/[CoMIM][NTf,]
ionogels. As shown in Figure 1f, the transparent PBA/
[C5oMIM]INTS,] ionogel disc quickly becomes opaque as
the temperature is increased from room temperature
(~25 °C ) to 42 °C . Besides, this thermoresponsive
phenomenon of the ionogel is completely reversible.
Note that no obvious ILs are leaked from the ionogel
during this process, and the volume of ionogel remains
unchanged at the macroscale before and after phase

separation. As a result, the PBA/[C,MIM][NTf,] ionogel
undergoes rapid, isochoric, and reversible thermore-
sponsive phase behavior, which is known as LCST phase
behavior.

The LCST-type phase separation is a kind of pheno-
menon where the mixing Gibbs free energy (AGmix)
changes from negative to positive with increasing tem-
perature. According to the pioneering work by Lee and
Lodge,?® it is believed that the coexistence of
structure-forming solvatophobic and solvatophilic
groups in the polymer is necessary for LCST phase be-
havior. Similarly, in PBA/[C,MIM][NTf,] ionogel system,
the solvatophilic acrylate groups and the solvatophobicn
-butyl side chains play important roles in the LCST phase
behavior of ionogel (Figure 2a). We speculate that the
oriented solvation between the polymers and ILs caused
by hydrogen-bonding effects and van der Waals inter-
actions may serve as the driving force for the LCST phase
behavior in our system. Since hydrogen-bond interaction
is stronger than van der Waals interaction, we supposed
that the hydrogen bonds serve as the key factor for the
LCST phase behavior in this system, which will be dis-
cussed later in this work. The van der Waals interaction
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Figure 2 | Mechanistic analysis and phase diagram of the compatibility of ionogels. (a) Molecular structure and polarity
distribution of acrylate monomer. Solvatophilic acrylate (polar) group and solvatophobic alkyl chain (nonpolar) of the
acrylate monomer. (b) Molecular structure and polarity distribution of ILs. Polar and nonpolar domains in ILs formed by
Coulombic interactions. (c) Phase diagram shows the compatibility of ionogels with different acrylate monomers and
ILs. (d) LCST of ionogels as a function of the alkyl chain length on cation. Compatible: the as-prepared ionogels were
homogeneous and transparent in the temperature range from —20 to 180 °C. It is worth noting that these ionogels also
show LCST phase behavior, while the LCST is difficult to detect due to the lower limit of temperature control of the
instrument (Supporting Information Figure S3). Phase-separated: the acrylate monomers and ILs were miscible, while
the as-prepared ionogels were opaque in the temperature range from —-20 to 180 °C. Immiscible: the acrylate
monomers and ILs were immiscible.
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here refers to the interactions between the polar domain
of ILs and polar acrylate groups of the polymer back-
bone, as well as the interaction between nonpolar alkyl
substituents on cation of ILs and the nonpolar alkyl side
chain on polyacrylates network. The formation of polar
and nonpolar domains in ILs is ascribed to Coulombic
interactions®® because the charged groups selectively
solvate the charged groups and the uncharged groups
(alkyl side chain of imidazolium cations) are expelled
from this region as shown in Figure 2b. Herein,
[C,oMIMIINTS,] is a polar domain-dominated IL due to
the short side chain on the imidazolium cation. Conse-
quently, for the PBA/[C,MIM][NTf,] ionogel at a temper-
ature below its LCST, it was supposed that ILs selectively
solvate the solvatophilic acrylate groups close to the
polymer backbone, which results in the formation of a
homogeneous and transparent ionogel, as shown in
Figure 1g (left). The kinetics of thermoresponsive phase
separation of ionogels with increasing temperature is
described as follows. The hydrogen-bonds and van der
Waals interactions between polymer networks and ILs
are gradually weakened by heating. When the electro-
static interactions between ILs overwhelm the
hydrogen-bonds and van der Waals interactions be-
tween polymer networks and ILs, the macroscopic phase
separation occurs in the ionogel as shown in Figure 1g
(right).

To fundamentally understand the mechanisms of this
phase behavior, the effects of structures of polymer and
ILs on the LCST of ionogels are systematically investigat-
ed (Supporting Information Table S2). The phase dia-
gram in Figure 2c shows the compatibility of ionogels
composed of different acrylate monomers and ILs. It is
found that the as-prepared ionogels are compatible
when the length of the alkyl side chain on polyacrylates
is less than three, which is ascribed to the poor solvato-
phobic effect of the nonpolar domain (short side chain
length) on the polymer exerting on the ILs. For certain
ILs, miscibility between polymer networks and ILs in
ionogels decreased with increasing n-alkyl side chain
length (nonpolar domain) in polymer networks (n = 2,
as indicated by the vertical dotted line in Figure 2c),
which is due to the enhanced solvatophobic effect of
the nonpolar n-alkyl side chain of the polymer on the
polar ionic group of ILs. Meanwhile, the miscibility be-
tween the polymer network and ILs increased as the alkyl
chain length increased on the imidazolium cations of ILs
(m = 6, as indicated by the horizontal dotted line in
Figure 2¢), which is due to the increased affinity between
nonpolar components in the polymer (n-alkyl side chain)
and ILs (alkyl side chain on imidazolium cation) through
solvophobic interactions enhancing the ionogel compat-
ibility. To provide a more accurate description of the
relationship between molecular structure and phase sep-
aration temperature in the current system, the specific
phase separation temperature of ionogels in Figure 2c is
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also summarized and plotted, as shown in Figure 2d.
Finally, the prerequisites for the LCST phase behavior of
these ionogels are proposed as follows:

1. The coexistence of solvatophobic and solvatophilic
groups in the polymer network, corresponding to
n > 3 (alkyl chain length of acrylate) in our system.

2. Matching between the nonpolar domains (m and n)
in polymer network and ILs.

Theoretical analysis and molecular dynamics
simulation

One empirical interpretation of the LCST phase behavior
is based on Flory-Huggins theory. The effective inter-
action parameter (y.) is assumed to follow the function-
al form:

[04
Neft = T +P=ynt2xs

The effective interaction can be split into two parts: The
first one is the enthalpic part y, =a/T with a negative a
characterizing the specific attractive interaction due to
the hydrogen bonding and the second one is the entropic
part y, =p related to the details of molecular packing. The
phase separation occurs when the effective inter-
action parameter becomes larger than a critical value
(xeff =x>0), leading to the phase separation temperature:

la|

Te=—1
¢ B_Xc

Here, both the numerator and the denominator are posi-
tive. When T<T¢, yx#<xe the system is homogeneous.
When T>Te, x> X the system becomes phase separated.
When the cation’s alkyl side chain length (n) is increased,
this does not affect the hydrogen bonding (a remains
almost the same) because the cation has more freedom to
adjust its orientation, but the entropic part is reduced
because the cation becomes bulky. This leads to a higher
value of the LCST temperature T.. The trend is different
when the acrylate’s alkyl side chain length (m) is increased.
The solvatophobicity of the long alkyl side chain may con-
tribute to the weakening of the hydrogen bonding (the
value of |a| is reduced). Meanwhile, since the acrylate is
fixed in a network, the change in the entropic part is small.
This leads to a lower value of the LCST temperature 7.

The LCST phase behavior of ionogels can also be quali-
tatively proved by molecular dynamics (MD) simulation.
We perform the MD simulation using the large-scale atom-
ic/molecular massively parallel simulator (LAMMPS) to
explore the LCST phase transition of the ionogel. In our
simulation, we coarse-grain the polymers and cations of

ILs as a sequence of connected beads, and model the
anions and the cross-linkers as dispersed beads; please see
Figure 3a for the schematic illustration of the model and
Supporting Information for the simulation details. Our
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Figure 3 | MD simulation of the LCST phase separation of the ionogel. (a) Schematics of the coarse-grained polymer,
IL, and cross-linker. The orange and light-blue beads represent the solvatophilic backbone and solvatophobic side-
chains of the polymers, respectively. The green, dark-blue, and yellow beads represent the headgroup of cations,
grafted chain of cations, and anions in the ILs, respectively. (b) Typical simulation snapshots of the ionogel at
temperatures below and above the critical temperature T.* for LCST phase transition. (c) Structural factor of ionic
species S;(q), in which the surge in S;(q) at q ~ O indicates the macroscopic phase separation. (d) LCST of the ionogel at
different polymer side-chain lengths and cation chain lengths (T* temperature in reduced unit).

simulation indicates that at 7" = 1.0, the polymer/ILs mix-
tures form homogeneous ionogels, in which the ionic
species enrich the solvatophilic polymer backbone
regions. With increasing temperature, the ionic gelation
networks collapse and ILs aggregate, which results in
macroscopic phase separation, as shown in Figure 3b. We
further estimate the phase transitions of the ionogel by
analyzing Si(q@) (Figure 3c) and show the calculated LCST*
in Figure 3d. Our simulation illustrates that the variations in
cation chain length (n) and polymer side chain length (m)
can sensitively affect the LCST of ionogels, as shown in
Figure 3d, which is consistent with the experimental data.

The influence of H-bonds on the LCST of
ionogels

It is worth noting that H-bonds typically exist in polymer/
ILs mixtures, which serves as a dominant factor that
results in the LCST phase behavior, as reported by the
previous study on PEO/[C,MIM][BF,] and polyethers/
[C,MIM]INTf,] systems.*>*2%7 |n addition, in the protein
folding process, even if the H-bonds do not directly result
in the molecular self-assembly, it can drastically affect the
nanostructure of the assembly.® Therefore, the effects of
hydrogen bonds on LCST phase behavior of ionogel
system require further clarification.

Possible hydrogen bonds formed between ILs and
polymer backbones in homogeneous PBA/[C,MIM]
[NTf,] ionogels are illustrated as shown in Figure 4a
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according to the previous studies® As the hydrogen
bonds formed between C45-H of the imidazolium rings
and polymer (O atoms of polyacrylate) are much weaker
than those via C,-H, as suggested by Wang and Voth,*
we have chosen to study hydrogen bonding between C,
-H of imidazolium cation and how the O atoms of PBA
influence the LCST of the corresponding ionogel by a
controlling variable method. 1-alkyl-2,3-dimethylimida-
zolium [ C,MMIM][NTf,] is structurally similar to
[C,MIM][NTf,], except that a methyl group replaces the
H atom in the C, position of the ring, as shown in
Figure 4b (left). We performed the LCST measurements
on the PBA/[C,MMIM][NTf,] ionogels. The results are
summarized (Supporting Information Table S3) and
shown in Figure 4c. It is found that this change (H —
CHz) in ILs structure has a significant influence on the
LCST phase behavior of ionogels. For PBA ionogels
(60 wt % polymer content), there is a pronounced re-
duction of about 100 °C in the LCST. Replacing the most
acidic proton (C,) of the imidazolium ring with a methyl
group lowers its hydrogen bond-forming capability with
the PBA side chain. As a result, without this strong
interaction, the miscibility between ILs and PBA is weak-
ened, which causes a decrease in LCST. Besides, the
influence of hydrogen bonds between F atoms of the
anion and the polymer are also investigated by replacing
the CFz group with a F atom (Figure 4b, right). The LCST
of PBA/[C,MMIM](fluorosulfonyDimide[FSI] ionogels is
measured and plotted, as shown in Figure 4d. We found


https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202100855
https://doi.org/10.31635/ccschem.021.202100855

©CCS

RESEARCH ARTICLE

Chemistry

(&) ) \/( | R0 N :
e ) P HG FC Y OFs 1
=) L ) ') # : o\\S,N . H}C—CH;, :
: A j \ ) e A PP ek !
z )] : / : Hydrégen S \NA’S\}) - :
C ) ) ! bond i
4 H SN N
/N - E /\NJC\N/ N\_‘-I :
]

PBA/[C,MIM][NTf,] lonogels ~--.j__

— - - - -

© =N T N )
N @ NY) N N N @ N
HsC” A HsC” \®( A S A H¢” Y pS A
C Cation H Anion H
[C,MMIM] change [C,MIM] change [C,MIM]
A N r A N s O\\S/N'\ s
FiC7 Ny  CFs FiCYy f CFs FYy & F
\ [NTf,] Y [NTf,) \ [FsI] J
(c) 300 (d) 300
m [C,MIM] [NTT,] m [C,MIM] [NTf;]
w0l @ [CMMIM] NTE) 00 F A [C,MIM] [FSI]
[5) o |
2_ 100 o_ 100
= =
() 0
Q Q
- -
0F o
-100 | 100 [
0 ; 2" C; ,; 5 0 1 2 3 4 5

Cation alkyl side chain length (n)

Cation alkyl side chain length (n)

Figure 4 | Influence of hydrogen bonding on the LCST of PBA ionogels. (a) Schematic illustration shows the hydrogen
bonds between ILs and PBA network. (b) ILs with different cations and anions are used to prepare PBA ionogels.
(c) The influence of cation type on the LCST of PBA ionogels. (d) The influence of anion type on the LCST of PBA

jonogels.

that the change in the anionic structure of ILs also
exhibited a significant influence on the LCST of ionogel.
Replacing the CFz on anion of ILs with an F atom reduces
the number of hydrogen bonds that form between anions
with the PBA network, resulting in a reduction of about
60 °C in the LCST of ionogels. These results suggest that
the hydrogen bonds between ILs and polymer play an
important role in determining the LCST phase behavior
of this system.

Continuous regulation of the LCST of ionogels

Further, for certain acrylate monomers, the effects of ILs
structure and the content of monomer on the LCST of
ionogels are explored. Importantly, we found that a slight
increase in alkyl chain length of imidazolium cation results
in a huge increase in the LCST of ionogel. As shown in
Figure 5a, for PBA ionogels (60 wt % content of
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monomer), the LCST increased from 32 to 100 °C as the
cation’s alkyl chain length of ILs increased from 2 to 3.
With further increases of the alkyl chain to butyl (4), the
LCST of the ionogel reached 175 °C. From a thermody-
namic point of view, increasing the alkyl chain length may
increase the degree of microphase segregation, which is
generated from the polar ionic domains and nonpolar
alkyl chain domains.*°*2 The extended microphase segre-
gationinturnlowers the entropy of the ILs, whichresultsin
an increase in the LCST of ionogel. Briefly, from the view-
point of molecular polarity, the extended nonpolar alkyl
domainsin ILs may enhance the interactions between the
ILs and nonpolar domain (butyl side chains and/or alkyl
main chain) in PBA, and thus lowers the mixing enthalpy
and causes an increase in the LCST. Moreover, it was also
found that the LCST of the PBA ionogel increased as the
weight fraction of PBA increased from 30 to 60 wt %
(Figure 5a). The temperature-composition phase
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Figure 5 | Regulating the LCST of PBA ionogels. (a) LCST of PBA jonogels as a function of PBA weight fraction.
(b) LCST of PBA (60 wt %) ionogels as a function of the weight fraction of [CsMIMI[NTf>]/[C.MIMI[NTF>] in the IL

blends.

diagrams can explain this phenomenon.?® It is known that
the temperature-composition phase diagrams of the
LCST system are convex downward. In PBA/ILs systems,
the weight fraction of PBA from 30 to 60 wt % may
correspond to the rising part of the curve (spinodal
curve). Though the polymer/ILs and ionogels are different
systems, it could be understood in terms of the results.
Furthermore, using IL blends as the solvents, we can
regulatethe LCST ofionogels almost linearly as the weight
fraction of [CzMIM][NTf,] and [C4,MIM][NTf,] increases in
the blends, as shown in Figure 5b. These results suggest
that the interactions between PBA and ILs do not change
significantly upon mixing two structurally similar ILs.
Therefore, the IL blends in PBA ionogels are much closer
to an ideal random mixing state. Based on this result,
continuous regulation of the LCST of ionogels without
modifying the chemical structure of the polymers can be
realized.

In addition, we found that the LCST of ionogels de-
creased as the molecular weight of the polymer in-
creased. Such a trend is commonly observed in other
polymer/ILs systems that exhibit LCST-type phase be-
havior,®2° as well as our previously reported PBA/ILs
system.** Consequently, we studied the LCST of PBA
ionogels as a function of UV curing time. It was found
that the LCST of PBA ionogels first decreased and then
reached a plateau with increasing curing time during the
preparation of the ionogel (Figure 6a). This may be due
to the lower molecular weight of PBA in the ionogel
obtained during a short curing time. As a result, the
as-prepared PBA ionogels show a relatively high LCST.
Taking advantage of this property, reversible thermo-
responsive patterned PBA ionogels are fabricated. Sche-
matic illustration in Figure 6b shows the preparation
process of patterned ionogels using a photomask with
specific patterns. The precursors are placed between two
glass slides separated by rubber spacers (1.5 mm in
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thickness). The solution is first illuminated by UV light
(365 nm) for 3 min using a photomask. Then the photo-
mask was removed and the solution was illuminated for
another 60 s. Through this strategy, ionogels with gra-
phics, letters, and quick response code patterns were
successfully prepared, as shown in Figures 6¢c-6e, re-
spectively. By alternate heating and cooling, the patterns
in the ionogels can be repeatedly displayed.

Finally, taking PBA/[C,MIM]INTf,] ionogel as an exam-
ple, we characterized the thermal stability of ionogel using
TGA and DSC. The TGA curve in Supporting Information
Figure S5a shows that the ionogels are thermally stable up
to 340 °C at 5% weight loss, which suggests that the
ionogel exhibited high thermal stability. The glass transi-
tion temperatures (7y) of PBA and PBA ionogel were
-47.3 and -60.3 °C , respectively (Supporting
Information Figure S5b). The T4 of the PBA ionogel was
lower than pure PBA due to the plasticizing effects of the
ILs, which is also founded in other ionogel systems.8343
Besides, the weight of the PBA ionogel remains unchanged
even after storing for 30 days in the open air at 25 °C and
50% relative humidity (Supporting Information Figure S6).
Consequently, these nonvolatile ionogels with high optical
transparency, tunable LCST, good durability, and wide
temperature range mechanical stability show promising
applications in fields related to flexible sensors and optical

devices such as “smart windows”.**

Conclusion

In this work, we fabricated a polyacrylates/[C,MIM][NTf,]
ionogel with LCST-type phase behavior and elucidated the
structural effects of ILs and monomers on the LCST phase
transition of ionogels. We found that the LCST of ionogels
is primarily determined by the polarity of polymer (alkyl)
side chains and the alkyl chain on the cation of ILs. The
prerequisites for the LCST phase behavior of ionogels are
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Figure 6 | Patterning of ionogels. (a) LCST of as-prepared ionogels as a function of curing time (UV irradiation).
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quick response code (e) patterns were successfully prepared using photomask. By alternately heating and cooling, the
patterns in the ionogels can be displayed repeatedly [scale bars in (c), (d), and (e) were 1 cm].

proposed as follows: (1) The cosolvatophobic and solva-
tophilic groups in the polymer network, that is, n > 3 (alkyl
chain length of acrylate) in our system; (2) Matching be-
tween the nonpolar domains in the polymer network and
ILs. We speculate that the hydrogen-bonding interactions
between polymer and ILs are the main driving force for the
LCST phase behavior of ionogels, which show significant
influence on the LCST of ionogels. In addition, by varying
the mixing ratio of two structurally similar ILs in their
blends, the LCST of ionogels can be tuned almost linearly
through a wide temperature range without modifying the
chemical structure of the polymers. Finally, taking advan-
tage of the effects of curing time on the LCST of ionogels,
thermoresponsive ionogels with desired patterns are pre-
pared using a photomask. These nonvolatile ionogels with
tunable LCST enrich the functionality of current ionogels
and provide an alternative to the fabrication of smart
flexible electronic and optical devices.

Supporting Information

Supporting information is available and includes the
general materials used in this work and a detailed de-
scription of the characterization methods. In addition, the
mechanical properties, optical properties, and thermal
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analysis of the ionogels, as well a detailed description of
the MD simulation of the ionogels.
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1. General materials

All of the following chemical reagents were used as received from Sigma-Aldrich.
[Ethyl acrylate (EA), Propyl acrylate (PA), Butyl Acrylate (BA), Tert butyl acrylate
(TBA), Hexyl acrylate (HA), Octyl acrylate (OA), Ethyleneglycol dimethacrylate
(EGDMA, crosslinker), Diethoxyacetophenone (DEOP, Photo-initiator)]. Ionic
liquids were purchased from Lanzhou Yulu Fine Chemical Co., Ltd.
[1-Methyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([MMIM][NTf;]),
[EMIM][NTf;], [PtMIM][NTf;], [BMIM][NTf;], [CsMIM][NTf;], [CsMIM][NTH;],
[C;MIM][NTH], [CsMIM][NT1]; [C;MMIM][NTH,], [C:MMIM][NTA,],
[CAMMIM][NTS,]; [CsMIM][FSI], [CsMIM][FSI]]. The purity of studied ionic
liquids was listed below (Table S1). Ethanol (AR) and acetone (AR) were supplied by
Beijing Chemical Works. Deionized water was obtained via Milli-Q. All photo

images in this work were taken by the Cannon 60D.

Abbreviation H CAS number Purity

[C4MIM]INTT,] 174899-81-1 > 99%
[C-MIM]INTT] 174899-82-2 > 99%
[C:MIM]INT,]  216299-72-8 > 99%
[C,MIM]INTT,] 174899-83-3 > 99%
[CsMIM][NTT,] - = 99%
[CsMIMINTF,]  916729-96-9 = 99%
[C;MIM][NT,] - >99%
[CsMIMIINTF,]  862731-66-6 > 99%

[C1MIM]INTF,]  433337-23-6 >99%

Table S1. Purity of ILs used in this work (obtained from http://www.yuluchem.com).

2. Preparation of ionogels

Generally, BA (a sequency of concentration of 30 wt%, 40 wt%, 50 wt%, 60 wt%
were prepared), EGDMA (0.2 mol%, 0.5 mol%, 1 mol% of monomer amount) and
DEOP (0.1 wt% to monomers) was dissolved in ionic liquid, then the whole mixture
was stirred for 10 minutes until fully transparent solution was obtained. The
polymerization was initiated by UV irradiation using a mercury arc lamp for 15 min.
The resultant hydrogels were rinsed by ample ionic liquid to remove residual

monomers.
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3. Mechanical characterization

The mechanical characterization of ionogels were realized by using tensile
machine (SUNS, UMT4103). The sample were cut into dumbbell shape, 30 mm in
length, 5 mm in width, 2 mm in height. Both ends of the dumbbell-shaped sample
were connected to the clamps with the lower clamp fixed. The upper clamp was
pulled by the load cell at a constant velocity of 20 mm min™ at room temperature, by
which the stress—strain curve was recorded and the experimental data was further
analyzed. The tensile strength was obtained from the failure point. The modulus was
determined by the average slope over 0~10% of strain ratio detected from the
stress-strain curve.

The mechanical performance of ionogels were also characterized using Rheometer
(Anton Paar, MCR 302). lonogels with diameter of 1.5 cm and 2 mm thickness were

prepared. From -60 [ to 200 [J, with a strain of 0.5% and frequency of 1 Hz.

4. Molecular Dynamics Simulation
We categorize the beads as polar (P), apolar (C), and charged (Q) ones [1]. For
simplicity, the diameters of all beads are set to be 6. The nonbonded interactions

between beads are modeled by the Lennard-Jones (LJ) potential,

o] 2
U, ()= r r

0,r>r, S(1)

which is shifted to 0 at a cutoff . = 1.5 ¢ by the factor S. The interaction
parameter &2 can assume possible values ranging from weak (1.0) to strong (3.0) to
account for the polar, apolar and crosslinking interactions. We use ¢ = 1.0 (which
corresponds to 3 A) and e;,=1.0 (which corresponds kg7 at room temperature) as the
length and energy units. The electrostatic interactions between charged beads are

described by Coulomb interactions,
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Ucou = S(2)

4re,E v

where Z; and Z; represent the valences of the charged species separated in a
distance r, e is the elementary charge, ¢y denotes the vacuum permittivity, and the
dielectric constant is set to be ¢,=4 that corresponds to the typical polymer mixtures.
We calculate the Ucoy using the particle-particle-particle-mesh (PPPM) [2] algorithm
with an accuracy of 10°. The bonded interactions between the connected monomer

beads are modeled using the finitely extensible nonlinear elastic (FENE) potential,
2
Uy (n) == kR2Tn | 1-| 1o S@3)
FENE\"b 2 0 RO

where k = 30¢., /6> represents the spring constant and Ry = 1.5 & denotes the
maximum bond extension. The simulation box contains k = 14 ~ 27 coarse-grained
polymer chains. Each polymer consists of 2mo= 100 monomers in the backbone and
m=2,4 or 6 monomers in the sidechains, and each cation is composed of a positively
charged headgroup and a grafted nonchanged chain with its chain length ranging from
n =1 to n = 9. The mole ratios between backbone monomers of the polymers, ILs,
and the crosslinkers are set as 100:23:1. We adjust the size of the simulation box to
ensure the number density of the bead around 0.86. All simulations are performed in a
cubic box with 3D periodic boundary conditions in the canonical (NVT) ensemble
using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
package [3]. Standard LJ reduced units of the temperature are used in this work and
are denoted with a superscript asterisk. Our simulation starts from a random initial
configuration. The production runs are firstly performed at 7* = 1.0 for 10° MD steps,
after which the simulation is conducted over 2X10° MD steps by increasing the
temperature from 7* = 1.0 to 7* = 3.0. The integration MD time step is 0.004, which

corresponds to 5 fs, and the temperature is controlled by the Langevin thermostat.

5. Thermal analysis
The thermal analysis was conducted using a thermogravimetric analyser (TGA)

(Q500, TA Instruments, New Castle, DE) and differential scanning calorimeter (DSC)
sS4



(Q2000, TA Instruments, New Castle, DE).

6. LCST characterization of ionogels
The LCST of ionogels were determined by optical transmittance measurements
using dynamic light scattering (Anton Paar, Litesizer™ 500). We define the CP

values as the temperatures at which the transmittance drops to 80%.
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Figure S1. Images show the preparation of poly(butyl acrylate)/[C,MIM][NTf;]

ionogel by photo-induced polymerization.
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Figure S2
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Figure S2. Characterization of the basic properties of PBA ionogels. a)
Transmittance of a 0.5 mm thick ionogel in the visible range (400 ~ 800 nm). b)
Tensile stress—strain curves of ionogels (PBA/[C;MIM][NTf,]) with different
crosslinking density (weight fraction of PBA is 60%).
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lonic Liquids | (¢ mIM] [C,MIM] [CsMIM] [C4MIM] [CsMIM] [CeMIM] [C;MIM] [CsMIM] | [C4oMIM]
Monomers [NTf,] [NTf,] [NTf,] [NTf,] [NTf,] [NTf,] [NTf,] [NTT,] [NTf,]
/\[(O\/
o Compatible | Compatible | Compatible | Compatible | Compatible | Compatible | Compatible | Compatible [ Compatible
Ethyl acrylate (EA)
YO LCST
o I7IV o Compatible | Compatible | Compatible | Compatible [ Compatible | Compatible | Compatible | Compatible
Propyl acrylate (PA)
o
7 NN 5 \
/\Io( L('ST: L('S]j LCST‘ LCST, Compatible | Compatible | Compatible | Compatible | Compatible
-7°C 32°C 100 °C 172 °C
Butyl acrylate (BA)
o
Y | Phase Phase i Phase LCST LCST LCST LEST | 6 omoacible
¢} ¥ . . 15 o¢ o o o
Hexyl acrylate (HA) -separated | -separated | -separated separated 15°C 33°C 82 °C 133 °C
O
- i || Remrsei || mmossee | LA LFRE et et e
© -separated | -separated | -separated | -separated -5°C 54 °C

Octyl acrylate (OA)

Table S2. Compatibility of ionogels using different monomers and ionic liquids.
Monomers and ionic liquids are mixed at 6 : 4 of weight ratio. Polymerization was
carried out in the presence of 1 mol% EGDMA for monomers at RT for 15 min.

Compatible: the as-prepared ionogel was homogeneous and transparent in the
temperature range from -20 ~ 1800J.
Phase-separated: the monomer and IL was miscible, the as-prepared ionogel was
opaque in the temperature range from -20 ~ 1800J.
Immiscible: the monomer and IL was immiscible.
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Figure S3. Ionogel with high LCST phase behavior. a) Photograph of ionogel at
room temperature. b) Photograph of ionogel at high temperature (18801). ¢)
Photograph of ionogel when temperature above the LCST (20117).
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lonic Liquids

n [C.MMIM] [NTf,] [C.MIM] [NTf,] [C.MIM] [FSI]
n =1 LCST ~-7 °C
n=2 Phase-separated LCST ~33°C LCST ~-7 °C
n=3 LCST~0°C LCST ~ 106 °C LCST ~ 52 °C
n =4 LCST ~ 61 °C LCST~172°C LCST ~ 107 °C

Table S3. LCST of PBA ionogels using ionic liquids with different cation side chain
length (n) and anions are summarized in table S2.

S10



Transmittance (%)
H (e} [0} 8
o o o o

N
o
T

o
T

30 40 50 60 70 80 90
Temperature (°C)

Figure S4. Temperature dependence of transmittance at 658 nm for PBA ionogel
measured at a heating rate of ~ 0.5 [J/min. Different weight fraction of

[CsMIM][NTH1] in ILs blends ([C;MIM][NTHS)/[CsMIM][NTHT;]) are investigated.
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Figure S5. a) TGA curve of PBA/[C,MIM][NTf,] ionogel (weight fraction of PBA is

60%). d) DSC curves of the ionic liquid (J[C;MIM][NTf;]), PBA and corresponding

ionogel.
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Figure S6. Weight change of the PBA ionogel at 25 [ and 50% relative humidity
for 30 days.
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