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We report the synthesis and dielectric characterization of a zwitterionic compound based on two
common ionic liquid moieties. This compound can be blended with poly(methyl methacrylate) (PMMA)
to form thin films. At high zwitterion concentrations, elevated temperatures, and low frequencies, the
films exhibit behavior typical of electrochemical double layers, despite the absence of free ions.
Capacitance values are in the range of 10 uF cm™ and do not depend on film thickness. At low
temperatures, the films behave as linear dielectric materials with a dielectric constant of approximately 7.
The transition between these two regimes is governed by a phase transition corresponding to the
melting temperature of the zwitterion, as observed through differential scanning calorimetry (DSC) and
polarized optical microscopy (POM). X-ray diffraction (XRD) analysis suggests that at low temperatures
and high concentrations, zwitterions adopt a lamellar structure characterized by strong antiparallel
interactions between lamellae, which inhibit a strong paraelectric response. As the temperature
increases, the compounds no longer exhibit phase separation and can adopt a parallel configuration,
resulting in high capacitance paraelectric behavior. Overall, the zwitterionic compound reported here
shows promising behavior that can be well-understood from its thermophysical and morphological
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Introduction

Ionic liquids are versatile organic salts with melting points
below 100 °C, with low volatility, non-flammability, high ionic
conductivity, and thermal stability. These qualities make them
ideal for applications in batteries, fuel cells, solar cells and
energy storage devices, among others."™ However, the high
ionic conductivity of ionic liquids can hinder performance in
devices like organic transistors due to ion migration into the
semiconductor layer.>” Zwitterions, which have covalently
bound cationic and anionic groups, offer an alternative by
minimizing the translational motion and making them promis-
ing for electrochemical applications.”*?

The large dipole moments associated with zwitterions allow
them to exhibit high dielectric constants, with neat zwitterionic
liquids showing the largest reported dielectric constant
(>220)."" However, strong electrostatic interactions in their
crystalline solid state can reduce overall permittivity through
the cancellation of their dipole moments."”> While the
enhanced molecular mobility and dielectric response are exhib-
ited in the liquid state, zwitterions typically have high melting
points, limiting their practical use.'>'* Efforts to utilize the
high dielectric constant have focused on lowering melting
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points by incorporating additives,*>*®

modifications®*%17-20

performing structural
or plasticizing zwitterionic polymers
with water to weaken the intermolecular interactions.*"*

In our previous work,"® we synthesized an N-imidazolium
and sulfonyl(trifluoromethane sulfonyl)imide-based zwitterion
(EG2IM-TFSI). The compound has a diethylene glycol side
group, which successfully lowered the melting point below
100 °C, enabling the study of dielectric properties at moderate
temperatures. Remarkably, blending the zwitterion with
poly(methyl methacrylate) (PMMA) resulted in a dielectric film
that exhibited a three order of magnitude increase in capaci-
tance upon heating above the zwitterion’s melting point. This
high capacitance behavior was independent of film thickness
and resulted from highly correlated dipole moments, produ-
cing capacitance values comparable to electrostatic double
layers. This material also showed strong supercooling behavior
which was possibly related to a pendant ethylene glycol side
chain. Supercooling may offer advantages for some applica-
tions, but its inherent metastability, sensitive to thermal and
mechanical disturbances, poses challenges for reliable and
consistent performance.*® Therefore, there is a need to develop
new materials with minimal supercooling while maintaining
low melting temperature.

The imidazolium cation and sulfonyl(trifluoromethane
sulfonyl)imide anion are promising candidates for reducing
the melting temperature. In addition, the side chain of the
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zwitterions also significantly affects the thermal properties. For
example, moderately long alkyl chain groups (C6-C8) in zwit-
terions have been shown to lower the melting point.” For linear
ionic liquids, the melting point typically decreases with increasing
alkyl chain length, reaching a minimum around eight carbon
atoms, before rising again due to stronger van der Waals interac-
tions between chains.** However, while low melting temperatures
are desirable, ionic liquids with intermediate alkyl chain lengths
also exhibit a high tendency for supercooling.”® In polypeptoids,
branched alkyl chains tend to lower the melting point more
effectively than linear chains.”®”” In contrast, branched ionic
liquids often show higher melting points, T,, and viscosities
compared to their linear counterparts, due to more efficient local
packing.”**° Meanwhile, branching in small organic compounds
is generally associated with enhanced supercooling behavior®'~*>
however, the effect of branching on supercooling in ionic liquids
has not been directly reported.

Building on these observations, we note that moderately
long linear alkyl chains can decrease the melting point in zwitter-
ions but also promote supercooling. Therefore, we are particularly
interested in the branched 2-ethyl-1-hexyl (EH) group, which is
known to strongly influence molecular packing in polymer
matrices and dramatically affect material properties.”***** More-
over, 2-ethylhexyl group are expected to be more hydrophobic than
the previously used diethylene glycol group, offering better control
over handling the material under ambient conditions without
interference from absorbed water. In this work, we synthesized
and characterized a zwitterionic compound with a branched
2-ethyl-1-hexyl alkyl chain which showed minimum supercooling.
The thermophysical behavior of this compound was significantly
more reversible than previous reports. In addition, when blended
with PMMA, films showed a high, thickness independent capaci-
tance. This behavior was observed at high concentrations and
elevated temperatures in a manner similar to previous reports.
These insights demonstrate the role of side chains in the
structure-property relationship governing zwitterionic dielectric
materials.

Materials and methods

PMMA (M, 120000), acetone, acetonitrile and isopropanol
(HPLC grade solvents) were purchased from Sigma Aldrich.
Hydrochloric acid was purchased from VWR chemicals. Tita-
nium (Ti) metal sheet was purchased from McMaster-Carr,
0.05 mm diameter (99.995%) gold wire was purchased from
Alfa Aesar, gold deposition material (99.999%) was purchased
from Kurt ]J. Lesker. Deionized water was obtained from Barn-
stead Easypure II UV/VF water purification system. All commer-
cially available solvents and chemicals were used as received.
EHIM-TFSI was synthesized based on previously reported
procedures.'?333¢

Square (1.5 cm x 1.5 cm) Ti metal substrates were cleaned,
and films were prepared as reported in our previous work.
PMMA was dissolved in acetonitrile (100 mg mL™") by stirring
at 60 °C for 2 hours. The zwitterion was dissolved in PMMA
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solution at the desired concentration (0.02-0.19 mol ratios), by
stirring at 60 °C for 2 hours. The resulting zwitterion solution
was then spin-coated on a titanium substrate at 1500 rpm for
60 s at room temperature. The samples were annealed at 120 °C
for 1 hour. A gold circular top contact with a 3 mm diameter
and 60 nm thickness was deposited through a shadow mask
onto the film via physical vapor deposition using a system
situated in a glovebox. The resulting devices were of asym-
metric metal-insulator-metal (MIM) configuration.

The dielectric properties of spin-coated films on Ti sub-
strates were measured using Solartron 1260A impedance ana-
lyzer attached to 1296 dielectric interface as a function of
frequency (between 1 Hz and 1 MHz) and temperature (between
20 °C and 130 °C) at 1 V. Gold wires were attached to the top
gold electrode and bottom Ti electrode using silver paste
dissolved in amyl acetate. The high-temperature measurements
were performed using Delta 9015 furnace, where samples were
heated at a rate of 20 °C min~ ' and held for 5 minutes. All
measurements were conducted in air. To perform thickness
dependent measurement for 0.15 mol ratio of EHIM-TFSI, the
films were cast from different concentrations of PMMA (100 mg,
150 mg, 200 mg and 250 mg) in 100 mL acetonitrile using
abovementioned spinning conditions, which resulted in a varia-
tion of sample thicknesses. The polarization-voltage hysteresis
loops were measured on the same samples using a ferroelectric
analyser (Radiant RT66A Standard Ferroelectric Testing System)
at 10 Hz at variable temperatures which were achieved using the
aforementioned Delta 9015 furnace.

Phase transitions were investigated using a Q200 DSC
instrument (TA Instruments) equipped with a Refrigerated
Cooling System 90. The films were drop-cast onto 1.5 X
1.5 cm clean glass substrates from solutions identical in
composition to those used for impedance measurements and
dried at room temperature for 3 days before annealing at 120 °C
for 1 hour. Approximately 2-3 mg of film was obtained and
placed into a Tzero aluminum pan and sealed. Heating and
cooling measurements were performed on these films and pure
zwitterion compound at a rate of 10 °C min™".

The samples for polarized optical microscopy (POM) were
spin cast from a 100 mg mL ™' PMMA solution on 1.5 x 1.5 cm
cleaned glass substrates, followed by annealing using the
previously described recipe. The texture and phase behavior
of these films were analyzed using an Olympus BX50 micro-
scope equipped with a Linkam LTS350 heating stage, a TMS94
temperature controller and a first order, full wave, gypsum
plate of 530 nm (Olympus U-TP530). The samples were heated
at a rate of 5 °C min ' and maintained for 3 minutes at target
temperature before images were collected.

The samples for X-ray diffraction (XRD) and Fourier trans-
form infrared spectroscopy (FTIR) measurements were pre-
pared in a similar way as for POM measurements, but by
casting films from a 250 mg mL ™' PMMA solution onto clean
glass substrates (1.5 cm x 1.5 cm). The crystallinity in films was
determined using XRD on a high-resolution Bruker D8 Advance
diffractometer with a copper Kal X-ray tube. The thin films
were scanned from 26 = 3° to 30° at 5° min™'. Additionally, 2d

This journal is © The Royal Society of Chemistry 2025
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Medium Angle X-ray Scattering (MAXS) experiments were per-
formed on films taken from glass substrates and collected
using SAXSLAB Ganesha 300XL small angle X-ray scattering
system. FTIR measurements were also performed on films
taken from glass substrates and measured using a PerkinElmer
infrared spectrometer.

Film thicknesses were measured using a Bruker Dektak XT
profilometer equipped with Vision 64 software. The stylus had a
2.0 um tip diameter, scanned at 30 um s~ with a force of 3 mg.
Thickness was measured as the step height between areas with
and without film on glass substrates. Thickness values are
provided in Table S1.

Results and discussion

To explore the role of side chains in the properties of zwitterion
containing thin films, we synthesized a compound containing a
branched alkyl side chain. Fig. 1 shows the route for synthesiz-
ing the compound, hereafter referred to as EHIM-TFSI. The
compound was synthesized using N-2-ethyl-1-hexyl imidazole
and potassium chlorotrifluoromethylsulfonyl chloride using
procedures adopted from literature;">*>*® the complete synth-
esis and characterization provided in Fig. S1-S4.

When compared with a compound with ethylene glycol side
chains (EG2IM-TFSI), the melting point of EHIM-TFSI
increased to 120 °C (Fig. 2). Importantly, this slight increase
in melting point is still significantly lower than the melting
points typically observed in traditional zwitterions which can
exceed 250 °C. The branched alkyl group provides steric hin-
drance, allowing for some degree of rotation similar to the
diethylene glycol group, which inhibits intermolecular interac-
tions, reducing packing efficiency.

Significantly, EHIM-TFSI exhibits minimal supercooling
which significantly improved the thermal reversibility of the
system compared to previous system as confirmed by compar-
ing the DSC result of two compounds (Fig. 2). The enhanced
thermal reversibility allows for more stable performance across
thermal cycles, improving the material’s durability and repro-
ducibility upon repeated cycles. We hypothesize that the differ-
ences in the thermal behavior between the two compounds
result from the lower affinity of the alkyl chain to the ionic
groups. This reduces the interaction between the side chains
and neighboring molecules, reducing the cooperativity of the
crystallization process.'*"’

Dielectric properties are a key characteristic of zwitterion-
containing thin films. To examine if EHIM-TFSI exhibits these
properties, thin films were prepared by blending EHIM-TFSI
with PMMA, and spin-coating the resulting solutions onto Ti
substrates. Ti was chosen as the substrate due to its relatively
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Fig. 1 Synthetic pathway of EHIM-TFSI.
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Fig. 2 DSC plots of (a) EG2IM-TFSI and (b) EHIM-TFSI.

low cost, as well as its chemical stability and corrosion resis-
tance. The selection of a suitable polymer matrix for zwitterions
is limited by compatibility with both the zwitterion and the
solvent used to form solutions. Low dielectric constant PMMA
was selected due to its high mechanical strength, transparency,
chemical stability, processability, and hydrophobicity.>” Solu-
tions of zwitterion and PMMA were created in acetonitrile with
100 mg mL ™" of PMMA at the following mol ratios of zwitterion:
0, 0.02, 0.05, 0.11, 0.15 and 0.19. Films were spin coated at 1500 rpm,
resulting in films that were in range 1-2.5 pm (Table S1). The
increase in film thickness was the result of an increase in solution
viscosity with a greater EHIM-TFSI mol ratio. The thickness
dependent dielectric properties will be discussed later.

To evaluate EHIM-TFSI's dielectric performance, a gold
electrode was vapor deposited onto the films, and frequency-
dependent capacitance was measured across several tempera-
tures at 1 V. The capacitance (F cm™?) was calculated from the
imaginary impedance Z” using the eqn (1), where f is the
frequency and A is the area of the top electrode.

-1

C=Eﬁq 1)

Fig. 3(a)—(f) show the variation of capacitance with frequency
at different temperatures and concentrations of EHIM-TFSI.
Fig. 3(a) shows the response of a pure PMMA thin film. The
capacitance is approximately 5 nF cm™> and independent of
frequency with a slight increase observed at higher tempera-
tures due to segmental motion of the polymer aligning the
polar ester groups with the electric field (Fig. S5(a)).*® When
EHIM-TFSI is added at low concentrations (Fig. 3(b)), the film
exhibits a small temperature-dependent increase in capaci-
tance, similar to pure PMMA. This is consistent with previous
findings," that the uncorrelated dipole moments of EHIM-TFSI
have a small effect on capacitance, which becomes more
pronounced as temperature rises. Films with higher concentra-
tions of EHIM-TFSI (Fig. 3(c)-(f)) show a much stronger tem-
perature dependence, with low-frequency capacitance
increasing by a factor of 1000 from 20 °C to 130 °C at and
above 0.1 mol ratio. This behavior is also consistent with our
previous system,'® where capacitance above the melting point
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Fig. 3 Capacitance vs. frequency at different temperatures at 1 V with films of different mol ratios of EHIM-TFSI in PMMA. (a) pure PMMA, (b) 0.02 mol
ratio, (c) 0.06 mol ratio, (d) 0.11 mol ratio, (e) 0.15 mol ratio and (f) 0.19 mol ratio.

reaches values similar to ion gels formed by imidazolium
bis(trifluoromethylsulfonyl)imide ionic liquids, which display
a capacitance of 12.2 £ 0.9 uF cm 2 at 1 Hz.*®

The films demonstrate excellent thermal reversibility, with
minimal change in capacitance during subsequent heating and
cooling cycles, as shown in Fig. S5. This behavior underscores
the improved stability of compounds containing alkyl side
chains, making them more suitable for practical applications
that require consistent capacitance over multiple thermal cycles.

The impedance data for PMMA-EHIM-TFSI films was also
analyzed using the Havriliak-Negami model (Fig. S6 and S7),
which accurately describes the frequency-dependent behavior.
The dielectric relaxation behavior is characterized by two
primary components, a lower capacitance process occurring
at high frequencies and a high capacitance process at lower

frequencies. The first relaxation process, characterized by lower
capacitance (in nF cm™?) in Fig. 3(d)-(f), shows a faster orienta-
tion response in films, which can be attributed to the polar side
chains in PMMA, occurring in less than 1 ps at 120 °C. The
second relaxation, with higher capacitance (in uF cm ?) and a
time constant of approximately 0.01 s above 120 °C for films
with higher concentrations (>0.1 mol ratio) is attributed to
orientational polarization of the zwitterionic compounds, lead-
ing to the formation of an electrical double layer.

The complex impedance measurements of tan(d) (Fig. S8(b)-(f))
show a dielectric loss peak due to zwitterions in addition to 8
relaxation peak of PMMA (Fig. S8(a)). This peak decreases in
intensity and shifts to higher frequencies as the temperature
rises, indicating that the alignment of the highly polar zwitter-
ionic molecules with the electric field becomes easier at higher
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Fig. 4

(a) Capacitance vs. temperature for different concentrations at 1 Hz. (b) Capacitance vs thickness measurements of 0.15 mol ratio EHIM-TFSI

blended film at different temperatures and frequencies. (c) Capacitance vs frequency measurements of 0.15 mol ratio EHIM-TFSI blended film at different

thicknesses at 130 °C.
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temperatures.*® Moreover, polarization measurements (Fig. S9)
on films with lower zwitterion concentrations exhibit paraelec-
tric behavior, while high-concentration films show increased
polarization and hysteresis loops, which we speculate may arise
from contributions of both ferroelectric-like behavior and elec-
trical conductivity.*® However, it remains unclear whether these
materials exhibit true ferroelectricity due to the complex inter-
play of zwitterion reorientation and polymer chain motion.

The effect of temperature on the capacitance at 1 Hz for
several different concentrations of EHIM-TFSI is summarized
in Fig. 4(a) and Fig. S10. At low concentrations, the capacitance
is relatively small but increases with temperature. As the
concentration increases, the capacitance response becomes
more pronounced and increases gradually with increasing
temperature. For higher concentrations (>0.1 mol ratio), the
capacitance increase is also gradual between 20 °C and 110 °C,
but is followed by a more abrupt increase between 110 °C and
120 °C, which is near the melting point of zwitterion. The
highest values obtained values of capacitance are consistent
with the formation of an electrostatic double layer.**™*?

To further investigate the electrostatic double layer phenom-
enon, Fig. 4(b) shows the thickness dependent capacitance
measurements of 0.15 mol ratio EHIM-TFSI blended films at
different temperatures and frequencies. At 20 °C, the film
exhibits a capacitance that scales with the inverse thickness
irrespective of frequency, as one would expect of a linear
dielectric material. However, at higher temperatures (130 °C),
the capacitance at 1 Hz is large and only decreases slightly with
increasing film thickness. When the films are analyzed at an even
lower frequency of 0.1 Hz, the capacitance becomes nearly con-
stant, irrespective of the film thickness. This thickness-
independent character of film at 0.1 Hz supports the hypothesis
that the capacitance of zwitterion films is determined by their
properties at the electrode interfaces alone. The frequency and
temperature dependent capacitance and tan delta measurements
of PMMA and 0.15 mol ratio EHIM-TFSI blended film of different
thicknesses are provided in Fig. S11 (a)—(f) and S12 (a)-(f).

The existence of two clear frequency regimes in the capaci-
tance is further demonstrated in Fig. 4(c) which displays the
frequency dependence capacitance for 0.15 mol ratio EHIM
TFSI films at 130 °C for several film thicknesses. High and
thickness independent capacitance appears at low frequencies
while low, thickness dependent capacitance is observed at high
frequencies. Linear dielectric materials have a capacitance that
depends inversely on the film thickness and is well-characterized
by a bulk dielectric constant. As such, we hypothesize that the high
frequency region of the impedance spectrum is characterized by
approximately linear dielectric behavior with a relative dielectric
constant of 7. In the limit of low frequency, thin film capacitance is
independent of thickness, meaning that its properties cannot be
described by a bulk dielectric constant. This is consistent with the
hypothesis that the capacitance of zwitterion films is determined
by their properties at the electrode interfaces alone.

To understand the temperature dependent behavior of the
EHIM-TFSI films, DSC measurements were performed on blended
samples prepared via drop-casting. At lower EHIM-TFSI loadings

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 DSC results at (a) low concentrations and pure PMMA film and
(b) higher concentrations of EHIM-TFSI in PMMA.

(Fig. 5(a)), no endothermic peak was observed except for the T, at
116 °C, similar to pure PMMA. We interpret this as an indication
that the zwitterion molecules are well-dissolved in the polymer
matrix. At the highest loadings (>0.1 mol ratio), a strong
endothermic peak appears at approximately 120 °C in the DSC
data shown in Fig. 5(b). The temperature of this peak coincides
with the melting of the pure compound (Fig. 1(a)). This peak
suggests the presence of crystalline regions of the zwitterion
molecules in the blend at concentrations above 0.10, which
correlates well with the concentration dependence of the high-
capacitance behavior. During the cooling cycle shown in Fig. 5(b),
an endothermic peak is observed at 80 °C, which we interpret as
the recrystallization of EHIM-TFSI and a manifestation of the
overall improved thermal cyclability of the compound. At 0.1 mol
ratio, the material appears to behave in an intermediate manner
between the high concentration and low concentration regimes.

In more detail, the T, of PMMA shifts and broadens upon
the addition of zwitterions to approximately 111 °C for 0.02 mol
ratio and 107 °C for 0.06 mol ratio. We attribute this small shift
to an increase in mobility of the polymer chains. At higher
EHIM-TFSI concentrations (> 0.1 mol ratio), Ty is difficult to
observe, either because it overlaps with the melting peak of
EHIM-TFSI or is significantly broadened. FTIR analysis
(Fig. S13 and Table S2) shows that with increasing zwitterion
content, the CO stretching peak of PMMA shifts to 4 cm™*
higher wavenumbers at 0.19 mol ratio, indicating some inter-
action between PMMA and zwitterion.

In order to further investigate the role of phase separation in
EHIM-TFSI/PMMA blends, polarized optical microscope (POM)
images of films were collected at 20 °C and 130 °C. Phase
contrast was improved with a 530 nm retardation plate. The
results are shown in Fig. 6. At concentrations <0.1 mol ratio
(Fig. 6(b)-(d)), no phase separation is observed as indicated by a
featureless magenta image indistinguishable from that of pure
PMMA (Fig. 6(a)). This indicates that EHIM-TFSI is well-mixed
within the PMMA film, in agreement with the DSC data.

On increasing temperature (Fig. 6(g)-(j)), images of these
films do not change in any obvious way. This behavior is in
contrast with images collected at higher concentrations
(>0.1 mol ratio) as shown in Fig. 6(e) and (f). They display
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Fig. 6 Concentration dependent POM images. Images of (a) pure PMMA, (b) 0.02, (c) 0.05, (d) 0.10, (e) 0.15, and (f) 0.19 mol ratio of EHIM-TFSI in PMMA
at 20 °C. Images of (g) pure PMMA, (h) 0.02, (i) 0.06, (j) 0.10, (k) 0.15, and (1) 0.19 mol ratio of EHIM-TFSI in PMMA at 125 °C. All images viewed through

cross-polarizers with a 530 nm retardation plate.

bright purple/orange crystalline regions at 20 °C, corres-
ponding to birefringent EHIM-TFSI enriched domains. At tem-
peratures where EHIM-TSFI is observed to melt via DSC, these
purple/orange domains become non-birefringent (as shown in
Fig. 6(k) and (1)). These results correspond well with the
observed phase behavior in the DSC experiments of Fig. 5 as
well as the onset of high capacitance behavior observed in Fig. 3
and 4. Further analysis of the POM images can be found in the
appendix (Fig. S14).

The presence of crystalline regions of EHIM-TFSI within
spin coated thin films at room temperature was further inves-
tigated through XRD measurements. Fig. 7(a) shows the dif-
fraction patterns for pure PMMA films and films with differing
concentrations of EHIM-TFSI. At the lowest concentrations
(below 0.1 mol ratio), the films are almost completely amor-
phous, in agreement with both the DSC and the POM images.
These observations suggest that EHIM-TFSI is dispersed in the
polymer matrix. At higher concentrations, a series of well-
defined diffraction peaks emerge (20 = 4.46, 8.93, 13.42 and
17.96), that we assign as the (001), (002), (003) and (004) peaks
of a lamellar phase. This peak is also observed for the inter-
mediate concentration of 0.1 mol ratio. The peak (as seen in the
inset of Fig. 7(b)) is of low intensity, again pointing to this
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(a) XRD plots of EHIM-TFSI blended films at different concentrations, and (b) zoomed-in XRD plot showing first order diffraction peaks from all

Fig. 7

] mol ratio

concentration as intermediate to the two main categories of
material behavior.

The observed patterns (as in Fig. 7(a)) remain almost
unchanged for films at varying thicknesses and cooling rate
of the annealed film. This suggests that zwitterions tend to
crystallize in a reproducible manner, regardless of the presence
of PMMA-rich domains. To analyze these effects, additional
experiments are detailed in appendix (Fig. S17-S19). To inves-
tigate the azimuthal ordering of EHIM-TFSI, medium angle
X-ray scattering (MAXS) measurements were performed. The
results, shown in Fig. 7(c) are characterized by circular rings at
g =0.32 A~" (20 = 4.45 nm) in the XY scatter plot, indicating a
lack of azimuthal ordering.

With respect to the XRD data shown in Fig. 7(a) and (b), the
peak at 26 = 4.46 has a d-spacing equivalent to 1.98 nm, which
is approximately equal to the length of the fully extended
EHIM-TFSI molecule (Fig. S15). We hypothesize that the first-
order lamellar peak at 20 = 4.46° arises from long-range
lamellar ordering. Although branched side chains would typi-
cally be expected to disrupt ordered packing, both our result
and literature®® show that in certain systems they can instead
promote long-range lamellar organization. This is shown sche-
matically in Fig. 8a using a black arrow and a representative

— 0.00 (PMMA)
-0.02
-0.05
-0.10
-0.15
- 0.19

-0.2 0 0.2 0.4
x, Al

concentrations. (c) XY scatter MAXS plot of EHIM-TFSI/PMMA film at 0.15 mol ratio.
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charged polarregions

aliphatic nonpolar
regions

Fig. 8 (a) Proposed molecular arrangement of zwitterions in PMMA at
room temperature, with black arrow indicating the first-order lamellar
peak (20 = 4.46°) and separation of polar and nonpolar regions. Under
electric field, the configuration of zwitterion molecules (b) below and
(c) above the melting temperature of zwitterion EHIM-TFSI.

cartoon of the proposed structure. In this structure, EHIM-TFSI
molecules are packed end-to-end between the lamellae in the
film, with each adjacent molecule aligned in an antiparallel
fashion at room temperature. The parameter d = 1.98 nm
describes the interlamellar spacing, as shown in Fig. 8(a). This
configuration results in the segregation of polar and non-polar
regions within the zwitterionic PMMA film, which is favored by
aggregation of ethyl hexyl chains.'® Other possible configura-
tions, described in Fig. S20, appear less probable.

We hypothesize that the dominant polarization mechanism
at and above the melting temperature in EHIM-TFSI:PMMA
blends is the formation of an electric double layer, which can
be considered a type of interfacial polarization. This is an effect
of dipolar polarization from the reorientation of zwitterions
under the applied alternating field. Under these conditions, the
net electric field within the film approaches zero due to
cancellation by positive and negatively charged functional
groups, resulting in charge accumulation primarily at the
interfaces. XRD analysis provides additional insight, revealing
that these zwitterions are microstructurally ordered in lamellar
arrangements within the PMMA matrix. This lamellar ordering,
as illustrated in Fig. 8(c), facilitates the formation of electric
double layers that lead to interfacial charges.

In greater detail, the properties of our films can be under-
stood by their local morphology. At room temperature, dipoles

This journal is © The Royal Society of Chemistry 2025
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align antiparallel to each other, effectively canceling out the net
dipole moment (Fig. 8(b)). This arrangement is due to strong
intermolecular electrostatic interactions even under an applied
electric field (1 V in this case). This antiparallel ordering likely
contributes to the low capacitance observed at room tempera-
ture. However, when the film is heated to above its melting
point and subjected to an electric field, the zwitterions can
reorient in response to the field, maximizing their net dipole
moment. This molecular reconfiguration leads to the formation
of an electrical double layer at the electrode interfaces, leading
to higher capacitance, as depicted in Fig. 8(c).

The temperature-dependent XRD measurements (Fig. S16(b)
and (c)), conducted without an electric field, show that the peak
intensity at 20 = 4.46 gradually decreases between 80 °C and
110 °C and disappears entirely at 120 °C, indicating a loss of
molecular order upon melting. This conclusion is supported by
observations of high, thickness independent, capacitance as
indicative of the presence of an electrical double layer.

To understand in how molecules are arranged in PMMA
matrix, it is also worthwhile to consider the composition in
terms of volume fraction, rather than mole or weight fraction.
The molar volume of PMMA monomer units is usually con-
sidered 84.9 cm® mol™".*> An EHIM-TFSI molecule can occupy
265.5 cm® mol ™" in extended form (as calculated from DFT).
The films with zwitterion concentration of mol fractions 0.02,
0.05, 0.10, 0.15 and 0.19 correspond to volume fraction 0.07,
0.15, 0.27, 0.35 and 0.42, respectively. This means, below 27%,
the dipoles can be imagined to be mostly isolated. To achieve
high capacitance optimal alignhment must occur, requiring that
the dipoles have a correlated orientation in one direction. This
is facilitated by the film bulk containing at least 27% zwitter-
ion. At this volume fraction, the solubility limit has been
reached, and percolating clusters of zwitterion crystals are able
to reach across the film thickness providing the observed high
capacitance behavior.

Conclusion

We have synthesized EHIM-TFSI, a heretofore unreported zwitter-
ionic compound, and blended it with PMMA to form thin films.
These films were characterized according to their dielectric prop-
erties. The observed capacitance at high temperatures, high
EHIM-TFSI concentrations, and low frequencies is equivalent to
that of an electrostatic double layer. This is further demonstrated
by thickness independent values of the capacitance under these
conditions. At higher frequencies, capacitance is better character-
ized in terms of linear dielectric behavior, exhibiting a dielectric
constant of approximately 7. At low concentrations, EHIM-TFSI
zwitterions are well dissolved in PMMA, exhibiting modest dielec-
tric performance consistent with a linear dielectric. The tempera-
ture crossover between the two regimes of operation corresponds
to the melting temperature of EHIM-TFSI. XRD analysis indicates
that the strong antiparallel interactions between zwitterion mole-
cules in zwitterion-rich lamellar domains are responsible for the
low capacitance at lower temperatures and high zwitterion
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concentrations. Despite the common tendency of zwitterions and
branched alkyl chains in organic systems to undergo supercool-
ing, our synthesized EHIM-TFSI zwitterion demonstrates a signifi-
cantly low melting point and minimal supercooling. This
enhanced thermal reversibility contributes to stable performance
across multiple thermal cycles, increasing the material’s durabil-
ity and making it highly suitable for applications requiring
reliable and reproducible thermal response.
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