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Abstract: Polymerized ionic liquids (PILs) show potential to be used as new water-free
polyelectrolyte-based electrorheological (ER) material. To direct ER material design at the molecular
level, unveiling structure-property relationships is essential. While a few studies compare the mobile
ions in PILs there is still a limited understanding of how the structure of tethered counterions on
backbone influences ER property. In this study, three PILs with same mobile anions but different
tethered countercations (e.g., poly(dimethyldiallylammonium) P[DADMA]+, poly(benzylethyl)
trimethylammonium P[VBTMA]+, and poly(1-ethyl-4-vinylimidazolium hexafluorophosphate)
P[C2VIm]+) are prepared and the influence of tethered countercations on the ER property of PILs is
investigated. It shows that among these PILs, P[DADMA]+ PILs have the strongest ER property and
P[C2VIm]+ PILs have the weakest one. By combining dielectric spectra analysis with DFT calculation
and activation energy measurement, it can clarify that the influence of tethered counterions on ER
property is mainly associated with ion-pair interaction energy that is affecting ionic conductivity and
interfacial polarization induced by ion motion. P[DADMA]+ has the smallest ion-pair interaction
energy with mobile ions, which can result in the highest ionic conductivity and the fastest interfacial
polarization rate for its strongest ER property.
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1. Introduction

Polymerized ionic liquids (PILs) have attracted great attention as a new type of solid polyelectrolyte
in various applications from electrolytes for energy storages to electroactive components for smart
materials because PILs possess not only mechanical stability of polymer and ionic conductivity of ionic
liquids but also designable molecular structure or morphology [1]. For example, solid gas-sensing
materials based on tetraalkylammonium-based PILs have been demonstrated to show more sensitive
CO2 sensing behavior compared to liquid gas-sensing materials based on ILs [2]. By combing
PILs with temperature-sensitive poly(N-isopropylacrylamide), soft actuators having pH and thermal
dual-responsive character and high mechanical properties have been obtained [3]. By introducing
gradient porous morphology into PIL membrane, high-speed solvent-responsive actuators have been
developed [4]. The imidazolium sulfonate PIL composite has also been prepared and fabricated into
thermally stable electroactive actuators which exhibit an effective actuation response under a low
applied electrical potential of 4 V [5].

Recent study of employing hydrophobic PIL solid particles containing polyatomic fluorinated
ion pairs as dispersed phase has attracted interest to develop new anhydrous electrorheological fluid
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(ERF) [6,7], a smart suspension whose viscosity can be controlled by electric fields owing to electric
polarization and particle-particle interaction [8]. This electric field-induced viscosity thickening of ERF
can be found many potential applications such as semi-adaptive damper, valve, isolator, haptic sensor,
and so on [9–11]. Different from conventional polyelectrolyte particles whose ER property needs to
activate by absorbing moisture, the dry PIL particles have strong ER property. This is because, compared
to the conventional polyelectrolytes, the ion-pair interaction in PIL particles is weaker due to large and
delocalized nature of polyatomic fluorinated constituent ions and, thus, the untethered ions are easy
to dissociate and move to induce interfacial polarization [12]. Furthermore, the hydrophobic nature
of fluorinated constituent ions also makes PIL-based ERF to be insensitive to moisture. As a result,
the relationship between ER property and PIL structure can be unveiled. In particular, the number, size,
and type of mobile untethered ions have been demonstrated to significantly influence the ER property
of PILs and the PILs containing mobile ions with small size and large plasticization effects have strong
ER property because of enhanced interfacial polarization [13–16]. In addition, we have also found
that the transport of mobile ions, interfacial polarization, and ER effect can be controlled by adjusting
crosslinking degree or the length of substituent alkyl chain on pedant groups [17,18]. While a few
studies compare different types of mobile untethered ions, there is still a limited understanding of how
the tethered counterions attached to backbone influences ER property.

For that purpose, we herein synthesized three PILs with the same mobile untethered
anions (hydrophobic hexafluorophosphate (PF6

−)) but different tethered countercations attached to
backbone (e.g., poly(dimethyldiallylammonium) P[DADMA]+, poly(benzylethyl) trimethylammonium
P[VBTMA]+ and poly(1-vinyl 4-ethylimidazolium) P[C2VIm]+, as displayed by Scheme 1) and
investigated how the tethered counterions influences the ER property under electric fields. The reason
for the influence was explained by combining dielectric relaxation spectroscopy with activation energy
measurement and density functional theory (DFT) calculation, which is an effective tool to understand
the structure and dynamic of materials [19].
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(C) P[C2VIm][PF6].

2. Materials and Methods

2.1. Chemicals

Diallyl dimethylammonium chloride ([DADMA]Cl, 60% wt% in water), p-vinylbenzyl
trimethylammonium chloride ([VBTMA]Cl), 97%), bromoethane (99%), 1-vinylimidazole (99%),
potassium hexafluorophosphate (KPF6, 99%). 2,2’-azobis(isobutyronitrile) (AIBN) was purchased from
Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. These chemicals were used as received
except that AIBN was purified by recrystallization in methanol.

2.2. Synthesis of [C2VIm]Br

1-Ethyl-3-vinylimidazolium bromide ([C2VIm]Br) was synthesized by one-step procedure as
follows: 1-Vinylimidazole (6.245 g, 0.065 mol) and bromoethane (8.253 g, 0.075 mol) were dissolved in
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10 mL methanol. The resulting solution was stirred at 120 rpm and 35 ◦C in a three-necked flask under
N2 flow. After 24 h, the precipitate was formed, filtered, washed with diethyl ether, and dried for 12 h
at room temperature in vacuum to get [C2VIm]Br.

2.3. Synthesis of PILs

All PILs were synthesized via a two-step method including monomer polymerization and
anion exchange.

Poly(diallyl dimethylammonium hexafluorophosphate) (P[DADMA][PF6]) was synthesized as
follows: [DADMA]Cl (5 g, 60% aqueous solution) was dissolved in 10 mL DI water, AIBN (0.06 g)
was added as initiator. The resulting solution was reacted for 12 h at 55 ◦C under stirring at 150 rpm
and N2 flow. Then, acetone was added into the reacted solution and P[DADMA]Cl was precipitated.
The precipitate was further washed by acetone several times to remove residual [DADMA]Cl. After
that, the obtained P[DADMA]Cl was dissolved in water and added into KPF6 aqueous solution (10%,
20 mL) to form precipitate. The precipitate was filtered, washed by water several times, and tested by
silver nitrate aqueous solution to clarify whether chloride ions were entirely removed after washing.
Finally, the precipitate was dehydrated at 70 ◦C in vacuum to get P[DADMA][PF6].

Poly(p-vinylbenzyl trimethylammonium hexafluorophosphate) (P[VBTMA][PF6]) was
synthesized as follows: [VBTMA]Cl (3 g) and AIBN (0.06 g) were dissolved in 25 mL ethanol
and then the solution was reacted at 70 ◦C under 150 rpm and N2 flow. After reaction for 12 h,
acetone was added and P[VBTMA]Cl was precipitated. The precipitate was further washed by acetone
several times to remove residual [VBTMA]Cl. After that, the obtained P[VBTMA]Cl was dissolved
in water and mixed with KPF6 aqueous solution (10%, 20 mL) to form precipitate. The precipitate
was filtered, washed by water several times, and tested by silver nitrate aqueous solution to clarify
whether chloride ions were entirely removed after washing. Finally, the precipitate was dehydrated at
70 ◦C in vacuum to get P[VBTMA][PF6].

Poly(1-ethyl-4-vinylimidazolium hexafluorophosphate) (P[C2VIm][PF6]) was synthesized as
follows: [C2VIm]Br (3 g) and AIBN (0.06 g) were dissolved in 30 mL trichloromethane and then the
solution was reacted at 70 ◦C under 150 rpm and N2 flow. After reaction for 12 h, acetone was added
and P[C2VIm]Br was precipitated. The precipitate was further washed by acetone several times to
remove residual [C2VIm]Br. After that, the obtained P[C2VIm]Br was dissolved in water and mixed
with KPF6 aqueous solution (10%, 20 mL) to form precipitate. The precipitate was filtered, washed by
water several times, and tested by silver nitrate aqueous solution to clarify whether bromide ions were
entirely removed after washing. Finally, the precipitate was dehydrated at 70 ◦C in vacuum to get
P[C2VIm][PF6].

2.4. Preparation of ERFs

First, three PILs were milled and sieved into particles of 5–15 µm. Then, the density of particles
was measured via the method reported in our previous paper [12]. Simply, the particles were added
into the pycnometer (5.0 mL) containing silicone oil and the pycnometer was placed in an ultrasonic
cleaning bath and connected to a vacuum pump. After ultrasonication under reduced pressure for
30 s to remove air in the particles, the pycnometer was filled with additional oil and the density was
measured. Finally, the particles were further dehydrated for 2 days at 80 ◦C in vacuum and mixed with
50 cSt silicone oil to get ERFs with particle volume fraction of 20 vol%. The volume of PIL particles
was calculated by the ratio of mass to the measured density of particles.

2.5. Characterization and Measurements

The chemical group of PILs was determined by the Fourier transform infrared spectra on JASCO
(Tokyo, Japan) FT/IR-470 Plus Fourier transform infrared spectroscopy. The molecular structure of
PILs was determined by Bruker (Billerica, MA, United States) DPX-400 1H nuclear magnetic resonance
(1H NMR) spectrometer at 400 MHz with DMSO-d6 as solvent. The glass transition temperature (Tg) of
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PILs was estimated by DSC Q200 differential scanning calorimeter (DSC) within 0–300 ◦C at 10 ◦C/min
heating and cooling rate. Tg was exacted from the midpoint of the transition region in the second
scanning. The micromorphology of PILs was determined by XENOCS (Sassenage, France) Xeuss2.0
wide-angle X-ray scattering (WAXS) spectrometer at 0.6 mA and 50 kV.

The ER property of ERFs was tested on Thermal-Haake RS600 rheometer equipped with a 35 mm
parallel plate system within 20–120 ◦C. The gap between plates was 1.0 mm. The testing details were
similar to our previous report [13]. First, the ERFs were filled into the gap and pre-sheared for 60 s at
300 s−1 to remove structure history. Then, the electric field was applied and remained for 30 s to form a
balanced chain structure. Finally, the flow curves of the shear stress vs. shear rate were measured by
the controlled shear rate mode within 0.1–1000 s−1.

The dielectric spectroscopy of ERFs was measured on Agilent (Santa Clara, CA, USA) 4284A
precision LCR meter equipped with 16452A liquid fixture within angular frequency range of
1.26 × 102–6.28 × 106 rad/s and temperature range of 25–120 ◦C.

3. Results and Discussion

The chemical structure of three PILs is shown in Scheme 1. Figure 1 shows 1H NMR spectra of
three PILs. It is observed that the three PILs have completely polymerized and no sharp characteristic
peaks corresponding to IL monomers have been observed except for two sharp peaks at 2.51 ppm
and 3.34 ppm due to DMSO-d6 and H2O [18]. From the 1H NMR spectra of P[DADMA][PF6] in
Figure 1A, it can be seen that a broad peak at 1.16–1.37 ppm corresponds to the hydrogen of backbone,
a broad peak at 3.18 ppm corresponds to the hydrogen on the methyl group linked with the nitrogen
atom, and a broad peak at 3.79 ppm corresponds to the hydrogen on the carbon heterocycle. From the
1H NMR spectra of P[VBTMA][PF6] in Figure 1B, it can be seen that a broad peak at 1.36–1.64 ppm
corresponds to the hydrogen of backbone, two broad peaks at 6.50 ppm and 7.11 ppm correspond to
the hydrogen on benzene ring, a broad peak at 4.34 ppm corresponds to the hydrogen on the methylene
group attached to the benzene, and a broad peak at 2.90 ppm corresponds to the hydrogen on the
methyl group of ammonium ions. From the 1H NMR spectra of P[C2VIm][PF6] in Figure 1C, it can be
seen that a broad peak at 1.37–1.69 ppm corresponds to the hydrogen of backbone and the methyl
group at the tail end, a broad peak at 4.12 ppm corresponds to the hydrogen on the methylene attached
to the imidazole ring, and three broad peaks at 7.18 ppm, 7.79 ppm and 9.01 ppm corresponds to the
hydrogens on the imidazole ring [20].
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Figure 1. NMR spectra of PILs: (A) P[DADMA][PF6], (B) P[VBTMA][PF6], (C) P[C2VIm][PF6].

Figure 2 shows the FT-IR spectra of PILs. It is noted that three PILs possess the characteristic bands
coming from both cation and anion parts. The position of P-F stretching vibration characteristic bands
of PF6

− at 840 and 558 cm−1 is same for three PILs. But the position of characteristic bands of cation part
is different. The characteristic bands of P[DADMA]+ appear at 3048 cm−1 (C-H stretching vibration),
2953 cm−1 (CH2 bending vibration), and 1473 cm−1 (C-N stretching vibration). The characteristic
bands of P[VBTMA]+ appear at 3049 cm−1 (CH3 stretching vibration), 2927 cm−1 (CH2 stretching
vibration), 1488 cm−1 (CH2 bending vibration), and 1611 cm−1 (the vibration of benzyl groups).
The characteristic bands of P[C2VIm]+ appear at 3168 cm−1 (C-H stretching vibration), 2996 cm−1

(CH2 stretching vibration), 1452 cm−1 (CH2 bending vibration), 1625 cm−1 (C=N stretching vibration),
and 1558 cm−1 and 1160 cm−1 (imidazole ring stretching vibration). In addition, after comparing with
the FT-IR spectra of monomers (see Supplementary Materials), we have not found the absorption
bands corresponding to C=C in these PIL samples, supporting the successful polymerization of PILs
and no monomer presence in resulting PIL samples. For example, unlike P[DADMA][PF6], the FT-IR
spectra of [DADMA][PF6] show the stretching vibration band of C=C at 1640 cm−1, the stretching
vibration band of C-H connected to C=C at 3095 cm−1, and the bending vibration bands at 997 and 964
cm−1. Similarly, unlike P[VBTMA][PF6], the FT-IR spectra of [VBTMA][PF6] also show the stretching
vibration band of C=C at 1634 cm−1, the stretching vibration band of C-H connected to C=C at 3044
cm−1, and the bending vibration bands at 991 and 914 cm−1. Unlike P[C2VIm][PF6], the FT-IR spectra
of [C2VIm][PF6] has not only the characteristic bands of [C2VIm]+ but also the stretching vibration
band of C=C at 1661 cm−1, the stretching vibration band of C-H connected to C=C at 3010 cm−1,
and the bending vibration bands of C-H connected to C=C at 964 and 919 cm−1 [21].
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Different from the crystallized structure of conventional ionic solids or polymeric ionic coordination
complexes [22,23], most of PILs are amorphous solids. Thereby, WAXS spectra have been frequently
employed to analyze morphology of structure [24,25]. We also used WAXS to characterize the
micromorphology of PILs as shown in Figure 3. Three WAXS peaks labelled as qp, qi, and qb can be
observed in P[C2VIm][PF6], while one peak labelled as qp and one shoulder-like peak labelled as qi

are observed in P[DADMA][PF6] and P[VBTMA][PF6]. The WAXS peaks come from the correlation
distances and there are often three WAXS peaks in many PILs [26]. The lowest qb is assigned to the
correlation distance of main-chain to main-chain (db), which also reveals the microphase separation
caused by the polar region and non-polar region due to the unique structure of polyelectrolytes.
Obviously, there is microphase separation or ion aggregation in P[C2VIm][PF6], while the microphase
separation or ion aggregation become weak in P[VBTMA][PF6] and P[DADMA][PF6]. This may be
related to the presence of strong π-π interaction of C2VIm+ pedant groups. The middle qi is assigned to
the correlation distance between PF6

- anions and PF6
− anions (di), which can be calculated by the Bragg

function di = 2π/qi [26]. The order of the value of di is di P[DADMA][PF6] (0.661 nm) > di P[VBTMA][PF6]

(0.640 nm) > di P[C2VIm][PF6] (0.632 nm). Due to the same PF6
− as counterions, the di value should be

influenced by the size of pedant groups. Obviously, the size of DADMA+ (radius = 0.308 nm) is biggest
among three samples, which coincides with its biggest di. The size of C2VIm+ (radius = 0.304 nm)
is bigger than that of trimethylammonium (radius = 0.283 nm), but di P[C2VIm][PF6] is smaller
than di P[VBTMA][PF6]. This is because C2VIm+ tend to be planar and the presence of P[C2VIm]+

aggregation. The dp is assigned to the correlation distance of pedant group to pedant group (dp) and
can be calculated by the Bragg function dp = 2π/qp [19]. The order of the value of dp is dp P[DADMA][PF6]

(0.472 nm) ≥ dp P[VBTMA][PF6] (0.470 nm) > dp P[C2VIm][PF6] (0.426 nm). The smaller dp of P[C2VIm][PF6]
is once again because of the presence of P[C2VIm]+ aggregation.
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Figure 3. WAXS spectra of PILs: (a) P[DADMA][PF6], (b) P[VBTMA][PF6], (c) P[C2VIm][PF6]. 
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P[C2VIm][PF6], respectively. At room temperature, they are glassy state and easily milled and sieved 
into particles. The shape of particles is irregular and the size is 5–15 μm. The densities are 1.35 g/cm3, 
1.45 g/cm3, and 1.63 g/cm3 for P[DADMA][PF6], P[VBTMA][PF6], and P[C2VIm][PF6] particles, 
respectively. The ERFs are prepared by dispersing the particles in silicone oil with the same volume 
fraction. Silicone oil is insulating and it has no ER effect. So, it has no influence on the comparison of 
ER effect of different PILs. 

Figure 4 shows the flow curves of shear stress vs. shear rate for the ERFs containing PIL particles 
in silicone oil. Without electric fields, the three ERFs are low viscous fluids with a similar viscosity of 
about 0.17 Pa·s at 1000 s−1 because the size and shape of three PIL particles are similar. With electric 
fields, the ERFs show an increase in shear stress and a yield stress like a plastic material. As the 
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Tg of three PILs are 187 ◦C, 240 ◦C, and 170 ◦C for P[DADMA][PF6], P[VBTMA][PF6],
and P[C2VIm][PF6], respectively. At room temperature, they are glassy state and easily milled
and sieved into particles. The shape of particles is irregular and the size is 5–15 µm. The densities
are 1.35 g/cm3, 1.45 g/cm3, and 1.63 g/cm3 for P[DADMA][PF6], P[VBTMA][PF6], and P[C2VIm][PF6]
particles, respectively. The ERFs are prepared by dispersing the particles in silicone oil with the
same volume fraction. Silicone oil is insulating and it has no ER effect. So, it has no influence on the
comparison of ER effect of different PILs.

Figure 4 shows the flow curves of shear stress vs. shear rate for the ERFs containing PIL particles
in silicone oil. Without electric fields, the three ERFs are low viscous fluids with a similar viscosity of
about 0.17 Pa·s at 1000 s−1 because the size and shape of three PIL particles are similar. With electric
fields, the ERFs show an increase in shear stress and a yield stress like a plastic material. As the strength
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of electric fields elevates, the shear stress and yield stress enhance. However, the intensities of yield
stress and shear stress are different among three PIL ERFs.
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Figure 4. Flow curves of PIL ERFs at different DC electric fields: (A) P[DADMA][PF6],
(B) P[VBTMA][PF6], (C) P[C2VIm][PF6]. (T = 25 ◦C, φ = 20 vol%).

Figure 5 plots the static yield stress (τs) and the electric field-induced increment of shear stress
(∆τ) at different electric fields. τs is obtained by extrapolating the pseudo plateau stress in low rate
region to zero, which can characterize the solidification level or the magnitude of ER property at yield
point. ∆τ = τE – τ0, where τE is the shear stress at electric field and τ0 is the shear stress at zero electric
field, respectively, which can characterize the magnitude of ER property in flow region [27]. Here,
we calculate ∆τ at 100 s−1 because the hydrodynamic force is high enough to compete with electric
field-induced interparticle interaction. It is seen that τs and ∆τ depends on the tethered counterions
attached to backbone and varied in the order of P[DADMA][PF6] > P[VBTMA][PF6] > P[C2VIm][PF6].
Especially, τs and ∆τ of P[C2VIm][PF6] ERFs are significantly lower than those of P[DADMA][PF6]
and P[VBTMA][PF6].

As temperature increases, three ERFs also maintain obvious ER property as shown in Figure 6,
but the magnitude of ER property is different among the three PILs. The order is still P[DADMA][PF6]
> P[VBTMA][PF6] > P[C2VIm][PF6] with the increase of temperature. τs and ∆τ of P[C2VIm][PF6]
ERFs are still significantly lower than those of P[DADMA][PF6] and P[VBTMA][PF6] at different
temperatures. Therefore, the above rheological results clearly show the tethered counterions attached
to backbone have an effect on the ER property of PILs.
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Figure 5. Static yield stress (A) and electric field-induced increment of shear stress of PIL ERFs at
100 s−1 (B) (T = 25 ◦C, φ = 20 vol%).
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Figure 6. Temperature dependence of static yield stress (A) and electric field-induced increment of
shear stress at 100 s−1 (B) at 3 kV/mm for PIL ERFs (φ = 20 vol%).

Because the ER property is associated with the interfacial polarization of ER particles in carrier
liquid [28], to understand the reason of the influence of tethered countercations on ER property,
we employed dielectric spectroscopy to analyze the polarization characteristic of PIL ERFs. Figure 7
shows the angular frequency (ω) dependence of dielectric constant (ε′) and loss (ε”) of three PIL
ERFs at different temperatures. At room temperature, three ERFs display dielectric dispersion but no
relaxation peak. At relatively high temperatures, the relaxation peak appears and the peak position
moves towards high frequency as the temperature rises. According to the analysis in our previous
report [29], this relaxation process is attributed to the interfacial polarization induced by the movement
and accumulation of dissociated PF6

− at the interface between PIL particles and silicone oil. To get
good ER property, it has required ER particles to have not only large interfacial polarizability but also
suitable polarization rate because ERFs are usually work under the simultaneous stimuli of electric
and shearing fields [28]. The polarizability can be reflected by the dielectric strength (∆ε′= ε′0 −
ε′∞, where ε′0 is the limit value of ε′ below the relaxation frequency and ε′∞ is the limit value of
ε′ above the relaxation frequency), the polarization rate can be reflected by the dielectric relaxation
time (λ = 1/ωmax, ωmax is the angular frequency at ε” peak position). The polarization in phase with
the exciting electrical field is available for ER effect. Even if the ERFs are subjected to a DC electric
field, the λ values of particle polarization has been proposed to locate in or near a suitable range
of 1.6 × 10−3

− 1.6 × 10−6 s because too fast or too low polarization rate is easy to cause interparticle
repulsion or insufficient interaction under shear field. As λ decreases within 1.6 × 10−3

− 1.6 × 10−6 s
and large ∆ε′ is achieved, a strong ER property can be obtained [28]. To obtain the values of λ and
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∆ε′, we fit the data in Figure 7 by the solutions of ε’ and ε” of the dielectric relaxation function below
(Equation (1)) [30].

ε∗(ω) = ε′ + iε′′ = ε′∞ +
∆ε′

1 + (iωλ)α
+

(
i
σ
ε0ω

)β
(1)

where, ε
′

∞ + ∆ε′
1+(iωλ)α is the interfacial or dipole polarization contribution and

(
i σ
ε0ω

)β
is the charge

diffusion contribution including the conduction of ions in carrier liquid and the polarization effect at
electrode. ε0 is permittivity of free space, σ is DC conductivity, α is the Cole–Cole parameter, and β is
a fractional exponent (0 ≤ β ≤ 1). The solutions of ε’ and ε” as follows:

ε′ = ε∞ + ∆ε
′(

1+(ωλ)α cos (πα2 )

1+2(ωλ)α cos (πα2 )+(ωλ)2α
)
+

(
σ
ε0ω

)
β cos

(
βπ

2

)
(2)

ε′′ = ∆ε′
 (ωλ)α sin

(
πα
2

)
1 + 2(ωλ)α cos

(
πα
2

)
+ (ωλ)2α

+
(
σ
ε0ω

)
βsin

(
βπ

2

)
(3)

The solid lines in Figure 8 show that Equations (2) and (3) well fit the data of ε’ and ε” The obtained
dielectric parameters at room temperature are listed in Table 1. It is seen that the values of λ of three
PILs are not located in the desired range of 1.6 × 10−3

− 1.6 × 10−6 s, but they depend on the type of
tethered ions. The order of λ is λP[DADMA][PF6] < λP[VBTMA][PF6] < λP[C2VIm][PF6], while ∆ε′P[DADMA][PF6]

> ∆ε′P[VBTMA][PF6] > ∆ε′P[C2VIm][PF6]. The orders well agree with the change order of ER property in
Figures 4–6. Therefore, the influence of tethered ions on ER property should be associated with the
differences in the interfacial polarization rate and polarizability of PILs.

It is known that the interfacial polarization depends on the conductivity of particles. As displayed
in Table 1, the change of ∆ε′ and λ corresponds to the conductivity (σp) order of PIL particles. In three
PILs, the conductivity originates from the motion of untethered PF6

−. Thus, according to σ = nqµ
(where n is the number density of mobile ions, q is the elementary charge, and µ is the ion mobility) [31],
the number and mobility of free PF6

− are the key to the conductivity.

Table 1. Dielectric characteristics of PIL ERFs (φ = 20 vol%, T = 30 ◦C).

Sample ε′0 ε′∞ ∆ε′ λ(s) σp(S/m)

P[DADMA][PF6] 6.93 3.20 3.73 0.015 8.3 × 10−9

P[VBTMA][PF6] 6.63 3.18 3.45 0.125 4.8 × 10−9

P[C2VIm][PF6] 6.53 3.15 3.38 1.657 2.6 × 10−9
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Figure 7. Dielectric relaxation spectra of ERFs of P[DADMA][PF6] (A,B), P[VBTMA][PF6] (C,D),
P[C2VIm][PF6] (E,F) at different temperatures. The lines are the fit of data by Equations (2) and (3)
(φ = 20 vol%).

The number density ratio of total PF6
− can be approximately estimated to be

nP[DADMA][PF6]:nP[VBTMA][PF6]:nP[C2VIm][PF6] = 3.00:2.60:3.48 at same particle volume fraction by
considering the molecular weight and particle density. It is seen that n of PF6

− in P[C2VIm][PF6] is
the highest among three PILs, but its conductivity is the lowest. This reveals that the real number
of free PF6

− contributing to conductivity is not in accordance with this because of different ion-pair
complexation interaction energy (Ec) [24]. The value of Ec can be calculated by DFT with Gaussian
program by considering the different electronegativity of atoms and charge distribution of anion
and cation in the real PIL structure as shown in Figure 8 [19,32]. Restrained electrostatic potential
(RESP) atomic charges are obtained with Multiwfn program [33]. The values of Ec of P[DADMA][PF6],
P[VBTMA][PF6] and P[C2VIm][PF6] are calculated to be 30.54, 36.40, and 57.32 kJ/mol by using integral
equation formalism polarizable continuum model (IEFTCM) and considering the effect of dielectric
constant of PILs. Obviously, the dissociation ability of PF6

− changes in the order of P[DADMA][PF6]
> P[VBTMA][PF6] > P[C2VIm][PF6]. The value of Ec of P[C2VIm][PF6] is much higher than that of
P[DADMA][PF6] or P[VBTMA][PF6]. This well agrees with the order of conductivity. Therefore,
the difference in conductivity and polarization should be related to the number difference of free
PF6

− in the three samples, which is further determined by ion-pair interaction energy with different
tethered ions.

The second factor is the mobility of free PF6
-. In glassy polyelectrolytes, the ion motion follows a

hopping mode and the mobility is dominated by the charged number of ions, the vibration frequency
of ions, the distance between two nearest neighbor hopping sites, and the activation energy barrier
(Ea) [34,35]. Because the same PF6

− ions act as mobile ions in these three PILs, the charged number
of ions and the vibration frequency of ions are same. The distance between two nearest neighbor
sites is approximately identical with the correlation distance of PF6

−-PF6
− (di) i.e., di P[DADMA][PF6]
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(0.661 nm) > di P[VBTMA][PF6] (0.640 nm) > di P[C2VIm][PF6] (0.632 nm) according to the WAXS result.
The longer the distance is, the higher ion mobility is achieved. The order of di values agrees with
the order of the conductivity and relaxation time as a function of tethered counterions as shown in
Table 1. The value of Ea of ion motion within the glassy PIL particles can be calculated by the Arrhenius
equation, λ−1

∝ exp(−Ea/RT), where λ−1 the reciprocal of relaxation time, R the universal gas constant
and T the temperature in Kelvin [36]. Figure 9 plots the relation of λ−1 and 1000/T. It is seen that the
values of Ea depend on the type of tethered ions and the change order is Ea P[DADMA][PF6] (75.91 kJ/mol)
< Ea P[VBTMA][PF6] (84.53 kJ/mol) < Ea P[C2VIm][PF6] (104.04 kJ/mol). The lower Ea is, the higher ion
mobility is achieved. The order of values of Ea agrees with the orders of σp and λ as a function of
tethered ions as shown in Table 1. Therefore, the difference in conductivity and polarization among
three samples should be also related to the difference in the mobility of free PF6

−. Deeply, Ea is
contributed by two parts including ion-pair interaction energy (Ec) and elastic potential energy (Eel)
of PIL matrix, i.e., Ea = Ec + Eel = Ec + γG∞4πr3

1/3, where G∞ is the high-frequency shear modulus
of PILs and γ is constant that is usually smaller than 1 [37]. Ec has been calculated by DFT. Thus,
according to the experimental values of Ea, we can calculate the values of Eel are 45.37, 48.13 and
46.72 kJ/mol for P[DADMA][PF6], P[VBTMA][PF6] and P[C2VIm][PF6]. It is noted that the values
of Eel for three samples are very close, which indicates that the difference of Ea should be related to
ion-pair interaction energy.Molecules 2020, 25, x 11 of 14 
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with ion-pair interaction energy that is resulting in different number and mobility of mobile ions.
P[DADMA]+ as tethered ions has the smallest ion-pair interaction energy with mobile ions, which can
result in the highest ionic conductivity and the fastest interfacial polarization rate for its strongest
ER property.

4. Conclusions

The influence of tethered countercations on the electric polarization and ER property of PIL
particles in insulating carrier liquid has been explored by synthesizing three PILs containing the same
mobile anions but different tethered countercations. The P[DADMA]+ PILs show the strongest ER
property, while P[C2VIm]+ PILs show the weakest ER property. This different ER property is mainly
related to the ion-pair interaction energy between tethered ions and mobile ions that is affecting ionic
conductivity and ion motion-induced interfacial polarization of PIL particles. The PILs with tethered
countercations having small ion-pair interaction energy with mobile ions can result in high ionic
conductivity and relatively fast interfacial polarization rate for strong ER property. This conclusion
provides further insight to guide ER material design on molecular level.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/12/2896/s1,
Figure S1. FT-IR spectra of [DADMA][PF6] and P[DADMA][PF6]; Figure S2. FT-IR spectra of [VBTMA][PF6] and
P[VBTMA][PF6]; Figure S3. FT-IR spectra of [C2VIm][PF6] and P[C2VIm][PF6].

Author Contributions: Conceptualization, F.H. and J.Y.; preparation and investigation, F.H. and B.W.; formal
analysis, J.Z. and H.F.; writing—original draft preparation, F.H. and J.Y.; writing—review and editing, X.Z. and
J.Y.; supervision and funding acquisition, J.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No. 51872243;
51572225).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yuan, J.; Mecerreyes, D.; Antonietti, M. Poly(ionic liquid)s: An update. Prog. Polym. Sci. 2013, 38, 1009–1036.
[CrossRef]

2. Qian, W.; Texter, J.; Yan, F. Frontiers in poly(ionic liquid)s: Syntheses and applications. Chem. Soc. Rev. 2017,
46, 1124–1159. [CrossRef] [PubMed]

3. Chen, F.; Guo, J.; Xu, D.; Yan, F. Thermo- and pH-responsive poly(ionic liquid) membranes. Polym. Chem.
2016, 7, 1330–1336. [CrossRef]

http://www.mdpi.com/1420-3049/25/12/2896/s1
http://dx.doi.org/10.1016/j.progpolymsci.2013.04.002
http://dx.doi.org/10.1039/C6CS00620E
http://www.ncbi.nlm.nih.gov/pubmed/28180218
http://dx.doi.org/10.1039/C5PY01927C


Molecules 2020, 25, 2896 13 of 14

4. Zhao, Q.; Dunlop, J.W.C.; Qiu, X.; Huang, F.; Zhang, Z.; Heyda, J.; Dzubiella, J.; Antonietti, M.; Yuan, J.
An instant multi-responsive porous polymer actuator driven by solvent molecule sorption. Nat. Commun.
2014, 5, 4293. [CrossRef]

5. Gao, R.; Wang, D.; Heflin, J.R.; Long, T.E. Imidazolium sulfonate-containing pentablock copolymer–ionic
liquid membranes for electroactive actuators. J. Mater. Chem. 2012, 22, 13473–13476. [CrossRef]

6. Dong, Y.; Yin, J.; Zhao, X. Microwave-synthesized poly(ionic liquid) particles: A new material with high
electrorheological activity. J. Mater. Chem. 2014, 2, 9812–9819. [CrossRef]

7. Dong, Y.; Yin, J.; Yuan, J.; Zhao, X. Microwave-assisted synthesis and high-performance anhydrous
electrorheological characteristic of monodisperse poly(ionic liquid) particles with different size of cation/anion
parts. Polymer 2016, 97, 408–417. [CrossRef]

8. Dong, Y.Z.; Seo, Y.; Choi, H.J. Recent development of electro-responsive smart electrorheological fluids.
Soft Matter 2019, 15, 3473–3486. [CrossRef] [PubMed]

9. Coulter, J.P.; Weiss, K.D.; Carlson, J.D. Engineering applications of electrorheological materials. J. Intel. Mater.
Syst. Struct. 1993, 4, 248–259. [CrossRef]

10. Zatopa, A.; Walker, S.; Menguc, Y. Fully soft 3D-pinted electroactive fluidic valve for soft hydraulic robots.
Soft Robotics 2018, 5, 258–271. [CrossRef]

11. Oh, J.S.; Choi, S.B. State of the art of medical devices featuring smart electro-rheological and
magneto-rheological fluids. J. King. Saud. Univ. Sci. 2017, 29, 390–400. [CrossRef]

12. Liu, Y.; Wang, B.; Dong, Y.; Zhao, X.; Yin, J. Distinctly Different Electroresponsive Electrorheological Effect
in Low-Molecular-Weight and Polymerized Ionic Liquids: Rheological and Dielectric Relaxation Studies.
J. Phys. Chem. B 2018, 122, 12184–12193. [CrossRef] [PubMed]

13. Dong, Y.; Liu, Y.; Wang, B.; Xiang, L.; Zhao, X.; Yin, J. Influence of counterion type on dielectric and
electrorheological responses of poly(ionic liquid)s. Polymer 2017, 132, 273–285. [CrossRef]

14. Zhang, Z.; Zhang, Z.; Hao, B.N.; Zhang, H.; Wang, M.; Liu, Y.D. Fabrication of imidazolium-based poly(ionic
liquid) microspheres and their electrorheological responses. J. Mater. Sci. 2017, 52, 5778–5787. [CrossRef]

15. Wang, Z.; Zhao, J.; Zheng, C.; Liu, Y.; Zhao, X.; Yin, J. Enhanced interfacial polarization and electro-responsive
characteristic of di-ionic poly(ionic liquid)s. Polymer 2019, 182, 121847. [CrossRef]

16. Zhao, J.; Lei, Q.; He, F.; Zheng, C.; Liu, Y.; Zhao, X.; Yin, J. Nonmonotonic Influence of Size of Quaternary
Ammonium Countercations on Micromorphology, Polarization, and Electroresponse of Anionic Poly(ionic
liquid)s. J. Phys. Chem B 2020, 124, 2920–2929. [CrossRef]

17. Liu, Y.; Yuan, J.H.; Dong, Y.Z.; Zhao, X.P.; Yin, J.B. Enhanced temperature effect of electrorheological fluid
based on cross-linked poly(ionic liquid) particles: Rheological and dielectric relaxation studies. Soft Matter
2017, 13, 1027–1039. [CrossRef]

18. Dong, Y.; Wang, B.; Xiang, L.; Liu, Y.; Zhao, X.; Yin, J. Influence of side chain sizes on dielectric and
electrorheological responses of poly(ionic liquid)s. J. Phys. Chem. B 2017, 121, 6226–6237. [CrossRef]
[PubMed]

19. Bodo, E. Structural features of triethylammonium acetate through molecular dynamics. Molecules 2020, 25,
1432. [CrossRef]

20. Maksym, P.; Tarnacka, M.; Dzienia, A.; Erfurt, K.; Chrobok, A.; Zieba, A.; Wolnica, K.; Kaminski, K.; Paluch, M.
A facile route to well-defined imidazolium-based poly(ionic liquid)s of enhanced conductivity via RAFT.
Polym. Chem. 2017, 8, 5433–5443. [CrossRef]

21. Taghavikish, M.; Subianto, S.; Dutta, N.K.; Choudhury, N.R. Facile fabrication of polymerizable ionic liquid
based-gel beads via thiol−ene chemistry. Acs Appl. Mater. Interfaces 2015, 7, 17298–17306. [CrossRef]
[PubMed]

22. Colin, E.; Keith Izod, P.B.; Smith, J.D. The synthesis and crystal structures of rbc(sime3)3 and csc(sime3)3·3.5
c6h6: A one-dimensional ionic solid and an ionic solid with a molecular structure. Angew. Chem. Inter. Ed.
1995, 34, 687–688.

23. Fei, Z.F.; Ang, W.H.; Geldbach, T.J.; Scopelliti, R.; Dyson, P.J. Ionic solid-state dimers and polymers derived
from imidazolium dicarboxylic acids. Chem.: A Eur. J. 2006, 12, 4014–4020. [CrossRef]

24. Heres, M.; Cosby, T.; Mapesa, E.U.; Liu, H.; Berdzinski, S.; Strehmel, V.; Dadmun, M.; Paddison, S.J.;
Sangoro, J. Ion transport in glassy polymerized ionic liquids: Unraveling the impact of the molecular
structure. Macromolecules 2018, 52, 88–95. [CrossRef]

http://dx.doi.org/10.1038/ncomms5293
http://dx.doi.org/10.1039/c2jm16117f
http://dx.doi.org/10.1039/C4TA00828F
http://dx.doi.org/10.1016/j.polymer.2016.05.052
http://dx.doi.org/10.1039/C9SM00210C
http://www.ncbi.nlm.nih.gov/pubmed/30968927
http://dx.doi.org/10.1177/1045389X9300400215
http://dx.doi.org/10.1089/soro.2017.0019
http://dx.doi.org/10.1016/j.jksus.2017.05.012
http://dx.doi.org/10.1021/acs.jpcb.8b08699
http://www.ncbi.nlm.nih.gov/pubmed/30457870
http://dx.doi.org/10.1016/j.polymer.2017.11.007
http://dx.doi.org/10.1007/s10853-017-0812-4
http://dx.doi.org/10.1016/j.polymer.2019.121847
http://dx.doi.org/10.1021/acs.jpcb.9b11702
http://dx.doi.org/10.1039/C6SM02480G
http://dx.doi.org/10.1021/acs.jpcb.7b02366
http://www.ncbi.nlm.nih.gov/pubmed/28574265
http://dx.doi.org/10.3390/molecules25061432
http://dx.doi.org/10.1039/C7PY01046J
http://dx.doi.org/10.1021/acsami.5b04405
http://www.ncbi.nlm.nih.gov/pubmed/26171715
http://dx.doi.org/10.1002/chem.200500944
http://dx.doi.org/10.1021/acs.macromol.8b01273


Molecules 2020, 25, 2896 14 of 14

25. Buitrago, C.; Francisco, C.; Bolintineanu, D.S.; Seitz, M.E.; Opper, K.L.; Wagener, K.B.; Stevens, M.J.;
Frischknecht, A.L.; Winey, K.I. Direct comparisons of X-ray scattering and atomistic molecular dynamics
simulations for precise acid copolymers and ionomers. Macromolecules 2015, 48, 1210–1220. [CrossRef]

26. La Cruz, D.S.; Green, M.D.; Ye, Y.; Elabd, Y.A.; Long, T.E.; Winey, K.I. Correlating backbone-to-backbone
distance to ionic conductivity in amorphous polymerized ionic liquids. J. Polym. Sci. Part. B 2012, 50,
338–346. [CrossRef]

27. Weiss, K.D.; Carlson, J.D.; Coulter, J.P. Review: Material Aspects of Electrorheological Systems. J. Intell.
Mater. Syst. Struct. 1993, 4, 13–34. [CrossRef]

28. Ikazaki, F.; Kawai, A.; Uchida, K.; Kawakami, T.; Edamura, K.; Sakurai, K.; Anzai, H.; Asako, Y. Mechanisms
of electrorheology: The effect of the dielectric property. J. Phys. D 1998, 31, 336–347. [CrossRef]

29. Zhao, J.; Lei, Q.; He, F.; Zheng, C.; Yin, J. Interfacial Polarization and Electro-responsive Electrorheological
Effect of Anionic and Cationic Poly(ionic liquid)s. Acs Appl. Polym. Mater. 2019, 1, 2862–2874. [CrossRef]

30. Coelho, R.; Aladenize, B. Les diélectriques, les propretés diélectriques des matériaux isolants; Hermes Press:
New Castle, PA, USA, 1993.

31. Kremer, F.; Schönhals, A. Broadband dielectric spectroscopy; Springer Science & Business Media: Berlin,
Germany, 2002.

32. Frisch, M.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.;
Mennucci, B.; Petersson, G.; et al. Gaussian 09, revision D. 01; Gaussian, Inc.: Wallingford, CT, USA, 2009.

33. Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580–592.
[CrossRef]

34. Klein, R.J.; Zhang, S.; Dou, S.; Jones, B.H.; Colby, R.H.; Runt, J. Modeling electrode polarization in dielectric
spectroscopy: Ion mobility and mobile ion concentration of single-ion polymer electrolytes. J. Chem. Phys.
2006, 124, 144903. [CrossRef] [PubMed]

35. Nakamura, K.; Saiwaki, T.; Fukao, K. Dielectric Relaxation Behavior of Polymerized Ionic Liquid.
Macromolecules 2010, 43, 6092–6098. [CrossRef]

36. Nakamura, K.; Fukao, K.; Inoue, T. Dielectric Relaxation and Viscoelastic Behavior of Polymerized Ionic
Liquids with Various Counteranions. Macromolecules 2012, 45, 3850–3858. [CrossRef]

37. Kisliuk, A.; Bocharova, V.; Popov, I.; Gainaru, C.; Sokolov, A.P. Fundamental parameters governing ion
conductivity in polymer electrolytes. Electrochim. Acta 2019, 299, 191–196. [CrossRef]

Sample Availability: Samples of the compounds P[DADMA][PF6], P[VBTMA][PF6] and P[C2VIm][PF6] are
available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/ma5022117
http://dx.doi.org/10.1002/polb.23019
http://dx.doi.org/10.1177/1045389X9300400103
http://dx.doi.org/10.1088/0022-3727/31/3/014
http://dx.doi.org/10.1021/acsapm.9b00565
http://dx.doi.org/10.1002/jcc.22885
http://dx.doi.org/10.1063/1.2186638
http://www.ncbi.nlm.nih.gov/pubmed/16626241
http://dx.doi.org/10.1021/ma100918e
http://dx.doi.org/10.1021/ma300040b
http://dx.doi.org/10.1016/j.electacta.2018.12.143
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Synthesis of [C2VIm]Br 
	Synthesis of PILs 
	Preparation of ERFs 
	Characterization and Measurements 

	Results and Discussion 
	Conclusions 
	References

