Journal of Molecular Liquids 382 (2023) 121897

Contents lists available at ScienceDirect

Journal of Molecular Liquids

journal homepage: www.elsevier.com/locate/molliq

ELSEVIER

Check for
updates

Examining ionicity and conductivity in poly(methyl methacrylate)
containing imidazolium-based ionic liquids

Ruhao Li, Yi Feng, Pinar Akcora

Department of Chemical Engineering and Materials Science, Stevens Institute of Technology, Hoboken, NJ 07030, United States

ARTICLE INFO ABSTRACT

Keywords:

Ionic liquids

Poly(methyl methacrylate)
Ionicity

Dielectric properties
Walden plot

Ionic liquid (IL) interactions with amorphous polymers or polyelectrolytes attract interests due to their pro-
pensity to form ionogels with enhanced viscosity and reduced ionic conductivity when compared to their neat IL.
A good understanding on the interactions between polymer and IL is needed to design better IL-based hybrid
electrolytes. This study examines the mixtures of IL-polymer electrolytes with relatively low polymer concen-
tration to improve their conductivity. Ion transport properties of three types of imidazolium-based ionic liquids
are investigated with the addition of linear poly(methyl methacrylate) (PMMA) homopolymer. Dielectric
properties of PMMA/IL mixtures indicated the enhancement of apparent ionicity of ILs, which is attributed to the
preferential interactions between PMMA and bis(trifluoromethylsulfonyl)imide (TFSI') anions. The frequency-
dependent conductivity data analyzed by the Jonscher universal power law infer that ion-dipole coupling in-
teractions between PMMA and IL help in the solvation and enhance the ionicity by disrupting the cage structure

and facilitating the fast ion motions of IL.

1. Introduction

Room temperature ionic liquids (ILs) are salts with exceptionally low
melting points due to their low lattice free energies and solvation en-
ergies compared to that of common salts [1-5]. The high ion density,
zero vapor pressure [6], and wide electrochemical window [7] of ILs
make them desirable electrolytes for electrochemical devices and elec-
tromechanical actuators [8-10]. The anion/cation type and intermo-
lecular interactions govern the ionic conductivity and dielectric
properties of ILs [11,12]. These properties coupled with mechanical
properties are essential for gel polymer electrolytes, ionic polymer ac-
tuators and flexible supercapacitors [8,13-16]. The ion correlations are
strongly dependent on the solvation of ions with the organic solvent or
polymer associations [17-20]. For example, the charge transport can be
enhanced within the ordered and confined pathways of block co-
polymers providing an effective ion diffusion [21-25]. The interactions
between diffusing ions and the surrounding environment of polymers or
surfaces determine the ion clustering and ion correlations. The inverse
Haven ratio Hy 1 (also called ionicity) is used to evaluate the effect of ion
correlations on charge transport in electrolytes. It is also used to quantify
the portion of ions contributing to the diffusivity and ionic conductivity
[26,27]. Ideal electrolytes with uncorrelated ion motions yield Hg! = 1.
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At concentrated electrolytes or for electrolytes in poor solvent, the
ionicity is reduced by ion aggregations. For IL-based electrolytes, the
H! is typically around 0.5-0.6, implying that around half of the ions
does not contribute to the conductivity [28,29]. Ion conduction is
mostly related to the microscopic viscosity by the Walden rule and the
viscosity dependence of apparent ionicity of pure ionic liquids can be
compared by Walden plots [30]. The selection of anion/cation of the IL
is critical for an effective ionicity of the electrolyte.

We are interested in understanding the ionization of imidazolium-
based ionic liquids with different viscosities as they interact with the
polymer differently. Our previous studies focused on the IL dynamics,
specifically imidazolium cation diffusion, with the poly(methyl meth-
acrylate) (PMMA)-grafted nanoparticles [31-33]. We found that
coupling of PMMA'’s methyl groups with bis(trifluoromethylsulfonyl)
imide (TFSI') anions enhanced the diffusion of HMIM ™ cations and these
interactions are dependent on dispersion state differences of the grafted
nanoparticles [31]. Further quasi-elastic neutron scattering experiments
on PMMA-grafted Fe304 nanoparticles in HMIM-TFSI showed that the
confinement radius of IL aggregates decreased with the addition of
PMMA-grafted particles [34]. The confinement created at high particle
concentration can shrink the restricted volume of HMIM-TFSI, and en-
hances fast cation diffusion [34]. We proposed that interactions between
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the PMMA-TFSI anion can disrupt the ion cage and influence ion cor-
relations, resulting in improved ion transport. Our hypothesis pertaining
to the disrupted cage was supported by previous works that found the
nanostructure of ILs can be disrupted by Lewis basic alkoxy groups, such
as the methacrylate group in PMMA [35,36]. In another study, the
restricted diffusion of TFSI" anions was measured in Pulsed Field
Gradient Nuclear Magnetic Resonance (PFG-NMR) spectroscopy with
the addition of PMMA to IL [37]. These findings and other ionic con-
ductivity results with the ion-containing polymer-grafted nanoparticles
reveal the effect of interactions between IL and polymer on the solvation
and dynamics of ILs [32,38]. In this work, the charge transport effi-
ciency (ionicity) of imidazolium-based ILs with TFSI anion is analyzed
with the addition of PMMA homopolymer.

Here, we further investigate the PMMA/imidazolium-based IL
coupling effect by analyzing the dielectric properties of three different
ionic liquids (1-vinylimidazolium bis(trifluoromethylsulfonyl)amide
(VIm-TFSI), 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
amide (HMIm-TFSI), and 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)amide (EMIm-TFSI)) as shown in Fig. 1. Temper-
ature dependent structural relaxation processes and ion diffusion
described by the ion cage model are discussed with their ionic conduc-
tivities. The frequency-dependent conductivity is analyzed by the
Jonscher universal power law (JPL) model [39,40]. The apparent
ionicity after PMMA addition for different cationic structures are dis-
cussed with the Walden plot. Finally, the temperature dependent ionic
conductivity is analyzed by Vogel-Fulcher-Tammann (VFT) fitting to
compare ionic conductivities of PMMA/IL mixtures with those of other
studied electrolyte systems.

2. Experimental section
2.1. Preparation of VIm-TFSI and PMMA/IL mixtures

HMIm-TFSI and EMIm-TFSI were purchased from IoLiTec, Ionic
Liquids Technologies GmbH. VIm-TFSI was synthesized by mixing the 1-
vinylimidazole and bis(trifluoromethanesulfonic)imide (HTFSI), both
purchased from Fisher Scientific. A slightly modified protocol published
in [41] was followed. The solid HTFSI was dissolved in acetonitrile
(ACN) at of 0.4 g/mL concentration as recommended, for its severe
fuming, hygroscopicity, and deliquescence [42,43]. HTFSI/ACN solu-
tion was added dropwise to 1-vinylimidazole and magnetically stirred in
ice-water bath. The molar cation-anion ratio was 1.05:1 to assure
complete reaction of HTFSI. The VIm-TFSI/ACN solution was then dried
in vacuum for 12 h at room temperature, and dried for another 12 h at
60 °C to remove ACN. The product was further purified by following the
reported procedure [44]. A completely dried (3 f\) molecular sieve was
mixed with VIm-TFSI. The mixture was further annealed under vacuum
at 60 °C for 24 h and was stored with molecular sieve in a desiccator at
room temperature. The PMMA/IL solutions were prepared by dissolving
36 kDa PMMA in ACN and mixing it with IL. 50 mg/mL (4.2 vol%) and
100 mg/mL (8.5 vol%) PMMA was added to the ACN/IL solutions. ACN
was removed under vacuum at 60 °C for 24 h.
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2.2. Rheology experiments

Rheology measurements were performed by the strain-controlled
ARES-G2 rheometer (TA Instruments) equipped with 25-mm parallel
plates geometry. 1-mm gap between plates was used in all measure-
ments. The steady shear experiments were conducted at shear rate of
10-1000 s ! between 25 °C and 90 °C with 10 °C increment.

2.3. Fourier transform infrared (FTIR) spectroscopy

All samples were run in Bruker Optics Tensor 27 FTIR spectrometer
by placing samples on the FTIR cards to analyze the intermolecular in-
teractions between PMMA and ILs. The FTIR spectra is presented in
Fig. S1. The signals of all IL-containing samples are normalized at the
1574 cm ™! peak referring to the C—C stretching of imidazolium ring. It
was found the intensity of trifluoromethyl symmetric bending peak at
746 cm ™! is reduced, attributed to its hydrogen bonding with the ester
methyl group on PMMA.

2.4. Electrochemical impedance spectroscopy (EIS)

The SP-3000 electrochemical impedance spectrometer, Bio-Logic
Science Instrument was used for EIS measurements. A home-made
liquid cell equipped with stainless steel electrodes was used for mea-
surements at controlled temperature. The dissipation factor, frequency
dependent conductivity, and ionic conductivity were acquired by AC
with 10 mV amplitude at 7 MHz — 1 Hz frequency range.

3. Results and discussions

We selected three imidazolium-based ILs containing TFSI” anion with
different cations. HMIm-TFSI and EMIm-TFSI are aprotic where two
substituents keep all nitrogen atoms quaternized. 1-vinylimidazolium
bis(trifluoromethylsulfonyl)amide (VIm-TFSI) is a protic IL featuring
an ionization equilibrium (Fig. 1a). With its longer alkyl chain, the
viscosity of HMIm-TFSI was measured to be higher than that of EMIm-
TFSI (Fig. 1b). The viscosity of VIm-TFSI is comparable with that of
HMIm-TFSI, due to the z-r stacking provided by the larger electron
delocalization and hydrogen bonding provided by the non-quaternized
nitrogen on imidazolium ring.

Electrochemical Impedance Spectrometer (EIS) is a powerful tool to
study the dielectric response of materials at a wide range of AC fre-
quencies. The ion migration in ILs is similar to the non-continuous
Schottky vacancy exchange process within lattice structures of molten
salts®. Since the irregular sizes and shapes of ions prevent the lattice
formation, the ions move escaping from their cage as described by the
ion hopping process of the jump diffusion model [2,31,32]. Typical
relaxation times are calculated from the measured f.x, 7 = ﬁ in mi-
croseconds, ranging from 1.47 ps for VIm-TFSI to 0.736 ps for HMIm-
TFSI at 20 °C. The conductivity-correlated relaxation process
measured in EIS is therefore attributed to the migration of ion clusters.

Fig. 2a shows the dissipation factor, tang, that is the ratio of real

impedance (resistance) (Z) and the imaginary impedance (reactance)
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Fig. 1. (a) Chemical structures of the cations and anions of ionic liquids (ILs) studied in this work. (b) Viscosities of the ILs measured as a function of temperature.
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Fig. 2. (a) Dissipation factor (tans) versus AC frequency for HMIm-TFSI between 5 and 90 °C. Data is vertically shifted for clarity. Arrhenius plots for (b) dielectric

relaxation frequencies, fi., and (c¢) ionic conductivities, aﬁon,
(Z") versus frequency for HMIm-TFSI between 5 and 90 °C. The
impedance data for EMIm-TFSI and VIm-TFSI in tané plots are presented
in Fig. 2. All ILs exhibit a major peak at around 10° Hz for the structure
relaxation processes, which are attributed to the motion of ion clusters
appearing at much slower time scale than single ion cage escape. The
increase of the frequency of maximum dissipation, fi,., with tempera-
ture is shown in Fig. 2b. The relaxation activation energies, E,, for the
ion cage structuring and diffusion are calculated using the Arrhenius

—E,

relationship, fumax = foexp (ka
kg is the Boltzmann constant and T is the absolute temperature. The

), where f; is the pre-exponential factor,

frequency-dependent conductivity is calculated by & (f) = m k
is the cell constant determined by 0.01 M KCl standard (Ricca Chemical,
1412 pS/cm at 25 °C). The ionic conductivity o, is then obtained from
the high-frequency plateau, where the migration of ions governs the
conduction (Fig. S3) [12]. Fig. 2¢ shows the Arrhenius plot of ionic

conductivity o, , for pure ILs. The conduction activation energies, E, .,

ion

’

are calculated by the Arrhenius equation, o;

on. max. = O0€XP (,:TET), where
6, is the pre-exponential factor, kg is the Boltzmann constant and T is the
absolute temperature. The ion relaxation and conduction activation
energies are shown in Table 1. All three ILs in pure state have similar
relaxation activation energies (E,), but different conduction activation

energies E, .. EMIm-TFSI has the lowest conduction activation, hence the

Table 1
Relaxation and conduction activation energies obtained from the Arrhenius fits
to the EIS data.

IL Species cpmma (mg/mL) wpyma (Wt%) E,(kJ/mol) E, (kJ/mol)
HMIm-TFSI 0 0 17.22 25.12
EMIm-TFSI 0 0 17.89 14.30
VIm-TFSI 0 0 18.95 30.61
HMIm-TFSI 50 3.77 14.35 26.00
EMIm-TFSI 50 3.29 24.82 18.70
EMIm-TFSI 100 6.59 22.43 22.09

for HMIm-TFSI, VIm-TFSI and EMIm-TFSI. Dash lines represent the Arrhenius fittings.

higher conductivity due to its lowest viscosity and aprotic nature; and
HMIm-TFSI with its higher viscosity has the lower conductivity. VIm-
TFSI is the protic IL with and has the highest E,.. While ionization
equilibrium of the protic IL reduces number of ions that form the
counterion cage, VIm-TFSI behaves conductive like HMIM-TFSI. We will
discuss the apparent ionicity and activation energies of the mixtures
after adding PMMA in the following sections.

We seek to understand the PMMA addition effect on dielectric
properties of ILs. The relaxation peaks of mixtures have similar
appearance to that of pure IL (Fig. 3a and S4). Fig. 3b shows that PMMA
addition decreases the peak frequency in the entire temperature range.
To the contrary, conductivity increases with PMMA addition as shown in
Fig. 3¢, indicating that the ionic transport enhances with the dynamic
coupling between PMMA and TFSI” anions. The imbalance in ion pairing
changes the relative content of free (unassociated) cations and free an-
ions. Subsequently, the ion coordination number and cage size may be
distorted. For each sample, increasing temperature leads to the faster
dielectric relaxation represented by the high f;,.x and the higher ionic
conductivity. This close relationship between dielectric relaxation and
conductivity clearly, as seen in the close activation energies for both
processes in Table 1, shows that ion migration in ILs is governed by a
thermally activated cage-escape model. When ions are densely packed,
the ion escapes from its cage of neighbor counterions prior to hopping to
the next cage [2,45]. This event occurs effectively at high concentration
(100 mg/mL PMMA) in EMIm-TFSI more than the 50 mg/mL mixture
and pure EMIm-TFSI (E, : 22.43kJ/mol; E, . : 22.09kJ/mol). We do not
see a concentration dependent conductivity increment in HMIM-TFSI as
high viscosity of HMIM-TFSI becomes a competing factor for this IL
(Fig. 3¢).

Fig. 4a shows the frequency-dependent real conductivity ¢ (f), fitted
by the Jonscher’s power law (JPL) [39], ¢ f) = O‘;) + A(2xf)", wherein
06 is the real conductivity at the lowest frequency (1 Hz) (Fig. 4b) and A
is the pre-exponential factor indicating the strength of polarizability
[46]. The power law exponent n is associated with the correlated barrier
hopping mechanism [40], that is related to the type of ion motion and
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Fig. 4. (a) Frequency dependent conductivity, ¢, (b) the JPL fits to the data
between 5 and 90 °C. (c¢) The JPL exponent, n, of HMIm-TFSI, VIm-TFSI, and
EMIm-TFSI systems for different temperatures between 5 and 90 °C and (d)
their n values as a function of temperature.

electrode polarization. The high power law exponent n value indicates
fast ion motion. The ion mobility is affected by viscosity, temperature
and intermolecular interactions. Fig. 4c shows the extent of n for pure
ILs with different viscosities. The pure HMIm-TFSI and EMIm-TFSI have
similar n values ranging between 0.7 and 0.8, typical for ion conducting
materials [39,40]. The VIm-TFSI has larger n (0.8-0.95) than the other
two pure ILs, because of its different cage structure for its protic nature.
Adding PMMA increases n for both HMIm-TFSI and EMIm-TFSI (Fig. 4c).
Temperature-dependent ion mobilities are shown in Fig. 4d for each
PMMA/IL mixture. The PMMA/HMIm-TFSI mixture has n values
exceeding 1 above room temperature, but the PMMA/EMIm-TFSI has n

ion» for HMIm-TFSI and EMIm-TFSI mixtures. Dashed lines represent the Arrhenius fittings.

values at around 0.8-0.9 at all temperatures. This increase of n is con-
nected to the superionicity and the fast ion motions in these ILs, denoted
to the breaking of ion cage structures through the ion-dipole coupling
interactions between PMMA and TFSI'.

Next, we compare the reduced conductivities at varying temperature
for all samples. The frequency is reduced by the onset of dispersion, fo,

2 g(f;)) reaches a maximum.

The conductivity is scaled by the ionic conductivity, o, ,. The frequency
dependent conductivities at various temperatures of PMMA/HMIm-TFSI
collapse onto a single curve (Fig. 5a) indicating similar ion dynamics
governs the dielectric loss both in pure HMIm-TFSI and PMMA/HMIm-
TFSI mixtures [40]. The normalized conductivities for the other two ILs
(EMIm-TFSI and VIm-TFSI) and the comparison of conductivities with
the PMMA inclusion are presented in Fig. S5.

The apparent ionicities of samples are compared by the Walden plot.
The underlying principle of Walden plot is similar to the inverse Haven
ratio, which compares the ion conductivity to the mass transport. The
Walden plot is a log-log representation of molar conductivity (Ay)
against fluidity, ! (inverse viscosity) with temperature (Fig. 6a). For
polymer electrolytes, the fluidity (37!) is substituted by the rate of
structural (segmental) relaxations[47,48]. It is important to note that we
did not use the segmental relaxation instead of viscosity in the Walden
plot because the polymer amount in our samples is low, below the
overlapping concentration, C° = 197 mg/mL. Data in the Walden plot
are all parallel to the reference line, indicating a strong correlation be-
tween ion transport and fluidity.

where the second derivative of conducthlty

The molar conductivity of pure IL is calculated by A;, = ”“; , where

M, is the molecular weight of IL and p,; is the mass density of IL and
Ppvma is the mass density of PMMA. For PMMA/IL mixtures, the molar

Glon 1L

conductivity is corrected as Apyva/iL = . The apparent ionicity is

P —PrvmA”
calculated from the molar conductivity deviation from the ideal KCl line

at 100% ionicity. HMIm-TFSI has the lower apparent ionicity than
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EMIm-TFSI that is attributable to its higher viscosity, indicating a
stronger ion association, hence the less effective charge carriers. The
VIm-TFSI has the apparent ionicity that is similar to HMIm-TFSI as its
ionization equilibrium compensated by lower viscosity. After adding
PMMA, all ILs have better apparent ionicity for the facilitated ionization
of the protic IL and the disrupted cage structure of all ILs. X-ray
diffraction data of PMMA containing ILs verified that IL nanostructures
changed after adding PMMA (Fig. S6). The superionicity (i.e. apparent
ionicity that is greater than 100%) is observed for EMIm-TFSI with 100
mg/mL PMMA, and for the other two 50 mg/mL PMMA/IL mixtures.

The frequency-dependent conductivities are also fitted by the
empirical VFT equation, 6 = ()';oexp( —T%TD). 0., is the pre-exponential
factor representing the conductivity at infinite temperature, B is the
energy-related term that is associated with the apparent activation en-
ergy by E,ver = BR, where R is the ideal gas constant , Ty is the VFT
temperature and it is conventionally selected 50 °C lower than the
experimental T, (To = 133K). Fig. 6b shows the conductivity-related
term g,oo versus apparent activation energies E, vgr of various electro-
lytes [49]. Our data circled in red dashed oval show that PMMA/EMIm-
TFSI mixture has one of the highest conductivity with the very low en-
ergy barrier that is comparable to the pure EMIm-TFSI. We added the
data of our samples to this map to compare their superionic behavior
with the previously studied electrolytes.

4. Conclusions

We investigated the dielectric responses of three imidazolium-based
ILs, HMIm-TFSI, EMIm-TFSI, and VIm-TFSI with the addition of PMMA
homopolymer. Temperature-dependent conductivity experiments
showed that the conduction activation energy increased slightly by
adding PMMA. However, the conductivity did not monotonically
decrease with increasing PMMA amount. These unusual results were
further explained by the dielectric performances of PMMA/IL mixtures
in the light of competing factors of viscosity and interactions between

PMMA and IL. The dynamic coupling between TFSI" anions and PMMA
segments enhances cation mobility, albeit the viscosity increases with
the PMMA addition. This effect appears as superionicity in the Walden
analysis. The Jonscher universal power law (JPL) fit to the frequency-
dependent conductivity suggested that ions move fast when ion cage
structures are disrupted by the PMMA-TESI interactions. The VFT model
fit to the data suggested that the temperature dependence of the struc-
tural ion relaxation dynamics is enhanced by the PMMA/imidazolium-
based IL interactions, yielding very high conductivity and low activa-
tion energy compared to other organic electrolytes.
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