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ABSTRACT: In contemporary batteries, solid polymer electrolytes are widely
prioritized for their easy processability and safety; however, they suffer from limited
ionic conductivity. Polymerized ionic liquids (PILs) counter this shortcoming by
combining mechanical properties of polyions while allowing the counterions (anions) to
maintain their free mobility. Poly(1-vinylimidazolium bistriflimide)-grafted iron oxide
(Fe;0,) nanoparticles with different chain lengths were synthesized to investigate the
effect of grafting the PIL chains on the ionic conductivity. The long-range Coulombic
interactions among PIL-grafted chains assist the formation of nanoparticle strings that
percolate even at low particle concentrations. Within the percolated network, the
connectivity of polycation grafts enabled effective ladder-like ion hopping of TESI™
anions and the cooperative ion motion in nanoparticle networks. The self-assembling
nature of nanoparticles, when grafted with polymer electrolyte chains, increased ionic
conductivity by promoting the facilitated transport of counterions. Upon incorporating
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ionic liquid to the PIL-grafted nanoparticles, the presence of ionic clustering was observed to decrease conductivity. Our results

demonstrate that the graft chain confinement and particle percolation are essential factors for single-ion conductor design.

B INTRODUCTION

In conventional electrolyte systems, the diffusivity differences
of anions and cations lead to concentration gradients of ion
carriers, limiting the performance of lithium-ion batteries.
Single-ion conducting polymer electrolytes are highly promis-
ing conducting systems for energy applications."” The mobility
of polymer backbone, glass transition temperature, and ion size
impact the decoupling of ionic conductivity from segmental
dynamics.”~” In addition, the ion solvation that is facilitated
either by cosolvent addition or through preferential inter-
actions between polymer chains and ions enhance the number
of mobile (free) charge carriers.”™'* In this study, the ion
transport mechanism in ionic liquid (IL)-based polymer
hybrids are investigated in solution and with the addition of
IL. The underlying particle nanostructures and the polycation
chain lengths are examined to explain the ion conductivity,
which is unique for the single-ion conductor design.

ILs have been used as electrolytes in energy storage and
conversion devices and in biomedicine owing to their unique
advantages such as high ion density, negligible vapor pressure,
nonflammability, and superior electrochemical and thermal
stabilities,> ' which are essential for sustainability and eco-
environmental safety.'®”** Dynamics of ions is often described
by the ion cage model (known as Coulombic cage), where ions
are trapped within cages formed by neighboring ions, leading
to subdiffusion at large length scales.*”°~** Extensive knowl-
edge on structure and dynamics of ILs*”*° empowers us to
design materials based on polymerizable ionic liquids (PILs)
with improved ion transport and mechanical properties. PILs
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are increasingly compelling as they exhibit good chemical and
thermal stability, low glass transition temperature, and high
charge density.”’ Additionally, these materials have been
employed in wastewater purification and various membrane
technologies.””™** The vinyl group-containing imidazolium-
based ILs can be polymerized easily by atom transfer radical
polymerization (ATRP) or reversible addition—fragmentation
chain transfer (RAFT) polymerization.”*® Recent investiga-
tions on PILs have been carried out to examine the effect of
counterion species (ion—ion correlations), molecular weight,
polarizability, and dielectric constant for ion conduc-
tion.”***7** However, the strong ion—ion correlations
between polyions and counterions lower the number of charge
carriers and suppress their ionic conductivity. We aim to
address these issues by grafting the PIL chains on nanoparticles
and expect that the conformation of grafted polyions will
reduce ion—ion correlations and enhance their single-ion
conductivity.

Intramolecular and intermolecular ion hopping by the
formation and breaking of polyion—counterion associations
was described as the ladder mechanism for ion transport in
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PILs.””~*” The ion associations involve one anion and four
polymerized cationic monomers bonded to two polymer
chains, and their average lifetimes determine the ion mobilities.
Counter anions having a weak ion—ion correlation, e.g,
bistriflimide (TFSI”), bisfluorosulfonylimide (FSI”), and
hexafluorophosphate (PFj), are preferred as they lead to
shorter hfetlmes of ion associations, hence the higher ion
mobilities.”” This work investigates the ion transport in PIL-
grafted nanoparticle (PILgNP) solutions to demonstrate their
potential as single-ion conductors, where polycations grafted
on NPs, and their self-assembled network immobilizes the
NPs. The percolation is essential for the movement of anions
through polycation chains. In a previous work, the critical
behavior of percolation was observed for poly-
(styrenesulfonate)-containing grafted NPs, manifested by an
abrupt increase of ionic conductivity at the threshold
concentration. The enhanced ionic conduction was attributed
to the connectivity of telechelic sulfonated groups.*’

Here, we present the impedance characteristics of the
PILgNPs with different chain lengths at the same graft density
and discuss ion transport mechanisms of the prepared systems
in comparison to those of the free PIL homopolymer. The
measured fast ion dynamics in PILgNPs is attributed to the
confinement of counterions within the interstitial areas of
particles and the polyion connection. The ion hopping
following the ladder mechanism occurs fast” and results in
even distribution”' of anions along polycation chains. The
enrichment of TFSI™ within confined domains results in a
chain-like cooperative ion motion where each anion moves a
short distance, but an effective charge transport occurs over a
long distance.”® Additionally, the protic nature of 1-vinyl-
imidazolium enables charge transfer through hydrogen
bonding and breaking between neighboring imidazolium and
imidazole pendants. NP self-assembly through polycation
connectivity extends this mechanism to the micron scale. In
summary, this work shows that the percolated network formed
by PILgNPs enhances the charge transport over long distances,
which has a substantial impact on the overall conductivity.

B EXPERIMENTAL SECTION

Synthesis of VIm-TFSI. Monomeric 1-vinylimidazolium bistri-
flimide (VIm-TFSI) was synthesized by a quaternization reaction that
occurs immediately upon mixing vinylimidazole (VIm) and
bistriflimidic acid (HTFSI). Both chemicals were purchased from
Fisher Scientific. The protocol was slightly modified from the
previously reported procedures.®*” Due to the superacidity,
deliquescence, and fuming of solid HTESI, 0.4 g/mL HTEFSI/
acetonitrile (ACN) solution was prepared in a glovebox filled with
argon.” The HTFSI/ACN solution was transferred from glovebox to
chemical hood, and VIm was added dropwise to solution in an ice
bath with vigorous magnetic stirring. The stoichiometric ratio of VIm
to TFSI” was maintained at 1.05:1 to ensure complete reaction of
HTESI The resulting mixture was then dried in vacuum for 12 h at
room temperature, followed by additional drying at 60 °C for 12 h. A
reported purification method utilizing 3 A molecular sieves was
adopted for removing moisture.** The product was stored in a
desiccator with molecular sieves.

Polymerization of VIm-TFSI. VIm-TFSI was polymerized via the
RAFT method with 4-cyano-4-(phenylcarbonothioylthio)-pentanoic
acid (CPDB) as the chain transfer agent. Anchormg CPDB on 8 nm-
diameter Fe;0, NPs was previously reported.** Certain amounts of
azobis(isobutyronitrile) (AIBN, initiator), CPDB, or CPDB-anchored
NPs and monomeric VIm-TFSI were dissolved in DMF. The molar
ratio of initiator to monomer n;/my; determines the chain length, and
for PILgNPs, the molar ratio of initiator to chain transfer agent n;/nc

determines the graft density (GD). The resulting mixture was
degassed through a freeze—pump—thaw procedure for three times and
then purged with nitrogen prior to reaction. The polymerization was
initiated at 70 °C and kept for 72 h, followed by quenching with
liquid nitrogen for 1S min. Products were precipitated by adding
toluene as poor solvent and collected by centrifugation (8000 rpm, 10
min). The precipitate was redissolved in DMF, subsequently treated
with toluene, and then subjected to centrifugation at 8000 rpm several
times to remove free chains and unreacted monomer. Both PILgNPs
and PIL were stored in DMF.

PILgNP Molecular Weight Determination and Character-
ization Methods. After the iron oxide NPs were etched by
hydrochloric acid (HCl), molecular weights of PILgNPs and PIL
were obtained by "H NMR (Varian 400 spectrometer). For the free
PVIm-TFSI sample, an end-group analysis was applied using the given
equation:

Am

_ — N,
M, = MyDP, = My :;w

Ny,c

M, and M, are molar masses of PIL and IL monomer, respectively.
DP, is the degree of polymerization of PILs; Ay and Ac are
integration areas of the NMR peak from monomer and CPDB
protons, respectively. Ny and Ny are the number of protons for
the monomer and CPDB corresponding to the peaks of interest. In
the calculation of the M, of grafted samples, an emgmcally obtained
apparent initiation efficiency (f,: 0.34) was utilized.

Am
— Ny m
M, = My
Ac iy Xf
NH,C ne a

n; and nc are molar concentrations of monomer and CPDB,
respectively, in this equation. The apparent efficiency f, is defined
as the efficiencies of initiation and chain transfer. During RAFT
polymerization, the initiator decomposes to provide primary radicals
that are subsequently captured by the chain transfer agent (CTA),
resulting in the main RAFT equilibrium. The repeating chain transfer
between the monomer and CTA molecules leads to chain
propagation, and their molar ratio n;/ny; determines the polymer
molecular weight. The recipes for RAFT polymerization in bulk
solution usually maintain the same molar amount of initiator and
RAFT agent (n; = nc). The fraction of CTA molecules that participate
to the reaction is merely determined by initiation efficiency, and the
deviation between n;/ny; value and degree of polymerization DP is
attributed to the same initiation efficiency, which is reported to be
around 0.5 for MMA polymerization in bulk-solution RAFT cases.*’
We determined the apparent efficiency to be around 0.34 for SI-
RAFT from several testing reactions using MMA and IL monomers.
This slight reduction is attributed to the steric hindrance experienced
in SI-RAFT. Given that there are more than 300 CTA molecules
anchored on single NP, it is impossible that all CTA molecules
produce grafts, so an additional chain transfer efficiency coexists with
initiation efficiency, and their product results in the reduced value f,.

The molecular weight of PIL is also confirmed by mass
spectrometry (MS) using a Micromass Quattro Ultima instrument
(Waters, Milford, Massachusetts) equipped with an ESI source, and
the result matched well with that from 'H NMR. ACN was used as
the solvent. Vapors emanating from a liquid nitrogen reservoir (AGL
Welding Supply Co., Inc., Clifton, New Jersey) were used as the
nebulizer, desolvation, and cone gas. Mass spectra were acquired in
the positive ion mode over a range of m/z 200—1400. The ESI source
conditions were conditioned at 3.03 kV capillary voltage; 30 V
sampling cone; 120 °C source temperature; 200 °C desolvation gas
heater temperature; 105 L/h cone gas flow rate; 463 L/h desolvation
gas flow rate; and 20 uL/min sample infusion flow rate. The
molecular weight is calculated by the peak value of neighbor m/z.

Mantl — 54191 and X" = 563.20,

Combining the equation of
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Scheme 1. Synthesis Route of Monomeric VIm-TFSI, PIL, and PILgNPs
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Table 1. Polymer Graft Characteristics and Hydrodynamic Sizes (Ry) of PILgNPs, Neat PIL, and CPDB-Anchored NPs

Measured in N,N-Dimethylformamide (DMF)*

sample M, (kDa) DP, GD (chains/nm?)
PILgNP (HMW) 209.0 559 0.0144
PILgNP (LMW) 933 249 0.0138
PIL (neat) 1520 40.5
CPDB-NP

“GD: graft density. “Molecular weight determined by MS.

GD (chains/NP) Ry, (nm) Ry, (nm) Ry ; (nm)
2.89 19.4 502
2.77 9.6 47.5
7.1 19.8 102.2

the molecular weight of the synthesized PIL was found to be 15.20
kDa.

Using the mass of grafted chains m,,,.,.. and mass of NP cores myp
measured by a TA Instruments QS0 thermogravimetric analyzer, the
GD was calculated with the following equation.

mpolymer NA/)R
3M,

GD ~

myp n
N, is Avogadro’s constant, p is the mass density of NP, R is the radius
of NP core, and M, is the number-averaged molecular weight in this
equation.

Hydrodynamic sizes of NPs before and after polymerization were
measured by Malvern Zetasizer Nano S. Transmission electron
microscopy (JEOL 2100 Plus S/TEM) imaging was employed at 200
kV to analyze the PILgNP samples drop cast from DMF and DMF/10
vol % HMIm-TFSI solutions. Ted-Pella Lacey Carbon Type-A 300
mesh copper grids were used for the cryo-TEM sample preparation.
We removed the Formvar membrane by dipping it in solvent, and the
Lacey carbon film remained. For cryogenic TEM, the solution drop
was frozen by liquid ethane and maintained at cryogenic temperature
during the TEM imaging at 200 kV. The grids with a Formvar
membrane were used for drop-cast samples for regular TEM analysis.
An AC field (20 mV/cm, 100 kHz, sine wave) designed to mimic the
conditions of electrochemical impedance spectroscopy (EIS), was
applied to ensure that the observed morphology is stable during EIS
measurements. A custom-made modular cell was constructed to apply
the AC field, featuring a poly(tetrafluoroethylene) (PTFE) chamber
and stainless-steel screws functioning as electrodes in eight orthogonal
directions. Elemental mapping was performed by the same TEM

equipped with an energy-dispersive X-ray spectroscopy system
(Oxford Max-80 EDS). The data are collected and processed by
Oxford INCA software.

Solution samples for SAXS were tested in borosilicate glass
capillary tubes. Data was collected at ambient temperature using a
Ganesha SAXSLAB instrument at Columbia University, equipped
with a Cu Ka source (1 = 1.5406 A) and a Pilatus 300K detector with
a variable sample-to-detector distance that covers the g range of
0.006—0.03 A™".

The dielectric response of sample solutions at different ionic liquid
concentrations ranging from ~20 to ~0.01 mM was conducted by an
electrochemical impedance spectrometer (SP-300, BioLogic Science
Instruments). The measurement was performed by sinusoidal AC
with a 10 mV amplitude in the 7 MHz—0.1 Hz frequency range.
Temperature is controlled by oil bath in the 5—70 °C range, and at
each temperature, the system is allowed to stand for S min to reach
thermal equilibrium.

B RESULTS AND DISCUSSION

PIL-Grafted Nanoparticle (PILgNP) Design and Syn-
thesis. PILgNP synthesis involves the preparation of the IL
monomer, synthesis of nanoparticles, and surface initiated
reversible addition—fragmentation chain transfer (SI-RAFT)
polymerization steps. The detailed synthesis and purification
for each step are presented in the Experimental Section (see
Scheme 1). VIm-TFSI was polymerized on Fe;O, NPs of 8 +
3 nm in diameter using RAFT polymerization. Proton nuclear
magnetic resonance ("H NMR) was employed to determine
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the molecular weights of PILs (Figure S1). A modified end-
group analysis is used for the PILgNPs. Samples prepared for
this work are listed in Table 1. The two PILgNPs with high
(209.0 kDa) and low (93.3 kDa) molecular weights of grafts
are labeled as PILgNP (HMW) and PILgNP (LMW). The
molecular weight of neat PIL was obtained from mass
spectroscopy (MS) and 'H NMR as 152 and 13.6 kDa,
respectively.

The hydrodynamic sizes of samples were measured using
dynamic light scattering (DLS) after bath sonication of the
~0.05 mg/mL samples in N,N-dimethylformamide (DMF).
Figure 1 shows a bimodal z-averaged hydrodynamic size

PILgNP (HMW)
f PILgNP (LMW)
CPDB-NP

[5~3
S

—
wn
T

Intensity (%)

W
T

1 10 100 1000

Ry; (nm)

Figure 1. Hydrodynamic size (Ry) distribution of PILgNP systems
and chain-transfer agent functionalized bare Fe;O, nanoparticles
(CPDB-NPs).

distribution of PILgNPs accounting for individual particle size
(Ry1;1) and small aggregates of grafted nanoparticles (Ry,) as
listed in Table 1. Bimodal distributions of sizes indicate

individual grafted particles with averaged sizes Ry;; around 19
nm for HMW and 10 nm for LMW, and cluster sizes Ry,
around 50 and 48 nm in both PILgNPs. The number of
particles in a cluster is estimated from the ratio of the two sizes.
The HMW sample exhibits better dispersion and colloidal
stability with Ry, = 2.6Ry; due to its longer chain grafts than
the LMW sample with Ry, = 4.7Ry; . The bare NPs (CPDB-
NPs) show larger aggregates Ry; in solution. This simple
hydrodynamic size comparison suggests that polycation chains
have extended conformation compared to neutral polymers.*’

Cryogenic TEM data of both samples at ~0.05 mg/mL
concentration are conducted to show the structures in the
solution state. Short strings of particles are seen for the HMW
sample in both drop-cast film and frozen-state TEM data,
whereas particles are more dispersed in the LMW sample
(Figure 2a—d). It is important to note that samples interact
with the Lacey carbon film differently. The HMW sample
covers the whole grid, and the LMW sample stays on the edges
of the Lacey film. Comparing the drop-cast and cryo states
helped us to conclude that HMW samples form percolated
strings and the LMW sample remains better dispersed in DMF.
Additional cryo-TEM data is presented in Figure S4.
Furthermore, TEM images were collected carefully on
PILgNPs from several areas to show the continuity of
nanostructures. TEM micrographs of the identical cluster are
superimposed to examine the micrometer-scale dimensions of
the structures. These images clearly illustrate the distinctive
percolation nature of PILgNP (HMW) strings spanning
micron lengths, as depicted in the TOC image and Figure
S2. SAXS measurements on samples at two solution
concentrations (0.5 and S mg/mL in DMF) were conducted
using the Ganesha SAXSLAB instrument. The data was
analyzed using the two-level Unified model*®*’ due to the
fractal-like characteristics observed in TEM images of the

Solution Cast

Cryo-TEM

PILgNP (HMW)

I(a.u.)

0.01 0.1

PILgNP (LMW)

Figure 2. (a, b) TEM micrographs of solution cast PILgNP (HMW) (on the left) and PILgNP (LMW) (on the right) in DMF solution. (c, d)
Cryo-TEM micrographs of samples on lacey grids. (e) SAXS profiles of PILgNP samples at 0.5 mg/mL in a DMF solution. The solid curves

represent the Unified model fits to the data.
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Table 2. SAXS Data of Solution Samples Was Analyzed by the Unified Model Fits”

2 2
1;(q) = G;exp (—qu;L) + exp <—q2R;i_1> B; erf

sample R, (A) B, G,
PILgNP (HMW)/DMF 36.5 1.99e—6 0.45
PILgNP (LMW)/DME 67.9 1.74e—5 76.10

q

P, Ry, (A) B, G, P,
38 3727 9.57e=S 57.6 24
40 744.8 8.13e—5$ 24,033 4.0

“The two-level fitting parameters for the primary and secondary structures are given below.

structures (Figure 2e). The fractal dimension P, is found to be
4 in HMW and LMW samples, and it does not change with
particle concentration, indicating good colloidal stability and
the similarity in structures (Figure S3). Fe;O, nanoparticles of
the same batch were used in preparation of the grafted
nanoparticles, and the SAXS data generated 4—7 nm primary
particle size listed as Ry, in Table 2. The secondary structure
size R, is found to be 74 nm for the PILgNPs (LMW) and 37
nm for the PILgNPs (HMW), suggesting the lower polymer
shielding effect with the shorter chains of PILgNP (LMW).
The secondary size in LMW sample from SAXS is larger than
what we observe in TEMs. This may be a result of higher
solution concentration in DMF (0.5 mg/mL) for SAXS
samples.

The energy-dispersive X-ray spectroscopy (TEM-EDS) data
were collected to observe the local density of elements that
belong to polycations and TFSI™ anions. Sulfur (S) signals
come from CTA in the ends of PIL chains and from the TFSI~,
and fluorine (F) signals are solely from TFSI™ anions (Figure
3). The S signal contribution is relatively weak because each

Figure 3. TEM-EDS elemental maps recorded using Fe, S, and F
signals obtained from PILgNP (HMW).

TESI™ contains two S but six F atoms. The high density of
TFSI™ anions localized around PILs gives rise to strong F
signals that match to that of the Fe;O, particle cores. The data
clearly support the strong affinity between polycation chains
and anions and the ordering of TFSI™ at large length scales
following the NP nanostructures. Therefore, when PILgNPs
self-assemble, the distribution of TFSI™ adopts the same
structure.

To ensure that structures do not evolve during impedance
measurements, we applied AC fields at the same magnitude
(20 mV/cm, 100 kHz) to sample solutions and examined
structures in TEM. PILgNPs, whether with high and low
molecular weights, exhibit consistent dispersity and maintain
well-defined nanostrings (Figure S5). We built a modular
Teflon cell to apply electric fields to solutions with stainless-
steel electrodes positioned at different angles (Figure S6a).
When DC fields higher than 16 V were applied, the
accumulation of particles near one electrode was observed
(Figure S6c). This phenomenon occurs because the DC input
establishes a stable field gradient that possibly disrupts the
percolated network. Contrastingly, sample solutions did not

show any macroscopic movement of particles toward the
electrodes at high AC frequency (Figure S6b).

Dynamic Measurements, lonic Conductivity, and lon
Channeling. We designed the new PILgNP systems to
showcase how the ion transport dynamics are influenced by the
grafted chains. Moreover, our objective was to demonstrate
that the ionic conductivity is contingent on the nanoparticle
assembly. Real (resistance) Z' and imaginary (reactance) parts
Z" of impedance are attained from EIS measurement for the
PILgNPs, neat PIL, and monomeric IL. Tests are conducted
on solutions at varying concentrations 0.1—15 mg/mL and

between S and 70 °C. The dissipation factor, tané = ;—, and
7
K(2)* +(2)]
measured data and shown in Figure 4a. The measured
impedance values were used to calculate &€’ and &” using the
equations given in Supporting Information, and &’ and &” are
plotted in Figure 4a. The cell geometric constant k is
determined using KCl standard solution whose conductivity
is 1412 pS/cm at 25 °C. The tan 0 curves were fit by the

27frgp
T e to deduce the

characteristic times of electrode polarization 7pp and
conduction 7,. The frequency at which the dissipation factor
reaches its maximum, termed f.s = [27(7ep7,)"?]7),
corresponds to the reciprocal of the geometric average of
these two characteristic times. The dielectric response can be
divided into three ranges of frequency based on the reciprocal
characteristic times, frp = (27a7gp) "' and f, = (277,)7Y, as
marked in the conductivity profile. In the low-frequency region
below fgp, the temporal interval is longer than 7gp, allowing
ions to migrate and get trapped by electrodes.”” This migration
gives rise to polarization effects, causing a reduction in the
number of available charge carriers and partially compensating
for the external field. Consequently, this leads to a decrease in
conductivity.”' ~>* Within the intermediate-frequency range
between fgp and f,, the conductivity is predominantly dictated
by the motion of the ions, resulting in a plateau in the
conductivity profile. At higher frequencies exceeding f,, ions
locally vibrate, contributing to the AC conductivity.

The molar conductivities A were calculated by A = ¢',,/Cy,
to eliminate the significant impact of ion concentration
variation and accentuate the structural effect. The molar IL
concentrations (Cp) vary in the PILgNPs, PIL, and
monomeric IL (Table S2). As shown in Figure 4b, the molar
conductivity A of neat PIL is lower than that of the IL
monomer, primarily due to the reduced dynamics of the
polycations. It has been shown with the simulations that anions
coordinate with polycations stronger than with the free
cations.”* The sequential association and dissociation of anions
to polycations give rise to ion hopping transfer, a process
described by the ladder mechanism.””** The PILgNP (LMW)

conductivity o' = are calculated from the

Debye relaxation model tand =
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Figure 4. (a) Frequency-dependent permittivity (¢, €”) spectra, real conductivity (¢'), and tangent loss (tan &) of PILgNP (HMW) at 20 °C. The
solid blue curve is the Debye relaxation fit to the tan & spectrum. Arrhenius plots of (b) molar conductivities (A) and (c) ionic conductivities (o7,
of PILgNP (HMW), PILgNP (LMW), neat PIL, and IL monomer. The concentration is ~15.6 mg/mL particles in DMF solution for all samples.

has higher molar conductivity (A) than neat PIL. This
recovery of conductivity is attributed to the formation of self-
assembled chains around nanoparticles that create connected
pathways, namely, ion channels, for ionic hopping. The
assembly of grafted particles establishes ionic channels that
significantly enhance the ion mobility compared to that in neat
PIL. The highest A value is measured with the PILgNPs
(HMW). This rise in conductivity is a result of the improved
connection of conformed PIL chains around nanostrings of
particles. The anions enriched within the interstitial areas of
PIL chains result in chain-like cooperative motion, thereby
enhancing molar conductivity. The reduced ionic conductivity
Oion Value of PILgNPs than neat PIL as observed in Figure 4c is
ascribed to the grafting of polyions that restricts the cation
mobility due to the conformational effect.

The ionic conductivities o}, averaged from the intermedi-
ate-frequency plateau are measured as a function of temper-
ature as illustrated in an Arrhenius plot (Figure 4c), so as the
characteristic frequencies of electrode polarization fgp,
dissipation maxima f,,,5 and conduction relaxation f, (Figure
S7). The activation energies are calculated from respective
Arrhenius plots using the Arrhenius-form equation [e.g,

!
Ojon =

Ea[)’ . . .
doeW(_E)» where E,, is the activation energy for

conduction, ¢, is the pre-exponential factor, R is the ideal gas
constant, and T is the absolute temperature. The Arrhenius
behavior exhibited by all ionic conductivities and characteristic
frequencies indicates a decoupled ion motion. Activation
energies of dissipation factor maxima E,.,s describe the
motion of ion clusters.” The energies of ionic conductivity E,,
are very close to E,.,s5 suggesting that the overall ionic
conductivity is dominated by the motion of ion clusters (Table
3). The activation energies of electrode polarization E, gp,

Table 3. Activation Energies of Ionic Conduction E,
Electrode Polarization E, gp, Ion Cluster Motion E, .5 and
Conduction Relaxation E,; in DMF

E. s E, ep E, tans Eaf,
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
PILgNP 103 5.1 102 14.6
(HMW)
PILgNP (LMW) 9.8 4.6 8.47 12.5
neat PIL 10.5 5.6 10.3 15.3
IL monomer 11.3 5.0 15.2 26.2

which correspond to long-range ion migration, are significantly
lower than those of the other events. The energy barrier of
conduction relaxation corresponds to a single-ion motion event
by cage escape, denoted as E,;. Compared to polymerized

counterparts, monomeric IL has higher E, ,,s and E, ;, ascribed

a,tan
to the prominent ionic clustering in IL. For neat PIL, the
polymerization results in asymmetric dynamics between
polycation and counteranion, alleviating ionic aggregation
and reducing the associated energies of E, ,,; and E,; to 10.3

and 15.3 kJ/mol, respectively. The grafting of polycations on
NPs further lowers the activation energies to E, ,,5: 8.5 kJ/mol
and E,;: 12.5 kJ/mol with the more probable single-ion

motion within ionic channels, hence enhancing the con-
duction.

Concentration-dependent EIS data on PILgNPs, PIL, and IL
monomer were measured to unveil the influence of structure
on conductivity upon dilution. The critical behavior of
percolation, marked by a sudden change in ionic conductivity,
Olow is evident in PILgNP systems (Figure S8). The higher fi,.5
for PILgNPs after molar IL concentration (Cy) correction
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Figure 6. Arrhenius plots of (a) ionic conductivity (67,,), (b) molar conductivity (A), and (c) characteristic frequency of tan § maxima of samples

in DMF/HMIm-TFSI (10 vol %).

verifies the enhanced ion mobility of PILgNPs compared to
that in neat PIL (Figure S8b). The similar percolation effect is
also seen in the characteristic frequencies of electrode
polarization fgp and conduction relaxation f,, suggesting that
the ion dynamics is boosted in multiple length scales. It is
important to note that f,,5 for neat PIL does not increase
exponentially but rather linearly with Cy.

Next, we introduced the free IL (HMIm-TFSI) to our
PILgNP samples to demonstrate that the ion agglomeration
and electrostatic shielding of polycation with an excess amount
of TFSI” would decelerate the ionic dynamics. As shown in
Figure 5, the IL addition did not change the string morphology
when grafted polyelectrolyte chains are long; however, the
aggregation was seen with the short polyelectrolyte chains with
IL. This aggregation was also observed with the turbid solution
of the PILgNP (LMW) sample (Figure S9). Ion conductivities
Oiony molar conductivities A, and dissipation maxima
frequencies f,,s were measured at varying temperatures
(Figure 6). Table 4 shows the activation energies of the
samples. The E, .5 values for monomeric IL and DMF/

Table 4. Activation Energies of Ionic Conductivity and
Dissipation Factor of All Samples in DMF/HMIm-TFSI (10
vol%) Systems

Ea,o' (k.]/m(’l) Ea,lan6 (kJ/mOI)

PILgNP (HMW) 10.30 32.70
PILgNP (LMW) 9.80 28.70
IL monomer 10.60
DMF/HMIm-TFESI (10 vol%) 9.01

HMIm-TESI are not attained due to their fast ion motion
where ions are well solvated, so the tan 0 peaks cannot be
captured within the instrument’s frequency range. The two
PILgNPs displayed similar ion conductivity o7, (Figure 6a)
and molar conductivities A (Figure 6b) that are lower than
those of the monomeric IL with the addition of HMIm-TFSL
Consequently, the PILgNPs cease to function as single-ion
conductors. Particle structures are shown to play a minor role
in ionic conductivity; thus, other proposed ion transport
mechanisms such as ladder mechanism, chain-like cooperative
ion motion, and Grotthuss mechanism become insignificant
with the HMIm-TFSI addition. E, ; is unchanged before and
after including HMIm-TFSI while that of maxima of
dissipation factor E, s jumped to ~30 kJ/mol, close to the
value reported for pure HMIm-TFS], indicative of severe ion
caging.8 Given the linear temperature dependence of o, and
A (Arrhenius behavior), the dominating conduction mecha-
nism with IL inclusion is inferred to be vehicular diffusion.

In summary, PILgNPs in DMF act as single-ion conductors
with robust string morphology sustained with long-range
electrostatic (Coulombic) interactions. The combination of
particle percolation and the connection of PIL grafts resulted
in effective jon channels for rapid ion transport. Upon
incorporation of 10 vol% HMIm-TES], percolated structures
are found to persist, but the PILgNPs no longer exhibit single-
ion conduction. Ionic conductivity becomes independent of
the chain length with the HMIm-TFSI inclusion. The ion
aggregation in these systems lowers the ionic conductivity in
comparison with the IL monomer.
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B CONCLUSIONS

Two batches of PVIm-TFSI-grafted iron oxide (Fe;O,) NPs
were synthesized at different chain lengths, and their structures
and ion conductivities were investigated in DMF solutions.
PIL-grafted NPs form nanostrings that readily create
percolated networks at low concentrations. The structures
are stabilized by the long-range electrostatic interactions,
especially prevalent for the long graft chain lengths. TEM
images, coupled with the critical behavior of percolation
unveiled by EIS, indicate that the interstitial areas between
NPs in percolated strings along with adjacent anion-enriched
domains form ion channels that facilitate fast ion migration. By
comparing the impedance data of the hybrids with neat
poly(ionic liquid) and IL monomer, we concluded that
decoupled ion transport from segmental dynamics of poly-
(ionic liquid)s becomes more effective when polyions are
conformed. The enhanced ion conductivity, dynamics, and
reduced energy barriers were elucidated by the ladder-like
hopping transport of anions and chain-like cooperative ion
motion within the underlying structures of PILgNPs. This is
the first experimental polyelectrolyte system showcasing
enhanced ion transport dynamics through the confinement
created between PILgNPs. Structure-controlled ion conduc-
tion observed in new PIL-based nanohybrids holds potential
applications in membrane separation technologies and energy
storage devices.
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