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ABSTRACT: Solvent and polymer-grafted nanoparticle addition to
1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(HMIM-TFSI) was investigated by measuring the translational
diffusion of cationic species in quasi-elastic neutron scattering
experiments and ionic conductivity by electrochemical impedance
spectroscopy. Adding polymers or nanoparticles to neat ionic liquids
generally increases their viscosity and lowers the ionic diffusivity. In
this work, we added two different solvents (acetonitrile and
methanol) to HMIM-TFSI/grafted particle mixtures to understand
the interplay between polymer−ionic liquid interactions and
conformational state of brushes, which governs the transport
properties (diffusivity and conductivity) of ionic liquids. Our results
showed that with grafted chains swollen in acetonitrile, the cationic
mobility and ionic conductivity were improved with the number of
grafted chains on particles. The unusual high diffusivity attained with the addition of PMMA-grafted magnetic nanoparticles suggests
that polymer-coupled ionic liquid dynamics can be effective in increasing the free cation amount and, therefore, ionic conductivity in
particle-based electrolytes.

■ INTRODUCTION
Ionic liquids (ILs) are low-melting-point salts consisting of
organic cations and organic/inorganic anions. They exhibit
remarkable features like high ionic conductivity, broad
electrochemical operation windows, negligible vapor pressure,
and high thermal stability, which make them ideal candidates
for electrochemical applications such as electrolytes in fuel
cells,1 batteries,2 and separation membranes for the capture of
carbon dioxide.3−5 The inherent structural and dynamic
heterogeneity in neat ILs have been investigated using both
simulations6,7 and experimental techniques of quasi-elastic
neutron scattering,8 neutron spin echo spectroscopy,9 and X-
ray scattering.10 Transport properties of ILs are restricted by
their high viscosity and low ion mobility, which limit their
practical use in electrochemical devices. Mixtures of ILs,11,12

small molecule or solvent addition13,14 to ILs, are utilized to
enhance the solvation and diffusivity of ILs and integral
capacitance of supercapacitors. The effects of dipole moment,
diffusivity, dielectric constant, viscosity, and composition of ILs
on the supercapacitors’ performance were evaluated in
simulations,13,14 using machine learning methods,15 and
experimentally by electrochemical impedance spectroscopy16

and quasi-elastic neutron spectrometer14 by adjusting dipole
moments and compositions of IL mixtures.12,14,17−19

It is essential to understand the molecular interactions in IL/
solvent mixtures as they determine the ionic association and
solvation, which correlate to the ionic diffusion and

conductivity. ILs with the smaller anion size generally have
low binding energy between the ionic pairs and are known to
exhibit faster ion transport.20 Ionic dissociation occurs with
organic solvents or water addition through hydrogen bonding
interactions between the solvent and water,21,22 and sub-
sequently, molar conductivity increases with solvent content.
The effect of alkyl chain length and anion type on ionic
association has also been studied.23 It was reported that
increasing alkyl chain length of the imidazolium ring reduced
the association of ILs in solvents due to the enhancement of
solvation. On the other hand, results from both calculated
molar conductivity24 and simulated cation diffusivity25

indicated that solvents with the higher dipole moments can
better separate ions than the less polar solvents as a result of
the weakened electrostatic interactions.
Among all the organic solvents discussed in the literature,

acetonitrile is a very promising solvent to add into ILs for
advanced electrolyte solution.16,26,27 It was shown that
acetonitrile interacts with the imidazolium ring through the

Received: June 18, 2020
Revised: July 7, 2020
Published: July 27, 2020

Articlepubs.acs.org/Macromolecules

© 2020 American Chemical Society
6538

https://dx.doi.org/10.1021/acs.macromol.0c01434
Macromolecules 2020, 53, 6538−6546

D
ow

nl
oa

de
d 

vi
a 

ST
E

V
E

N
S 

IN
ST

 O
F 

T
E

C
H

N
O

L
O

G
Y

 o
n 

Ju
ne

 1
, 2

02
1 

at
 0

3:
18

:5
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siqi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Madhusudan+Tyagi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pinar+Akcora"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.0c01434&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01434?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01434?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01434?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01434?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01434?fig=abs1&ref=pdf
https://pubs.acs.org/toc/mamobx/53/15?ref=pdf
https://pubs.acs.org/toc/mamobx/53/15?ref=pdf
https://pubs.acs.org/toc/mamobx/53/15?ref=pdf
https://pubs.acs.org/toc/mamobx/53/15?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01434?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf


π−π interactions and with TFSI− anions through ion−dipole
interactions.28−31 Consequently, interactions between cations
and anions are disrupted as acetonitrile dissociates the ion
pairs.28,32

In this work, we introduced two different cosolvents,
acetonitrile and methanol, to 1-hexyl-3-methylimidazolium
bis(trifluormethylsulfonyl)imide (HMIM-TFSI) and measured
the cation diffusivity and ionic conductivity with and without
PMMA-grafted magnetic nanoparticles by quasi-elastic neutron
scattering (QENS) and electrochemical impedance spectros-
copy (EIS). Both acetonitrile and methanol can solvate
HMIM-TFSI and interact with PMMA differently. This
paper demonstrates the effect of polymer graft density on
the solvation of ILs with the inclusion of acetonitrile and
methanol. It is our intention that by probing the cation
diffusion at short time and length scales, the ionic conductivity
results can be explained beyond the solvent effect. We
conjecture that the enhanced conductivity results with the
highly swollen grafted chains in acetonitrile are due to the
higher cation diffusivity since the mobility of cations is
correlated with how anions interact with the polymer. The
paper is structured to present the QENS results of IL/solvent
mixtures to provide the convincing solvation effect of solvents.
Next, the diffusivities of neat IL with PMMA-grafted particles
at two grafting densities are presented, which are found to be
similar. Dynamics data of IL/solvent mixtures with the grafted
particles are then discussed with the ionic conductivity results.
The diffusion and conductivity of ILs are shown to enhance
with the incorporation of PMMA-grafted nanoparticles.

■ EXPERIMENTAL SECTION
Sample Preparation. Deuterated MMA (MMA-d8, 98%) was

purchased from Polymer Source, and 1-hexyl-3-methylimidazolium
bis(trifluormethylsulf onyl)imide (HMIM-TFSI) was purchased from
IoLitec (Ionic Liquids Technologies). Acetonitrile-d3 (99.8 mol % D,
CD3CN) and methanol-d4 (99.8 mol % D, CD3OD) were purchased
from Cambridge Isotope Laboratories, Inc. 4-Cyanopentanoic acid
dithiobenzoate (CPDB), diethyl ether, oleic acid (90%), and
oleylamine (70% technical grade) were purchased from Sigma-
Aldrich. Tetrahydrofuran (THF) and cyclohexane (both ACS grades)
were purchased from Pharmco-AAPER. 2,2′-Azobis(isobutyronitrile)
(AIBN; 98% technical grade) was recrystallized from methanol. All
other chemicals were used as received.
Nanoparticle Synthesis. Fe3O4 nanoparticles were synthesized

by a high-temperature thermal decomposition method. The one-step
reaction of nanoparticles utilizes iron(III)acetylacetonate (Fe(acac)3)
as a precursor and uses both oleic acid and oleylamine as surface
ligands, which results in nanoparticles at high yields with no
byproducts.33 From the analysis of several transmission electron
microscopy (TEM) images, the synthesized nanoparticles were found
to be monodisperse with 6.4 ± 0.8 nm diameter.
Preparation of CPDB-Anchored Fe3O4 Nanoparticles. CPDB

was added dropwise into a nanoparticle solution of 20 mg/mL and
sonicated in a bath sonicator. The mixture was stirred at room
temperature for 24 h. Particles were washed to remove excess CPDB
following the previously reported protocol.34 The mixture was
precipitated by adding excess of cyclohexane and ethyl ether (4:1
volume ratio), centrifuged at 3000 rpm for 15 min, and redissolved in
25 mL of THF. The washing procedure was repeated three times.
Surface-Initiated Reversible Addition−Fragmentation

Chain-Transfer Polymerization of Deuterated MMA from
Fe3O4 Nanoparticles. CPDB-anchored Fe3O4 particles, deuterated
MMA, and AIBN in THF solution were degassed in freeze−pump−
thaw cycles. The flask was placed in an oil bath and stirred at 60 °C
for 6 h. The flask was immersed in liquid nitrogen to terminate the
polymerization via quenching. To purify the grafted particles, ethanol

was added to the solution and centrifuged at 6000 rpm. The washing
step was repeated several times till the supernatant solution was clear
after ethanol addition. The supernatant was removed, and the
particles were redissolved in THF. This procedure was repeated
several times to remove the free PMMA chains.

Structural Characterization. TEM data were collected using an
FEI TITAN THEMIS 200 TEM located at the CUNY-ASRC Imaging
Facility operated at 200 kV. PMMA-grafted particles in ionic liquid
solution were drop cast on lacey carbon grids. Samples for TEM are at
lower particle concentrations compared to the samples for QENS.

Weight losses of polymer-grafted particles were measured using a
thermogravimetric analyzer (Q50 TGA, TA Instruments). Nano-
particles were not etched to determine the molecular weight of
deuterated PMMA due to limited amounts of grafted particles.
Instead, we used the calibration curve to determine the grafting
density and molecular weight of two batches of particles prepared for
this work. Grafting density (σ) is calculated by the equation

σ
ρ

=
m

m
N R

M3
polymer

NP

A

w (1)

where mpolymer and mNP are the masses of grafted chains and particle
core, respectively, NA is the Avogadro constant, ρ is the particle
density, R is the radius of iron oxide nanoparticles, and Mw is the
weight-average molecular weight of grafted chains. Equation 1 is then
arranged to

σ
ρ

= +
m

m M
M

N R
b

3polymer

NP w

w
2

A (2)

The mass ratio of grafted chains and core particles (mPMMA/mNP)
was plotted versus the ratio of grafting density and molecular weight
(σ/Mw) by compiling the data of particles with various graft densities
lower than 0.2 chains/nm2 collected in our laboratory over the years
(Figure S1). The plotting factor (b) is applied in eq 2. Using the linear
calibration line, the molecular weights of our two samples were
determined. Equation 1 is then used to get σ. This calibration method
was also used in our previous paper.19

Electrochemical Impedance Spectroscopy (EIS). Bulk ionic
conductivity was measured using an SP-300 electrochemical
impedance spectrometer from the Bio-Logic Science Instruments.
Solutions (0.3 mL) of grafted particles in HMIM-TFSI/solvent
mixtures (at 50/50 mass ratio) were placed into a tube with two
stainless-steel electrodes. AC impedance measurements were
performed at room temperature. An alternating current signal with
10 mV amplitude was applied in a frequency range of 1 kHz−1 MHz.
The real component of the complex conductivity (σ′) was calculated
using the real (Z′) and imaginary (Z″) parts of measured impedance

according to the given equation35 σ ω′ = ω
ω ω

′
[ ′ + ″ ]

( ) Z
k Z Z

( )
( ( )) ( ( ))2 2 .

Figures S2 and S3 show the impedance and σ′(ω) data for all
samples and for the neat IL and IL/solvent mixtures (Figure S4). The
impedance spectra are dominated by ionic mobility at the high-
frequency plateau,36 and this value is used for the ionic conductivity of
samples. The conductivity cell constant (k) was determined using a
0.01 M KCl standard (Ricca Chemical, 1412 μS/cm at 25 °C).

Quasi-Elastic Neutron Scattering (QENS). QENS experiments
were performed using a high-flux backscattering spectrometer (HFBS,
NG2) at the National Institute of Standards and Technology Center
for Neutron Research (NCNR). A Si(111) monochromator with an
incident neutron wavelength of 6.27 Å was used, providing an energy
window of ±16 μeV with an energy resolution of ±0.8 μeV and a Q
range at 0.25−1.75 Å−1. QENS spectra were collected at 283 K for 13
h and kept in thermal equilibrium for 20 min at measurement
temperature prior to data collection. Grafted particles at ∼1 mg/mL
(2 wt%) concentration were mixed with pure HMIM-TFSI and
mixtures of HMIM-TFSI/CD3CN and HMIM-TFSI/CD3OD at 50/
50 mass ratio. Annular aluminum holders with 0.2−0.3 mm gaps were
used to minimize multiple scattering. Indium wire was used to seal the
sample holder effectively. The instrument resolution was measured

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c01434
Macromolecules 2020, 53, 6538−6546

6539

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01434/suppl_file/ma0c01434_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01434/suppl_file/ma0c01434_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01434/suppl_file/ma0c01434_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01434?ref=pdf


using a vanadium standard. The raw data were reduced and analyzed
using a DAVE software package.37

■ RESULTS AND DISCUSSION
Solvation of ILs in organic solvents improves the transport
properties by enhancing the diffusivity and ionic conductivity
of ILs.18 Thus, the high power density and energy density can
be achieved with the solvation of IL, which find uses in various
electrochemical devices. Electrochemical impedance spectros-
copy (EIS) measures the ionic conductivity from all charged
species, and it is commonly used to investigate the effect of
solvent association on ILs’ transport properties.21,24,38 Pulsed-
gradient spin echo nuclear magnetic resonance spectroscopy
(PGSE-NMR) measures the time-averaged diffusivity of
cations or anions in dilute systems. The molar conductivity
(Λ) is calculated using the Nernst−Einstein equation:

Λ = ++ −D D( )Ne
kT

2

, where D+ and D− are the diffusivities of

cations and anions, respectively, N is the Avogadro number,
and e is the electric charge on the ionic carrier.18,22,38 The
molar conductivity generally overestimates the actual con-
ductivity of the system because of ion aggregation in pure IL or
IL/solvent or IL/polymer mixtures.21,39−41

High ionic diffusivities and maximum ionic conductivities
were observed at intermediate IL/solvent concentrations.18,25

Our recent results again confirmed that ionic conductivities
reached maxima at equimass compositions of IL and solvent
with varying polarities.42 The improved conductivity results of
IL are purely explained by solvation of the ionic pairs with the
addition of polar solvents that can weaken the cation−anion
interactions. IL diffusivity in polar solvents was also found to
be strongly correlated with high solvent concentrations.18 In
this study, polymer-grafted nanoparticles in HMIM-TFSI/
acetonitrile and HMIM-TFSI/methanol mixtures at equal mass
concentrations were prepared to measure the cation (HMIM+)
diffusion characteristics at small length scales (∼1 nm) in
QENS. EIS experiments were conducted to reveal how
addition of grafted chains and solubility of the polymer in
the solvent affects the ionic conductivities of HMIM-TFSI.
QENS measures the translational diffusion and diffusive-like

dynamics on the length scale of fractions of a nanometer and
the time scale of a few nanoseconds to picoseconds.43 QENS is
sensitive to isotopes with large incoherent neutron scattering
cross sections. The incoherent scattering, coherent scattering,
and absorption cross sections of all species used in this work

Figure 1. QENS data of HMIM-TFSI in different solvents. (a) Representative experimental QENS spectra for the HMIM-TFSI/CD3OD mixture
at Q = 0.252 Å−1

fitted with delta function, single Lorentzian function, and linear background. (b) Experimental QENS spectra for HMIM-TFSI/
CD3CN and HMIM-TFSI/CD3OD mixtures at 1:1 mass ratio. Black solid lines are the total fitting to the scattering data. (c) Jump diffusion model
fit to the HWHM of QENS data of HMIM-TFSI/CD3CN and HMIM-TFSI/CD3OD mixtures. Error bars represent the standard deviation of
Lorentzian fit. Solid lines show the jump diffusion model fits to the data. (d) Diffusivity and residence time of the HMIM+ cation in neat HMIM-
TFSI and HMIM-TFSI/CD3CN and HMIM-TFSI/CD3OD mixtures deduced from the jump diffusion model. Note that diffusivity and residence
time for neat IL refer to the long-range (slow) translational diffusion measured using the BASIS at ORNL. Error bars represent one standard
deviation throughout the text.
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are given in Table S1. The low incoherent signals from Fe3O4
nanoparticles and deuterated PMMA allow us to probe the
incoherent scattering from the hydrogens of the HMIM+

cations only in QENS since there is no hydrogen in the
TFSI− anion. The effect of cosolvents, deuterated acetonitrile
(CD3CN) and deuterated methanol (CD3OD), on cation
(HMIM+) dynamics is presented with the QENS data. We will
use IL for HMIM-TFSI in the rest of the paper. The scattering
from the HMIM+ cation is reduced following the reduction
protocol used in QENS experiments simply by implementing
the below equation

δ= [ + − ]ⓧ

+

I Q E X Q E X Q S Q E

R Q E B Q E

( , ) ( ) ( ) (1 ( )) ( , )

( , ) ( , )
IL

(3)

X(Q) represents the fraction of elastic scattering, δ(E) is the
delta function for the elastic contribution to the measured
spectra, and (1 − X(Q)) is the quasi-elastic component of
QENS contributing to the overall scattering intensity. S(Q, E)
is the dynamic structure factor, R(Q, E) is the instrument
resolution function, and B(Q, E) is the linear background term.
S(Q, E) is fitted to a single Lorentzian function as shown in the
following:

π
= Γ

Γ +
S Q E

Q
Q E

( , )
1 ( )

( )2 2 (4)

where Γ(Q) represents the broadening of the S(Q, E)
functions in terms of half widths at half-maxima (HWHM)
of the Lorentzian function. The total fittings of delta and single
Lorentzian functions and linear background on a representative
QENS spectrum are shown in Figure 1a for HMIM-TFSI/
CD3CN at Q = 0.252 Å−1. Figure 1b shows the higher intensity
at zero energy transfer in IL/CD3OD compared to IL/CD3CN
in the QENS spectra, which is due to the slightly higher IL
mole fraction (93 mol %) in CD3OD solution than in CD3CN
(91 mol %). The broadening of the QENS spectrum represents
fast translational diffusion. It is clearly seen that IL/CD3CN
has higher broadening than the IL/CD3OD within a Q range
from 0.25 to 0.75 Å−1 (Figure 1c), resulting from enhancement
of diffusion mobility. The data between Q = 0.75 and Q = 1.75
Å−1 were ignored for samples containing solvents as the
dynamic process in such a small length scale is very fast and
shorter than time windows of HFBS. Future experiments are

planned in disk chopper spectroscopy to investigate the cation
diffusion at a higher Q range. Figure 1c shows the Q2-
dependence of HWHM and fits with the jump diffusion model,
originally proposed by Singwi and Sjölander44 with the given
equation

τ
Γ = ℏ

+
Q

DQ
DQ

( )
1

2

2 (5)

Here, D is the diffusion coefficient, τ is the characteristic
residence time, i.e., the average time that a particle spends at a
site before moving rapidly (jumping) to another site, ℏ is the
reduced Planck’s constant, and Q is the scattering vector.
Unlike Brownian motion that is valid for continuous motions,
the jump diffusion model describes translational motion with
concrete events and exponentially distributed jump lengths.44

The residence time can serve as a measure of the time between
proton transfer events.45 The diffusivity (D) and characteristic
residence time (τ) of HMIM+ cations in two solutions and the
neat IL are plotted in Figure 1d. The neat IL was measured
using a BASIS backscattering spectrometer at Oak Ridge
National Laboratory (ORNL), and its dynamic structure factor
was fitted with a sum of two Lorentzian functions to deduce
slow and fast diffusion processes.19 The slow dynamics
corresponds to the long-range unrestricted diffusion, and the
slow dynamics is presented in Figure 1d. With addition of the
solvent (either acetonitrile or methanol), the diffusivity was
increased by a factor of 4, as shown in Figure 1d. The residence
time correspondingly decreased with higher diffusion mobility.
This result is consistent with the previously reported QENS
results on the enhanced diffusivity of cations in solvents with
high dipole moments.25 It was shown that the BMIM+ cation
exhibited the increased mobility when mixed with acetonitrile
(an apolar solvent) compared with methanol (a polar
solvent).25 The higher diffusivity of the BMIM+ cation than
the HMIM+ cation in the same solvent mixtures was attributed
to the lower viscosity of BMIM-TFSI (51 mPa·s)46 compared
to HMIM-TFSI (70.09 mPa·s)47 and different dynamic ranges
and energy resolutions of the two QENS instruments.
PMMA can be solvated with 1-ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) and interacts
with the TFSI− anion, prohibiting the formation of ion
clusters.48 The increase in the number of ion carriers indicated
that PMMA can promote the ion dissociation between EMIM+

Figure 2. QENS data of HMIM-TFSI with polymer-grafted nanoparticles. (a) QENS spectra for HMIM-TFSI with PMMA-grafted nanoparticles
with two grafting densities of 0.01 and 0.04 chains/nm2 at Q = 0.252 Å−1. The grafted particle concentration is 2 wt % in both solutions. Black solid
lines are the total fitting to the scattering data. (b) Jump diffusion model fits to the HWHM of QENS data of PMMA-grafted nanoparticles in
HMIM-TFSI. Error bars are the standard deviation of Lorentzian fits. Solid lines show the jump diffusion model fits. (c) Diffusivity and
characteristic residence time of neat HMIM-TFSI (from ref 19) and PMMA-grafted particles of 0.01 and 0.04 chains/nm2 in HMIM-TFSI.
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and the TFSI− anion.48 Two relaxation processes of EMIM+

probed in the PMMA ion gel system49 were attributed to the
diffusion of free ions in bulk EMIM-TFSI and to the ions that
were bound to PMMA. Coulombic interactions between
PMMA and the TFSI− anion of HMIM-TFSI can dissociate
the HMIM-TFSI and hence increase the number of free
cations.19 Subsequently, the enhanced long-range unrestricted
diffusion of HMIM+ cations in well-dispersed grafted nano-
particles was measured in QENS.19 Other works with PMMA-
grafted nanoparticles in imidazolium-based IL shows the good
stabilization of particles by DLS (dynamic light scattering) and
TEM.50−52

It is expected that the swelling of PMMA brushes with IL
depends on the grafting density and chain length. We
synthesized deuterated PMMA (27.4 and 38.1 kDa)-grafted
iron oxide nanoparticles with 0.01 and 0.04 chains/nm2 graft
densities. The QENS spectra of the two grafted samples (2 wt
% in HMIM-TFSI) overlapped well within the whole energy
transfer range at a representative Q value of 0.252 Å−1, as seen
in Figure 2a. The raw data suggest that the translational
diffusion of HMIM+ cations is almost identical with particles at
different graft densities. The Q2-dependent HWHM of
Lorentzian functions in Figure 2b represent the similar
mobility. The residence times of cations are higher than
those of the neat HMIM-TFSI, and correspondingly, their
diffusivity is smaller, as seen in Figure 2c. This slowing down in
mobility was attributed to the viscosity increase with the
addition of grafted particles. Simply, adding nonconducting
polymer-grafted particles lowers the diffusivity of ionic liquids
only slightly because of the low particle concentration in IL.
Knowing that solvent polarity and solvent diffusivity

enhance the ion mobility,42 next we studied how solvent
addition contributes to the fast dynamics of IL containing
PMMA-grafted particles in QENS. Dynamic light scattering
results of grafted particles in IL/acetonitrile and IL/methanol
mixtures showed that particles agglomerated due to weak
solubility of PMMA in methanol and they well dispersed in
acetonitrile as a result of good solubility of PMMA in
acetonitrile.42 The miscibility of PMMA-grafted particles in
acetonitrile and methanol is supported by TEM data, as shown
with well dispersion in neat IL and IL/acetonitrile mixture for
both grafting densities (Figure 3). The phase segregation of
particles suggests the limited interactions between the IL and
polymer. The solvation effect induced by ion−dipolar
interactions between PMMA−IL and IL−solvent has been
previously observed by ionic conductivities in our previous

work.42 With the QENS results discussed below, we underpin
how polymer-coupled anions facilitate the cation dynamics of
IL.
QENS spectra of IL/CD3CN and IL/CD3OD mixtures with

two different PMMA-grafted particles are presented in Figure
4a,c. The slight decrease in HWHM of the IL/CD3CN and IL/
CD3OD mixtures after adding grafted particles suggests the
slowing down in dynamics of IL (Figure 4b,d). However, the
cation diffusivities obtained from the jump diffusion model
indicate faster dynamics with the particles in CD3CN, as
shown in Figure 4e. Residence times in both solvents indicate
that IL dynamics slowed down with particle addition in both
solvents (Table S2). The larger residence times for the IL/
CD3CN with particles than the neat IL/CD3CN and also than
the particles in CD3OD are in line with the raw data (Figure
4b,d) but are not consistent with diffusivity results. This is
because the ions can reside at longer times between two jumps
but still can diffuse faster.
Acetonitrile (CD3CN) was added to decrease the viscosity

and hence to enhance the transport of ionic species. CD3CN is
a good solvent for PMMA and miscible with ILs.29−31,53 The
IL containing the high graft density (0.04 chains/nm2)
particles has higher diffusivity than the IL with the low graft
density (0.01 chains/nm2) particles. This interesting finding
reveals that the number of PMMA chains interacting with
TFSI− anions increased the number of the free HMIM+ cations
and their diffusivity. The polymer-coupled anion and increased
diffusion of cation carriers were shown in our previous study,19

but here, we present the grafting density and solvation effect
on cation mobilities. In methanol, PMMA chains are in
collapsed states, so mixing of IL and PMMA is limited and a
decrease in cation diffusivity is observed. We conjecture that
the lower interaction between PMMA and IL/methanol does
not contribute to solvation of IL with PMMA, and thus
diffusivity of IL remains almost the same for both grafted
particles in methanol.
The conductivities of all samples are presented in Figure 5a.

We found that the ionic conductivity trend is consistent with
the cation diffusivity results. Conductivity was measured to be
higher in IL/CD3CN for both grafting densities, and the higher
grafting density particles exhibited the higher conductivity in
both CD3CN and CD3OD. While the solvent solvated the IL,
the swelling state of brushes also dictated the solvation process,
thereby increased the preferential ion−dipole interactions
between the anions and PMMA (Scheme S1). The IL was
solvated by CD3OD at a lesser extent, and the grafted polymer

Figure 3. TEM micrographs of PMMA-grafted particle solvent cast from THF, neat HMIM-TFSI, and HMIM-TFSI/acetonitrile and HMIM-
TFSI/methanol mixtures.
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shrunk to minimize interfacial energy.25 As a result of both
factors, conductivity decreased. Figure 5b shows the deviation
of the normalized conductivity for two grafting density
particles in both solvents. The conductivity of samples, grafted
particles in IL/solvent, was normalized by the conductivity of
IL/solvent solutions, σ′/(ϕσIL/solvent′ ), where ϕ and σIL/solvent′
are the volume fraction and conductivity of IL/solvent,
respectively. An increase of 5−20% in conductivity of the
IL/CD3CN mixture with the addition of particles is attributed
to the small concentration of particles in mixtures.

■ CONCLUSIONS

In this work, we focus on how polymer/solvent and ionic
liquid/solvent interactions influence the cation mobility and
ionic conductivity of HMIM-TFSI. We systematically meas-
ured the cationic mobility of HMIM-TFSI/solvent and of the
same solutions with PMMA-grafted nanoparticles in QENS
experiments. The solvent addition to neat HMIM-TFSI
enhanced the diffusivity of HMIM+ cations as a result of
solvation. The unusual fast mobility of cations is observed for

Figure 4. QENS data of HMIM-TFSI in the presence of grafted nanoparticles with two different solvents. (a) QENS spectra at Q = 0.252 Å−1 of
PMMA-grafted nanoparticles with 0.01 and 0.04 chains/nm2 in HMIM-TFSI/CD3CN. (b) Quadratic dependence of HWHM from Lorentzian
broadening of HMIM-TFSI/CD3CN samples. (c) HMIM-TFSI/CD3OD and PMMA-grafted nanoparticles with 0.01 and 0.04 chains/nm2 in
HMIM-TFSI/CD3OD and (d) their HWHM fittings to the jump diffusion model. (e) Diffusivities deduced from the jump diffusion model fits for
all samples. The grafted particle concentration is ∼1 mg/mL (2 wt %), and the mass ratio of HMIM-TFSI/CD3CN and HMIM-TFSI/CD3OD is
50/50.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c01434
Macromolecules 2020, 53, 6538−6546

6543

https://pubs.acs.org/doi/10.1021/acs.macromol.0c01434?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01434?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01434?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01434?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01434?ref=pdf


HMIM-TFSI containing high grafting density particles. The
cationic mobility and ionic conductivity results are explained
by the conformational state of brushes in good and bad
solvents. Particles with higher density graft chains offer more
PMMA chains that can interact with TFSI− anions, and thus
the increased number of free HMIM+ cations leads to faster
ion mobility in HMIM-TFSI/acetonitrile mixtures. The poor
solubility of PMMA in methanol hinders the transport
properties and solvation of HMIM-TFSI. This study
demonstrates that the conductivity and mobility of ionic
species of HMIM-TFSI can be improved by incorporating the
PMMA-grafted particles into HMIM-TFSI at a minimal
amount. It is anticipated that transport properties of ionic
liquids can be further enhanced with high loadings and with
the dispersion state of grafted particles.
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