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Abstract

We incorporated polymer-grafted nanoparticles into ionic and zwitterionic liquids to explore the solvation
and confinement effects on their heterogeneous dynamics using quasi-elastic neutron scattering (QENS).
1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (HMIM-TFSI) mixed with deuterated
poly(methyl methacrylate) (d-PMMA)-grafted nanoparticles is studied to unravel how dynamic coupling
between PMMA and HMIM-TFSI influence the fast and slow diffusion characteristics of the HMIM*
cations. The zwitterionic liquid, 1-butyl-3-methyl imidazole-2-ylidene borane (BMIM-BHs;) is critically
selected and mixed with PMMA -grafted nanoparticles for comparison in this work as its ions do not self-
dissociate and it does not couple with PMMA through ion-dipole interactions as HMIM-TFSI does. We
find that long-range unrestricted diffusion of HMIM™* cations is higher in well-dispersed particles than in
aggregated particle systems, whereas the localized diffusion of HMIM™ is measured to be higher in close-
packed particles. Translational diffusion dynamics of BMIM-BHj; is not influenced by any particle
structures suggesting that zwitterions do not interact with PMMA. This difference between two ionic
liquid types enables us to decouple polymer effects from the diffusion of ionic liquids, which is integral to
understand the ionic transport mechanism in ionic liquids confined in polymer-grafted nanoparticle

electrolytes.

1. Introduction

Ionic liquids (ILs) are molten salts that have melting temperatures lower than 100 °C. They exhibit
outstanding advantages over other solvents, such as negligible vapor pressure, high thermal and
electrochemical stability. These properties make ILs designer liquids for various applications in
electrochemical energy storage systems'?, gas capturing, or membrane separation processes*®. ILs
usually consist of inorganic anions and asymmetric organic cations which contain polar heads and alkyl
chains. The structural and dynamical heterogeneities of ILs were investigated in both simulations” and

experiments using neutron spin echo spectroscopy!?, X-ray diffraction® ', and quasi-elastic neutron
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spectroscopy'?> 13. Both heterogeneities were affected by the confinement of IL inside different hosts (e.g.
porous structures) where fastening' 15 or slowing down!¢!8 in translational motion of IL was measured.
Surface chemistry, size and charging state of the pores influence the dynamics of electrolyte ions through
the rearrangement of molecules within IL aggregates'®. It was recently suggested that the molecular
conformation of IL ions is altered upon applying electric fields when they are confined in mesoporous
carbon®’. Mobility of ions and controlling ionic aggregation in bulk ILs leads to their high ionic
conductivity. For example, adding aprotic solvents to IL screens anion-cation interactions and hence
solvates the ion clusters?!.

Polymers solvated by imidazolium salts exhibit better thermal stability and lower glass-transition
temperature?>24, It was shown that Coulombic interactions between poly(methyl methacrylate) (PMMA)
and TFSI- anion of I-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) can
prohibit the formation of ion clusters?. The ion-dipole interactions between TFST- and PMMA can self-
dissociate the EMIM-TFSI, thereby increase the number of free cation carriers. Two relaxations of the
EMIM* measured in quasi-elastic neutron scattering spectrometer were attributed to the dynamics of free
ions in bulk EMIM-TFSI and to the ions that were bound to the PMMA!2. The slower dynamic process
was assigned to the higher T, of IL when it bounded with PMMA; and the faster dynamics was for the
bulk IL. Motion of ions coupled to the polymer was found to be slower than the translational diffusion of
free ions'?. These findings on PMMA-based ion gels are critically important for designing soft and
mechanically strong membranes with high ionic conductivity and thermal stability for their applications
in electrochemical devices.

In this study, dynamics of HMIM* cations of  1-hexyl-3-methylimidazolium
bis(trifluormethylsulfonyl)imide (HMIM-TFSI) containing PMMA-grafted Fe;O, nanoparticles is
investigated in quasi-elastic neutron scattering (QENS). Using deuterated grafted chains, we were able to
selectively probe the diffusion of HMIM" cations. This local dynamics information is then coupled to the
dispersion of PMMA-grafted nanoparticles in HMIM-TFSI, and the effects of solvation, Coulombic

interactions and spatial confinement of HMIM-TFSI within particle structures are discussed. The IL-
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particles system is compared with a particle-free system to assess how the cation diffusion is influenced
by the PMMA-grafted particles. Furthermore, comparison of QENS results on the dynamics of HMIM*
cations within well-dispersed and aggregated grafted particle structures allows us to gain an insight on the
influence of ion-polymer interactions on the ion transport mechanism. To complement and achieve this
important task, a new zwitterionic liquid (ZIL)>, 1-butyl-3-methyl imidazole-2-ylidene borane (BMIM-
BHj;) is utilized as a solvating medium for the PMMA-grafted particles. Because of the zwitterionic
nature, ions do not self-dissociate in this new ZIL, hence ionic motions are expected to decouple from
interactions between PMMA and ionic liquid. Thus, it is anticipated that the QENS signals from particles
in BMIM-BH; result from more simple relaxation processes where BMIM-BH; freely diffuses without
interacting with polymers. This feature will enable decoupled ion transport in polymer electrolytes, which

is not possible with the current self-associating ILs.

2. Experimental Section
Sample Preparation. Deuterated MMA (d8-MMA 98%) and 1-hexyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide (HMIM-TFSI) were purchased from Polymer Source and IoLitec, lonic
Liquids Technologies, respectively. The zwitterionic liquid 1-butyl-3-metylimidazol-2-ylidene borane
(BMIM-BHj3), shown in Scheme 1, was prepared as described previously?. This new IL has good
solubility in toluene, low viscosity of 181 cP at 25°C, and it is thermally stable at 100 °C. Its
electrochemical reductive stability is better than similar conventional ILs and its simple one-pot synthesis
offers its use in electrochemical devices? 26, 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.
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Scheme 1. Structure of (a) HMIM-TFSI and (b) zwitterionic liquid, BMIM-BHj3.

Nanoparticle Synthesis. Fe;O4 nanoparticles of 26 nm and 7 nm in diameter were synthesized by high-
temperature thermal decomposition method. The synthetic procedure of nanoparticles (26£3 nm) capped
with oleic acid includes two steps?’: synthesis of iron-oleate complex by ion exchange of iron chloride
and sodium oleate salts; and thermal decomposition of the iron-oleate precursor. The one-step reaction of
(71 nm) nanoparticles utilizes iron(Ill)acetylacetonate, Fe(acac),, as a precursor and uses both oleic acid
and oleylamine as surface ligands?® which results in nanoparticles at high yields with no by-products.
Particle size and distributions were obtained by analyzing the transmission electron microscopy (TEM)
data in ImagelJ through sampling over hundreds of particles. The representative TEM micrographs of bare
particles and their particle size histograms are shown in Fig. S1+.

Preparation of CPDB-Anchored Fe;O4 Nanoparticles. CPDB (4 mg/mL in THF) was added drop-
wise into nanoparticle solution of 2 mg/mL and sonicated in a bath sonicator. The mixture was stirred at
room temperature for 24 h. Particles were washed following the previously reported protocol to remove
excess CPDB?°. The mixture was precipitated by adding a large amount of cyclohexane and ethyl ether
(4:1 volume ratio), centrifuged at 3,000 rpm for 15 min and re-dissolved in 25 mL of THF. The washing
procedure was repeated three times.

Surface-Initiated Reversible Addition-Fragmentation Chain-Transfer (SI-RAFT) Polymerization
of d-MMA on Fe;O, Nanoparticles. CPDB-anchored Fe;0, particles, d-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 ice water to terminate the polymerization via quenching. To purify

the grafted particles, ethanol was added to the solution and centrifuged at 6,000 rpm. The washing step
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was repeated several times till the supernatant solution was clear after addition of ethanol. The
supernatant was removed, and particles were re-dissolved in THF. This procedure was repeated several
times to remove the free PMMA chains.

Structural Characterization. TEM data were collected using two instruments, FEI TITAN THEMIS
200 TEM located at the CUNY-ASRC Imaging Facility operated at 200 kV and a double Cs corrected
JEOL JEM-ARM200F (S)TEM operated at 80 kV and equipped with a cold-field emission gun and a
high-angle silicon drift Energy Dispersive X-ray (EDX) detector (solid angle up to 0.98 steradians with a
detection area of 100 mm?) at the Max Planck Institute of Colloids and Interfaces, Germany. Annular
dark field scanning transmission electron microscopy (ADF - STEM) images were collected at a probe
convergence semi-angle of 15 mrad. 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 in thermo-gravimetric analyzer (Q50 TGA,
TA Instruments), and the grafting densities were calculated as reported in the previous work’. The
weight-averaged molecular weight (M,,) of d-PMMA grafted on 26 nm particles was determined using a
gel permeation chromatography-light scattering (GPC/LS) device after etching the particles. The GPC/LS
system in our laboratory is equipped with a VARIAN PL 5.0um Mixed—C gel column (7.5 mm ID), a
light scattering detector (miniDawn, Wyatt Technology) and a refractive index detector (Optilab rEX,
Wyatt).

The molecular weight of d-PMMA grafted chains on 7 nm particles was estimated by utilizing our
TGA data library of synthesized grafted particles collected over the years in our laboratory. The mass
ratio of grafted chains and core particles (mpyva/myp) Was plotted as a function of the ratio of grafting
density (o) and M,, by compiling the data of particles with graft densities lower than 0.2 chains/nm?
(shown in Fig. S2t). With the measured mass ratios of samples, the corresponding grafting densities and
molecular weights for these two samples were determined by using the calibration line of the weight loss

amounts for varying (o/M,,). Particles grafted on 26 nm particles were measured to have 138.4 kDa
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(dispersity of 1.05) d-PMMA chains at 0.09 chains/nm? density as determined by GPC/LS and TGA
instruments. Samples measured in QENS experiments are summarized in Table 1. Note that 138.4 kDa
sample has a larger particle core size.

Table 1. Characteristics of d-PMMA-grafted Fe;O, nanoparticles.

grafted chain grafting particle core
M,, (kDa) density, o size (nm)
(chains/nm?)
39.9 0.08 7+1
40.2 0.11 7+1
138.4 0.09 26+3

Quasi-Elastic Neutron Scattering (QENS). QENS experiments were performed on the BASIS
backscattering spectrometer at the Spallation Neutron Source, Oak Ridge National Laboratory3!. The final
energy of scattered neutrons was selected by Si(111) analyzer crystals with a Bragg reflection at 88° and a
wavelength of A = 6.27 A, providing energy resolution of 3.5 pueV and momentum transfer vector (Q)
range of 0.2-2.0 A-!. The dynamic range was chosen as £100 peV for data analysis. Grafted particles were
mixed with HMIM-TFSI or BMIM-BH; at 2.5-3.5 wt% particle concentrations. 0.5 mL sample solution
was loaded into cylindrical annular aluminum sample holders of 0.05 mm gap. Sample cans were sealed
with 0.06 mm indium O-ring. Sample temperature was controlled using a closed cycle refrigerator (CCR).
First, we performed elastic scans at 300 K on each sample of grafted particle solutions. Samples were
then cooled down to 20 K to measure the sample specific instrument resolution. Elastic intensity data was
recorded by ramping up the temperature from 20 K to 375 K at a heating rate of 5 K/min. Data at 300 K
of neat HMIM-TFSI and BMIM-BH; was collected during heating from 20 K to 375 K. QENS spectra
were collected at 300 K and 340 K for the neat liquids and at 300 K for the grafted samples. Data was

reduced by the Mantid software3? and was analyzed using the DAVE software?.
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3. Results and Discussion

Elastic and quasi-elastic neutron scattering results of two model ionic liquids, HMIM-TFSI and BMIM-
BH;, in the presence of polymer-grafted nanoparticles are investigated to understand how particle
structures and polymer coupling influence dynamic processes of ions.

Elastic neutron scattering. The elastic intensity at zero energy transfer was measured in fixed energy
window scans as a function of temperature. Elastic intensity decreases sharply at the temperature where
dynamic processes are activated which are fast enough to enter the spectrometer resolution window?* 3.
The monotonic decrease of elastic intensities averaged over Q=0.2-2.0 A-! during heating is shown in Fig.
1. The data of two PMMA-grafted particles (39.9 kDa d-PMMA with 0.08 chains/nm? graft density and
40.2 kDa d-PMMA with 0.11 chains/nm? graft density) overlaps with the elastic intensity data of their
corresponding neat ionic liquids. Fig. 1a and c show the elastic intensities of these two grafted particles in
BMIM-BH; and in HMIM-TFSI, respectively. The sharp increase in the elastic intensity at around 250 K
is designated to the crystallization of HMIM-TFSI, which is in agreement with differential scanning
calorimetry (DSC) measurement that shows an exothermal peak due to crystallization of the low
temperature amorphous phase at 250 K (Fig. S3t). This elastic behavior is similar to the crystallization
observed in other type of ionic liquids®. The crystallization temperature of neat HMIM-TFSI was

reported as 243 K in a previous work®®. The mean-squared displacement, (u?), can be extracted by fitting

1
the elastic intensity with the equation'?: I(Q, E =0) < exp ( — §(u2) Q?) and starts to diverge around the

glass-transition temperature (T,) of each ionic liquid. T,’s of 252 K and 229 K, which are higher than T,’s
measured in DSC (T, gvv-prs: 208 K?° and T, pviv-rrsi: 183 K37'), are marked in Fig 1 for neat BMIM-
BH; and HMIM-TFSI, respectively. With the addition of PMMA-grafted particles to each ionic liquids,

T,’s are unchanged.
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Fig. 1 Q-averaged elastic intensities and mean-squared displacements of the neat and d-PMMA -grafted
nanoparticles in (a-b) BMIM-BH; and in (¢-d) HMIM-TFSI as a function of temperature. T, is marked on

the mean-squared displacements plots with an arrow.

Dynamic processes measured in QENS. QENS is a powerful technique to measure the dynamic
processes on the time scale of a few picoseconds and length scale below one nanometer. Dynamic
characteristics such as jump diffusion coefficient (D), characteristic residence time between jumps (1) and
jump length (I) can be obtained from quasi-elastic scattering. 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 are given in Table S1. As shown, the incoherent scattering
cross sections of Fe;O4 and d-PMMA are completely negligible. The scattering signal mostly comes from
the protons of HMIM* and of BMIM-BH;. QENS spectra were collected above the melting temperature

of each ionic liquid. The normalized QENS spectra of two sets of samples (PMMA-grafted particles in
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HMIM-TFSI and BMIM-BHj3) at Q = 1.5 A! are presented in Figs. 2a-b. We analyzed the dynamic
structure factor with a sum of two Lorentzian functions using the DAVE software. The measured QENS
intensity as a function of energy at specific Q is given by the following equation and shown in Fig. 2a-b:
I(QE) = [X1(Q)8(E) + (1 —X1(Q))S(Q.E)|®R(Q,E) +B(Q,E), where X,(Q) represents the fraction of
elastic scattering, o(E) is the delta function, S(Q,E) is the dynamic structure factor, B(Q,E) is the linear
background term, R(Q,E) is the instrument resolution function. S(Q,E) of pure ionic liquid and grafted

particles in ionic liquids were fit with a sum of two Lorentzian functions!- ' for two different processes of

) 1 TiQ 1 T(Q
slow and fast dynamics: S(Q,E) = pz(Q)m +(1-— pz(Q))m, where p,(Q) and (1-p»(Q))

are relative weight of the second and first Lorentzians. I'1(Q) and I'»(Q) terms represent the broadenings

in the S(Q, E) functions in terms of half widths at half maxima (HWHM) of double Lorentzian functions

for the fast and slow dynamic components, respectively.

@ ——

O HMIM-TFSI O BMIM-BH,
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Fig. 2 Representative QENS spectra of (a) pure HMIM and HMIM with PMMA-grafted particles, (b)
pure BMIM-BH; and BMIM-BH; with PMMA-grafted particles at 300 K, Q = 1.5 A-'. The black solid

lines are the total fitting to the scattering data.

The two-component model was used to describe the translational dynamic processes of neat L33 3839
and IL that is confined in ionogels'® and in nanopores'. In classic translational diffusion, the HWHM has

a OQ°-dependence which is described by the jump dynamics model, as expressed by the equation: I'(Q) =

10
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hDQ?
1+ DQ%*r

D is the diffusion coefficient, t is the characteristic time between jumps of a diffusive entity

(residence time) and § is the reduced Planck’s constant. The HWHM of the Lorentzian QENS broadening
of pure HMIM and BMIM-BH; at 300 K and 340 K are shown in Fig. 3. The broad and narrow
Lorentzian broadenings fit to a jump diffusion model, representing the translational motions. The broad
component is related to local constrained translational diffusion for the faster process (Fig. 3a). The
narrow component is associated with long-range unrestricted translational diffusion for the slower process
(Fig. 3b). Diffusion coefficients obtained from the fast and slow dynamics processes for two temperatures
are shown in Table 2. The local translational diffusion (Dy) and the long-range diffusion coefficients
(Dsiow) are very close for both HMIM and BMIM-BH; at 300 K. Dy, (local translational dynamics)
slightly decreases as temperature increases to 340 K. Dy, increases at 340 K for both HMIM and BMIM-
BHj;. We note that for slow motion at 340 K, the model fits well to the experimental data between 0.3—1.3
A-1Q range (Fig. 3b). The drop in data points at Q = 1.7 A-! for both pure HMIM and pure BMIM-BHj at
340 K indicates the narrowing of quasi-elastic line width which is a result of the molecular confinement
as defined by the de Gennes narrowing effect®’. Note that HWHM levels off for the fast component below
0.9 A-! for pure BMIM-BH; and 0.5 A-! in pure HMIM-TFSI (Fig. 3a) indicating the spatially confined
dynamics within ionic clusters in pure ionic liquids. The radius of a sphere (a) where particles are
confined can be calculated by fitting the elastic incoherent structure factor (EISF) to the Equation3> 3% 41

3j1(Qa) 2 . . . .
EISF =c; +(1—c1)(hQiaa) , where j; is the first order of spherical Bessel function and c¢; is the

“immobile fraction”. The EISF graphs are presented in Fig. S4F. The confinement radius (a) is found to
be 3.67+0.28 A for BMIM-BH; and 4.05+0.24 A for HMIM-TESI. ¢, is calculated as 0.08 and 0.05 for
BMIM-BH; and HMIM-TFSI, respectively. These results are reasonable as ionic aggregation will be
limited in BMIM-BH; because of its zwitterionic character. In addition, we calculated fractions of fast
and slow diffusion processes using the areas of two Lorentzian functions for pure HMIM-TFSI and pure
BMIM-BH; (Fig. 4). Fraction of the protons participating in the fast process (local constrained

translational motion) increases with increasing Q at 340 K more than that measured at 300 K. At high Q,

11
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it reaches to 0.8 at 340 K for both liquids. These results combined with EISF analysis result support the
spatially confined process of local dynamics. Our result is consistent with the QENS results of dIM-TFSI

as reported by Hoarforst et al*2.

(a) (b)

60

A BMIM-BH, 300 K A BMIM-BH, 300K
5| O BMIM-BH, 340K g 810 BMIM-BH, 340 K 1
A HMIM-TFSI 300 K A HMIM-TFSI 300 K
O HMIM-TFSI 340 K 0 HMIM-TFS] 34
al ] 6 y
S N
! 13
_ 4k i
—~ [ A
20 8 A 4 A
o
2F =) B
10 - -
0 1 1 1 0 1 1 1 .
0 1 2 3 4 0 1 2 3 4
2 2
Q (&2 Q* (&%)

Fig. 3 Quadratic dependence of HWHM from double Lorentzian broadenings of pure HMIM-TFSI and
pure BMIM-BHj; for (a) fast and (b) slow processes. Lines show the jump diffusion model fits to the data.

Error bars represent the standard deviation of the Lorentzian fits.

Table 2. Diffusion coefficients (D) of neat HMIM-TFSI and BMIM-BH; for fast and slow processes.

neat HMIM-TFSI neat BMIM-BH;

Dfast Dslow Dfast Dslow

Temperature () (g me ey (1000m2 sy (100 mesYy (100 mes)

300 21.46+3.99 0.91+£0.15 19.56+6.66 0.76+£0.13

340 19.24+1.93 1.84+0.24 18.61£1.85 2.31+0.28

12
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Fig. 4 Fraction of fast process as a function of Q at 300 K and 340 K of neat HMIM-TFSI and neat
BMIM-BH;.

Next, we discuss the most prominent result of the study, which is the interpretation of QENS data of
HMIM-TFSI and BMIM-BHj in the presence of d-PMMA -grafted nanoparticles. Akin to data analysis of
pure ionic liquids, slow and fast process dynamics are analyzed by applying the jump diffusion model
(Fig. 5). The effective fast and slow diffusion coefficients obtained from the model fits are listed in Table
S2a-b. Characteristic residence times and jump distances are given in Tables S3-S4, respectively. The
lowest Q value is excluded from the fittings in fast processes for BMIM-BH; and HMIM-TFSI (Fig. 5a

and 5b).
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Fig. 5 Quadratic dependence of HWHM from double Lorentzian functions fit to QENS signals of
PMMA -grafted nanoparticles in (a-b) BMIM-BHj; and in (e-d) HMIM-TFSI. (a, ¢) are the fast and (b, d)
are the slow components. Lines show the jump diffusion model fits to the HWHM extracted from the
QENS data. Note that Q values of 0.3 A and 1.9 A-! are excluded from the fitting for all solutions in the
fast processes. For the slow process, data at Q values of 1.7 A-! is excluded for all HMIM-TFSI solutions;
and Q values of 0.3 A and 1.9 A-! are excluded in all BMIM-BH; solutions. In 138.4 kDa-grafted
particles sample, data points at 0.3 A-' and 1.9 A-! are excluded from the fitting.

Fig. 6 shows the long-range dynamic processes (Dyy) and the localized diffusion processes (Dy,g) from

the confined regions of HMIM" and BMIM-BH; with the d-PMMA-grafted particles. With the short

14
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grafted chains (39.9 kDa), Do, of HMIM™ is observed to be higher by a factor of 5 (5.03 x 10-'° m?%s)
compared to the other two grafted particles (approx. 1 x 107! m?/s) and neat HMIM-TFSI (0.91 x 1010
m?/s). We attribute the enhanced diffusivity of HMIM™ to the increased number of free cations as a result
of TFSI- coupling with PMMA in the well-dispersed particles at the low grafting density (39.9 kDa, 0.08
chains/nm?, Fig. 7a). Dy, which denotes the locally constrained motions of cations, is the highest (58.04
x 1019 m?%s, by a factor of 3 compared to the neat IL) in the sample with close-packed particle monolayer
(40.2 kDa with 0.11 chains/nm?, Fig. 7b) as HMIM™ dynamics can be accelerated due to its confinement
in this observed structure. Weak penetration of HMIM-TFSI into 138.4 kDa grafted particles with 0.09
chains/nm? presumably lead to the phase separation of grafted particles as seen in Fig. 7c, hence Dy, and
Dy, of HMIM™ are found to be very close to that in neat form (0.91 x 107! m?/s and 21.46 x 101 m?/s,
respectively). Furthermore, EDX analysis on PMMA-grafted particles confirm that ionic liquids solvate
the chains around the particles (Fig. 8a). The sulfur group in the end-group of PMMA chains is verified
with data presented in Fig. 8b. To the best of our knowledge, this is the first time grafted chains are
observed under scanning transmission electron microscope at this resolution. EDX elemental maps at a
lower magnification show where the ionic liquids are located on the grids. As seen in Fig. S5a-b¥, there is
no phase separation between HMIM-TFSI and particles, indicating good miscibility between grafted
PMMA chains and ionic liquids at large scale. The boron in BMIM-BH; is distributed uniformly over

particles as well (Fig. S5c¢).
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Fig. 6 (a) Local diffusivities (Dy,y) and (b) long-range translational diffusivities (Dgjow) of HMIM* and
BMIM-BH; with three different PMMA grafted nanoparticles.

Fig. 7 TEM micrographs of (a) 39.9 kDa, (b) 40.2kDa, (¢) 138.4 kDa PMMA -grafted nanoparticles in
HMIM-TFSI.
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PMMA-grafted Fe,O, nanoparticles
without HMIM-TFSI

Fig. 8 ADF-STEM images and the corresponding EDX maps recorded using Fe, S, O Ka-signals as
well as maps with overlapped (mixed) of these signals obtained from PMMA-grafted Fe;O4 nanoparticles
(a) with HMIM-TFSI and (b) without HMIM-TFSI.

For the BMIM-BH; based systems with d-PMMA-grafted particles, both fast and slow diffusivities are
close to that of the neat zwitterionic liquid indicating that the local mobility of BMIM-BH3; is unaffected

by particle dispersions (Fig. 6). TEM micrographs of particles in BMIM-BH; show strongly aggregated
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structures with 40.2 kDa and 138.4 kDa samples (Fig. 9b-c). Even with relatively dispersed particles with
an averaged particle-particle distance around 2.8 nm (Fig. 9a), the long-range translational diffusivity of
BMIM-BH; is only slightly higher than in the neat ionic liquid. These results suggest that BMIM-BH;
freely diffuses as in vehicular mechanism without interacting with polymers. The enhanced diffusivity of

HMIM? is related to cation hopping as a result of TFSI- coupling with PMMA.

Fig. 9 TEM micrographs of (a) 39.9 kDa, (b) 40.2 kDa, (¢) 138.4 kDa PMMA-grafted nanoparticles in
BMIM-BH;.

4. Conclusion

This work uniquely focuses on understanding the dynamics of HMIM-TFSI in the presence of PMMA-
grafted nanoparticles. We demonstrated that PMMA coupling with HMIM-TFSI enhances the long-range
HMIM?* cation dynamics. Moreover, the long-range cation diffusion was significantly lower in close-
packed particles compared to well-dispersed particles, and the confinement of HMIM-TFSI within these
aggregated particles dominated the fast process, giving the highest constrained diffusion (~60x101° m?/s)
in HMIM-TFSI. To further understand the polymer coupling effect, dynamics of zwitterionic liquid,
BMIM-BH;, was investigated in the presence of the same grafted particles. We found that diffusion

processes of BMIM-BHj; were not influenced with particle addition or dispersions. The cation diffusion

18
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mechanism within the grafted particle structures substantiates the confinement and polymer coupling

phenomenon that are essential for achieving high conductivity with grafted-particle based electrolytes.

Works on relating the diffusion and conductivity in ion-containing copolymer grafted particles are

currently being carried out to understand the proton transport mechanism in these model ionic liquid

systems.
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Long-range diffusion coefficient (D) of HMIM* cations is higher than that of zwitterionic liquid (BMIM-BH;3) when mixed

with the polymer.



