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Abstract 

We report a novel class of silica ionogels created by dispersing silica nanoparticles 

densely grafted with the ionic liquid 1-trimethoxysilyl propyl-3-methyl-imidazolium 

bis(trifluoromethylsulfonyl) imide  (SpmImTSFI) in a 1-butyl-3-methyl-pyrrolidinium 

bis(trifluoromethylsulfonyl) imide (BmpyrTFSI) IL host.  We find that over the entire 

range of nanoparticle volume fractions studied the systems exist as stable suspensions of 

SiO2-SpmImTFSI in the BmpyrTFSI host. Remarkably, we also find that addition of even 

minute quantities of SiO2-SpmImTFSI to the BmpyrTFSI IL suppresses crystallization of 

the host. The resulting disordered hybrid fluids exhibit liquid-like transport properties 

over a vastly extended temperature range; they open the way for facile synthesis of ionic 

liquids with extended operating temperature windows. These observations are explained 

in terms of ionic coupling of the nanoparticle-tethered and free TFSI anions, which is 

thought to suppress crystallization of BmpyrTFSI.  

Key Words: Ionic-liquid; Electrolytes; Nanoparticles; Crystallization; Tethered 

molecules 
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Introduction 

Ionic Liquids (ILs) are organic salts having melting points below the boiling point of 

water. They generally consist of a bulky cation and anion. The large cation size allows 

for delocalization and screening of charges, resulting in a reduction in the lattice energy 

and thereby the melting point or glass transition temperature. ILs have received 

considerable recent attention as novel solvents for chemical synthesis and as electrolytes 

for electrochemical systems due to their many attractive properties, including ultralow 

vapor pressure, high dielectric constant, thermal stability, and redox robustness.1-5  

Recently, synthesis and stabilization of inorganic nanoparticles in ILs have been 

extensively studied.6-10 Although the use of ILs as solvents for preparation, stabilization 

and functionalization of nanomaterials is only at an infancy stage, the versatility of IL 

properties are broadly understood to offer attractive possibilities for nanomaterials 

tailored for particular applications.11,12  

A subclass of hybrid materials termed ionogels or ion gels, formed by infusing ILs in a 

solid or solid-like phase, has been emerging as novel materials for a variety of 

applications, such as supported catalysis, solid electrolytes, and drug delivery.13 Different 

solid supports have been used to form ionogels: carbon nanotubes14,15, polymers16-18, 

gelators19-20, silica nanoparticles21 and other metal/metal oxide nanomaterials12,22. This 

field is expected to grow rapidly as opportunities the host and IL guest components of the 

hybrids offer for controlling properties are realized.  Furthermore, by adjusting the 

interactions between the IL and its host, task specific or smart ionogels can be 

envisioned.  
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This paper reports on the thermal and mechanical properties of ionogels created by 

dispersing IL-tethered nanoparticles in an IL host. In particular, we study dispersions of 

1-trimethoxysilyl propyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl) imide 

tethered SiO2 (SiO2-SpmImTFSI) nanoparticles in 1-butyl-3-methyl-pyrrolidinium 

bis(trifluoromethyl sulfonyl) imide  (BmpyrTFSI) and find that addition of the SiO2-

SpmImTFSI particles dramatically alter both the thermal and mechanical properties of 

their host at low and high particle loadings.  Addition of as little as 0.1 wt% SiO2-

SpmImTFSI nanoparticles produces measurable changes in the thermal properties of the 

BmpyrTFSI IL. And modest increases in concentration of nanoparticles transformed the 

IL from a plastic crystalline material into a simple liquid, with no evidence of a melting 

transition. Further increase in the nanoparticle concentration leads to enhancements in 

mechanical properties of the ionic liquid. Our findings appear to open the way for novel 

IL-nanoparticle hybrid electrolytes, which do not crystallize. Such materials offer 

exciting opportunities for applications in electrochemical storage and conversion devices. 

The ionic liquid BmpyrTFSI has attracted significant interest both as a so-called plastic 

crystalline material23,24 and as a low-volatility tunable solvent. It is currently under active 

consideration for asymmetric electric double-layer capacitors,25 in electrodeposition,26,27 

and for electrosynthesis.28 BmpyrTFSI has also received attention as a solvent for 

synthesis of lanthanide compounds,29 as well as for complex separation processes and 

supercritical fluid extraction.30-32  BmpyrTFSI is a dense (ρ = 1.4 g/cm3) viscous (µ = 89 

cP) liquid at room temperature.33 Its intrinsic room-temperature ionic conductivity is not 

high, σ = 3.8 x 10-5 S cm-1, but can be increased to an acceptable level for 

electrochemical energy storage applications by addition of an appropriate salt. For 

Page 3 of 31

ACS Paragon Plus Environment

Chemistry of Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Manuscript for submission to Chemistry of Materials, March 2012 

	  

	  

 - 4 -	  

example, a 0.5M solution of lithium bis(trifluoromethylsulfonyl) imide (LiTFSI) in 

BmpyrTFSI exibits an ionic conductivity of 8.7 x 10-5 S cm-1 at 30 oC.34 

Howlett et al. reported that lithium metal electrodes cycled in a 0.5M LiTFSI/BmpyrTFSI 

electrolyte show no sign of dendrite formation at rates up to 1.0 A cm-2.35 BmpyrTFSI 

has also been reported to exhibit an attractive electrochemical stability window of up to 

4.2V and 5.2V vs Fc/Fc+ at current densities of 1 mA cm-2 and 5 mA cm-2, respectively.33 

Additionally, as with many ILs, the material exhibits negligible volatility and excellent 

thermal stability up to its degradation temperature of 583K.33  The self-diffusion 

coefficients for the two constituent ions Bmpyr+ and TFSI- have been reported by the 

same authors to be 2.5  x 10-7 cm2 s-1 and 2.0 x 10-7  cm2 s-1 at 32 oC and the ion 

transference numbers are 0.53 and 0.47, respectively.  

Among the different classes of electrolytes, solid electrolytes have been studied 

extensively due to their inherent advantages in terms of safety and reliability.36-37 ILs 

with solid-like mechanical properties and enhanced functionality are attractive because 

they are potentially useful for electrochemical conversion and storage devices with 

unusual form factors and enhanced safety.38-39 Inorganic nanoparticles incorporated into 

ionogels have, for example, been investigated as electrolytes for dye sensitized solar 

cells.40 Shimano et al. reported that incorporation of silica nanoparticles into IL provides 

a facile route towards solid-like mechanical properties and, under certain circumstances, 

produce minimal effect on IL transport properties such as ionic conductivity.41 Recently 

we reported that hybrid, self-suspended IL’s created by tethering 1-trimethoxysilyl-

undocyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide to ZrO2 nanostructures 

maintain most of the attractive features of the untethered IL, including thermal stability, 
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ionic conductivity and electrochemical stability, but exhibit substantially improved 

mechanical properties and lithium ion transference numbers.42 An important trait of these 

self-suspended hybrid ILs is their soft-glassy flow behavior, which causes them to flow 

and deform like liquids when subjected to high stresses, but to regain solid-like 

consistency when the stress is removed.42-43 In a series of articles, Watanabe and co-

workers have also reported systematic studies of colloidal stability, ionic transport and 

viscoelastic properties of nanocomposites based on silica nanoparticles dispersed in 

ILs.21,44 The authors showed that the surface chemistry and volume fraction of the 

particles can be used to control the stability and flow properties of the nanocomposites. 

The IL/SiO2-SpmImTFSI dispersions used in the current study were created, by blending 

BmpyrTFSI and SiO2-SpmImTFSI in acetone. Removal of the acetone followed by 

rigorous drying of the materials yielded IL/SiO2-SpmImTFSI dispersions with a range of 

SiO2 loadings. Scheme 1 illustrates the procedure used for synthesizing SiO2-

SpmImTFSI. Figures 1(a) and 1(b) are, respectively, the H-NMR spectra for the 

untethered and silica-tethered 1-trimethoxysilyl propyl-3-methyl-imidazolium chloride  

(SpmImCl) precursor dissolved in dimethyl sulfoxide (DMSO) containing 0.03 vol% of 

tetramethylsilane (TMS) as an internal standard. With the exception of the two lines 

associated with the solvent DMSO and TMS, the NMR spectra of both materials are 

consistent with expected results for pure and particle-tethered ILs. In particular, the 

noticeably broader NMR lines evident by comparing Figures 1 (b) and 1(a) are consistent 

with expectations for the tethered imidazolium salt.  

Results from dynamic light scattering (DLS) measurements, Fig. 2(a), shows that the 

hydrodynamic radius of the SiO2-SpmImTFSI particles increases from 4.3 nm to 7.7 nm 
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after tethering the IL to SiO2. The latter result is in agreement with conclusions from 

Transmission electron microscopy (TEM) measurements (Fig. 2(b)), which show that the 

SiO2-SpmImTFSI particles disperse well in BmpyrTFSI and have an average radius of 

ca. 4.8 nm. The modest difference in the SiO2 core size deduced from DLS from the 

unfunctionalized/bare particles and from TEM of the BmpyrTFSI/ SiO2-SpmImTFSI are 

a result of two factors: (i) The slight enlargement of the core size produced by the silane 

coat at the IL-tethered particle surface; and (ii) The fact that the property measured by 

each of the two measurement techniques are sensitive to subtly different moments of the 

particle size distribution.   

Characterization by thermal gravimetric analysis (Fig. 3) shows that the BmpyrTFSI, IL 

host, remains thermally stable up to temperatures around 450 oC (Fig. 3, inset) and that 

the SiO2-SpmImTFSI remains stable up to temperatures about 25 oC higher. The 

enhanced stability of the tethered SpmImTFSI IL is also evident in the IL/SiO2-

SpmImTFSI dispersions containing a large-enough fraction of the tethered IL (see Fig. 3, 

inset), which show two degradation processes that correspond roughly to the two 

components in these blends, BmpyrTFSI and the SpmImTFSI tethered SiO2 

nanoparticles. The TGA trace for the SiO2-SpmImTFSI further shows that the mass 

fraction of the inorganic component (w
inorg

) is around 77%. Taking the density of the 

SiO2 nanoparticles ρ
SiO2

to be 2.2 g/cm3 (i.e. the value for bulk SiO2) and the average 

particle diameter a
SiO2

to be 9.6 nm. (i.e. the estimate from TEM), the TGA data for  

SiO2-SpmImTFSI indicates that there are close to 250 IL ligands tethered to each particle. 

This corresponds to a grafting density ∑ = NA

(1− winorg )

winorg

aSiO2ρSiO2
6M ligand

≈ 0.8 ligands/nm2 and 
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a spacing of around 0.2 nm between the IL ligands tethered to the SiO2 nanoparticle 

particle surface. Here M ligand and NA are, respectively, the molecular weight of the 

tethered IL and Avogadro’s number. 

The main results of the communication are summarized in Figures 4(a) and 4(b). These 

figures report on thermal transitions in BmpyrTFSI IL, as well as for the BmpyrTFSI 

/SiO2-SpmImTFSI dispersions, deduced from differential scanning calorimetry (DSC) 

measurements at a fixed temperature ramp rate of 5 oC/min. Fig. 4(a) shows that pure 

BmpyrTFSI IL manifests a glass transition at a temperature, Tg ≈ -87 oC, a crystallization 

transition at,  Tc ≈ -60 oC, and a melting transition at a temperature Tm ≈ -18 oC. 

BmpyrTFSI also exhibits a metastable phase with melting temperature of -24 oC. The 

crystallization transition following Tg indicates that the as prepared material is in a 

supercooled state. All of the observed thermal transitions are in fair accord with literature 

results.23-24 

Remarkably, Fig. 4(a) also shows that addition of as little as 0.1 wt% SiO2-SpmImTFSI 

nanoparticles to BmpyrTFSI has a dramatic effect on both the crystallization and melting 

transitions, but no effect on the glass transition. Specifically, the figure shows that Tg for 

the BmpyrTFSI IL is unaffected by addition of SiO2-SpmImTFSI, but that both the 

energy change due to crystallization from the supercooled state and from the melting 

transition are considerably reduced; the transition temperatures however remain more or 

less the same. At higher loadings of the SiO2-SpmImTFSI nanostructures, the effect 

remains, but its magnitude is largely unaffected by the nanoparticle content. However, at 

40wt% particle loading (Fig. 4(b)) both the crystallization and melting transitions 
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disappear, and the material exhibits only a glass transition temperature (Tg ≈ -85 oC), 

essentially the same as for the pure BmpyrTFSI.  

Our observations have striking similarities to a recent report, which shows that room 

temperature blending of the salt LiTFSI, a solid, and SiO2-SpmImTFSI nanostructures, 

also solid, yields a liquid with enhanced ionic conductivity and lithium transference 

number.45  X-ray Diffraction analysis of the LiTFSI with and without the SiO2-

SpmImTFSI component, nicely show that the fluidity of the blends originate from the 

ability of the SiO2-SpmImTFSI to disrupt crystallization of the salt. As an explanation for 

the effectiveness of the SiO2-SpmImTFSI particles in suppressing crystallization of their 

IL host in the present case, we hypothesize that the common counterion (TFSI) 

effectively couples the nanopaticle-tethered IL cations (Im+) and free Bmpyr+ ions, 

which hinders crystallization of the BmpyrTFSI IL.  

The ionic radius of the bis(trifluoromethanesulfonyl)imide (TFSI) anion has been 

estimated using hole theory to be 0.36 nm,46 and the Van-der-Waals radii of TFSI  has 

been reported to be 0.33 nm.46-47 Based on the ligand spacing of 0.2 nm calculated earlier, 

this  implies that there is simply not enough space on the particle surface for each TFSI 

ion to be associated with a single tethered imidazolium ligand. Thus, it can be argued that 

the seeds for non-specific coupling between the free BmpyrTFSI and particle-tethered 

SpmImTFSI are already present at the particle surface; perhaps explaining why even a 

small amount of particles produces the rather large effect on the melting transition noted 

in Fig. 4(a).  
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 Electrostatic coupling between the tethered SpmImTFSI and untethered BmpyrTFSI 

should also have an effect on viscous properties of BmpyrTFSI. Fig. 5(a) shows that the 

viscosity of the BmpyrTFSI /SiO2-SpmImTFSI dispersions increase by more than three 

orders of magnitude over the same range of SiO2 nanoparticle concentrations where the 

most significant changes in melting behavior are seen, but largely remain simple 

Newtonian fluids over the same range of nanoparticle concentrations where the most 

notable effects on thermal properties are observed. Significantly, even for the highest 

particle loadings a Newtonian regime can be found for all of the materials. The existence 

of a Newtonian flow regime in a nanoparticle suspension indicates that the system is able 

to reach equilibrium,48 a feature that is normally not observed for suspensions in which 

the particulate phase is unstable and able to aggregate. Reports by Watanabe et al. show 

that addition of as little as 2-3wt% of silica nanoparticles in EmImTFSI and EmImBF4 

ILs leads to pronounced shear thinning due to flocculation and agglomeration of the 

particles.21,44  

Additional evidence for the colloidal stability of the suspensions is seen in Fig. 5(b), 

which reports the frequency-dependent dynamic elastic modulus, G’ (filled symbols), and 

viscous loss modulus G” (unfilled symbols) for BmpyrTFSI /SiO2-SpmImTFSI 

dispersions with very high particle loadings. The data shows that, but for the highest 

particle loading, G” > G’ over the entire range of frequency studied, a feature that would 

not be seen in a suspension of aggregated nanoparticles even at 10-times lower particle 

loadings.   We suspect that both the viscous and less shear sensitive behavior observed in 

the materials is a result of the improved dispersion of SiO2 in the BmpyrTFSI host made 

possible by the imidazolium TFSI surface functionalization.  
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  The relative viscosity, η
r
≡ η

0
/η

s
, of a concentrated suspension of hard spheres has 

been related to the volume fraction of particles by the so-called Krieger-Dougherty 

formula,48-49 

                                       η
r
= (1−

φ

φ
max

)
− η[ ]φmax                                         (1) 

Where, η0 and ηs are the zero shear viscosity of the suspension and the suspending 

medium, respectively; φ and φmax are the volume fraction of particles in suspension and 

the maximum volume fraction for close packing of the suspended phase; and  [η] is the 

intrinsic viscosity. By fitting Eq. (1) (continuous line) to the experimental data for the 

BmpyrTFSI IL/SiO2-SpmImTFSI (Fig. 5(c)), we find  [η]  =  20   and   φmax = 0.63. While 

the value of [η]  is  substantially different from expectations for a suspension of randomly 

arranged hard spheres, for which [η] is 2.5,    φmax is close to the expected value of 0.64. It 

is known that the intrinsic viscosity of a suspension of sterically stabilized or charged 

spheres can be determined from knowledge of the hard-sphere intrinsic viscosity 

η[ ]
HS

using the formula, η[ ] = η[ ]
HS
(1+

λ

a
)
3 ,49 where a is the core particle radius and λ is 

a characteristic length scale (e.g. polymer brush height or Debye screening length), which 

defines the range of the interactions. Substituting the experimental values, we find 

λ ≈ a ≈ 4.9nm . This value is more than seven times the combined van der-Waals radius 

of Bmpyr (0.34 nm) and TFSI (0.33 nm). It is also substantially larger than the thickness 

of the tethered IL layer on the particles. The fact that the range of interactions in the IL is 

around seven molecular radii is consistent with the calculations of Ferdorov and 

Kornsyshev for the electrostatic double layer in ionic liquids near charged surfaces.50 In 
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particular these authors found that the potential exhibits strong spatial oscillations 

consistent with the presence of multiple ionic layers that extend to distances many times 

the molecular size from the charged substrate. Such long-range interactions in ILs have 

also been noted in IL-nanotube dispersions, where local ordering of the IL phase is 

thought to produce cross-linking/entanglements between the nanotubes.14 

In an effort to understand how interactions between SiO2-SpmImTFSI nanoparticles and 

the BmpyrTFSI IL host might alter physical properties of the host, we performed Small 

angle X-ray scattering (SAXS) measurements 52-53 at 30oC. To maximize the photon flux, 

measurements employed a line collimated source for which the measured scattering 

intensity, Iexp (q) , is related to that measured using point collimation, Io(q) by, 

                                      Iexp (q) = Wx (x)
−∞

∞

∫ Wy (y)
−∞

−∞

∫ Io( (q − y)
2
+ x

2
dydx                  (2)              

where W
x
(x)  and W

y
(y)  are the slit length and slit width profiles, respectively, and q is 

the scattering wave vector. Figure 6(a) are the small-angle Iexp (q)  for I BmpyrTFSI 

/SiO2-SpmImTFSI dispersions at both low and high particle loadings. At small q and low 

nanoparticle loadings, the suspensions show typical dilute suspension scattering behavior 

with 
 
I(q)  q

2 . At higher SiO2 weight fractions the scattered intensity at any q is nearly 

proportional to the particle loading, again as expected. What is unexpected is the shape of 

the particle pair distribution function, PDDF (Fig. 6(b)). 

                                            p(r) =
r
2

2π
Io(q)

sin(qr)

qr
dq

0

∞

∫                                          (3) 

Specifically, based on the analyses using DLS (Fig. 2(1)), TEM (Fig. 2(b)) and rheology 

(Fig. 5) measurements, it appears that the SiO2-SpmImTFSI particles are stable against 
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agglomeration and are homogeneously dispersed in the BmpyrTFSI IL host. The shape of 

p(r) seen in Fig. 6(b) tells a more complex story. Namely that there is substantial 

probability of finding scatters at all distances relative to a selected particle located at the 

origin, and that the probability is moderately larger at radial distances that are integer 

multiples of the hydrodynamic size of the SiO2-SpmImTFSI nanoparticles. This finding 

implies that the particle positions in the BmpyrTFSI IL/SiO2-SpmImTFSI dispersions are 

correlated over distances comparable to the particle size. It is also consistent with the 

intrinsic viscosity data, which indicate that the particles interact over distances 

comparable to the SiO2 core particle size.  

 
In summary, we report on the synthesis of SiO2 nanoparticles densely functionalized with 

an imidazolium based ionic liquid and investigate the thermophysical properties in blends 

with the ionic liquid BmpyrTFSI. We find that crystallization of the BmpyrTFSI IL host 

can be partially suppressed by addition of minute amounts of the particle-tethered IL, and 

that crystallization of the host is completely suppressed in blends with nanoparticle 

loadings above a moderate threshold value.  Using a combination of physical 

characterization methods, we explore the source of the observations and hypothesize that 

SiO2-SpmImTFSI prevents crystallization of the un-tethered BmpyrTFSI IL host by 

coupling with the host via their common counterion, TFSI. The results reported in this 

communication show that ionic-liquid functionalized nanoparticles can be used in 

previously unexplored ways to manipulate the melting transition of ionic liquids. 
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Experimental Section 

Synthesis of IL tethered silica nanoparticles  

All chemicals used in the study were purchased from Sigma Aldrich and used as 

received. The approach used for synthesizing SiO2-SpmImTFSI nanoparticles is 

illustrated in Scheme 1. Briefly, the ionic liquid precursor 1-trimethoxysilyl-propyl-3-

methyl imidazolium chloride was first synthesized according to a previously reported 

procedure.42,51 The purity of the resultant IL was verified by H-NMR Spectroscopy (see 

Fig. 1(a)).  The as prepared 1-trimethoxysilylpropyl-3-methyl-imidazolium chloride IL 

was tethered to silica nanaoparticles in a simple one-pot synthesis. In a typical reaction, 

colloidal silica nanoparticles (SM-30 from Aldrich) were first diluted to 2 wt% in 

deionized water, and a 1.5 times excess of 1-trimethoxysilylpropyl-3-methyl-imidazolium 

chloride IL added slowly with continuous stirring for 12 hrs at 100 oC. After 12 hrs, 

ethanol was added and the IL functionalized silica nanoparticles separated by 

centrifugation. The ethanol washing was repeated for at least three times and the silica 

particles were dried by lyophilization/freeze drying. The purity of the resultant SiO2-

SpmImCl was confirmed using proton NMR spectroscopy (Fig. 1(b)).  

To convert the SiO2-SpmImCl to the desired SiO2-SpmImTFSI, anion exchange was 

performed on the IL-tethered silica nanoparticles using a simple procedure. In a typical 

anion exchange reaction, 10 g SiO2-SpmImCl were dispersed in 300 ml DI water; the Cl 

anion IL functionalized silica particles are hydrophilic and formed a clear dispersion in 

water. To this clear mixture 8g of lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) salt 

dissolved in 50 ml DI water was added with stirring. Immediately following addition, the 

silica particles separated from the water phase and settle to the bottom of vessel due to 

Page 13 of 31

ACS Paragon Plus Environment

Chemistry of Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Manuscript for submission to Chemistry of Materials, March 2012 

	  

	  

 - 14 -	  

the hydrophobic nature of the TFSI anion exchanged particles. Then resultant SiO2-

SpmImTFSI nanoparticles were centrifuged, washed with DI water, dried and re-

dispersed in acetone. Silica particles with partially exchanged Cl anions settle out of 

acetone and were discarded. The purified SiO2-SpmImTFSI nanoparticles were dried and 

used for making dispersions in the  BmpyrTFSI IL.  Analysis of the SiO2 particle size and 

size-distribution before and after functionalization with imidazolium IL was performed 

using light scattering in water and acetone, respectively, as well as by electron 

microscopy and thermal gravimetric analysis (TGA).  

2. Thermal Properties 

Differential scanning calorimetry (DSC) was used to characterize thermal transitions in 

BmpyrTFSI/SiO2-SpmImTFSI blends as a function of the inorganic particle loading. 

Measurements were performed using a TA Instruments DSC Q2000 at a scan rate of  5 

oC per minute in a Nitrogen (N2) environment.  

3. Rheological Measurements 

Rheology measurements was performed using a stress controlled Anton Paar MCR 501 

mechanical rheometer with 25 mm cone and plate fixtures (gap angle 4o). Steady and 

oscillatory shear flow deformations were used to investigate the viscous flow and 

viscoelastic properties of the materials. 

4. Small Angle X-Ray Scattering Measurements 

Small angle X-ray scattering (SAXS) measurements were performed on an in-house 

Anton Paar SAXSess mc2 scattering system. The instrument has a sealed tube line 

collimated X-ray source and imaging plate detectors. Custom made Quartz capillary 

sample holders were used and the temperature was maintained at 30oC using Peltier 
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temperature controller. The GIFT software program was used to determine Io(q)  by 

approximating p(r) with a set of cubic-B-splines. Once Io(q)  is known, Iexp(q) can be 

computed via Eq 2 using the known slit length and width profiles.  
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Summary: Ionogels created by blending ionic liquid-functionalized inorganic 

nanoparticles with an ionic liquid (IL) exhibit unusual thermal and physical properties. 

Even small amounts of IL-functionalized nanoparticles suppress crystallization of the IL 

host, and moderate amounts eliminate crystallization altogether. Our results suggest a 

new approach for tuning thermal properties IL electrolytes. 
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Figure Captions 

Scheme 1.  Schematic of procedure used for synthesizing SiO2-SpmImTFSI  

nanoparticles.  

 

Figure 1 (a) H-NMR spectrum of 1-trimethoxysilylpropyl-3-methyl-imidazolium  

chloride in DMSO; (b) H-NMR spectrum of SiO2-SpmImCl in DMSO. 

 

Figure 2. (a) Size-distribution of bare and SiO2-SpmImTFSI nanostructures from 

dynamic light scattering measurements in water and acetone, respectively; (c) 

Transmission electron micrograph of BmpyrTFSI/SiO2-SpmImTFSI. 

 

Figure 3. Thermal gravimetric analysis of pure BmpyrTFSI, SiO2-SpmImTFSI, and 

BmpyrTFSI/SiO2-SpmImTFSI suspensions at three particle loadings. The inset is the 

differential weight loss for the materials as noted in the legend.  

 

Figure 4. (a), (b) DSC thermograms of pure BmpyrTFSI and BmpyrTFSI/SiO2-

SpmImTFSI suspensions with increasing weight fraction of silica. Each curve is shifted 

successively by two units to enhance clarity of the graphic. 

 

Figure 5. (a) Shear viscosity versus shear rate for BmpyrTFSI/SiO2-SPMIMTFSI 

suspension with varying SiO2 loadings; (b) Frequency-dependent dynamic storage, G’ 

(filled symbols), and loss, G” (unfilled symbols), modului for IL/SiO2-IL  suspensions; 

(c) Relative viscosity as a function of silica volume fraction for the BmpyrTFSI/SiO2-

SpmImTFSI suspensions. The fit is obtained using the K-D formula, Eq. 1 in the text. 
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Figure 6. (a) Scattering intensity as a function of wave vector for varying particle loading 

in the suspensions. The fits are obtained using GIFT software; (b) PDDF for BmpyrTFSI 

/SiO2-SpmImTFSI suspensions as a function of inter-particle distance. 

Page 22 of 31

ACS Paragon Plus Environment

Chemistry of Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Table of Contents Graphic 

Page 23 of 31

ACS Paragon Plus Environment

Chemistry of Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49



Scheme	  1.	  	  Procedure	  for	  synthesizing	  SiO2-‐BmpyrTFSI	  	  nanopar=cles.	  	  
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Figure 1 
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Figure 3 
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Figure 5	  
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Figure 5(c) 

Page 30 of 31

ACS Paragon Plus Environment

Chemistry of Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49



Figure 6  

 
I(q)  q

2

Page 31 of 31

ACS Paragon Plus Environment

Chemistry of Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49


