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’ INTRODUCTION

The excellent properties of ionic liquids, such as very low
vapor pressures and wide temperature ranges of liquid phase, have
attracted the attention of a large number of researchers in many
fields.1�3 One of the promised applications of ionic liquids is the
potential to be ideal nonvolatile solvents,making them replacements
for volatile organic solvents.1�3 Ionic liquids are understood as
liquids consisting entirely of ions and having melting points below
100 �C. Typically ionic liquids are built up by a bulky, asymmetric
organic cation to prevent ions from packing easily. This asymmetry
opposes strong charge ordering due to the ionic interactions, and
thus, the melting points of ionic liquids may be below or near room
temperature. Since ionic liquids are composed of ions, their
characteristics can be tuned by changing the anions, cations, and
attached substituents.1�5 For example, ionic liquids could be
designed to be made hydrophobic by choice of anion species.1

Although the literature contains many articles on the application of
ionic liquids as solvents, studies on the phase behavior of ionic
liquids in the presence of nanoparticles are scarce. In this study, we
mixed ionic liquids with silica nanoparticles to prepare gel-like
mixtures and used variable pressure as a window to look into the
nature of local geometric properties.

The ordering of ionic liquids at solid surfaces is a subject of
recent intense research activities.6�18 As ionic liquids are com-
posed solely of ions, their bulk behavior is mainly governed by
Coulombic forces. Ionic liquids differ from the classical salts
at least in one aspect: they possess hydrogen bonds that
induce structural directions. For the ionic liquid/solid interface,
the structural rearrangement of the cations and anions was
observed.11�17 Microscopic structures of solid�ionic liquid
interfaces on various surfaces, such as gold,13 mica,14 sapphire,15

graphite,16 platinum,17 and SiO2,
11 have been studied in detail by

experiments and theoretical simulation. Based on these studies,
solvation layers are found at the solid�ionic liquid interfaces for
various ionic liquids and the strength of the interaction between
the innermost solvation layer and the substrate is dependent on
the cation type.11�17

In recent years, ionic liquids based on 1-alkyl-3-methylimida-
zolium cation have receivedmuch attention. One of the attractive
features of the 1-alkyl-3-methylimidazolium cation is the
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ABSTRACT: Gel-like ionic liquid/nanosilica mixtures have been
prepared with the addition of 10 wt % nanosilica to 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)amide (EMIþ-
TFSA�), but no changes in C�H spectral features of EMIþTFSA�

were observed in the presence of nanosilica under ambient pressure.
As the gel-like mixture of EMIþTFSA�/nanosilica was compressed,
a new alkyl C�H band at ca. 3017 cm�1 arose. This new spectral
feature at ca. 3017 cm�1 may be attributed to the structural
reorganization of alkyl C�H groups induced by the interactions
between ionic clusters and nanosilica. The imidazoliumC�H bands
display nonmonotonic shifts as the pressure is elevated. They blue
shift slightly initially, but red shifts occur upon further increase of the
pressure. The compression also leads to an increase in the relative
intensity of the imidazoliumC�Hband at ca. 3105 cm�1. This observation suggests that some associated species are switched to the
isolated form due to the presence of nanosilica under high pressures. In contrast to EMIþTFSA�/nanosilica, the band frequencies
and band shapes of 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide (BMIþTFSA�)/nanosilica are similar to those
of pure BMIþTFSA�. These results indicate that the length of alkyl C�H groups plays a nonnegligible role in isolated-associated
equilibrium.
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inherently amphiphilic character as a surfactant. Both experi-
ments and theoretical studies found that ionic liquids may not be
regarded as homogeneous solvents but must be considered as
nanostructured with polar and nonpolar regions.19�21 In other
words, ionic liquids can display remarkable structural hetero-
geneity. Research on ionic liquids has found that the alkyl side
chain length has an influence on the supramolecular assemblies
of ionic liquids.22 Aggregation effects between alkyl tails can lead
to ordered local environment, even for alkyl chains as short as
butyl.22 In the present study, our intent is to achieve further
understanding of the effect of alkyl side chain length in ionic
liquid/nanosilica mixtures.

Ionic liquid based mixtures have received a lot of attention in
recent years.23�26 Much of this research is interested in the
interactions of anions. For example, the presence of anion�water
interactions has profound effects on the physical properties of
ionic liquids. Water molecules seem to be separated from each
other at low content, while self-association appears at higher
concentration. At high ionic liquid concentration, ionic liquids
form clusters as in the pure state and water molecules interact
with the clusters without interacting among themselves.27,28 The
hydrogen bonding interactions are complex for ionic liquid based
mixtures with varying anions, due to pronounced anionic inter-
actions. In contrast to anionic interactions, the study of the
cationic interactions has been limited.27�31 In this work, we
demonstrate that cation�nanosilica interactions play a nonne-
gligible role in ionic liquid/nanosilica mixtures.

Various studies have been performed to elucidate the role of
weak hydrogen bonds, such as C�H 3 3 3O and C�H 3 3 3X, in
the structure of ionic liquids.1�4 For the 1-alkyl-3-methylimida-
zolium-type ionic liquids, the strongest hydrogen bond involves
the most acidic C2�H of the imidazolium cation, followed by
C4�H and C5�H. One of the intriguing aspects of weak
hydrogen bonds is that the C�H covalent bond tends to shorten
as a result of formation of a hydrogen bond. Scheiner’s group32,33

and Dannenberg’s group34 view conventional and C�H 3 3 3O
hydrogen bonds to be very similar in nature. The origin of both
the red- and blue-shifted hydrogen bonds was also concluded to be
the same by the Schlegel group35 and the Hermansson group.36

The development of diamond anvil cells has opened up
possibilities for spectroscopic experiments at high pressures. In
this article, we present the results of a quantitative in situ infrared
spectroscopic study at pressures from 0.1 MPa to 2.5 GPa.27�31

Such pressures mainly change intermolecular distances and affect
conformations. Under high pressures, the relative weights of the
intermolecular forces defining the aggregation state are altered,
and the repulsive side of the intermolecular potential is
explored.27�31,37 Studies have shown the significant effect that
pressure has on probing the microscopic structures of pure ionic
liquids and ionic liquid based mixtures.27�31 In this study, we show
that high pressure is a sensitive method to probe ionic-association
structures of ionic liquids in the presence of nanosilica.

’EXPERIMENTAL SECTION

Samples were prepared using 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide (>97%, Fluka), 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)amide (>98%,
Fluka), and silicon dioxide nanopowder (10�20 nm, 99.5%,
Aldrich). A diamond anvil cell (DAC) of Merril�Bassett design,
having a diamond culet size of 0.6 mm, was used for generating
pressures up to ca. 2 GPa. Two type IIa diamonds were used for

mid-infrared measurements. The sample was contained in a
0.3-mm-diameter hole in a 0.25-mm-thick Inconel gasket mounted
on the diamond anvil cell. To reduce the absorbance of the
samples, CaF2 crystals (prepared from a CaF2 optical window)
were placed into the hole and compressed firmly prior to
insertion of the sample. A droplet of a sample filled the empty
space of the entire hole of the gasket in the DAC, which was
subsequently sealed when the opposed anvils were pushed
toward one another. Infrared spectra of the samples were
measured on a Perkin-Elmer Fourier transform spectrophot-
ometer (Model Spectrum RXI) equipped with a LITA (lithium
tantalite) mid-infrared detector. The infrared beam was con-
densed through a 5X beam condenser onto the sample in the
diamond anvil cell. Typically, we chose a resolution of 4 cm�1

(data point resolution of 2 cm�1). For each spectrum, typically
1000 scans were compiled. To remove the absorption of the
diamond anvils, the absorption spectra of DAC were measured
first and subtracted from those of the samples. Pressure calibra-
tion followed Wong’s method.38,39 The pressure dependence of
screw moving distances was measured.

’RESULTS AND DISCUSSION

Figure 1 displays infrared spectra of an 1-ethyl-3-methylimi-
dazolium bis(trifluoromethylsulfonyl)amide (EMIþTFSA�)/
nanosilica mixture having nanosilica equal to 2 wt % obtained
under ambient pressure (Figure 1a) and at 0.3 (Figure 1b), 0.9
(Figure 1c), 1.5 (Figure 1d), 1.9 (Figure 1e), 2.3 (Figure 1f), and
2.5 GPa (Figure 1g). The bis(trifluoromethylsulfonyl)amide
anion (CF3SO2)2N

�) is also called NTf2
�, Tf2N

�, and TFSI�

in the literature. As revealed in Figure 1a, the peaks at 3123 and

Figure 1. IR spectra of an EMIþTFSA�/nanosilica mixture (2 wt %
nanosilica) obtained under ambient pressure (a) and at 0.3 (b), 0.9 (c),
1.5 (d), 1.9 (e), 2.3 (f), and 2.5 GPa (g).
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3162 cm�1 can be attributed to coupled imidazolium C�H
stretching modes of C2�H, C4�H, and C5�H.27�31 A weak
shoulder at 3103 cm�1 is also observed in Figure 1a.40 In
comparison to the spectrum of pure EMIþTFSA�,31 we observe
no drastic changes of the C�H bands in the presence of
nanosilica in Figure 1a. The nearly degenerated peaks, i.e.,
3103 and 3123 cm�1, indicate the perturbation of neighboring
ions in the liquid state.40 The imidazolium C�H may exist at
least in two different forms, i.e., isolated and associated struc-
tures. On the basis of previous concentration-dependent results,
the spectral feature at approximately 3103 cm�1 should be
assigned to the isolated (or dissociated) structure.30,31 The
associated species may be larger ion clusters (or ion pairs), and
the isolated species may mean the dissociation into smaller ion
clusters (or free ions). The splitting of the nearly degenerated
bands was assigned by Ludwig’s group to the existence in the bulk
phase of isolated pairs with stronger hydrogen bonding to the
counteranion, in addition to associated ion pairs with weaker
hydrogen bonding.40 As the sample was compressed to 0.3 GPa
(Figure 1b), the two major imidazolium C�H bands were blue
shifted to 3132 and 3173 cm�1, respectively. As the sample was
further compressed, i.e., increasing the pressure from 0.3
(Figure 1b) to 0.9 GPa (Figure 1c), pressure-induced frequency
shifts of the imidazolium C�H bands were relatively small, as
shown in Figure 1b,c. As shown in Figure 1d�g, the compression
leads to further blue shifts in frequency.

Although gelation does not occur with the addition of 2 wt %
nanosilica to EMIþTFSA�, gelation can be observed with the
addition of 10 wt % nanosilica.6 The 10 wt % mixture was highly
viscous and did not drop when the centrifuge capsule was turned
upside down. Figure 2 shows infrared spectra of an EMIþTFSA�/
nanosilica mixture having nanosilica equal to 10 wt % obtained
under ambient pressure (Figure 2a) and at 0.3 (Figure 2b), 0.9
(Figure 2c), 1.5 (Figure 2d), 1.9 (Figure 2e), 2.3 (Figure 2f), and
2.5 GPa (Figure 2g). By comparing Figure 1a with Figure 2a, we
found that the presence of 10 wt % nanosilica has a negligible
effect on the spectral features of C�H stretching bands under
ambient pressure in Figure 2a. This observation may suggest that
the infrared measurement may not be a sensitive enough tool to
monitor the transition of gelation under ambient pressure. It is
instructive to note that the gelation occurs at ionic liquid rich
concentrations, i.e., 10 wt % nanosilica, in Figure 2. Studies of
SiO2-richmixtures have shown that the interaction between SiO2

and ionic liquids produces red shifts in frequencies for imidazo-
lium C�H vibrations.8 Theoretical calculations also indicate that
SiO2 prefers to interact more with the imidazolium C�H groups
than with alkyl C�H groups at ambient pressure.8 As the gel-like
mixture was compressed, i.e., increasing from ambient (Figure 2a)
to 0.3 GPa (Figure 2b) and 0.9 GPa (Figure 2c), the blue shifts in
frequency were observed for alkyl C�H stretching modes. A
further increase in pressure leads to dramatic spectral changes in
Figure 2d, as a new alkyl C�H band at 3017 cm�1 arose and two
major imidazolium C�H bands were red shifted to 3113 and
3159 cm�1, respectively. We notice that no more vibration
modes exist in this region (ca. 3107 cm�1), so this new spectral
feature located at 3017 cm�1 in Figure 2d should be assumed to
arise from the structural reorganization of alkyl C�H groups
induced by the interactions between ionic clusters and nanosilica.
It is well-known that C�H covalent bond tends to shorten as a
result of the formation of weak hydrogen bonds.32�35 This
observation suggests the formation of certain C�H 3 3 3 silica or
C�H 3 3 3O interactions around the alkyl C�H groups, but the

details remain unclear. As indicated in Figure 2a�c, the infrared
spectra of EMIþTFSA�/nanosilica are similar to that of pure
EMIþTFSA� in our previous study31 up to 0.9 GPa from
ambient. The interactions in EMIþTFSA�/nanosilica mixtures
involve ionic liquid�ionic liquid and ionic liquid�nanosilica
interactions. The ionic liquid�nanosilica interactions may not
play a dominant role in themixture with 10 wt% nanosilica under
relative low pressures (<0.9 GPa). The observation in Figure 2d
may indicate a pressure-induced phase transition caused by
pressure-enhanced C�H 3 3 3O interactions. The sensitivity to
changes in pressures may arise from changes in the geometric
properties of the hydrogen-bond network. It is interesting to note
that the imidazoliumC�Hbands display nonmonotonic shifts in
frequency as the sample was compressed in Figure 2a�d. They
blue shift slightly (or show almost no change) in frequency
initially in Figure 2a�c, but red shifts occur upon further
increasing the pressure in Figure 2c,d. This result is remarkably
different from that revealed for alkyl C�Hbands in Figure 2a�d.
From the point of view of fundamental studies, the nature of
weak hydrogen bonds continues to be an important subject.
When a molecule that is capable of forming blue-shifting hydro-
gen bonds binds to a site with a sufficiently strong electrostatic
field to dominate over the overlap effect, that molecule is
predicted to display a red-shifting hydrogen bond; experimental
evidence is still lacking, however.34 In this study, we present a
means of looking at this issue by employing the high-pressure
method. The spectral features of the imidazoliumC�H stretching

Figure 2. IR spectra of an EMIþTFSA�/nanosilica mixture (10 wt %
nanosilica) obtained under ambient pressure (a) and at 0.3 (b), 0.9 (c),
1.5 (d), 1.9 (e), 2.3 (f), and 2.5 GPa (g).
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modes showed further evolution upon further compression, as
changes in the relative intensities of the imidazoliumC�Hbands
occur in Figure 2e�g. The imidazolium C�H stretching absorp-
tion shows four peaks under high pressure in Figure 2e�g. We
note that the spectral feature at approximately 3105 cm�1 is more
pronounced in Figure 2e�g. It is well-known that the absorption
band at ca. 3105 cm�1 should be attributed to the isolated
structures. That is, the compression leads to the increase in the
relative intensities of the isolated C�H bands in Figure 2e�g.
This observation may suggest that some associated species are
switched to the isolated form due to the presence of nanosilica
under the condition of high pressures.

Figure 3 illustrates the band frequency of the dominant imida-
zolium C�H absorption versus the pressure applied. Looking into
detail in Figure 3, we observe no significant differences in the weight
percent dependence, i.e., 2 and 10 wt %, of the imidazolium C�H
band frequencies at lower pressures, i.e., pressure < 1 GPa. Never-
theless, remarkable red shifts and band splitting were observed for
the mixture with 10 wt % nanosilica at pressure > 1 GPa. This
behavior indicates that the clustering of ionic liquids is perturbed by
the presence of nanosilica at high weight percent, i.e., 10 wt %
nanosilica, and suggests the formation of certain ionic liquid
structures around nanosilica under high pressures. A possible
explanation for this effect is the pressure-enhanced C�H 3 3 3O
interactions between alkyl C�H/imidazoliumC�Hand nanosilica.
The pressure-enhancedweak hydrogen bondmay be one of reasons
for the remarkable transition of EMIþTFSA�microstructures from
associated clustering to dissociated structures as shown in Figure 2
e�g. In other words, nanosilica can be added to change the
hydrogen-bonded network of EMIþTFSA� as the pressure is
elevated. We note that sufficient amounts (for example 10 wt %)
of nanosilica are required to induce the changes in aggregation
behaviors of EMIþTFSA� as shown in Figures 2 and 3. It is known
that cohesion in ionic liquids is strong and mostly electrostatic.1�3

Nevertheless, this study elucidates the nonnegligible role of C�H
hydrogen bonds in the structure of ionic liquids. The energetically
favored approach for nanosilica to interact with the EMIþ cation
may be through the formation of imidazoliumC�H 3 3 3O and alkyl
C�H 3 3 3O interactions, whereas the former may play more
important roles due to the well-known acidity of imidazolium
C�H groups. The oxygen atoms may originate from silica and
some absorbed water molecules.

To develop further insight into the associated�dissociated
mechanism and the alkyl chain length dependence of the
cations, the pressure study of 1-butyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)amide (BMIþTFSA�) seems to offer

the direct approach. Figure 4 displays infrared spectra of pure
BMIþTFSA� obtained under ambient pressure (Figure 4a) and
at 0.3 (Figure 4b), 0.9 (Figure 4c), 1.5 (Figure 4d), 1.9
(Figure 4e), 2.3 (Figure 4f), and 2.5 GPa (Figure 4g). As shown
in Figure 4a, the absorption bands at 2881, 2943, and 2969 cm�1

can be attributed to C�H stretchingmodes of the alkyl groups. It
is likely that these infrared bands consist of multiple vibrations,
although no attempt was made to deconvolute them. The
coupled imidazolium C�H bands locate at 3120 and 3160 cm�1.
The appearance of a weak shoulder at approximately 3102 cm�1

indicates that the imidazolium C�H may exist at least in two
different forms, i.e., associated and isolated forms. As the pressure
was elevated, the alkyl and imidazolium C�H bands were blue
shifted in Figure 4.

Figure 5 shows infrared spectra of a BMIþTFSA�/nanosilica
mixture having nanosilica equal to 13 wt % obtained under
ambient pressure (Figure 5a) and at 0.3 (Figure 5b), 0.9
(Figure 5c), 1.5 (Figure 5d), 1.9 (Figure 5e), 2.3 (Figure 5f),
and 2.5 GPa (Figure 5g). As revealed in Figure 5a, no drastic
changes in the presence of nanosilica are observed under ambient
pressure. The spectra features of the C�H stretching modes
show further evolution upon compression through the observa-
tion of blue shifts in frequency in Figure 5b�g. Nevertheless, we
do not observe experimental evidence of the appearance of the
new alkyl C�H band at ca. 3017 cm�1 and the band splitting of
the imidazolium C�H bands in Figure 5b�g as revealed for the
EMIþTFSA�/nanosilica mixture in Figure 2. Figure 6 illustrates
the pressure dependence of the band frequency of the dominant
imidazolium C�H stretching absorption. Looking into more

Figure 3. Pressure dependence of the imidazolium C�H stretching
frequencies of EMIþTFSA�/nanosilica mixtures with 2 wt % nanosilica
(diamonds) and 10 wt % nanosilica (squares).

Figure 4. IR spectra of pure BMIþTFSA� obtained under ambient
pressure (a) and at 0.3 (b), 0.9 (c), 1.5 (d), 1.9 (e), 2.3 (f), and 2.5GPa (g).
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details in Figure 6, we see that the band frequencies of the
BMIþTFSA�/nanosilica mixture are almost identical to those of
pure BMIþTFSA�. These results are remarkably different from
what is revealed for imidazolium C�H groups of the
EMIþTFSA�/nanosilica mixture in Figure 3 and lead us to
suggest that the increase in the alkyl chain length may reduce the
effects of alkyl C�H 3 3 3 nanosilica interactions under high
pressures. That is, the decrease in the alkyl chain length may
significant disturb the isolated�associated equilibrium in ionic
liquid/nanosilica mixtures. These results suggest that the inter-
actions between imidazolium C�H groups and nanosilica may
not be the sole factor to perturb the geometric properties in ionic
liquid/nanosilica mixtures, while the alkyl C�H groups may also
play nonnegligible roles in isolated�associated equilibrium.

It is known that the imidazolium C�H stretching region may
be described by two doublets (four bands): one doublet at the

lower frequencies is assigned to the C2�H stretching modes and
another doublet at the higher frequencies is attributed to the
coupled C4�H and C5�H stretching modes.40 As shown by
Figures S1 and S2 (see the Supporting Information), where
frequencies of two doublets have been plotted versus the
pressure applied, we see that the spectral perturbation caused
by the presence of nanosilica is more pronounced for the
EMIþTFSA�/nanosilica mixture (Figure S1 in the Supporting
Information) than for the BMIþTFSA�/nanosilica (Figure S2 in
the Supporting Information). This behavior is in accord with the
results in Figures 3 and 6 indicating the same trends for
imidazolium C�H bands. The way of fitting with four bands, i.
e., Figures S1 and S2 in the Supporting Information, does provide
more insightful information, but some concerns arise due to the
increase in the number of fitting parameters. Suffered by the
noise in pressure-dependent data, the deconvoluted bandwidths
and relative intensities may not be accurate enough to provide
further details (data not shown).

’CONCLUSION

We demonstrate that the hydrogen-bond network in ionic
liquid/nanosilica mixtures can be probed by high pressure
infrared techniques. Perturbation of EMIþTFSA� hydrogen-
bond structures caused by nanosilica was observed under the
condition of high pressures. A new alkyl C�H band appears at
ca. 3017 cm�1, originating from the structural reorganization of
alkyl C�H groups induced by the interactions between ionic
clusters and nanosilica. The imidazolium C�H absorption of
EMIþTFSA�/nanosilica displays nonmonotonic frequency
shifts and band splitting. The spectral feature at ca. 3105 cm�1 is
more pronounced under high pressures. This observation in-
dicates that some associated species are switched to the isolated
forms. It is known that cohesion in ionic liquids is strong and
mostly electrostatic. Nevertheless, this study elucidates the nonne-
gligible role of C�H hydrogen bonds in the local structures of ionic
liquid/nanosilica mixtures. The band frequencies of the BMIþ

TFSA�/nanosilica are almost identical to those of pure BMIþ

TFSA�. In other words, the alkyl chain also plays a role in the local
structural organization in ionic liquid/nanosilica mixtures.
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imidazolium C�H stretching frequencies of EMIþTFSA�/na-
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