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Abstract: The interactions between 1-butyl-3-methylimidazolium trifluoromethanesulfonate
([BMIM][TES]) and nano-AlOs are studied using high-pressure infrared spectroscopy. The thickness
of the [BMIM][TFS] interfacial layer on the aluminum oxide are adjusted by controlling the number
of washes with ethanol. In contrast to the results obtained under ambient pressure, local structures
of both the cations and anions of [BMIM][TFS] are disturbed under high pressures. For example,
bands due to C-H stretching motions display remarkable blue-shifts in frequency as the pressure of
the [BMIM][TFS]/AL:Os composites is increased to 0.4 GPa. The bands then undergo mild shifts in
frequency upon further compression. The discontinuous jump occurring around 0.4 GPa becomes
less obvious when the amount of ionic liquid on the Al:Os is reduced by washing with ethanol.
The nano-AlOs with surfaces may weaken the cation/anion interactions in the interfacial area as
a result of the formation of pressure-enhanced Al:Os/ionic liquid interactions under high pressures.
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1. Introduction

Metal oxide nanoparticles possess different physicochemical properties in comparison to bulk
materials, and the size of nanoparticles is responsible for the changes in their characteristics.
Aluminum oxide, commonly called alumina, has tremendous applications in ceramics, medical
products, and catalysis, to name a few [1-6]. Despite the expanding number of applications for
aluminum oxide, the physical arrangement and interactions of liquids at Al2Os surfaces remains
poorly understood. Many experimental and theoretical studies have indicated the inherent
complexity of interfacial interactions among certain liquid/Al20s mixtures, and the immobilization
of liquids on Al20s surfaces may improve the applicability of these materials in industry [4-6].

Ionic liquids (ILs) are a subset of low-melting-point salts that are known for high ionic
conductivities, low vapor pressures, and low flammability. This combination of properties has
opened opportunities for ionic liquids to serve as alternatives for conventional volatile organic
solvents [7-10]. Although ILs offer advantages over conventional solvents, there is still relatively
little information available on the structures of ILs in the bulk and along various interfaces [7,9].
The most extensively studied ILs are 1-alkyl-3-methylimidazolium salts, which feature asymmetric
cations [7-10]. The imidazolium ions are usually paired with anions that have highly delocalized
charges or are intrinsically bulky. The liquid structures of 1-alkyl-3-methylimidazolium salts are
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strongly affected by the long-range charge organization of the constituent ions and may be described
in terms of an extended quasi-lattice, in which ions are viewed as occupying sites in a disorganized
crystalline lattice [11,12]. In this model, any particular ion may be viewed as being trapped within a
“cage” that is defined by its nearest neighbors. For ILs, the immediate solvation shell of an ion is
most likely to be populated with counterions. Thus, an ion will have frequent opportunities to form
short-lived associated species (e.g., ionic pairs, clusters, or aggregates) with the ions composing its
cage [7,13]. With three hydrogen atoms bound to the imidazolium ring, the most acidic proton
(C>-H) may form cation/anion hydrogen bonds. The nonpolar alkyl side chain of the cation provides
another source of mesoscopic self-assembly of imidazolium ILs into nanostructured polar/nonpolar
domains. Such nano-segregation is frequently observed in small angle X-ray scattering experiments
for alkyl side chains containing four or more carbon atoms [14]. Various studies demonstrate
significant heterogeneities in certain ionic liquid dynamics, and much of the heterogeneity may arise
from nano-structured associations with polar and nonpolar regions [7-10,13,14].

Microscopic structures of certain ILs at solid surfaces have received considerable attention in
recent years [7,9,13]. Nevertheless, the interfacial interactions caused by ionic liquid adsorption on
the surface of A2Os are complex and depend on the molecular structures of ILs. It has been suggested
that Coulombic forces, hydrogen bonding, and 7 interactions may each play significant roles in
defining the molecular ordering of ILs along the surface [7,9]. In this study, 1-butyl-3-methylimidazolium
trifluoromethanesulfonate [BMIM][TFS] and nano-Al20s were chosen as a model IL and solid
support, respectively. As pointed out by Andanson et al. [4], the TFS anion has many strong bands in
the infrared spectrum. Unlike the bis(trifluoromethylsulfonyl)amide (NTf2") anion, the TFS anion
has only one conformer, which simplifies the spectral analysis. Nano-Al20s was chosen in this study
mainly due to the wide application of nano-AlL:Os, particularly in the field of catalysis.

Vibrational spectroscopy is particularly useful in studying ionic liquid/AlOs interactions
because the frequencies and intensities of cation and anion vibrational modes are sensitive to their
immediate potential energy environments. In this way, changes in band frequencies and intensities
may be used to infer changes in the local structures of the ions. Many spectroscopic studies on ionic
liquid interactions with nanostructured metal oxides focus on changing the temperature of
the composite or varying the molecular structure of the ionic liquid in contact with the solid
(e.g., lengthening the alkyl side chain) to probe the interfacial interactions [1-9]. Hydrostatic
pressure is another degree of freedom that can continuously tune the structures, interactions, and
solvation of chemical systems. In the case of temperature changes, the sample’s properties can
change significantly due to a simultaneous change in thermal energy and volume. However, the use
of pressure as a variable allows one to separate the thermal and volume effects. Studies have shown
the potential significance that pressure has on controlling the strength of intermolecular hydrogen
bonding, especially the relatively weak C-H---X hydrogen bonds, where X is an anion atom [15-18].
Pressure-dependent changes in spectral features indicate that nanoparticles tend to influence local
structures of certain ILs under high pressures. As certain ILs have been employed as graphene
stabilizers, previous studies suggest that imidazolium ILs with short alkyl chain lengths (1 < 4) may
be suitable choices to modulate the performance of energy storage devices via pressure-enhanced
interfacial interactions [15]. In order to obtain detailed insights into the ionic liquid/ALOs
interactions, we use variable pressure as a window into the nature of hydrogen bonding structures
of imidazolium ionic liquid/Al2Os mixtures in this article.

2. Materials and Methods

Samples were prepared using 1-butyl-3-methylimidazolium trifluoromethanesulfonate
([BMIM][TES], >95%, Fluka, Morris Plains, NJ, USA), and nanosized-aluminum oxide (nano-Al20Os,
<50 nm, Aldrich, St. Louis, MO, USA). The nano-Al20s powders (ca. 0.006 g) were mixed with
[BMIM][TES] (ca. 0.06 g), followed by sonication for 30 min, centrifugation, several washes of the
precipitate with ethanol (0.1 mL for a single wash), centrifugation, and drying under vacuum for 3 h.
The infrared spectra of samples measured at ambient pressure were taken by filling samples in a cell
characterized by two CaF: windows without the spacers. A diamond anvil cell (DAC) of
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Merrill-Bassett design with a diamond culet size of 0.6 mm was used to generate pressures of up to
ca. 2 GPa. Two type-lla diamonds were used for mid-infrared measurements. Infrared (IR) spectra of
the samples were measured on a Fourier transform spectrophotometer (Spectrum RXI, Perkin-Elmer,
Naperville, IL, USA) equipped with an LITA (lithium tantalite) mid-infrared detector. The infrared
beam was condensed through a 5x beam condenser onto the sample in the diamond anvil cell.
To remove the absorption of the diamond anvils, the absorption spectra of the DAC were measured
first and subtracted from those of the samples. Samples were contained in a 0.3-mm-diameter hole in
a 0.25-mm-thick Inconel gasket mounted on the DAC. To reduce the absorbance of the samples,
CaF: crystals (prepared from a CaF2 optical window) were placed into the holes and compressed to
be transparent prior to inserting the samples. A sample droplet filled the empty space of the entire
hole of the gasket in the DAC, which was subsequently sealed when the opposing anvils were
pushed toward one another. Typically, we chose a resolution of 4 cm™ (data point resolution of
2 cm™). For each spectrum, 1000 scans were compiled. Pressure calibration was performed following
Wong’s method [19,20].

3. Results and Discussion

Figure 1 shows the infrared spectra of pure [BMIM][TFS], the [BMIM][TFS]/AL2Os mixture,
the mixture after two washes with ethanol, and the mixture after five washes obtained under
ambient pressure. The amount of [BMIM][TES] are adjusted by controlling the numbers of washes
in this study; the amount of [BMIM][TFS] becomes almost depleted after five washes, as shown in
Figure 1d. The IR spectrum of pure [BMIM][TFS] in Figure 1a shows two imidazolium C-H bands
at 3116 and 3155 cm™, a shoulder to the 3155 cm™ band at 3098 cm™!, and three alkyl C-H bands at
2877, 2940, and 2967 cm™, respectively [21]. As shown in Figure 1, no appreciable changes in
spectral features and band frequencies of C-H vibrations occurred as [BMIM][TES] was mixed with
nano-AlOs, except for a noticeable absorption caused by O-H groups from the surfaces of
nano-Al0s that appears in Figure 1d. These results indicate that IR measurements recorded under
ambient pressure may not be sensitive enough to monitor the interfacial interactions between the
BMIM* cation and nano-Al0Os.
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Figure 1. Infrared (IR) spectra of pure 1-butyl-3-methylimidazolium trifluoromethanesulfonate
([BMIM][TES]) (curve a), the [BMIM][TEFS]/Al20s mixture (curve b), the mixture after two washes
with ethanol (curve c), and the mixture after five washes (curve d), recorded under ambient pressure.
Curve d was baseline-corrected by subtracting a straight line. Relative intensities of the IR bands are
given in increments of 0.05; the scale bar is displayed in the upper left corner of the figure.
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Figure 2 displays the IR spectra of samples in the spectral range between 1000 and 1350 cm™.
This region of the spectrum is predominately dominated by absorption bands due to vibrations of
the TFS- anions. The bands at ca. 1165 and 1226 cm™ are assigned to CFs asymmetric and symmetric
stretching vibrations, respectively. The absorption bands located near 1032 and 1270 cm™' (doublet)
are assigned to the symmetric and asymmetric stretching vibration of the SOs group of the TFS-
anion, respectively. Comparing the spectral features of Figure 2d with those of Figure 2a reveal
mild frequency shifts and narrowing for the bands at ca. 1165 and 1270 cm™, caused by the presence
of nano-Al:0s. The absorption of CaF: windows (below 1050 cm™) also becomes obvious in Figure 2d.

1000 1100 1200 1300
Wa\.ve-nurr‘ber(c:rﬁ‘I )

Figure 2. IR spectra of pure [BMIM][TES] (curve a), the [BMIM][TFS]/AL2Os mixture (curve b),
the mixture after two washes with ethanol (curve c), and the mixture after five washes (curve d),
recorded under ambient pressure. Relative intensities of the IR bands are given in increments of 0.05;
the scale bar is displayed in the upper left corner of the figure.

Figure 3 displays the IR spectra of a sample from a [BMIM][TFS]/AL:Os mixture obtained under
ambient pressure (curve a) and at 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve f),
and 2.5 GPa (curve g). The elevation of pressure to 0.4 GPa leads to a phase transition, and the
imidazolium C-H bands are blue-shifted to 3102, 3132, and 3168 cm™ in Figure 3b. The sharper
structures of imidazolium C-H bands revealed in Figure 3b-g are in part due to the anisotropic
environment in a solid structure. We note that spectral features of the [BMIM][TFS]/Al2:Os mixture
in Figure 3 are almost identical to those of pure [BMIM][TES], as revealed in our previous studies
[21]. The results of Figure 3 indicate that the presence of nano-Al:0s does not perturb ion/ion
interactions from the perspective of the C-H stretching motions of the cations. Instead, the blue-shifts
revealed in Figure 3 may originate from the combined effect of the overlap repulsion enhanced by
hydrostatic pressure, C-H---O contacts, and so forth. The increased understanding of weak
interactions, such as hydrogen bonding between the C-H groups on the imidazolium cation and
oxygen atoms of the TFS- anion, has required an expansion of the classical definition of hydrogen
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bonding. One of the intriguing aspects of C-H---O interactions is that the C-H bond tends to shorten
as a result of the formation of blue-shifting hydrogen bonds. We demonstrate in Figure 3 that high
pressure is a valuable method to probe pressure-enhanced blue-shifting of C-H hydrogen bonds in
the [BMIM][TFS]/ALOs mixture. Scheiner’s group and Dannenberg’s group indicated that the origin
of both red-shifting and blue-shifting hydrogen bonds may be the same, and suggested that both
types of hydrogen bonds result from a combination of electrostatic, polarization, charge transfer,
dispersion, and exchange/steric repulsion forces between proton donors and acceptors [22,23].

2800 2900 3000 3100 3200
Wavenumber(cm-1)

Figure 3. IR spectra of the [BMIM][TFS]/AL:Os mixture obtained under ambient pressure (curve a)
and at 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve f), and 2.5 GPa (curve g).
Relative intensities of the IR bands are given in increments of 0.1; the scale bar is displayed in the
upper left corner of the figure.

Figure 4 shows the infrared spectra of the [BMIM][TFS]/AL2:Os mixture attributed to the
absorption of TFS- anions under various pressures. As the mixture is compressed to 0.4 GPa in
Figure 4b, the 1270 cm™ (doublet) band narrowed and the band at 1165 cm™ splits into two distinct
bands at ca. 1152 and 1175 cm™. These spectral changes may indicate a pressure-induced phase
transition arising from both structural reorganization (due to ordered local structures) and a
decrease in inhomogeneous broadening. The spectral features of the [BMIM][TFS]/ALl2:Os mixture
revealed in Figure 4 are almost identical to those of pure [BMIM][TES]. In contrast to the bandwidth
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narrowing of asymmetric SOs stretching vibration at ca. 1270 cm™, the 1032 cm™ band (symmetric
SO:s stretching) displays anomalous bandwidth broadening upon compression in Figure 4b-g. It is
likely that transverse optic (TO)-longitudinal optic (LO) splitting of the symmetric SOs stretching
band plays a non-negligible role in Figure 4 [11,12,24].

1000 1100 1200 1300
Wavenumber({cm-1)

Figure 4. IR spectra of the [BMIM][TFS]/AL:Os mixture obtained under ambient pressure (curve a)
and at 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve f), and 2.5 GPa (curve g).
Relative intensities of the IR bands are given in increments of 0.25; the scale bar is displayed in the
upper left corner of the figure.

Figure 5 displays the IR spectra of a [BMIM][TFS]/ALOs mixture after five washes with ethanol
obtained under ambient pressure (curve a) and at 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5
(curve e), 1.8 (curve f), and 2.5 GPa (curve g). As shown in Figure 5a,b, no appreciable changes in
the spectral features of C-H vibrations occur as the sample is compressed to 0.4 GPa. This result is
remarkably different from that is revealed for the [BMIM][TFS]/ALLOs mixture in Figure 3b.
It appears that the presence of nano-Al:Os has an influence on the supramolecular assemblies of the
remaining ILs on the surface of Al:Os after five washes and under high pressures, as revealed in
Figure 5. The nano-Al:Os surfaces may weaken the cation/anion interactions in the interfacial area
as a result of the formation of enhanced ionic liquid/particle surface interactions under high
pressures. The AlQOs/ionic liquid interactions may also affect the hydrogen-bonded network of
interfacial [BMIM][TFS] under high pressures. In contrast to the results obtained under ambient
pressure (Figure 1), the local structures of both the imidazolium C-H and alkyl C-H groups are
disturbed under high pressures for the mixture after five washes, shown in Figure 5, when compared
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to the pressure dependence of the [BMIM][TFS]/AL:Os mixture (Figure 3). Therefore, high pressures
may have the potential to control the order and strength of ionic liquid/surface interactions in
this system.

2800 2000 3000 3100 3200
Wavenumber(cm-T)

Figure 5. IR spectra of the mixture after five washes with ethanol obtained under ambient pressure
(curve a) and at 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve f), and 2.5 GPa
(curve g). All curves were baseline-corrected by subtracting straight lines. Relative intensities of the
IR bands are given in increments of 0.05; the scale bar is displayed in the upper left corner of
the figure.

Figure 6 shows the infrared spectra of the mixture after five washes in the spectral range
between 1000 and 1350 cm™ obtained under ambient pressure (curve a) and at 0.4 (curve b),
0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve f), and 2.5 GPa (curve g). The absence of drastic
band-narrowing and splitting in Figure 6 suggests that interfacial ionic liquid/Al20s interactions of
the mixture after five washes may be enhanced by the application of pressure. As revealed in
Figure 6g, the absorption bands display mild blue-shifts in frequency as the mixture is compressed
to 2.5 GPa.
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1000 1100 1200 1300
Wavenumber(cm -1 )

Figure 6. IR spectra of the mixture after five washes with ethanol obtained under ambient pressure

(curve a) and at 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve f), and 2.5 GPa

(curve g). Relative intensities of the IR bands are given in increments of 0.2; the scale bar is

displayed in the upper left corner of the figure.

To illustrate the frequency shift, the pressure dependence of C-H stretching frequencies of the
[BMIM][TFS]/Al20s mixture, the mixture after two washes with ethanol, and the mixture after five
washes is plotted in Figure 7. The C-H bands corresponding to the [BMIM][TFS]/AL:Os mixture
display significant blue-shifts in frequency as the pressure increases to 0.4 GPa, and then undergo
mild shifts in frequency when the pressure increases from 0.4 to 2.5 GPa. The discontinuous jump
occurring around 0.4 GPa becomes less obvious for the mixture after two washes with ethanol.
In Figure 7, we observe no discontinuous jump in frequency for the mixture after five washes. It is
known that the hydrogen bond cooperativity due to concerted charge transfer can greatly enhance
the strength of the individual hydrogen bonds involved in the coupling [25]. Hydrogen-bonding
non-additivity and the size of clusters are suggested to be responsible for the enhancement of
hydrogen bonding [25,26]. Thus, the anomalous jump in frequency at 0.4 GPa can be attributed to
both the cooperative and geometric effects of blue-shifting hydrogen bonds. The disappearance of
the discontinuous jump upon the reduction of ionic liquid through washing with ethanol may
indicate the decrease in strength of blue-shifting hydrogen bonding as C-H/anion interactions are
replaced by C-H/ALQO:s interactions. The loss of the frequency jump at 0.4 GPa due to washing is
related to a reduction of the amount of ionic liquid along the interface. At thicker values, there is
likely enough IL to form crystallites. If there is just a monolayer (or about that), crystallization
might be difficult and hydrogen bond cooperativity may be reduced.
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Figure 7. Pressure dependence of the C-H stretching frequencies of the [BMIM][TFS]/ALOs
mixture (diamonds), the mixture after two washes with ethanol (squares), and the mixture after five
washes (triangles).

This study indicates that high pressures can serve as a useful tool to probe the strength of
blue-shifting C-H hydrogen bonding in ILs deposited along the surface of nano-Al:0s surfaces.
Furthermore, the surfaces of AlzOs appear to be capable of breaking or weakening the interactions
of the cation/anion clusters, presumably in favor of stable ionic liquid/AL2Os interactions under
high pressures. Supplementary data (IR spectra of the mixture after two washes and pure
[BMIM][TES] with 99% purity) are included in Supplementary Materials (see Figures S1-S3).

4. Conclusions

In this study, we demonstrate that the effect of nano-Al20s on hydrogen bonding networks of
[BMIM][TES] can be probed by high-pressure infrared spectroscopy. There are no remarkable
changes in the spectral features of [BMIM][TFS] in the presence of nano-Al2Os at ambient pressure.
Nevertheless, nano-AlzOs may perturb the cation/anion aggregations as a result of the formation of
pressure-enhanced ionic liquid/Al20s interactions when high pressure is applied to the composite
materials. The relative strength of blue-shifting C-H hydrogen bonding, ie., [BMIM][TFS] >
[BMIM]-AL0:s, is also investigated by varying the applied pressure. This study indicates that high
pressures may have the potential to tune the strength of ionic liquid/Al2Os surface interactions.
Moreover, high-pressure infrared spectroscopy provides an alternative avenue for a better
understanding the interfacial properties of ILs in contact with nanostructured metal oxides.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/7/8/855/s1,
Figure S1: IR spectra of the mixture after two washes with ethanol obtained under ambient pressure (curve a)
and at 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve f), and 2.5 GPa (curve g), Figure S2:
Infrared spectra of the mixture after two washes with ethanol obtained under ambient pressure (curve a) and
at 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve f), and 2.5 GPa (curve g), Figure S3: Infrared
spectra of pure [BMIM][TFS] (99% , Lot: N00364.7, UniRegion) obtained under ambient pressure (curve a) and
at 0.4 (curve b), 0.7 (curve c), 1.1 (curve d), 1.5 (curve e), 1.8 (curve f), and 2.3 GPa (curve g).
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