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Specific interactions between the quaternary
ammonium oligoether-based ionic liquid and
water as a function of pressure
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The interactions between Ammoeng 100 and water are probed using high-pressure infrared measurements
and DFT-calculations. The results of infrared absorption profiles suggest that the energetically favored
approach for water molecules to interact with Ammoeng 100 is via the formation of anion-water inter-
actions, whereas the alkyl C-H groups play much less important roles. After comparison with pure
Ammoeng 100, it appears that no appreciable changes in band frequencies of alkyl C-H vibrations
occurred as Ammoeng 100 was mixed with D,0. The presence of D,0 has a red-shift effect on the peak
frequency of the S—O stretching vibration under the pressures below 1 GPa in comparison to the
absorption frequencies of pure Ammoeng 100. This observation is likely related to local structures of
the S—O groups interacting with D,O molecules. DFT-calculations indicate that the most energetically
favored conformation of ion pairs should be the species having only one hydrophilic hydrogen bonding.
The results of calculations reveal that water addition may induce the partial replacement of C-H---O
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Introduction

Ionic liquids are typically composed of bulky organic cations
and anions with a melting temperature below 100 °C. Their
extraordinary properties such as nonvolatile nature and liquid
state in a broad temperature range make them attractive
alternatives to volatile organic solvents for many innovative
applications."™ Although ionic liquids are environmentally
green solvents compared to traditional organic solvents, the
high viscosity of ionic liquids has restricted their use as
solvents in technical applications such as heat-transfer fluids.
To expand the application of ionic liquids, addition of a
suitable co-solvent to an ionic liquid has come into focus in
recent years.”" The study of ionic liquid-based mixtures
becomes more and more attractive in recent years and this is
one of the motivations for the current work.'™*

The properties of ionic liquid-based mixtures are very complex
that have been shown using experimental and theoretical methods.
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interactions with strong hydrogen bonding between anions and water molecules.

Generally, the structures and properties of these ionic systems
are mainly dominated by the electrostatic interactions.>> Based
on previous studies, ionic liquids differ from the classical salts
at least in one aspect: they possess hydrogen bonds that induce
structural directions.”> However, the role of hydrogen bonding
in ionic liquids is still an issue of debate in the literature.>'*
The local structures and self-assembly of ionic liquid-water
mixtures have been studied, while the physical properties are
key features for the applications of ionic liquids. At high ionic
liquid concentrations, ionic liquids seem to form clusters, as in
the pure state, and water molecules interact with the clusters
without interacting among themselves. Ionic liquids containing
dissolved water may not be regarded as homogeneous solvents
but have to be considered as microheterogeneous materials,
where the microheterogeneity may be attributed to incomplete
mixing at the molecular level.'>*#

Because ionic liquids are entirely composed of ions, ionic
liquids have been utilized in the preparation of ion gels (a new class
of solid state electrolytes).">** The addition of gelling agents to ionic
liquids occasionally leads to the gelation of ionic liquids and the
gelling agents include low molecular weight gelators, nanoparticles,
and block copolymers. Such ion gels, prepared by chemical or
physical gelation, frequently exhibit intriguing properties (e.g:, high
ionic conductivity, quasi-solidification, and flexibility) making
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them attractive for the application of ion gels. However, the
preparation of ion gels suffers from the diverse limitations
of expensive synthetic procedures and unknown potential
toxicity. Developing new gelation methods for ionic liquids is
crucial for the significant application of ion gels. There has
recently been much interest in using water to prepare ion
gels and this inexpensive approach yields ion gels with good
physical and mechanical properties.*” Recently the gelation
of the quaternary ammonium oligoether-based ionic liquid
Ammoeng 100 with water has been addressed.®” Nevertheless,
the local structures of water-based ion gels are not clear
at present. In this work, we use variable pressure as a window
into the hydrogen bonding structures in Ammoeng 100-water
mixtures.

Knowledge of the nature of hydrogen bonding interactions
is fundamental to understand the physical properties of ionic
liquids. The hydrogen bonding interactions are complex for
ionic liquid-water mixtures with varying anions, due to pro-
nounced anion-water interactions. The molecular state of
water absorbed from air in ionic liquids has been studied using
vibrational spectroscopy, which indicates that water molecules
interact with the anions and exist in symmetric 1:2 type
hydrogen-bonded complexes.>*>* Many research studies of
ionic liquid mixtures are interested in the interactions between
water and anions, while the interactions of water with cations
have been studied limitedly. Water miscibility of ionic liquids is
affected by the length of alkyl side-chains and the role of water
in ionic liquids is closely related to the supramolecular struc-
tures of ionic liquids. Researchers have demonstrated that
small amounts of water in ionic liquids have a dramatic effect
on the rate of diffusion."” Based on the theoretical results of
Voth’s group,® at high ionic liquid concentration ionic liquids
seem to form clusters, as in the pure state, and water molecules
interact with the clusters without interacting among them-
selves. In the present investigation, our intent is to achieve
further understanding of aggregation properties in ionic liquid-
water mixtures.

Various spectroscopic and theoretical studies have been made
to probe the structures, interactions, and solvation of ionic
liquid-based systems.'™ Previous studies on the structures of
ionic liquids have included the use of X-ray crystallography.'
Although the results of crystal structures are highly informative
on the relative geometry changes, crystallography does not
provide direct information on the local structures in the liquid
state. Thus, vibrational spectroscopy (IR or Raman) is often
used to explore hydrogen bonded structures of liquid mixtures.
Generally, vibrational studies were performed at ambient pres-
sure and mostly at room temperature. Recently interest in
pressure as an experimental variable has been growing in
physicochemical studies.>****>” Under high-pressure condi-
tions, the relative weights of the strong intramolecular inter-
actions responsible for molecular bonding and of the weaker
intermolecular forces defining the aggregation states are
altered. In this study, we show that high-pressure infrared
spectroscopy is a sensitive method to probe the structural
organization in ionic liquid-water mixtures.
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Experimental section

Samples were prepared using Ammoeng 100 (>95%, UniRegion
Bio-Tech) and D,0 (99.9 atom% D, Aldrich). A diamond anvil
cell (DAC) of Merrill-Bassett design, having a diamond culet size
of 0.6 mm, was used for generating pressures up to ca. 2 GPa.
Two type-Ila diamonds were used for mid-infrared measure-
ments. 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, CaF, crystals
(prepared from a CaF, optical window) were placed into the hole
and compressed firmly prior to inserting 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
spectrophotometer (model Spectrum RXI) equipped with a LITA
(lithium tantalite) mid-infrared detector. The infrared beam was
condensed through a 5x beam condenser onto the sample in the
diamond anvil cell. Typically, we chose a resolution of 4 cm™"
(data point resolution of 2 cm™ ). 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 follows Wong’s method.”®*° The pressure dependence of
screw on moving distances was measured.

Results and discussion

The quaternary ammonium-based ionic liquid chosen for the
preparation of the mixture in this article is Ammoeng 100, as
shown in Fig. 1. In general, Ammoeng ionic liquids have
amphiphilic structures containing both long alkyl chains
and hydroxyl groups. Fig. 2 displays infrared spectra of pure
Ammoeng 100 obtained under ambient pressure (curve a) and
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Fig. 1 Chemical structures of (a
DFT-calculation.

a) Ammoeng 100 and (b) the cation used in the
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Fig. 2 IR spectra of pure Ammoeng 100 obtained under ambient pressure

(curve a) and at 0.3 (curve b), 0.9 (curve c), 1.5 (curve d), 1.9 (curve e), 2.3 (curve f),
and 2.5 GPa (curve g).

at 0.3 (curve b), 0.9 (curve c), 1.5 (curve d), 1.9 (curve e),
2.3 (curve f), and 2.5 GPa (curve g). We have concentrated our
analysis on the 2800-3800 cm™* region which contains the C-H
and O-H stretching modes, Fig. 2.>"** The infrared spectrum
exhibits two discernible peaks, ie., at 2857 and 2926 cm ',
respectively, corresponding to C-H stretching modes of the alkyl
groups, Fig. 2a. The broad band at ca. 3401 cm™ " in Fig. 2a can be
assigned to hydrogen bonded O-H stretching modes.*® As the
sample was compressed, i.e., increasing from ambient (Fig. 2a) to
0.3 GPa (Fig. 2b), alkyl C-H bands were blue shifted to 2863 and
2935 cm™ ', respectively, Fig. 2b. The blue shift may originate from
the combined effect of the overlap repulsion enhanced by hydro-
static pressure, C-H---O contacts, and so forth.?>**3!733 Never-
theless, the red shift of the O-H band at ca. 3374 cm ™! is obvious
as the pressure was elevated, Fig. 2b. This behavior is in accord
with the general trend observed for a red shift with pressure for
O-H and C=O stretching modes in strongly hydrogen bonded
O-H---O and C=O0- - -H systems, respectively.*® In contrast to
strong hydrogen bonding, the C-H covalent bond tends to blue-
shift as a result of formation of a weak hydrogen bond.

Fig. 3 presents infrared spectra of an Ammoeng 100-D,0O
mixture (10 wt% Ammoeng 100) obtained under ambient pres-
sure (curve a) and at 0.3 (curve b), 0.9 (curve c), 1.5 (curve d),
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2800 3000 3200 3400 3600 3800
Wavenumbers (cm-')
Fig. 3 IR spectra of an Ammoeng 100-D,0 mixture (10 wt% Ammoeng 100)

obtained under ambient pressure (curve a) and at 0.3 (curve b), 0.9 (curve ¢),
1.5 (curve d), 1.9 (curve e), 2.3 (curve f), and 2.5 GPa (curve g).

1.9 (curve e), 2.3 (curve f), and 2.5 GPa (curve g). The C-H
stretching absorptions overlap with the O-H stretching bands of
H,0, so D,0 was used in this study. By comparing Fig. 2a and 3a,
we observe no appreciable changes in C-H spectral features in
the presence of D,O under ambient pressure, Fig. 3a. The broad
absorption band at ca. 3406 cm ™" revealed in Fig. 3a is mainly
attributed to the hydrogen bonded O-H stretching modes of the
diluted HOD in the Ammoeng 100-D,O mixture. The HOD
molecules may mainly originate from the H-D exchange from
D,O to the cation. HOD is also a typical impurity existing in D,O.
As the pressure was elevated to 0.3 GPa, the red shift of the
hydrogen bonded O-H band is obvious, Fig. 3b. At a pressure of
1.5 GPa (Fig. 3d), the O-H spectral features show further evolu-
tion through an observation of bandwidth narrowing. This
observation indicates that a pressure-induced phase transition
occurs, Fig. 3d. At room temperature, compression of liquid
water leads to tetragonal ice VI at pressure above 1.05 GPa and
further to cubic ice VII above 2.1 GPa.** The sharper O-H
features, Fig. 3d-g, may correspond to the high order environ-
ment in icelike structures.’® The IR spectra of both ice VI
(Fig. 3d-e) and ice VII (Fig. 3f-g) consist of two O-H bands
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Fig. 4 Pressure dependence of the C—H stretching frequencies of pure Ammoeng
100 (diamonds) and the Ammoeng 100-D,0 mixture (squares).

overlapping each other. These two bands become well separated
in the derivative spectra. As shown in Fig. 3b-g, the compression
leads to blue frequency shifts of the C-H stretching modes.

The absorption frequencies of the dominant alkyl C-H band
at about 2926 cm™ " are plotted versus pressures in Fig. 4, while
we notice that the alkyl C-H band in Fig. 4 displays anomalous
non-monotonic pressure-induced frequency shifts. For pure
Ammoeng 100, the compression leads to blue frequency shifts
at the pressure below 0.3 GPa, then no appreciable changes in
the band frequency (c¢f Fig. 2b-c), and then blue-shifts again
upon further increasing the pressure (c¢f Fig. 2d-g). This dis-
continuity in frequency shift, Fig. 4, is in agreement with the
trends revealed in our previous studies.** The alkyl C-H band
frequency of pure Ammoeng 100 increases significantly at
0.3 GPa, Fig. 4, and this may indicate a pressure-induced
solidification (or structural transformation) at a pressure of
0.3 GPa. A structural reorganization or second phase transition
may take place at pressures above 1 GPa as revealed in Fig. 4.
After comparison with pure Ammoeng 100, it appears that no
appreciable changes in band frequencies of alkyl C-H vibra-
tions occurred as Ammoeng 100 was mixed with D,0, Fig. 4.
Our results in Fig. 4 suggest that the presence of D,O does not
perturb the ionic liquid-ionic liquid clustering (phase transi-
tion or cross-linking) in the non-polar region at the pressure of
0.3 GPa. The role of water in ionic liquids is complex and
depends on the supramolecular structures of ionic liquids."™"”
We would like to point out that the HOD molecules in the
Ammoeng 100-D,O mixture are still liquid-like under the pressure
of 0.3-1 GPa as revealed in Fig. 3b and c. Thus, the Ammoeng
100-D,O mixture, Fig. 3b and c may behave like gel due to
the pressure-induced transition via a three-dimensional cross-
linked network within the liquid D,O. Our results indicate that
high pressure can be applied to tune the relative weights of
ionic liquid aggregation states in the Ammoeng 100-D,O
mixture even in the liquid (or gel) state.

In order to gain further insights into the local structures of
ionic liquids, the pressure dependencies of S—O stretching
vibration of pure Ammoeng 100 and Ammoeng 100-D,O are
presented in Fig. 5 and 6, respectively. Fig. 5 displays infrared
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Fig. 5 IR spectra of pure Ammoeng 100 obtained under ambient pressure
(curve a) and at 0.3 (curve b), 0.9 (curve c), 1.5 (curve d), 1.9 (curve e), 2.3 (curve f),
and 2.5 GPa (curve g).

spectra of pure Ammoeng 100 obtained under ambient pres-
sure (curve a) and at 0.3 (curve b), 0.9 (curve c), 1.5 (curve d),
1.9 (curve e), 2.3 (curve f), and 2.5 GPa (curve g) in the
980-1080 cm™ ' region. As revealed in Fig. 5a, the symmetric
SO; stretch appears at 1013 cm™ " under ambient pressure.*>3°
The symmetric SO; stretch shows a red shift to 1011 em ™" upon
compression, Fig. 5b and this result represents the weakening
of the S=O bond. The sharper S=—O structure revealed in
Fig. 5b is in part due to the higher order and anisotropic
environment in a solid structure. As the sample was com-
pressed, i.e., increasing the pressure from 0.3 GPa (Fig. 5b) to
2.3 GPa (Fig. 5e), no appreciable changes in the band frequency
of the S=O stretching absorption were observed.

Fig. 6 displays infrared spectra of an Ammoeng 100-D,O
mixture (10 wt% Ammoeng 100) obtained under ambient pressure
(curve a) and at 0.3 (curve b), 0.9 (curve c), 1.5 (curve d), 1.9 (curve e),
2.3 (curve f), and 2.5 GPa (curve g) in the 980-1080 cm ™ region.
A red shift in band frequency of the S—O stretching vibration
from 1013 cm ™' (Fig. 5a) to 1006 cm™* (Fig. 6a) occurred as the
ionic liquid was diluted by D,O under ambient pressure. This
result is remarkably different from what is revealed for the alkyl
C-H groups, Fig. 3a. The S=O stretching mode underwent a
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Fig. 6 IR spectra of an Ammoeng 100-D,0 mixture (10 wt% Ammoeng 100)
obtained under ambient pressure (curve a) and at 0.3 (curve b), 0.9 (curve ),
1.5 (curve d), 1.9 (curve e), 2.3 (curve f), and 2.5 GPa (curve g).

red-shift in frequency as D,O was added, Fig. 6a, but no
significant changes in C-H stretching frequency were observed
in Fig. 3a under ambient pressure. Previous studies have shown
that the frequency shifts of the vibration modes are closely
related to changes in the hydration states and the liquid
structures.> Our results may suggest that the energetically
favored approach for the D,0O molecules to interact with
Ammoeng 100 is via the formation of anion-D,0 interactions.
The compression leads to a red shift in frequency of the S=0O
stretching vibration to 1004 cm ™", Fig. 6b, while blue-shifts in
frequency of the S—=O stretching vibration are observed for
further compressions, Fig. 6¢c-g. Looking into more detail in
Fig. 6d-g, the spectral features of the S=—O stretching vibration
of the Ammoeng 100-D,0 mixture show further evolution upon
dilution through the observation of decreases in band widths in
comparison to the S—O absorption bandwidths of pure
Ammoeng 100 as revealed in Fig. 5d-g. Our results indicate
that the S=—O absorption bandwidths in Fig. 5 and 6 are more
concentration-sensitive than the alkyl C-H bandwidths as
shown in Fig. 2 and 3. A possible explanation for this effect is
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the hydrogen bonding formation between the S—O groups and
D,0. The high order ice-like O-D structures may be one of the
reasons to yield the bandwidth narrowing, Fig. 6d-g. This
observation suggests the formation of a certain ice-like struc-
ture around the S=O groups, but the details remain unclear.
Based on our results, the S=—=O groups seem to be more
favorable sites for hydrogen bonding than the alkyl groups.
We also observed several C-O stretching bands in the
1020-1080 cm ™" region. One of the C-O peaks locating between
1020 and 1030 cm ™" becomes obvious, Fig. 6 (in comparison to
Fig. 5), due to the bandwidth narrowing of S—O absorption.
To illustrate the frequency shift, the absorption frequencies
of the S=O stretching vibration was presented versus pressures
in Fig. 7 and the S=O stretching band displays anomalous non-
monotonic pressure-induced frequency shifts. As shown in
Fig. 7, the presence of D,O has a red-shift effect on the peak
frequency of the S=O stretching vibration under the pressures
below 1 GPa in comparison to the absorption frequencies of
pure Ammoeng 100. This observation is likely related to local
structures of the S=O groups interacting with D,O molecules.
We note that simple density effects may result in monotonic
frequency shifts due to increased density upon compression. In
other words, the non-monotonic frequency shifts observed in
this study suggest the changes in structures due to hydrogen
bonding. The red-shifts of S=O stretches may be due to the
replacement of an interaction between the anion and a cation
with an interaction with D,0. We note that the S=—O absorption
peaks of the Ammoeng 100-D,O mixture show the trend of an
initial red shift followed by blue shifting under compression,
Fig. 7. As pure Ammoeng 100 and the Ammoeng 100-D,O
mixture were compressed to the pressures above 1 GPa,
Fig. 7, the symmetric SO; absorption displays almost the same
band frequencies and the presence of D,O does not have a
drastic effect on the band frequencies of S=O stretches as the
Ammoeng 100 was diluted by D,O. This result is remarkably
different from the lower SO; frequency observed for the
Ammoeng 100-D,0 mixture under the pressures below 1 GPa,
Fig. 7. This behavior may arise from changes in water-cluster
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Fig. 7 Pressure dependence of the symmetric SOs stretching frequencies of
pure Ammoeng 100 (diamonds) and the Ammoeng 100-D,0O mixture (squares).
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Fig. 8 Optimized structures of ion pairs (species A, B, and C), the ion-pair dimer (species C-d), ion-pair-(water) (species C-d-w), and ion-pair-(water), (species C-d-w2).

sizes (ice-like structures) and a perturbation in the geometrical
properties of hydrogen-bond network as the pressure is
elevated to above 1 GPa. The association of water molecules
to form the ice-like structures may induce the clustering of
Ammoeng 100. In the literature, the researchers have reported
that the cation-anion interaction can be distinguished from
anion-water or cation-water interactions using vibrational
spectroscopy,”” and ionic liquid-water mixtures are not an
unstructured homogeneous solution.*®

To develop further insight into the hydration mechanism,
we have performed density functional theory (DFT) calculations
using the Gaussian program package.*® As compared with the
chemical structure of Ammoeng 100, Fig. 1a, we choose the
shorter side-chain cation, having two methyl groups and two
side-chains with m = n = 1, in our calculations (see Fig. 1b).
Fig. 8 displays the DFT-calculated structures of [cation][anion]
ion pairs (species A, B, and C), ([cation][anion]), ion-pair dimer
(species C-d), ([cation][anion]),(water) (species C-d-w), and
([cation][anion]),(water), (species C-d-w2). The geometry opti-
mization was calculated by using the B3LYP level with 6-31+G*.
Table 1 displays energy results and predicted symmetric SO;
stretching frequencies. As illustrated in Fig. 8A and B, the approach

This journal is © the Owner Societies 2013

Table 1 DFT-calculated relative energies (hartree mol~") and symmetric SO3
stretching frequencies (em™1)?

Species® Relative energies Calcd frequency
A —1489.637914 979.9

B —1489.636111 985.0

C —1489.645719 992.0

Cd —2979.307899 988.4, 992.0
C-d-w —3055.722625 985.4, 991.8
C-d-w2 —3132.137958 985.0, 986.8

¢ Structures illustrated in Fig. 8.

for the anion (CH3S0, ") to interact with the cation is through the
formation of two hydrophilic hydrogen bonds (-O-H- - -O—S-)
for species A and hydrophobic interactions (-C-H- - -O—S8-) for
species B. Based on calculated results revealed in Table 1, the
hydrophilic conformer (species A) is more stable in thermo-
dynamic energy than the hydrophobic conformer (species B).
Nevertheless, Table 1 indicates that the most energetically
favored conformation of ion pairs should be species C having
only one hydrophilic hydrogen bonding (-O-H- - -O=S-). This
fact suggests the non-negligible role of weak hydrogen bonds
such as C-H:--O interactions in the structures of ion pairs.
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It appears that charge-enhanced alkyl C-H---O interactions
somehow provide complementary stabilization energies to pro-
vide stability to the local structures of neat ionic liquids.

As the clusters increase in size, the number of low-lying
isomers increases exponentially and the structure identifi-
cation is complicated. Thus, we only extend the structure of
species C to develop the structure of the ion-pair dimer (species
C-d), dimer-water (species C-d-w), and dimer-(water), (species
C-d-w2), Fig. 8. As revealed in the structures of species C-d-w
and C-d-w2, water addition disrupts C-H---O interactions
between the cation and the anion. It was known that the
addition of an appropriate amount of water to Ammoeng 100
results in the formation of ionogel, but the detailed mechanism
is still not clear. Based on our calculations of species C-d-w and
C-d-w2, the gelation of Ammoeng 100/water may involve
the partial replacement of C-H---O interactions with strong
hydrogen bonding between the anion and water molecules.
Table 1 displays the frequencies of two symmetric SO; stretch-
ing vibrations located at 988.4 and 992.0 cm " for species C-d
and the symmetric SO; stretching bands are red-shifted to
985.4 and 991.8 cm™ ' for species C-d-w. As species C-d is
coordinated to two water molecules, the symmetric SO; stretching
bands are further red-shifted to 985.0 and 986.8 cm ™" for species
C-d-w2. This result is in agreement with the red-shift observed
upon dilution under ambient pressure, Fig. 7.

Conclusion

The pressure-dependent infrared spectral features indicate that
the alkyl C-H bands of Ammoeng 100 display non-monotonic
pressure-induced frequency shifts. The compression leads to
blue frequency shifts at the pressure below 0.3 GPa, then no
appreciable changes in the band frequency, and then blue-
shifts again upon further increasing the pressures. No signifi-
cant changes in alkyl C-H stretching frequencies were observed
as Ammoeng 100 was mixed with D,O. This observation sug-
gests that the presence of D,O does not perturb the ionic
liquid-ionic liquid association in the non-polar region. In
contrast to the C-H groups, the S=O stretching modes under-
went red-shift in frequency in the presence of D,O under the
pressures below 1 GPa. Our results suggest that the energeti-
cally favored approach for D,O molecules to interact with
Ammoeng 100 is via anion-D,0 interactions. DFT-calculations
indicate the non-negligible role of hydrophobic interactions
(C-H---0) in the structures of ion pairs. Water addition
disrupts C-H:--O interactions and the partial replacement
of hydrophobic interaction with strong hydrogen bonding
between anion and water molecules occurs in Ammoeng
100-water mixtures.
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