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ABSTRACT: We have investigated the surface behavior of 1-butyl-3-methyl-
imidazolium methylsulfate ([bmim][MS]) aqueous solutions by sum frequency
generation vibrational spectroscopy (SFG-VS) and surface tension measurements,
including the adsorption of ions and its relationship with surface tension. At very
low [bmim][MS] concentrations, SEG-VS data indicate that with increasing mole
fraction of [bmim][MS], adsorption of cations at the interface rapidly increases,
whereas the surface tension rapidly decreases. When cation adsorption to the
surface is close to saturation, the change of the surface tension tends to be gradual.
When the mole fraction of [bmim][MS] reaches 0.1, anions begin to adsorb to the
interface, leading to the changes of the orientation angle of cations and the
aggregation behavior of cations and anions at the interface. The previously
reported unusual minimum point in the surface tension curve of [bmim][BF,]
aqueous solution suggested to be caused by successive adsorption of cations and anions was not observed for [bmim][MS]
aqueous solution. SFG-VS spectra and the surface tension curve of [bmim][MS] aqueous solution indicate that anion adsorption
does not significantly affect the surface tension. These results provide important information about the surface behavior of ionic
liquid aqueous solutions and the effect of adsorption of ions on the surface tension.

1. INTRODUCTION

Ionic liquids (ILs) are environmentally friendly solvents with
unique physicochemical properties. They have been one of the
most active scientific research areas in the past decade because
of their potential applications in industry. Most of these
applications, such as heterogeneous catalysis, electrochemistry,
separation, distillation, and gas absorption,l_
reactions or processes occurring at the surface or interface of
the ILs. In many applications of ILs, ILs are in contact with
other solvents, such as water, and the investigation of IL—water
mixtures has been a topic of much interest."”'°'> One
advantage of ILs in industrial applications is that by selecting
the chemical structure of the cation and anion, the physical and
chemical properties of the ILs can be tailored for desired
industrial applications.'®~** This requires a deep understanding
of the nature of ILs, including their surface properties.

foundation to understand many of the unique properties of ILs.
Therefore, investigation of surface phenomena occurring in
aqueous solutions of ILs and the surface properties is essential
not only for surface science but also for practical applications of
ILs.

Investigation of the surface tension of IL—water mixtures has
also been of great interest in recent decades. Many of these
studies have focused on precise surface tension determination
and determining the relationships between surface tension and
bulk concentration, and surface tension and the surface
structure in IL aqueous solutions.”***~*¢ For example, Bowers
et al. investigated the aggregation behavior of [C,mim][Cl],
[Cemim][Cl], and [Cgmim][I] ILs in aqueous solution using
surface tension, conductivity, and small-angle neutron scatter-
ing measurements.”” By varying the bulk concentration, they
found that the surface tension of the [Cgmim][Cl] aqueous

° mainly involve

The surface tension is one of the most important surface
properties of ILs,”® and it is directly related to the surface
composition and structure of the IL. It is also closely related to
intermolecular interactions in the bulk (cohesive energy) and
the molecular orientation at the surface,”**” which provide a
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solution has a pronounced minimum (break point) near the
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critical aggregation concentration (CAC) and then increases
with increasing bulk concentration for concentrations greater
than the CAC to reach a certain value. Unlike the [Cgmim][Cl]
aqueous solution, for the 1-octyl-3-methylimidazolium iodide
([Csmim][I]) aqueous solution, the surface tension did not
show such a minimum. The authors suggested that the
observed minimum of the surface tension for the [Cgmim][CI]
aqueous solution may arise from impurities in the IL.”" At
almost the same time, Kim and co-workers used surface tension
measurements and surface sum frequency generation vibra-
tional spectroscopy (SFG-VS) to investigate the surface
molecular structure of a mixture of 1-butyl-3-methyl-
imidazolium tetrafluoroborate ([bmim][BE,]) with water."’
Their main conclusion was that the surface tension of the
[bmim][BF,] aqueous solution exhibits an abnormal low point
at a mole fraction of [bmim][BF,] of about 0.016 when the
[bmim][BF,] mole fraction is increased,”” which is similar to
what was observed in the [Cgmim][Cl] aqueous solution.*’
Considering the SFG-VS spectra at different [bmim][BF,]
concentrations, the authors offered a microscopic explanation
for the anomalous minimum in the surface tension curve. They
proposed that this unusual behavior of the surface tension may
originate from adsorption of BF,” anions. For mole fractions
less than 0.016, the surface is occupied by [bmim] cations,
whereas BF,” anions begin to adsorb at the interface for mole
fractions greater than 0.016, resulting in a slight increase in the
surface tension.

It is still a matter of debate whether successive adsorption of
cations and anions in IL aqueous solutions will create an
unusual minimum point in the surface tension curve because
for a long period of time it was widely accepted that this type of
abnormal point is caused by surface-active impurities.**™>°
Indeed, Hoffmann and Russo thoroughly investigated the effect
of a variety of conceivable impurities on the surface tension of
[bmim][BF,] aqueous solution.”* The results showed that the
presence of surfactants and oil in the solution could lead to an
apparent false minimum in the composition-dependent surface
tension.** Furthermore, in addition to impurities in IL aqueous
solutions, the instability of the IL system may also cause
inaccurate measurements. For example, hydrolysis of the BE,~
anion may result in improper measurement of the surface
tension.”’ Other studies have shown that such a surface tension
minimum does not exist in [bmim][BF,] aqueous solu-
tions.” "33 In summary, although there has been extensive
research into IL aqueous solutions, the relationship between
surface tension and the concentrations of bulk and interfacial
cations and anions is still controversial. Therefore, further
research is required to fill in existing gaps in knowledge and
resolve any remaining conflicts.

1-Butyl-3-methylimidazolium methylsulfate ([bmim][MS],
Figure 1) is an important IL that shows potential as an

/\/\IN/Z\N*/
/3
s« |

4
o// \0'

Figure 1. Molecular structure of [bmim][MS].

aerospace lubricant because of its low vapor pressure and good
thermal stability.* [bmim][MS] and its mixtures with water,
alcohol, and other solvents have been extensively studied in
recent years.‘%"w’ss_62 Compared with [bmim][BF,], [bmim]-
[MS] is a more suitable system to investigate adsorption of ions
at the interface because [bmim][BF,] is prone to hydrolysis in
aqueous solution whereas [bmim][MS] is more stable, which
can prevent inaccuracies in surface tension measurements
caused by system instability. From the viewpoint of accurate
determination by SFG-VS, the [bmim][MS] aqueous solution
is also more suitable than the [bmim][BF,] aqueous solution
because the vibrational peaks of the BF,” anion are around
1000 cm™' where the energy of the infrared (IR) laser is
relatively small, resulting in larger errors in SFG-VS measure-
ments. Moreover, the BF,™ anion is tetrahedral and many of the
vibration modes of BF,” may not be SFG active, making it
difficult for SFG-VS to detect interfacial BF, . For the
[bmim][MS] system, the [bmim] cations and [MS] anions
both have a methyl group, which can be easily detected by
SEG-VS if the ions adsorb to the surface. The [bmim][MS]
aqueous solution has not previously been investigated by SFG-
VS.

In this work, we use surface tension measurements and sum
frequency generation vibrational spectroscopy, a surface-specific
spectroscopic technique, to investigate surface adsorption of
[bmim] cations and [MS] anions. We also investigate the
influence of [bmim] cations and [MS] anions on the surface
tension of [bmim][MS] aqueous solution.

2. EXPERIMENTAL SECTION

Sum frequency generation vibrational spectroscopy, a second-
order nonlinear optical spectroscopic technique, has been
widely used to investigate molecular orientations and dynamics
at liquid surfaces.”””* SFG requires a lack of inversion
symmetry, which enables it to probe the top few layers of a
surface or interface, where the inversion symmetry is inherently
broken. The basic theory and formulation of SFG-VS can be
found in the Supporting Information. The SFG spectrometer
laser system (EKSPLA, Lithuania) used in the present work has
been described in detail elsewhere.® Briefly, the 10 Hz and 23
ps SEG spectrometer laser system was arranged in a
copropagating configuration. The incident angles of the visible
and infrared beams were 45° and 58°, respectively. The visible
wavelength was fixed at 532 nm, and the full range of IR
tunability was 1000—4000 cm™". The IR frequency was scanned
in 2 em™! increments. During the experiments, the laser pulse
energy was set to 180 yJ for the visible beam and <200 yuJ for
the IR beam. SEG-VS spectra were recorded with both ssp and
ppp polarization combinations. The SFG-VS signals were
collected in a reflective geometry, guided into a monochroma-
tor (MS 3501; Solar TII, SOL Instruments Ltd., Belarus), and
then recorded by an integrated detection system consisting of a
high-gain, low-noise photomultiplier (PMT-RS58S; Hamamat-
su) and a dual-channel boxcar averager (Stanford Research
Systems). The voltage of the photomultiplier was set to 1300 V
for the room-temperature IL measurements. All of the spectra
were repeated and averaged several times, and 200 laser pulses
per point were accumulated for each scan. The SEG-VS spectral
resolution in this work was <6 cm™ for the range of 1000—
4000 cm™ and ~2 cm™' at around 3000 cm™' where the
current experiment was carried out. Each spectrum was
normalized to the SFG-VS signal of Z-cut quartz. The details
of the normalization procedure can be found in the literature.®”
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Figure 2. SFG-VS spectra of [bmim][MS] aqueous solutions with different [bmim][MS] mole fractions (0.0004, 0.001, 0.002, 0.004, 0.02, 0.1, 0.1S,
0.2, 0.6, and 1): (a) ssp and (b) ppp polarization combinations. The spectra for different [bmim][MS] mole fractions are offset for clarity. The shape
and intensity of the SSP spectra significantly change as the mole fraction of [bmim][MS] increases. The ssp spectra show that the peak of the anion
(2845 cm™) appears when the mole fraction of [bmim][MS] reaches 0.1, suggesting that anions adsorb to the surface.

All of the SFG-VS experiments were carried out at controlled
room temperature (22.0 + 0.5 °C) and humidity (40%) in a
clean room. The whole SEG-VS setup on the optical table was
covered in plastic housing to reduce air flow.

The room-temperature IL [bmim][MS] (>99%) was
purchased from Alfa and used without further purification.
The water used in the experiment was ultrapure water from
standard Millipore treatment (18.2 MQ cm). The sample was
filled in a round Teflon beaker (diameter S cm), which was
cleaned beforehand by first immersing in Piranha solution for a
few hours and then rinsed with ultrapure water from standard
Millipore treatment. The surface tension measurements were
performed using a processor tensiometer (K100; Kruss,
Hamburg, Germany) by the Wilhelmy plate technique.
Calibration of the tensiometer was performed by determining
the surface tension of ultrapure water.

3. RESULTS AND DISCUSSION

3.1. SFG Spectra of the Air/[bmim][MS] Aqueous
Solution Interface. Studies of IL—water mixtures using SFG-
VS have been reported before. The Kim group”’ and Baldelli
group68 reported SFG studies of [bmim][BF,]—water mixture
at almost the same time. The SFG-VS spectrum of the pure
[bmim][MS] IL also has been previously reported by Baldelli
and co-workers,””~"> who have performed systematic studies of
ILs using SFG-VS.”>”* Especially, they studied the effect of
different alkyl chains in both the cation and anion on the
surface tension of neat [RMIM][R-OSO,].”> However, no
SEG-VS spectra of [bmim][MS] aqueous solutions have been
reported. To better understand the relationship between the
surface tension and the surface structure of [bmim][MS]
aqueous solutions, the differences in SFG-VS spectra for
different mole fractions of IL [bmim][MS] in aqueous solution
were first investigated. Figure 2 shows the C—H stretching
region of SFG-VS spectra (ssp and ppp polarization) of air/
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[bmim][MS] aqueous solution interfaces for 10 different
[bmim][MS] mole fractions (0.0004, 0.001, 0.002, 0.004,
0.02, 0.1, 0.15, 0.2, 0.6, and 1). At low mole fractions (0.0004,
0.001, 0.002, 0.004, and 0.02), there are three peaks at around
2860, 2884, and 2945 cm™' in the ssp polarization spectra.
According to previous studies,””*”* the peak at 2860 cm™! is
the CH, symmetric stretching mode (d*) and the peaks at 2884
and 2945 cm™" are the butyl CH; symmetric stretching mode
(rfuy) and Fermi resonance (rig), respectively.

In the ssp polarization spectra (Figure 2a), when the mole
fraction of [bmim][MS] reaches 0.1, a peak appears at 2845
cm™, which is assigned to the CH; symmetric stretching mode
(r}s) of the [MS] anion,”"”*"”® indicating that the anion starts
to adsorb to the surface at a mole fraction of 0.1. The peak at
2860 cm™' gradually disappears when the mole fraction of
[bmim][MS] increases to 0.1, indicating that the gauche defect
of the butyl chain becomes weak when more cations are
adsorbed to the interface. The weak gauche defect indicates
that cations are close-packed and well-ordered at high
[bmim][MS] mole fractions.””**”? There is also another
weak peak at 2915 cm™’, which can be assigned to the CH,
Fermi resonance (d*gg) of the butyl chain.*’

For ppp polarization (Figure 2b), at low [bmim][MS] mole
fractions (<0.02), there are two peaks at around 2884 and 2965
cm™, which are assigned to CH; symmetric stretching and the
antisymmetric stretching mode (r”) of the butyl chain. When
the mole fraction increases to 0.15, a peak at 2852 cm™!
appears, and then this peak gradually shifts to 2841 cm™ when
the [bmim][MS] mole fraction is increased to 1. A more
detailed analysis of spectral features that are not directly related
to the present discussion is included in the Supporting
Information (section S2, Figures S1—S3).

From the peak intensity change of the SFG-VS spectra for
different [bmim][MS] mole fractions under ssp and ppp
polarization, we can determine the adsorption trend of the
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cations and anions of [bmim][MS] in aqueous solution. For
mole fractions less than 0.1, with increasing mole fraction of
[bmim][MS], the surface is gradually covered by [bmim]
cations. When the [bmim][MS] mole fraction reaches 0.1, the
CHj; symmetric stretching peak of the anion appears at 2845
cm™" in the ssp polarization spectrum, which indicates that the
anion begins to adsorb to the surface of the solution. In the ppp
polarization spectra, the peak of the CH; symmetric stretch of
the anion starts to appear when the [bmim][MS] mole fraction
reaches 0.15. This is because the peak intensity of the CH;
symmetric stretch of the anion is too weak for 0.1 mole fraction
[bmim][MS]. In the ssp polarization spectra, the peak position
of Fermi resonance (rfy) changes from 2945 to 2952 cm™" with
increasing [bmim][MS] mole fraction. The peak intensity also
gradually increases and becomes stronger than the symmetric
stretching vibration at 2884 cm™. In general, the intensity of
the Fermi resonance peak is weaker than that of the symmetric
stretching vibration peak. The ssp polarization spectra in Figure
2a show the opposite trend, which means the Fermi resonance
from the CHj group of the cation and the anion may both
contribute to the peak at around 2950 cm™.

The ry;s peak positions in the ppp polarization spectra are
different from those in the ssp polarization spectra (Figure 1;
can be seen more clearly in Figure S3). The fitting results
(Table S3) show that the rj;s peak position in the ssp
polarization spectrum moves from 2845 to 2841 cm™' with
increasing [bmim][MS] mole fraction from 0.15 to 1, whereas
the rys peak position in the ppp polarization spectrum moves
from 2850 to 2841 cm™" (Table S3). The question arises: Why
are the rys peak positions of ssp and ppp polarization different?
The reason may be that there are anions that have different
orientational angles or are subject to different chemical
environments at the surface.”" Similar SFG peak shift between
ssp and ppp polarization combinations was also found on
vapor/acetonitrile interface by Fourkas and co-workers.”" They
suggested that the methyl and cyanide groups of acetonitrile are
sensitive to their environment, such that molecules pointing in
opposite directions at an interface can have different transition
frequencies. Such shift between peak positions for the same
mode can be detected by SFG-VS in ssp and ppp polarization
combinations.*” Our results of [bmim][MS] aqueous solution
show the complexity of the surface structure of ILs and their
aqueous solutions. More discussion on this issue will be
presented in section 3.3

In summary, the SFG-VS spectra for different [bmim][MS]
mole fractions indicate that [bmim] cations adsorb to the
surface of the [bmim][MS] aqueous solution at low [bmim]-
[MS] mole fractions (<0.1) and that the anion remains in the
bulk or near the surface. When the mole fraction reaches 0.1,
anions start to adsorb to the surface to balance the net charge
of the surface.

3.2. Orientational Angle and Surface Density of
Cations and Anions of [bmim][MS]. To quantitatively
investigate the orientations of cations and anions at the
[bmim][MS] aqueous solution surface, the SFG-VS spectra of
different [bmim][MS] mole fractions were fitted, and the
results are shown in Tables S1—S3. Table S1 and Table S3
contain the fitting results for mole fractions of 0.0004—0.02 and
0.15—1, respectively. The fitting parameters for mole fraction
0.1 are listed separately in Table S2. The fitting parameters
listed in Table S1 were obtained by global fitting of the ssp and
ppp spectra for each concentration using the five peaks located
at 2862, 2884, 2918, 2944, and 2970 cm ™. For mole fractions

of 0.0004 and 0.001, the hydrogen bonded OH stretch (Figure
S1) at around 3200 cm™' was also included in the fitting
procedure (the fitting parameters of the hydrogen bond peak
are not listed in Table S1). According to the above analysis,
because of the different ry;s peak positions in the ssp and ppp
spectra, the data for [bmim][MS] mole fractions >0.15 cannot
be fitted using global fitting. Therefore, only the results of
individual fitting are listed in Table S3. In the individual fitting,
the five peaks located at 2848, 2884, 2924, 2955, and 2973
cm™! were used. For mole fraction 0.1, as well as the above five
peaks, the d* peak at 2862 cm™" was also included in the fitting
procedure, and the fitting parameters are listed separately in
Table S2.

The fitting parameters in Tables S1—S3 indicate that the
spectral amplitudes A, of rpyy, significantly change with
increasing mole fraction. A is plotted against the mole fraction
of [bmim][MS] in Figure 3.
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Figure 3. SFG-VS spectral amplitudes of the CH; symmetric stretch of
the butyl chain plotted against the mole fraction of [bmim][MS]: ssp
polarization combinations (red circles, O) and ppp polarization
combinations (blue diamonds, ¢). The solid lines are guides for the
eye. The A, values of the ssp and ppp polarizations rapidly increase
with increasing mole fraction of [bmim][MS] for low mole fractions.

Figure 3 reveals that A, of both ssp and ppp polarization have
a similar dependence on the mole fraction of [bmim][MS]
except they have the opposite sign. For low [bmim][MS] mole
fractions, A, for both ssp and ppp polarizations rapidly increase
with increasing [bmim][MS] mole fraction. When the mole
fraction reaches 0.004, A, reaches a maximum value and then
slightly decreases with a further increasing [bmim][MS] mole
fraction until it reaches a plateau value. A, contains information
about both the orientation and surface density of interfacial
molecules. To determine the surface density for each mole
fraction, the orientation angle must first be calculated. As
shown by Wang and co-workers, the effective SF susceptibility
2% (the basic theory of SFG and detailed formulation about
72 can be found in the Supportin§ Information) can be
simplified to the following expression:***’

2 = Nqd-r(0) (1)

where N is the surface density of the probed interfacial species;
d is the susceptibility strength factor, which is a constant in a
specific experimental configuration for a given molecular
system; and () is the orientational field functional, which
contains all orientational information at a given SFG

DOI: 10.1021/acs.jpcc.6b02841
J. Phys. Chem. C 2016, 120, 12032—12041


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b02841/suppl_file/jp6b02841_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b02841

The Journal of Physical Chemistry C

Table 1. Concentration (C), Refractive Index (n(x)), Orientation Angle (@), and Surface Density (N;), of Cations for Different

[bmim][MS] Mole Fractions

. 0.0004 0.001° 0.002 0.004 0.02
C (mol/L) 0.022 0.059 0.11 0.224 11
n(x) 1.33 1.33 1.33 1.34 1.36
0 32416 - 32+ 17 23+ 1.8
N, 025 - 1.32 1.44 1.52

“For mole fraction of 0.001, no reasonable result can be deduced from the A

34 +£22

0.1 0.15 0.2 0.6 1
3 3.5 3.7 4.67 4.85
1.42 1.44 1.44 1.47 1.48
48 + 2.2 46 + 2.6 44 + 3.5 45 + 2.4 42 + 1.6
248 2.0 1.81 2.16 2.09
q'SSP/Aq'pPP ratio.

experimental configuration. Equation 1 shows that y{2 (Ay) isa
function of interfacial molecular density N, and orientation
angle 6. Therefore, either a change of N; or 6 can change A,. It
is well-known that the various ratios such as A,/ Agppp Aqssp/
Agspsr Aqsps/ Aqpppr Aqsps(ss)/ Agsps(as)y €tc. can be used to
calculate the orientation angle in SFG-VS measure-
ments.*¥*”%*% Therefore, how to choose the ratio to calculate
the orientation angle depends on the experimental config-
uration and the intensity of the SFG-VS signal in the system.
Furthermore, previous studies have indicated til;lf3 4A8%S§p/./Aqrppp is
valid enough for orientation angle analysis.” """ In this
report, we first use the ratio A /A ,,, to calculate the
orientation angle of the cationic methyl group and then
determined N of the cation as a function of mole fraction by eq
1. In addition, the interfacial refractive index n’ was calculated
in terms of the modified Lorentz model of the local field
correction.”> The Raman depolarization ratio for the CH,
symmetric stretching mode of the [bmim] cation p = 0.04
was used to calculate the hyperpolarizability ratio (R) according
to Baldelli and Romero.”® Calculation of n’ requires the
refractive index n of the bulk aqueous solution, which depends
on the bulk concentration of the IL aqueous solution. Detailed
calculations of n for different concentrations can be found in
the Supporting Information, and the results are listed in Table
1. According to the n values shown in Table 1, the orientation
angles of the methyl group of the cation were calculated using
the A /Ay ppp 1atio, and the results are also listed in Table 1.
A ¢-distribution function of the —CHj orientational angle was
assumed in the calculation.

The orientation angle of the methyl group of the cation as a
function of the [bmim][MS] mole fraction of the aqueous
solution is shown in Figure 4. At low mole fractions (xy < 0.1),

50

40

Orientation Angle (0)

20

T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction (x;; )

Figure 4. Relationship between the orientation angle of the cation
methyl group, 6, and the mole fraction of [bmim][MS].
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the methyl group of the butyl chain has a small angle from the
surface normal (around 30°). The orientation angle suddenly
increases to around 45° at a [bmim][MS] mole fraction of 0.1.
With increasing [bmim][MS] mole fraction above 0.1, the
orientation angle of the cation methyl group does not greatly
change (range 42—48°). At a [bmim][MS] mole fraction of 0.1,
anions begin to adsorb to the surface, suggesting that the
sudden change of the orientation angle of the cation methyl
group may be caused by adsorption of anions.

If 8 is known, then N, can be calculated using eq 1. The
relationship between N, and the bulk [bmim][MS] concen-
tration is plotted in Figure 5. Figure Sa shows that for low mole
fractions, as the mole fraction increases, N, rapidly increases.
When the mole fraction reaches 0.1, the surface is saturated
with cations (the maximum N; may be located between 0.02 <
x < 0.1 or near 0.1 mole fraction). For increasing mole fraction
above 0.1, N, does not greatly change. Adsorption at the surface

3.0

(@

2.5

2.0

Relative Surface Density (N,)

0.5

0.0 =

I I [ I I I
0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction (x;; )
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Figure S. Relationship between relative surface density of the cation
N, and concentration of [bmim][MS]: (a) N, versus mole fraction and
(b) N; versus bulk concentration (mol/L). The points in panel b are
the data, and the solid line is the fitting curve.
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of the [bmim][MS] aqueous solution can be described by the
classic Langmuirian model, in which the surface density number
of the solute can be written as®’

_ N™KC N™=C
T C,+KC  C+ 555Mexp(AG,,/RT) @)

S

where Ny is the maximum obtainable surface number density,
K the equilibrium constant for occupying a surface site, C the
bulk concentration of the solute, and C, the molar
concentration of water, which is approximately 55.5 mol/L in
dilute solution. AG,q, is the Gibbs free energy of adsorption. R
(8314 Jmol ™' K™") is the ideal gas constant, and T is the
thermodynamic temperature in kelvin. The solid line in Figure
Sb is the fitting curve using eq 2, which gives AG 4, = —12.6 +
1.1 kJ-mol™". This value is comparable to that of some short-
chain organic molecules measured by second harmonic
generation.90

From Figure S3 and Table S3, the peak positions of ryg for
[bmim][MS] mole fractions of 0.15 and 0.2 for ssp and ppp
polarization combinations are different, which may be caused
by different types of anion CHj groups owing to different
molecular orientations or chemical environments. Therefore,
the A ,/Aqppp 1atio cannot be used to calculate the anion
orientation angle. However, the peak positions of rj;5 for mole
fraction 0.6 and pure [bmim][MS] for ssp and ppp polarization
combinations are the same, and the calculated orientation
angles of the anion methyl group for these two mole fractions
are 42° and 34°, respectively. Our result for the orientation
angle of the anion methyl group of pure [bmim][MS] is
different from the result measured with polarization null angle
by Santos et al. (~62°).”" This may be because the SFG-VS
signal of the anion methyl group is weak, especially for ppp
polarization (Figure 2b), making the calculated orientation
angle not very accurate.

Because we are not able to obtain the orientation angle of the
anion methyl group, the surface density cannot be determined
from the SFG-VS spectra. However, if we assume that the
orientation angle of the anion does not significantly affect the
SEG-VS signal, from eq 1, the influence of the orientation angle
can be ignored. Using the spectral amplitude A, instead of
the surface density N, some qualitative information about the
Gibbs energy of adsorption of the anion can still be roughly
estimated. Using eq 2, we obtained AG,4 = —9.1 + 1.9 KJ-
mol ..

3.3. Surface Tension of [bmim][MS] Aqueous Sol-
utions. To investigate the relationship between adsorption of
cations and anions and the surface tension, the change of the
surface tension of [bmim][MS] aqueous solution with
[bmim][MS] mole fraction was also measured. The surface
tensions of different [bmim][MS] mole fraction aqueous
solutions are listed in Table S4 and plotted in Figure 6. Figure
6 shows that for low [bmim][MS] mole fractions, with
increasing mole fraction, the surface tension rapidly decreases.
When the mole fraction reaches 0.02, the surface tension
gradually reaches a plateau. Panda and Paul measured the
surface tension of aqueous solutions of [bmim][CH;SO,] IL,”!
where the anion [CH;SO;]” is slightly different from [MS]
([CH;0804]7). Their results were similar to the results shown
in Figure 6. However, neither their data nor our data show the
anomalous low point observed by Kim and co-workers for
[bmim] [BF4147 and Rogalski and co-workers for [bmim]-
[CH,080,].>° As suggested in previous studies, for short-chain
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Figure 6. (a) Relationship between surface tension of [bmim][MS]
aqueous solution, y, and mole fraction of [bmim][MS], ;. (b)
Relationships of orientation angle of methyl group of the cation butyl
chain, 6, and surface density of [bmim], N, with x;;. The black dashed
line indicates the concentration where anions start to adsorb to the
surface. The rapid decrease of the surface tension of [bmim][MS]
aqueous solution is caused by adsorption of cations. No anomalous
low point is observed in the data.

ILs composed by cations such as [bmim], the abnormal small
valley in the surface tension curve is most likely caused by
impurities.”>** Naturally, the question may be raised: Are any
impurities in our sample which could affect the measurements?
We must exclude this factor. The following facts indicate that
the sample used in the present work did not contain any
impurities affecting the measurements: First, the surface tension
curve in Figure 6 did not show a valley. This is indirect but
reliable evidence that the sample do not contain any impurities
affecting the measurements. The surface tension serves as a
standard for detecting impurities in solution. One example
given in textbooks is that the surface tension of water will
reduce greatly by a very small amount of surfactant or
monolayer of organic compound. In addition, the small amount
of surfactant or the organic compound can be regarded as
impurities for water. It is also true for IL solutions. Hoffmann
and Russo thoroughly investigated the effect of a variety of
conceivable impurities on the surface tension measurements in
aqueous solutions of IL, where they found an unusual
minimum in the surface tension measurement caused by the
impurities in the sample. For example, the changes of the
surface tension are small enough to be neglected by adding
acid, alkali, and salt to the aqueous solution, but the presence of
surfactants and oil in the solution may lead to an apparent
minimum in the composition-dependent surface tension.”* Our
surface tension data shown in Figure 6 indicate that the sample
used in our work do not contain any impurities to affect our
measurements. Second, the IR spectrum of [bmim][MS]
shown in the Supporting Information (Figure S4) also supports
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the above conclusion of that the systems do not contain any
impurities.

To investigate the relationship between the surface tension
and the adsorption of cations and anions at the interface, the
surface tension, surface density of cations, and orientation
angles of cations and anions are plotted against the mole
fraction of [bmim][MS] in Figure 6. The rapidly decreasing
region of surface tension and the rapidly increasing region of
the surface density of cations are almost in the same mole
fraction range (<0.1). This indicates that the decrease of the
surface tension of [bmim][MS] aqueous solution is caused by
adsorption of cations because anions do not adsorb to the
surface at these mole fractions. With further increasing mole
fraction of [bmim][MS], the decrease of the surface tension
becomes more gradual when the surface tension reaches
approximately S0 mN/m. The surface is saturated with cations
for a mole fraction of [bmim][MS] of 0.1. Above this mole
fraction, anions begin to adsorb to the surface of the solution.
However, adsorption of anions does not significantly affect the
surface tension. The orientation angle of the cations suddenly
changes from around 30° to 40—50° after anions adsorb to the
surface (Figure 6b). The concentration at which anion adsorbs
to the surface and the sudden change of the tilt angle of cations
are in the concentration range where cations and anions
aggregate and form micelle-like structures.””*”>>?>~* There-
fore, it is possible that anions adsorb to the surface and interact
with cations as well as aggregating, which may cause the change
in the orientation angle of cations. Such segregation of the
counterion distribution also occurs in the interfacial region of
other IL aqueous solutions.” The aggregation process may lead
to the existence of different orientations or a variety of
aggregation morphologies of anions, resulting in the different
peak position of ry for ssp and ppp polarization combinations
at [bmim][MS] mole fractions of 0.15 and 0.2. At high mole
fractions, as the amount of water molecules decreases,
aggregation of cations and anions becomes weak and the
surface becomes more homogeneous. Therefore, for a [bmim]-
[MS] mole fraction of 0.6 and pure [bmim][MS], the peak
positions of ry for ssp and ppp polarization combinations are
almost the same. However, the aggregation behavior and
sudden change of the tilt angle do not seem to significantly
affect the surface tension. The surface tension of [bmim][MS]
aqueous solutions at high mole fractions of [bmim][MS] does
not continue to decrease to about 25 mN/m like alcohols and
alkanes.”® This suggests that the interaction between cations
and anions at the surface prevents the decrease of the surface
tension.

It is worth noting that the number density, N, steeply
increases from 1.52 to 2.48 as mole fractions increases from
0.02 to 0.1 (Table 1 and Figure 6). Such number density of N,
is increased by a factor of 1.6. However, the surface tension
shows a relatively small decrease from S1 to 48 mN/m, which
corresponds to the decrease with a factor of only 1.06 times.
This result implies that the increment of the number density,
N;, of the cation is not a principal factor inducing the decrease
in the surface tension. A possible explanation for this
inconsistency is the following: Because surface tension is
closely related to intermolecular interactions,”® different
intermolecular effects, such as dipole—dipole interaction,
interactions between ions, and hydrophobicity, are able to
contribute to the surface tension. The surface-active species can
reduce the surface tension because of their weak intermolecular
interactions as well as their hydrophobicity,”” and the inorganic

salts increase the surface tension of water because of the
electrostatic interactions between ions and water.”® In the case
of our investigation, [bmim][MS] is an organic salt with
hydrophobic alkyl groups. Therefore, both the hydrophobicity
and the ion—ion and ion—water interactions will affect the
surface tension of the solutions. Apparently, for the low
concentrations, the rapid decrease of surface tension with
increasing mole fraction of [bmin][MS] for low concentrations
is caused by the hydrophobicity of the cations. When the
concentration reaches a certain value (0.02 mole fraction),
more cations adsorb to the surface. The cation—cation and
cation—water interactions become strong, and the anions must
follow the cations to balance the surface net charge. At this
point, the anions tend to stay below the surface, so they have
not been observed in the SFG spectra. The decrease of the
surface tension caused by the hydrophobicity of cations will be
partially compensated by the strong ion—ion and ion—water
interactions. This may be the reason that the increment of
surface density, N, of the cation is still large but the decrease of
the surface tension becomes gradual. As the concentration
increases to 0.1 mole fraction, anions also adsorb to the surface
and the surface layer becomes saturated with both ions.
Afterward, adding more IL to the solution does not change the
surface tension. Such a physical picture may be able to explain
the surface behavior of solutions in the range from 0.02 to 0.1
mole fraction. Further molecular dynamic simulation of
[bmin][MS]—water mixtures may be needed to verify such a
physical picture.

4. CONCLUSIONS

For [bmim][MS] IL aqueous solutions, we have investigated
adsorption of cations and anions to the surface and the
relationship between the surface tension and the surface
structure of [bmim][MS] by SFG-VS and surface tension
measurements. We recorded SFG-VS spectra for different mole
fractions of [bmim][MS] in aqueous solution. The results show
that for low [bmim][MS] mole fractions, the surface of the
[bmim][MS] solution is dominated by cations and that the
surface density of cations rapidly increases with increasing mole
fraction of [bmim][MS], whereas the surface tension rapidly
decreases. This means that the amphiphilic imidazolium cation
is surface-active and behaves like a surfactant. As the mole
fraction increases to 0.02, the decrease of surface tension
becomes gradual. Cations continue to adsorb to the surface,
and the surface is saturated with cations for a [bmim][MS]
mole fraction of 0.1 (the maximum N, may be located between
0.02 < x < 0.1 or near 0.1 mole fraction). Around this mole
fraction, anions begin to adsorb to the surface and the
orientation angle of the cation methyl group changes from
around 30° to 40—50°. The abrupt change in the orientation
angle of the cation may be caused by the aggregation of cations
and anions. The surface tension curve of [bmim][MS] aqueous
solution does not show an unusual minimum point like
[bmim][BF,] aqueous solution, which was attributed to the
successive adsorption of cations and anions.”” The SEG-VS
spectra and surface tension curve of [bmim][MS] aqueous
solution also suggest that adsorption of anions does not greatly
affect the surface tension, which indicates that the surface
tension of the [bmim][MS] aqueous solution is dominated by
cations and the contribution of anions to it is relatively small.
These results shed light on the surface behavior of IL aqueous
solutions and provide insight into the surface tension of IL
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aqueous solutions as well as other organic salt aqueous
solutions.
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