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ABSTRACT: Salt-in-water and water-in-salt mixtures are promising for Salt-in-Water <--------- + Water-in-Salt

battery applications and fine-tuning of room-temperature ionic liquid

(RTIL) properties. Although critical processes take place at interfaces of 2 2 2 2 é é é
these systems, including charge transfer and heterogeneous catalytic

reactions, the microscopic interfacial structures remain unclear. Here, we G \le N\ \? N SRV,
apply heterodyne-detected sum-frequency generation spectroscopy to ‘t~ j‘ w 2 a W
aqueous solutions of imidazolium-based RTILs to unveil the micro- 2 ,P*’, = ,‘f -t- o . v

scopic structure of the interfaces of these solutions with air. Our results - \+/ \;~
show that, under salt-in-water conditions, the orientation of the OH _*h
group hydrogen-bonded to the other water molecules flips from the OH

group pointing down into the liquid for pure water to up due to the accumulation of anions in the cation-rich interfacial region.

However, under the water-in-salt condition, the interfacial water molecules are confined by RTIL, and their orientation is down.
Details of the water organization depend critically on the alkyl chain length of the imidazolium cation. Our results demonstrate that
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the surface structure can be tuned by altering the molecular structure and concentration of the RTIL.

oom-temperature ionic liquids (RTILs), i.e., salts that are

liquid at room temperature, have been used in many
research fields, including fuel cells,' synthesis,2’3 gas separa-
tion,* and electrochemical devices.” Mixtures of water and
RTIL have recently come into focus, because the mixtures
allow for customization of the physical and chemical properties
of RTILs.”” Aqueous mixtures with RTILs can be present as
both, salt-in-water and water-in-salt systems, and are promising
solvents for battery applications.®™ "

To understand the electrochemical behavior of these
mixtures, molecular-level insight into the structure and
dynamics of the RTIL/water mixture has been gained in the
bulk."'~'¢ In contrast, the molecular behavior at interfaces is
challenging to address experimentally.'” Insights into the
interfacial structure and dynamics are important, given that
interfacial processes, such as the capture of CO, from the air'®
or electron transfer in batteries,'” govern the performance of
the RTIL-based devices.® A central question concerning RTIL/
water mixtures under salt-in-water and water-in-salt conditions
is their microscopic interfacial structure, because this structure
affects interfacial potentials,””°~** controls the double-layer
capacitance,” and determines the chemical reactivity. For neat
RTILs, experimental techniques, includin% force—distance
measurements>* and X-ray measurements, >’ have shown
that alternating positively and negatively charged layers form
near interfaces. However, many questions regarding the
microscopic interfacial structure of RTIL/water mixture
interfaces remain elusive, because only a limited number of
experimental approaches can provide molecular specificity; for
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RTIL/water mixtures, one should probe at least two species,
water and ions, separately. In addition to molecular specificity,
surface specificity is required to resolve the microscopic
structure of these interfaces.

Heterodyne-detected sum-frequency generation (HD-SFG)
spectroscopy is well-suited to provide information about the
interfacial structure of RTIL ions and water separately via
second-order nonlinear optical susceptibility [y®]. In HD-
SFG, a signal is generated by overlapping infrared and visible
beams at the sample position, which then interferes with a local
oscillator beam. The imaginary part of the complex 7@
[Im}((z)] is non-zero at the interface and zero in centrosgrm-
metric media, like bulk isotropic liquids. Thus, Imy® is
interface-specific. Second, Imy® spectra can provide molecule-
specific information, because the Imy‘? amplitude is enhanced
when the infrared pulse frequency is resonant with vibrational
modes of interfacial molecules. Third, the sign of Imy® peaks
directly reflects the up-or-down orientation of these interfacial
molecules relative to the plane of the interface. With these
three advantages, HD-SFG can provide detailed insights into
the interfacial structure of water and RTIL ions.
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Conventional SFG, which detects |y?I> and, unlike HD-
SFG, lacks phase information, has been used to probe the
interfacial structure of RTILs.""**7*” For example, Baldelli and
co-workers probed the C—H stretch mode of the —CHj; grou
and discussed the possible conformation of [C,mim]*. >~
Braunschweig, Smiatek, and co-workers combined simulations
and experiments to clarify the interfacial conformation of
RTIL/water mixtures.”* However, conventional SFG spectra
could not provide information about the net orientation of the
interfacial molecules. To fully unveil the interfacial struc-
ture®®>? of the air/RTIL/water mixture interface, heterodyne
detection of SFG is essential.

In this study, we explore the molecular structure at the open
surface of 1-alkyl-3-methylimidazolium tetrafluoroborate
[C,mim][BF,]/water mixtures for n values of 2, 4, and 10,
using HD-SFG spectroscopy. Our SFG data reveal the intricate
behavior at the [C,mim][BF,]/water solution interface, as
evidenced by various positive and negative peaks of the O—H
stretch mode of water, depending on the mixture composition.
We find that at low concentrations of RTIL (salt-in-water
condition) [C,mim]* appears at the topmost layer and the O
— H group of interfacial water is oriented down toward the
bulk solution. This water orientation is randomized with an
increasing RTIL concentration due to the appearance of
[BF,]™ at the topmost layer. At high concentrations of RTIL
(water-in-salt conditions), the water molecules are isolated
with their O—H group down-oriented. Furthermore, the
comparison of different [C,mim]" RTILs indicates that the
length of the alkyl chain critically affects the ordering of the
water molecules. Our results demonstrate that the interfacial
water structure of ionic liquid/water mixtures can be tuned
through the RTIL concentration.

First, to investigate the surface adsorption of [C,mim][BF,]
and [C,mim][BF,], we performed surface tension measure-
ments of the air/RTIL/water mixture interfaces. Figure 1

—- [Co,mim][BF4]
—@— [C,mim][BF,]

Surface tension (mN/m)

0.0 0.2 0.4 0.6 0.8 1.0
Molar fraction

Figure 1. Surface tension data of the [C,mim][BF,]/water and
[C,mim][BF,]/water mixture solutions vs the mole fraction of RTIL
(xr). The shaded region represents the error bar.

shows that the surface tension decreases significantly with an
increase in the RTIL molar fractions (x; ), indicating surface
adsorption of cations and anions. Although the surface tension
of the RTIL/water mixture is drastically reduced by the
addition of RTIL for mole fractions xj; of <0.01 (xy < 1.2 X
1072 for [C,mim][BF,], and x; < 1.0 X 10™* for [C,mim]-

[BF,]), the composition has a very limited impact on the

surface tension of the water/RTIL mixtures at xj; values of
>0.01, consistent with the previous literature.””*" This trend is
similar to the concentration-dependent surface tension
variation of surfactants in water."” A question arising here is
how the interfacial molecular structure of the water/RTIL
mixture changes under the salt-in-water and water-in-salt
conditions.

To obtain the reference spectra of pure water and RTIL, we
measured the Im}((z) spectra of the air/neat water and air/neat
[C,mim][BF,] interfaces. The resulting Imy® spectra for
these samples are shown in Figure 2a. First, we focus on the
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Figure 2. (a) Imy® spectra at the air interface of pure water, pure
[C,mim][BF,], and pure [C;mim][BF,]. (b) Schematic figure of the
structure of interfacial [C,mim]* at the air/[C,mim][BF,] interface.
The black arrows indicate the dipole directions of the symmetric and
antisymmetric C—H stretch modes, respectively.

Imy? spectrum at the air/water interface. The spectrum
shows a sharp positive peak at 3700 cm™', representing the
dangling O—H groups pointing up, sticking out of the water
interface.*’ It further shows a broad negative band below 3550
cm™!, which originates from the hydrogen-bonded O—H
groups of the interfacial water pointing down to the bulk.** We
found no spectral signatures below 3150 cm™.

In contrast to the air/water interface, the air/[C,mim][BF,]
and air/[C,mim][BF,] interfaces exhibit spectral features only
below 3200 cm™ originating from the various C—H stretch
modes. The negative 2890 and 2940 cm ™" peaks arise from the
symmetric C—H stretch mode and the Fermi resonance of the
C—H stretch and H—C—H bending modes of the (C)—CH,
group, respectively.'"*> The negative signs of these peaks
indicate that the ethyl (butyl) group of [C,mim]* ([C,mim]*)
points up toward the air.® A positive 2980 cm ™ signature can
be attributed to the antisymmetric C—H stretch mode of the
(C)—CHj, group,”**~* while a negative dip at 3100 cm™" is
attributed to the antisymmetric C—H stretch mode of the
(N)—CHj group (Figure 2b).""** Note that the negative dip at
3100 cm™! is smaller in the Imy® spectra of the [C,mim]-
[BF,]/water mixture than in the Imy® spectra of the
[C,mim][BF,]/water mixture, suggesting that the antisym-
metric C—H stretch mode of the (N)—CH; group is more
parallel to the surface in [Cymim][BF,] than in [C,mim]-
[BF,]. In addition, we observe positive 3120 and 3170 cm™!
SFG features. The 3120 and 3170 cm™" features are assigned
to the C(2)—H stretch and symmetric C—H stretch modes of
the H—C(4)—C(5)—H group, respectively.l1’7“9’50_52 Our ab
initio calculation suggested that the positive symmetric C—H
stretch mode of the H-C(4)—C(5)—H group and the positive
C(2)—H stretch mode reflect the C(2) — H group pointing
up to the air (see the Supporting Information). The
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Figure 3. Variation of the Imy® spectra at the air/[C,mim][BF,]/water mixture solution interface for x;; values of (a) 1.2 x 1073, (b) 0.012, (c)
0.1, (d) 0.2, and (e) 0.4. The insets zoom in on the signals in the high-frequency region (3470—3660 cm™) of the O—H stretch region. (f—i)
Schematics of the interfacial structure of the [C,mim][BF,]/water mixture solution. The black arrows indicate the dipole directions of the
interfacial water molecules. In panel f, the water molecule pointing up provides a 3580 cm™" positive peak in panel a while the water molecule

pointing down provides a negative band.

appearance of these SFG features is consistent with the
previous homodyne-detected SFG data,*"******>* indicating
that the sample quality is ensured. The structure of interfacial
[C,mim]" inferred from these signals is displayed in Figure 2b.

Subsequently, we measured the Imy® spectra at the air/
[C,mim][BF,]/water mixture interfaces by varying the RTIL
molar fractions (xy). The data are shown in Figure 3a—e.
Figure 3a shows the Imy® spectrum at an x; of 1.2 X 107,
The addition of small amounts of [C,mim][BF,] drastically
enhances the negative 3050—3500 cm™' O—H stretch band
and results in the appearance of a positive O—H stretch band
at 3600 cm™’, the negative antisymmetric C—H band of the
(N)—CHj group at 3100 cm™, and the C—H stretch bands of
the —CH, group at 2800—3000 cm™'. Furthermore, the free
O—H peak disappears upon addition of [C,mim][BF,] to
water. The negative sign of the 3050—3500 cm™' O—H band
indicates that these interfacial water molecules point down to
the bulk solution. This down orientation can be explained from
[C,mim]" located at the topmost layer evidenced by the C—H
stretch peak (Figure 3f). The sign of the positive O—H stretch
band at 3600 cm™" is the opposite of that of the 3050—3500
cm™ O—H stretch band, which can be assigned to a OH
stretch mode of water molecules weakly hydrogen-bonded to
[BE,]~.>*"° The positive sign indicates that water molecules
are located below the anion and point up to the bulk (Figure
3f). In fact, the Imy® spectrum an an x; of 1.2 X 107°
resembles that of the positively charged lipid DPTAP at
aqueous interfaces, for which, similarly, positively charged lipid
head groups accumulate at the interface.”

10267

Figure 3b shows the Imy® spectrum at an xy, of 0.012. With
an increase in x;; from 1.2 X 107> to 0.012, part of the negative
O—H stretch band becomes positive, resulting in positive 3200
and 3600 cm™' peaks together with a dip at 3450 cm™". The
Imy® spectrum at an x;; of 0.012 resembles the spectrum of
the aqueous interface in the presence of a mixture of positively
charged DPTAP and negatively charged DPPG lipids (see
Figure S1),* indicating that both [C4mim]* and [BF,]~ cover
the water surface and the surface is less positively charged.
Cations and anions start to form the interfacial molecular
layering structures (Figure 3g), as is inferred by the molecular
dynamics simulation and X-ray studies.”®™*° Covering the
water surface with an RTIL is consistent with a decrease in
surface tension. Figure 3c shows the Imy® spectrum at an xy;
of 0.1. No negative peak in the frequency region of 3000—3500
cm™' is discernible, but we observe a positive 3580 cm ™" peak
and a positive 3620 cm™' peak. These two peaks can be
assigned to the symmetric and antisymmetric stretch modes,
respectively, of H,O molecules.””*'~% Both of the O—H
groups are hydrogen-bonded to [BF,]” but do not interact
with other water molecules.”'** Note that these symmetric
and antisymmetric O—H stretches are different from the O—H
stretch of the positive 3600 cm ™" peak seen in Figure 3a; in the
diluted RTIL cases, a majority of the water molecules have
water molecules as neighbors, and therefore, it is unlikely that
both O—H groups would interact with [BF,]~ (see Figure S9).

The presence of these very weak SFG signatures of water in
the water-in-salt solution was pointed out in a previous |y?I?
study.”* However, these ly?I> data could not resolve the
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Figure 4. Variation of the Imy(® spectra at the air/[C,mim][BF,]/water mixture solution interface for xy; values of (a) 3 X 1075, (b) 0.0012, (c)

0.2, and (d) 0.4.

symmetric/antisymmetric splitting, whereas our HD-SFG
spectra clearly show the spectral characteristics of confined
water. The observation of the symmetric and antisymmetric
vibrations indicates that the interfacial water molecules are
confined by the RTIL ions. The sign of the peaks reflects the
direction of the transition dipole moment. For the symmetric
O—H stretch, the direction of the transition dipole moment
parallels the bisector of the H—O—H angle, while for the
antisymmetric O—H stretch, it points from one hydrogen atom
(H;) to the other hydrogen atom (H,). The positive
symmetric O—H peak at 3580 cm™" indicates that the O—H
groups of the interfacial water pointing up to the air (Figure
3h) are indicative of these molecules interacting with [BF,] ™ at
the interface. With a further increase in the RTIL
concentration from 0.2 to 0.4 (Figure 3de) toward the
water-in-salt condition, the sign of this 3580 cm™' peak
changes. The negative symmetrical O—H peak indicates that
such confined water molecules point down to the bulk at
increased RTIL concentrations. As such, the interfacial water
molecules flip their orientation upon variation of the RTIL
concentration (Figure 3i). Note that the sign of the
antisymmetric O—H peak at 3620 cm™' remains the same,
but the amplitude decreases, indicating that the direction of
the H, — H, vector does not flip but becomes more parallel to
the surface.

The SFG data of the [C,mim][BF,]/water mixtures are
shown in Figure 4a—d. The data with an x; of 3 X 1075 in
Figure 4a show a negative 3050—3500 cm™' band and a
positive 3620 cm™" peak. With an increase in x;; from 3 X 1075
to 0.0012, we find that the negative hydrogen-bonded O—H
band decreases and the positive 3200 cm™' peak appears,
similar to our findings for [C,mim][BF,]/water mixtures
(Figure 4b). At an xy of 0.2, the spectral features of the O—H
groups at 3450—3700 cm™' disappear (see Figure SS),
indicating that the water molecules are excluded from the
surface. With an increase in ¥y from 0.2 to 0.4, the spectral
features remain similar. In contrast to the case for the
[C,mim][BF,]/water mixtures discussed above, peaks in the
frequency region of 3500—3650 cm™" are, if present, similar in
intensity to the noise of the spectra (see the insets of panels c
and d of Figure 4 and Figure SS). Note that the symmetric C—
H peak at 2890 cm™ in the SFG spectra of the [C,mim]-
[BF,]/water and [C4mim][BF,]/water mixtures (Figures 3a—e
and 4a—d) is insensitive to xy . The observation indicates that
the number density and orientation of the alkyl chains of
[C,mim]" and [Cymim]* remain unchanged at the topmost
layer, once the [C,mim]*/[C,mim]* monolayer is formed
(Figure 3f—i).

For the air/[C,;mim][BF,]/water mixture interface, again,
spectral signatures reminiscent of a positively charged
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surfactant/water interface can be seen at an xy, of 1 X 1075,
similar to the case for the [C,mim][BF,] and [C,mim][BF,]
samples (Figure S). A further increase in xj results in the

0.05 -
7‘% — 1x10° /\'
& 000 AN
8
8
3 -0.05-
>
E
-0.10- . , . , :
2800 3200 3600

Frequency (cm'1)

Figure S. Imy® spectra at the air interface of the [C;;mim][BF,]/
water mixture at an xj; of 1 X 107,

macroscopic phase separation of [C,omim][BF,] and water
(see Figure S8). These results indicate that cations with longer
alkyl chains enhance the alignment of the interfacial water and
promote macroscopic phase separation.

Now, we compare the Imy® spectra of different [C,mim]-
[BF,] samples. First, we compared the data with the most
pronounced negative 3050—3500 cm ™' O—H stretch band, for
which the surface is occupied by [C,mim]* and the density of
[BF,]™ at the surface is minimized (Figure 3f) under the salt-
in-water condition. The data are shown in Figure 6a. Although
the C—H peak amplitudes of the alkyl chain are comparable for
these mixtures, the magnitude of the negative O—H stretch
peak increases with alkyl chain length n of [C,mim]*.
Furthermore, the maximum in the negative band is reached

0.05

— [C,mim][BF] = 6x10 "

R a - a10® — (C,mim][BF,] = 0.4
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Figure 6. Comparison of the Imy® spectra at the air/[C,mim][BF,]
interfaces with n values of 2, 4, and 10: (a) salt-in-water condition (x;;
< 6 x 107*) and (b) water-in-salt condition (x;, = 0.4).
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at a lower «;; for a higher n (see the Supporting Information).
These observations suggest that the increased hydrophobicity
of [C,mim]* with an increase in n results in an increased
surface propensity of [C,mim]", allowing for higher coverage
of [C,mim]* at small x; values. When the bulk ion
concentration, including the concentration of [BF,]™ counter-
ions, is low, the Debye length is long, and the electric field
created by the [C,mim]* layer at the topmost solution surface
is only weakly screened. Hence, the electric field breaks the
centrosymmetry across a larger volume, and the diffuse double
layer contributes to the Imy® spectra, as the so-called “®
contribution”.**%°

Next, we focus on the water-in-salt condition. We compare
the Imy® spectra of the [C,mim][BF,]/water mixture to that
of the [C,mim][BF,]/water mixture at an x;; of 0.4. The data
are shown in Figure 6b. Although the molar concentrations of
water for these samples are similar (8.3 and 7.0 M for
[C,mim]*" and [C,mim]*, respectively) and the C—H stretch
peaks in the range of 2800—3200 cm™" are similar, the signal
from the confined water differs substantially between these
samples. Water signals are more prominent in the [C,mim]*
sample than in the [C,mim]* sample. This indicates that water
molecules tend to be excluded from the interfacial region with
an increase in alkyl chain length, as reported by the recent
molecular dynamics simulation.**
molecules from the interface arises from the more crystalline
structure of [C,mim][BF,] with longer alkyl chains (larger n);
in fact, [C,mim][BF,] with longer alkyl chains (larger n) tends
to have a more crystal-like interfacial structure with a marked
oscillation of the charge density along the surface normal.”’
Furthermore, this more crystal-like structure induces greater
molecular packing and hence decreases the surface tension of
pure RTIL.

In summary, using surface- and orientation-sensitive vibra-
tional HD-SFG spectroscopy, we find that the interfacial water
orientation flips with varying RTIL concentrations at the air/
RTIL/water mixture interface. For the salt-in-water condition,
the [C,mim]* of the [C,mim][BF,]/water mixture behaves as
a surfactant. The cations form a positively charged monolayer,
and interfacial water molecules point their OH groups down to
the bulk solution. With an increase in the RTIL concentration,
[BF,]™ appears at the topmost layer of the solution and, thus,
the water reorients to face up toward the air. When the RTIL
concentration is further increased and reaches the water-in-salt
condition, the interfacial water molecules are confined by the
RTILs and point again down to the bulk. The extent of the
water orientation can be efliciently tuned by changing the alkyl
chain of [C,mim]*. Such knowledge of the interfacial water
structure is pivotal to understanding the electrochemical
behavior, such as the double-layer capacitance of the RTIL/
water mixtures. It may open a path to optimizing the
hydrogen/oxygen evolution reaction under the water-in-salt
and salt-in-water conditions. Furthermore, extending HD-SFG
measurements from the air/liquid interface to the electrified
interface using a graphene electrode enables the study of water-
in-salt electrolytes in batteries.”°"® The electrode/electrolyte
interface in the water-in-salt solution provides unique
structural features, such as ion layer accumulation and
desolvation processes,”” which have potential applications in
batteries.

This exclusion of water

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01834.

Sample preparation, details of HD and surface tension
measurements, HD-SFG data of the mixed lipid/water
interfaces, HD-SFG data of the [C,mim][BF,]/water
mixture solution, and details of the calculation of the
transition dipole moment and transition polarizability
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Yuki Nagata — Max Planck Institute for Polymer Research,
55128 Mainz, Germany; © orcid.org/0000-0001-9727-
6641; Email: nagata@mpip-mainz.mpg.de

Authors

Chun-Chieh Yu — Max Planck Institute for Polymer Research,
55128 Mainz, Germany; © orcid.org/0000-0002-3112-
5215

Kuo-Yang Chiang — Max Planck Institute for Polymer
Research, 55128 Mainz, Germany; ® orcid.org/0000-0001-
5446-0270

Ali Dhinojwala — Department of Polymer Science, The
University of Akron, Akron, Ohio 44325-3909, United
States; ® orcid.org/0000-0002-3935-7467

Mischa Bonn — Max Planck Institute for Polymer Research,
$5128 Mainz, Germany; © orcid.org/0000-0001-6851-
8453

Johannes Hunger — Max Planck Institute for Polymer
Research, $5128 Mainz, Germany; ©® orcid.org/0000-0002-
4419-5220

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.4c01834

Author Contributions
VC.-CY. and K-Y.C. contributed equally to this work.

Funding
Open access funded by Max Planck Society.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank Prof. Takakazu Seki for his support of the
measurements. The authors are grateful for the financial
support from the MaxWater Initiative of the Max Planck
Society and funding from the European Research Council of
the European Union (ERC, n-AQUA, Grant 101071937).

B REFERENCES

(1) DeSouza, R. F.; Padilha, J. C.; Gongalves, R. S.; Dupont, J. Room
Temperature Dialkylimidazolium Ionic Liquid-Based Fuel Cells.
Electrochem. commun. 2003, S, 728—731.

(2) Hallett, J. P.; Welton, T. Room-Temperature Ionic Liquids:
Solvents for Synthesis and Catalysis. 2. Chem. Rev. 2011, 111, 3508—
3576.

(3) Itoh, T. Ionic Liquids as Tool to Improve Enzymatic Organic
Synthesis. Chem. Rev. 2017, 117, 10567—10607.

(4) Ramdin, M.; DeLoos, T. W.; Vlugt, T. J. H. State-of-the-Art of
CO, Capture with Ionic Liquids. Ind. Eng. Chem. Res. 2012, SI,
8149-8177.

https://doi.org/10.1021/acs.jpclett.4c01834
J. Phys. Chem. Lett. 2024, 15, 10265—10271


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01834/suppl_file/jz4c01834_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01834?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01834/suppl_file/jz4c01834_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuki+Nagata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9727-6641
https://orcid.org/0000-0001-9727-6641
mailto:nagata@mpip-mainz.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Chieh+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3112-5215
https://orcid.org/0000-0002-3112-5215
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuo-Yang+Chiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5446-0270
https://orcid.org/0000-0001-5446-0270
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ali+Dhinojwala"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3935-7467
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mischa+Bonn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6851-8453
https://orcid.org/0000-0001-6851-8453
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+Hunger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4419-5220
https://orcid.org/0000-0002-4419-5220
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01834?ref=pdf
https://doi.org/10.1016/S1388-2481(03)00173-5
https://doi.org/10.1016/S1388-2481(03)00173-5
https://doi.org/10.1021/cr1003248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr1003248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie3003705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie3003705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(5) Macfarlane, D. R;; Forsyth, M.; Howlett, P. C.; Pringle, ]J. M,;
Sun, J.; Annat, G,; Neil, W,; Izgorodina, E. I. Ionic Liquids in
Electrochemical Devices and Processes: Managing Interfacial Electro-
chemistry. Acc. Chem. Res. 2007, 40, 1165—1173.

(6) Cammarata, L.; Kazarian, S. G.; Salter, P. A,; Welton, T.
Molecular States of Water in Room Temperature Ionic Liquids. Phys.
Chem. Chem. Phys. 2001, 3, 5192—5200.

(7) Wang, Y.-L.; Li, B.; Sarman, S.; Mocci, F.; Lu, Z.-Y; Yuan, J;
Laaksonen, A.; Fayer, M. D. Microstructural and Dynamical
Heterogeneities in Ionic Liquids. Chem. Rev. 2020, 120, 5798—5877.

(8) Chen, M.; Feng, G.; Qiao, R. Water-in-Salt Electrolytes: An
Interfacial Perspective. Curr. Opin. Colloid Interface Sci. 2020, 47, 99—
110.

(9) Liang, T; Hou, R; Dou, Q; Zhang, H; Yan, X. The
Applications of Water-in-Salt Electrolytes in Electrochemical Energy
Storage Devices. Adv. Funct. Mater. 2021, 31 (3), No. 2006749.

(10) Suo, L,; Borodin, O.; Gao, T.; Olguin, M.; Ho, J.; Fan, X;; Luo,
C.; Wang, C.; Xu, K. Water-in-Salt” Electrolyte Enables High-Voltage
Aqueous Lithium-Ton Chemistries. Science 2015, 350, 938—943.

(11) Jeon, Y.; Sung, J.; Kim, D.; Seo, C.; Cheong, H.; Ouchi, Y,;
Ozawa, R.; Hamaguchi, H. Structural Change of 1-Butyl-3-
Methylimidazolium Tetrafluoroborate + Water Mixtures Studied by
Infrared Vibrational Spectroscopy. J. Phys. Chem. B 2008, 112, 923—
928.

(12) Lim, J; Park, K; Lee, H; Kim, J; Kwak, K; Cho, M.
Nanometric Water Channels in Water-in-Salt Lithium Ion Battery
Electrolyte. J. Am. Chem. Soc. 2018, 140, 15661—15667.

(13) Mele, A; Tran, C. D.; DePaoli Lacerda, S. H. The Structure of
a Room-Temperature Ionic Liquid with and without Trace Amounts
of Water: The Role of C-H ---O and C-H ---F Interactions in 1-n-
Butyl-3-Methylimidazolium Tetrafluoroborate. Angew. Chem. 2003,
42 (36), 4364—4366.

(14) McDaniel, J. G.; Son, C. Y. Ion Correlation and Collective
Dynamics in BMIM/BF,-Based Organic Electrolytes: From Dilute
Solutions to the Ionic Liquid Limit. J. Phys. Chem. B 2018, 122,
7154—7169.

(15) Moreno, M,; Castiglione, F.; Mele, A,; Pasqui, C.; Raos, G.
Interaction of Water with the Model Ionic Liquid [Bmim][BF,]:
Molecular Dynamics Simulations and Comparison with NMR Data. J.
Phys. Chem. B 2008, 112, 7826—7836.

(16) Zhang, Y.; Lewis, N. H. C.; Mars, J.; Wan, G.; Weadock, N. J.;
Takacs, C. J; Lukatskaya, M. R.; Steinriick, H. G.; Toney, M. F,;
Tokmakoff, A.; et al. Water-in-Salt LiTFSI Aqueous Electrolytes. 1.
Liquid Structure from Combined Molecular Dynamics Simulation
and Experimental Studies. J. Phys. Chem. B 2021, 125, 4501—4513.

(17) Sieffert, N.; Wipff, G. The [BMI][Tf,N] Ionic Liquid/Water
Binary System: A Molecular Dynamics Study of Phase Separation and
of the Liquid—Liquid Interface. J. Phys. Chem. B 2006, 110, 13076—
1308S.

(18) Zeng, S.; Zhang, X.; Bai, L.; Zhang, X.; Wang, H.; Wang, J.;
Bao, D.; Li, M,; Liu, X;; Zhang, S. Ionic-Liquid-Based CO, Capture
Systems: Structure, Interaction and Process. Chem. Rev. 2017, 117,
9625—-9673.

(19) Liu, H; Liu, Y.; Li, J. Ionic Liquids in Surface Electrochemistry.
Phys. Chem. Chem. Phys. 2010, 12, 1685—1697.

(20) Gonella, G.; Backus, E. H. G.; Nagata, Y.; Bonthuis, D. J;
Loche, P.; Schlaich, A.; Netz, R. R; Kiihnle, A.; McCrum, I. T,
Koper, M. T. M,; et al. Water at Charged Interfaces. Nat. Rev. Chem.
2021, 5, 466—48S.

(21) Bazant, M. Z.; Storey, B. D.; Kornyshev, A. A. Double Layer in
Ionic Liquids: Overscreening versus Crowding. Phys. Rev. Lett. 2011,
106, No. 046102.

(22) McEldrew, M.; Goodwin, Z. A. H.; Kornyshev, A. A.; Bazant,
M. Z. Theory of the Double Layer in Water-in-Salt Electrolytes. J.
Phys. Chem. Lett. 2018, 9, 5840—5846.

(23) Li, C.-Y;; Chen, M,; Liu, S.; Lu, X.; Meng, J.; Yan, J.; Abrufia,
H. D,; Feng, G.; Lian, T. Unconventional Interfacial Water Structure
of Highly Concentrated Aqueous Electrolytes at Negative Electrode
Polarizations. Nat. Commun. 2022, 13, 5330.

(24) Hayes, R.; Warr, G. G.; Atkin, R. Structure and Nanostructure
in Ionic Liquids. Chem. Rev. 2018, 115, 6357—6426.

(25) Nishi, N;; Yasui, Y.; Uruga, T.; Tanida, H; Yamada, T;
Nakayama, S. I; Matsuoka, H.; Kakiuchi, T. Ionic Multilayers at the
Free Surface of an Ionic Liquid, Trioctylmethylammonium Bis-
(Nonafluorobutanesulfonyl) Amide, Probed by x-Ray Reflectivity
Measurements. J. Chem. Phys. 2010, 132, No. 16470S.

(26) Sloutskin, E.; Ocko, B. M.; Tamam, L.; Kuzmenko, L; Gog, T;
Deutsch, M. Surface Layering in Ionic Liquids: An X-Ray Reflectivity
Study. J. Am. Chem. Soc. 2005, 127, 7796—7804.

(27) Deutsch, M,; Magnussen, O. M.; Haddad, J.; Pontoni, D.;
Murphy, B. M,; Ocko, B. M. Comment on “Bi-Layering at Ionic
Liquid Surfaces: A Sum-Frequency Generation Vibrational Spectros-
copy and Molecular Dynamics Simulation-Based Study. Phys. Chem.
Chem. Phys. 2021, 23, 5020—5027.

(28) Jeon, Y.; Sung, J; Bu, W.; Vaknin, D.; Ouchi, Y,; Kim, D.
Interfacial Restructuring of Ionic Liquids Determined by Sum-
Frequency Generation Spectroscopy and X-Ray Reflectivity. J. Phys.
Chem. C 2008, 112, 19649—19654.

(29) Jeon, Y; Sung, J.; Seo, C; Lim, H; Cheong, H.,; Kang, M,;
Moon, B.; Ouchi, Y,; Kim, D. Structures of Ionic Liquids with
Different Anions Studied by Infrared Vibration Spectroscopy. J. Phys.
Chem. B 2008, 112, 4735—4740.

(30) Aliaga, C.; Baldelli, S. Sum Frequency Generation Spectroscopy
of Dicyanamide Based Room-Temperature Ionic Liquids. Orientation
of the Cation and the Anion at the Gas-Liquid Interface. J. Phys.
Chem. B 2007, 111, 9733—9740.

(31) Santos, C. S.; Baldelli, S. Alkyl Chain Interaction at the Surface
of Room Temperature Ionic Liquids: Systematic Variation of Alkyl
Chain Length (R = C1-C4, C8) in Both Cation and Anion of
[RMIMHR-OSO;] by Sum Frequency Generation and Surface
Tension. J. Phys. Chem. B 2009, 113, 923—933.

(32) Rivera-Rubero, S.; Baldelli, S. Surface Characterization of 1-
Butyl-3-Methylimidazolium Br~, I-, PF,~, BF,”, (CF;SO,),N",
SCN~, CH;S0;~, CH3S80,7, and (CN),N~ Ionic Liquids by Sum
Frequency Generation. J. Phys. Chem. B 2006, 110, 4756—476S.

(33) Santos, C. S.; Baldelli S. Gas-Liquid Interface of Room-
Temperature Ionic Liquids. Chem. Soc. Rev. 2010, 39, 2136—2145.

(34) Kobayashi, T.; Kemna, A.; Fyta, M.; Braunschweig, B.; Smiatek,
J. Aqueous Mixtures of Room-Temperature Ionic Liquids: Entropy-
Driven Accumulation of Water Molecules at Interfaces. J. Phys. Chem.
C 2019, 123, 13795—13803.

(35) Fitchett, B. D; Conboy, J. C. Structure of the Room-
Temperature Ionic Liquid/SiO, Interface Studied by Sum-Frequency
Vibrational Spectroscopy. J. Phys. Chem. B 2004, 108, 20255—20262.

(36) Garcia Rey, N.; Dlott, D. D. Effects of Water on Low-
Overpotential CO, Reduction in Ionic Liquid Studied by Sum-
Frequency Generation Spectroscopy. Phys. Chem. Chem. Phys. 2017,
19, 10491—-10501.

(37) Iwahashi, T.; Ishiyama, T.; Sakai, Y.; Morita, A,; Kim, D.;
Ouchi, Y. Bi-Layering at Ionic Liquid Surfaces: A Sum-Frequency
Generation Vibrational Spectroscopy- and Molecular Dynamics
Simulation-Based Study. Phys. Chem. Chem. Phys. 2020, 22, 12565—
12576.

(38) Nihonyanagi, S.; Yamaguchi, S.; Tahara, T. Ultrafast Dynamics
at Water Interfaces Studied by Vibrational Sum Frequency
Generation Spectroscopy. Chem. Rev. 2017, 117, 10665—10693.

(39) Yy, C. C,; Seki, T.; Chiang, K. Y.; Tang, F.; Sun, S.; Bonn, M,;
Nagata, Y. Polarization-Dependent Heterodyne-Detected Sum-Fre-
quency Generation Spectroscopy as a Tool to Explore Surface
Molecular Orientation and Angstrdm-Scale Depth Profiling. J. Phys.
Chem. B 2022, 126, 6113—6124.

(40) Rilo, E.; Pico, J.; Garcia-Garabal, S.; Varela, L. M.; Cabeza, O.
Density and Surface Tension in Binary Mixtures of CnMIM-BF, Ionic
Liquids with Water and Ethanol. Fluid Phase Equilib. 2009, 285, 83—
89.

(41) Shojaeian, A. Surface Tension Measurements of Aqueous 1-
Alkyle-3-Methylimidazolume Tetrafluoroborate {{ Cnmim][BF,] (n =
2, 4, 6)} Solutions and Modeling Surface Tension of Ionic Liquid

https://doi.org/10.1021/acs.jpclett.4c01834
J. Phys. Chem. Lett. 2024, 15, 10265—10271


https://doi.org/10.1021/ar7000952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar7000952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar7000952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b106900d
https://doi.org/10.1021/acs.chemrev.9b00693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cocis.2019.12.011
https://doi.org/10.1016/j.cocis.2019.12.011
https://doi.org/10.1002/adfm.202006749
https://doi.org/10.1002/adfm.202006749
https://doi.org/10.1002/adfm.202006749
https://doi.org/10.1126/science.aab1595
https://doi.org/10.1126/science.aab1595
https://doi.org/10.1021/jp0746650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0746650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0746650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200351783
https://doi.org/10.1002/anie.200351783
https://doi.org/10.1002/anie.200351783
https://doi.org/10.1002/anie.200351783
https://doi.org/10.1021/acs.jpcb.8b04886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b04886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b04886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp800383g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp800383g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c02189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c02189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c02189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp061849q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp061849q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp061849q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b921469k
https://doi.org/10.1038/s41570-021-00293-2
https://doi.org/10.1103/PhysRevLett.106.046102
https://doi.org/10.1103/PhysRevLett.106.046102
https://doi.org/10.1021/acs.jpclett.8b02543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-33129-8
https://doi.org/10.1038/s41467-022-33129-8
https://doi.org/10.1038/s41467-022-33129-8
https://doi.org/10.1021/cr500411q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500411q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3398029
https://doi.org/10.1063/1.3398029
https://doi.org/10.1063/1.3398029
https://doi.org/10.1063/1.3398029
https://doi.org/10.1021/ja0509679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0509679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CP04882H
https://doi.org/10.1039/D0CP04882H
https://doi.org/10.1039/D0CP04882H
https://doi.org/10.1021/jp807873j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807873j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp7120752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp7120752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp072899d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp072899d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp072899d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807924g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807924g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807924g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807924g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807924g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0563989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0563989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0563989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0563989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b921580h
https://doi.org/10.1039/b921580h
https://doi.org/10.1021/acs.jpcc.9b04098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b04098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0471251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0471251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0471251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CP00118E
https://doi.org/10.1039/C7CP00118E
https://doi.org/10.1039/C7CP00118E
https://doi.org/10.1039/D0CP01219J
https://doi.org/10.1039/D0CP01219J
https://doi.org/10.1039/D0CP01219J
https://doi.org/10.1021/acs.chemrev.6b00728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c02178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c02178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c02178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fluid.2009.07.010
https://doi.org/10.1016/j.fluid.2009.07.010
https://doi.org/10.1016/j.tca.2019.01.018
https://doi.org/10.1016/j.tca.2019.01.018
https://doi.org/10.1016/j.tca.2019.01.018
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Binary Mixtures Using Six Various Models. Thermochim. Acta 2019,
673, 119—128.

(42) Qazi, M. J.; Schlegel, S. J.; Backus, E. H. G.; Bonn, M.; Bonn,
D.; Shahidzadeh, N. Dynamic Surface Tension of Surfactants in the
Presence of High Salt Concentrations. Langmuir 2020, 36, 7956—
7964.

(43) Ji, N.; Ostroverkhov, V.; Tian, C. S.; Shen, Y. R. Character-
ization of Vibrational Resonances of Water-Vapor Interfaces by
Phase-Sensitive Sum-Frequency Spectroscopy. Phys. Rev. Lett. 2008,
100, No. 096102.

(44) Nihonyanagi, S.; Kusaka, R; Inoue, K. I; Adhikari, A;
Yamaguchi, S.; Tahara, T. Accurate Determination of Complex ;((2)
Spectrum of the Air/Water Interface. J. Chem. Phys. 2015, 143,
No. 124707.

(4S) Mondal, J. A.; Nihonyanagi, S.; Yamaguchi, S.; Tahara, T.
Three Distinct Water Structures at a Zwitterionic Lipid/Water
Interface Revealed by Heterodyne-Detected Vibrational Sum
Frequency Generation. . Am. Chem. Soc. 2012, 134, 7842—7850.

(46) Timori, T.; Iwahashi, T.; Ishii, H.; Seki, K.; Ouchi, Y.; Ozawa,
R.; Hamaguchi, H. O.; Kim, D. Orientational Ordering of Alkyl Chain
at the Air/Liquid Interface of Ionic Liquids Studied by Sum
Frequency Vibrational Spectroscopy. Chem. Phys. Lett. 2004, 389,
321-326.

(47) Iimori, T.; Iwahashi, T.; Kanai, K; Seki, K; Sung, J.; Kim, D.;
Hamaguchi, H. O.; Ouchi, Y. Local Structure at the Air/Liquid
Interface of Room-Temperature Ionic Liquids Probed by Infrared-
Visible Sum Frequency Generation Vibrational Spectroscopy: L-
Alkyl-3-Methylimidazolium Tetrafluoroborates. J. Phys. Chem. B 2007,
111, 4860—4866.

(48) Santos, C. S.; Baldelli, S. Surface Orientation of 1-Methyl-, 1-
Ethyl-, and 1-Butyl-3-Methylimidazolium Methyl Sulfate as Probed by
Sum-Frequency Generation Vibrational Spectroscopy. J. Phys. Chem.
B 2007, 111, 4715—4723.

(49) Katsyuba, S.; Dyson, P.; Vandyukova, E.; Chernova, A.; Vidis,
A. Molecular Structure, Vibrational Spectra, and Hydrogen Bonding
of the Ionic Liquid 1-Ethyl-3-methyl-1 H -imidazolium Tetrafluor-
oborate. Helv. Chim. Acta 2004, 87, 2556—2565.

(50) Rivera-Rubero, S.; Baldelli, S. Influence of Water on the Surface
of Hydrophilic and Hydrophobic Room-Temperature Ionic Liquids. J.
Am. Chem. Soc. 2004, 126, 11788—11789.

(51) Zhang, L.; Xu, Z.; Wang, Y.; Li, H. Prediction of the Solvation
and Structural Properties of Ionic Liquids in Water by Two-
Dimensional Correlation Spectroscopy. J. Phys. Chem. B 2008, 112,
6411—-6419.

(52) Pandey, D. K; Sanchora, P.; Rana, D.; Donfack, P.; Materny,
A.; Singh, D. K. Impact of Water on the Hydrogen Bonding between
Halide-Based Ion-Pairs Investigated by Raman Scattering and Density
Functional Theory Calculations. J. Raman Spectrosc. 2020, 51, 147—
164.

(53) Deng, G. H; Li, X; Liu, S; Zhang, Z; Lu, Z; Guo, Y.
Successive Adsorption of Cations and Anions of Water-1-Butyl-3-
Methylimidazolium Methylsulfate Binary Mixtures at the Air-Liquid
Interface Studied by Sum Frequency Generation Vibrational Spec-
troscopy and Surface Tension Measurements. J. Phys. Chem. C 2016,
120, 12032—12041.

(54) Mukherjee, K.; Palchowdhury, S.; Maroncelli, M. OH
Stretching and Libration Bands of Solitary Water in Ionic Liquids
and Dipolar Solvents Share a Single Dependence on Solvent Polarity.
J. Phys. Chem. B 2022, 126, 4584—4598.

(55) Brink, G.; Falk, M. Infrared Spectrum of HDO in Aqueous
Solutions of Perchlorates and Tetrafluoroborates. Can. J. Chem. 1970,
48, 3019-3025.

(56) Moilanen, D. E; Wong, D.; Rosenfeld, D. E.; Fenn, E. E;
Fayer, M. D. Ion-Water Hydrogen-Bond Switching Observed with 2D
IR Vibrational Echo Chemical Exchange Spectroscopy. Proc. Natl.
Acad. Sci. U. S. A. 2009, 106, 375—380.

(57) Suzuki, Y.; Nojima, Y.; Yamaguchi, S. Vibrational Coupling at
the Topmost Surface of Water Revealed by Heterodyne-Detected

10271

Sum Frequency Generation Spectroscopy. J. Phys. Chem. Lett. 2017, 8
(7), 1396—1401.

(58) Mezger, M.; Ocko, B. M.; Reichert, H.; Deutsch, M. Surface
Layering and Melting in an Ionic Liquid Studied by Resonant Soft X-
Ray Reflectivity. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 3733—3737.

(59) Mezger, M.; Schroder, H.; Reichert, H; Schramm, S;
Okasinski, J. S.; Schoder, S.; Honkimaki, V.; Deutsch, M.; Ocko, B.
M.; Ralston, J.; et al. Molecular Layering of Fluorinated Ionic Liquids
at a Charged Sapphire (0001) Surface. Science 2008, 322, 424—428.

(60) Tang, F.; Ohto, T.; Hasegawa, T.; Bonn, M.; Nagata, Y. 7* — "
Stacking of Imidazolium Cations Enhances Molecular Layering of
Room Temperature Ionic Liquids at Their Interfaces. Phys. Chem.
Chem. Phys. 2017, 19, 2850—2856.

(61) Bottari, C.; Almdsy, L.; Rossi, B.; Bracco, B.; Paolantoni, M,;
Mele, A. Interfacial Water and Microheterogeneity in Aqueous
Solutions of Ionic Liquids. J. Phys. Chem. B 2022, 126 (23), 4299—
4308.

(62) Danten, Y.; Cabago, M. L; Besnard, M. Interaction of Water
Highly Diluted in L-Alkyl-3-Methyl Imidazolium Ionic Liquids with
the PF4~ and BF,” Anions. J. Phys. Chem. A 2009, 113, 2873—2889.

(63) Roth, C.; Rose, A,; Ludwig, R. Ionic Liquids Can Be More
Hydrophobic than Chloroform or Benzene. ChemPhysChem 2012, 13,
3102-3108S.

(64) Ohno, P. E.; Saslow, S. A.; Wang, H.; Geiger, F. M.; Eisenthal,
K. B. Phase-Referenced Nonlinear Spectroscopy of the a-Quartz/
Water Interface. Nat. Commun. 2016, 7, 13587.

(65) Wen, Y.-C.; Zha, S; Liu, X.; Yang, S.; Guo, P.; Shi, G.; Fang,
H.; Shen, Y. R; Tian, C. Unveiling Microscopic Structures of Charged
Water Interfaces by Surface-Specific Vibrational Spectroscopy. Phys.
Rev. Lett. 2016, 116, No. 016101.

(66) Wang, Y.; Seki, T; Liu, X; Yu, X;; Yu, C; Domke, K. F;
Hunger, J.; Koper, M. T. M.; Chen, Y.; Nagata, Y.; Bonn, M. Direct
Probe of Electrochemical Pseudocapacitive PH Jump at a Graphene
Electrode. Angew. Chem., Int. Ed. 2023, 62, No. €202216604.

(67) Wang, Y.; Seki, T.; Yu, X; Yu, C.-C.; Chiang, K.-Y.; Domke, K.
F.; Hunger, J.; Chen, Y.; Nagata, Y,; Bonn, M. Chemistry Governs
Water Organization at a Graphene Electrode. Nature 2023, 615, E1—
E2.

(68) Xu, Y; Ma, Y.-B; Gu, F; Yang, S.-S.; Tian, C.-S. Structure
Evolution at the Gate-Tunable Suspended Graphene—Water Inter-
face. Nature 2023, 621, 506—510.

(69) Montenegro, A.; Dutta, C.; Mammetkuliev, M.; Shi, H.; Hou,
B.; Bhattacharyya, D.; Zhao, B.; Cronin, S. B.; Benderskii, A. V.
Asymmetric Response of Interfacial Water to Applied Electric Fields.
Nature 2021, 594, 62—65.

https://doi.org/10.1021/acs.jpclett.4c01834
J. Phys. Chem. Lett. 2024, 15, 10265—10271


https://doi.org/10.1016/j.tca.2019.01.018
https://doi.org/10.1021/acs.langmuir.0c01211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c01211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.100.096102
https://doi.org/10.1103/PhysRevLett.100.096102
https://doi.org/10.1103/PhysRevLett.100.096102
https://doi.org/10.1063/1.4931485
https://doi.org/10.1063/1.4931485
https://doi.org/10.1021/ja300658h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja300658h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja300658h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2004.03.099
https://doi.org/10.1016/j.cplett.2004.03.099
https://doi.org/10.1016/j.cplett.2004.03.099
https://doi.org/10.1021/jp067162n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp067162n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp067162n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp067162n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp067056l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp067056l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp067056l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/hlca.200490228
https://doi.org/10.1002/hlca.200490228
https://doi.org/10.1002/hlca.200490228
https://doi.org/10.1021/ja0464894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0464894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8001349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8001349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8001349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jrs.5755
https://doi.org/10.1002/jrs.5755
https://doi.org/10.1002/jrs.5755
https://doi.org/10.1021/acs.jpcc.6b02841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b02841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b02841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b02841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c02445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c02445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c02445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1139/v70-509
https://doi.org/10.1139/v70-509
https://doi.org/10.1073/pnas.0811489106
https://doi.org/10.1073/pnas.0811489106
https://doi.org/10.1021/acs.jpclett.7b00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1211749110
https://doi.org/10.1073/pnas.1211749110
https://doi.org/10.1073/pnas.1211749110
https://doi.org/10.1126/science.1164502
https://doi.org/10.1126/science.1164502
https://doi.org/10.1039/C6CP07034E
https://doi.org/10.1039/C6CP07034E
https://doi.org/10.1039/C6CP07034E
https://doi.org/10.1021/acs.jpcb.1c10961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c10961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8108368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8108368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8108368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cphc.201200436
https://doi.org/10.1002/cphc.201200436
https://doi.org/10.1038/ncomms13587
https://doi.org/10.1038/ncomms13587
https://doi.org/10.1103/PhysRevLett.116.016101
https://doi.org/10.1103/PhysRevLett.116.016101
https://doi.org/10.1002/anie.202216604
https://doi.org/10.1002/anie.202216604
https://doi.org/10.1002/anie.202216604
https://doi.org/10.1038/s41586-022-05669-y
https://doi.org/10.1038/s41586-022-05669-y
https://doi.org/10.1038/s41586-023-06374-0
https://doi.org/10.1038/s41586-023-06374-0
https://doi.org/10.1038/s41586-023-06374-0
https://doi.org/10.1038/s41586-021-03504-4
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

