Downloaded viaMPI POLY MERFORSCHUNG on October 23, 2020 at 11:43:30 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

This is an open access article published under a Creative Commons Attribution (CC-BY) Q

THE JOURNAL OF

PHYSICAL CHEMISTRY -
Letters

pubs.acs.org/JPCL

The Bending Mode of Water: A Powerful Probe for Hydrogen Bond
Structure of Aqueous Systems

Takakazu Seki,” Kuo-Yang Chiang,# Chun-Chieh Yu, Xiaoqing Yu, Masanari Okuno, Johannes Hunger,
Yuki Nagata,™ and Mischa Bonn™

Cite This: J. Phys. Chem. Lett. 2020, 11, 8459-8469 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations
ABSTRACT: Insights into the microscopic structure and dynamics of P -
the water’s hydrogen-bonded network are crucial to understand the role ?13, T D

of water in biology, atmospheric and geochemical processes, and _‘ \.,._ \‘

chemical reactions in aqueous systems. Vibrational spectroscopy of
water has provided many such insights, in particular using the O—H
stretch mode. In this Perspective, we summarize our recent studies that
have revealed that the H-O—H bending mode can be an equally
powerful reporter for the microscopic structure of water and provides
more direct access to the hydrogen-bonded network than the
conventionally studied O—H stretch mode. We discuss the fundamental
vibrational properties of the water bending mode, such as the
intermolecular vibrational coupling, and its effects on the spectral
lineshapes and vibrational dynamics. Several examples of static and
ultrafast bending mode spectroscopy illustrate how the water bending
mode provides an excellent window on the microscopic structure of both bulk and interfacial water.
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Water plays an important role in many biological and 38004
chemical processes. The hydration structure of proteins 1 -
and lipids affects their biological functions, and the interaction g 5 3600
of water with solid surfaces such as mineral and metal oxide o g
surfaces determines surface chemistry and surface—catalytic 8 g 34007
reactions. In addition to these critical roles in natural and £ f 3200
industrial processes, the fundamental physical properties of 3 S
condensed phase (liquid- and solid-state bulk water) and 3000

interfacial water, e.g.,, anomalously high surface tension, high 3000 3200 3400 3600 3800 155 1600 1650 1700 1750

viscosity, high boiling point, and so forth, have also attracted a
great deal of attention. Some of these unique features have
been attributed to the cooperative hydrogen-bond network of Figure 1. (a) Time averaged probability distribution of the O—H
multiple water molecules.’ Thus, to unveil the physics stretch frequency vs hydrogen. bond strength. Reproduced from ref S.
underlying the unique properties of water, a molecular-level (b) A scatter plot of the experimentally determined H—O—H bending
understanding of the structure and dynamics of the hydrogen- frequency vs averaged O—H stretch frequency of water. The data
) . points were experimentally obtained by measuring the frequencies of
bond network is essential. water in various media.® The blue and red lines represent the relations
Vibrational spectroscopy techniques have provided detailed of eqs 1 and 2, respectively.
information on the microscopic hydrogen-bond structure of
water in aqueous solutions, primarily via the O—H stretch
mode of water.”” The study of the O—H stretch mode is
prompted by the strong correlation between the frequency of ] ]
O—H stretch vibration and the individual hydrogen-bond Received:  April 24, 2020
strength (Figure 1a);"° a strong (weak) hydrogen bond leads AccePted’ September 15, 2020
to a red-shift (blue-shift) of the O—H stretch frequency. While Published: September 15, 2020
the O—H stretch frequency is an excellent marker of the local
hydrogen-bonding arrangement in neat water or very simple
systems, complications quickly arise when other molecular

O-H frequency (cm") H-O-H frequency (cm")
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moieties are present in the sample. The broad O—H stretch
band of water then overlaps with other vibrational bands such
as the O—H stretch mode of alcohols and biomolecules as well
as their N—H stretch/amide A modes. Disentangling the
different modes is a formidable challenge, which cannot be
resolved, for instance, by H/D isotopic substitution, because of
rapid proton exchange. Also, vibrational couplings such as
energy splitting between the O—H stretch modes and Fermi
resonance with bending overtone often complicate the
interpretation of the O—H stretch mode spectra and dynamics.

Compared to the stretch mode, the H-O—H bending mode
has several advantages. Because the bending mode of water is
unique to water molecules, it is spectrally separated from the
C—O—-H and C—N-H bending modes of alcohols and
biomolecules. Essentially, water has only one bending mode
in a molecule, which means there is no intramolecular bending
mode—bending mode vibrational coupling. In addition to these
advantages, the bending frequency can provide information on
the hydrogen-bond strength of water, in a manner very similar
to the stretch mode frequency. For example, the bending mode
frequency of the H—O—H increases from ~1590 cm™" in the
gas phase to ~1650 cm™' in the liquid phase because of the
formation of hydrogen bonds. More quantitatively, Falk
proposed the linear relation of the O—H stretch mode
frequency and H-O—H bending mode frequency (Figure
1b), which satisfies the stretch and bend frequencies in the gas
phase (@,.q = 1590.4 cm™! and w8, = 3706 cm™!). This reads’

_ (@hend — Ppena)
0.2583

g _ —
) WOgy =

(1)
A very similar coeflicient of —1/0.259 was obtained from ab
initio calculations.” When the nonlinear term is included in eq
1, one can add the additional condition satisfying the stretch
and bend frequencies in liquid water (@}.,q = 1650 cm™! and
o, = 3400 cm™!) to eq 1.%7 This is given as'

_ (wlfend - wbend)
0.2583
2
X(@F 4 = @pena) ()

These relations manifest that the higher H-O—H bending
mode frequency indicates the lower O—H stretch mode
frequency, thus indicative of a stronger intermolecular O--H

hydrogen-bond.

wg — + 0.0216

str a)str =

The H-O-H bending mode fre-
quency is responsive to the
hydrogen-bond strength of the
system of interest.

The vibrational nature of the water bending mode, however,
has been much less investigated than the stretch mode,
presumably because of its weaker absorbance. In contrast to
the O—H stretch mode, it has been unclear how isotopic
dilution affects the spectral shape and the vibrational dynamics
of the bending mode, i.e., bending mode—bending mode and
bending mode—other vibrational mode couplings have not
been fully elucidated.” At the interface, it has been
controversially discussed whether the bending mode signal in
surface-specific vibrational spectra arises from the interfacial
water molecules”' " or from the bulk."’ As such, despite the
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potential advantage of using the bending mode probe to
explore the hydrogen-bond network, fundamental knowledge
on the vibrational nature of the bending mode is still lacking.

In this Perspective, recent spectroscopic advances on the
water bending mode will be introduced, followed by a
discussion of the fundamental vibrational properties of the
bending mode in bulk liquid, the vibrational dynamics, and the
surface specificity and coupling nature of the bending mode of
the interfacial water. Subsequently, several examples of probing
the bending mode of water are discussed. Finally, the key
results are summarized.

First, we examined the static spectra of the water bending
mode in pure bulk water through the comparison of the stretch
and the bending modes. Figure 2a shows that the use of
isotopically diluted water (HOD in D,0) changes the
lineshapes of the O—H stretch mode in both the IR and
Raman spectra of neat H,0.'*'* The shoulder at ~3200 cm™
diminishes while the ~3400 cm™ contribution persists upon
isotopic dilution, resulting in an overall narrowing of the
vibrational line shape. These spectral variations are well
reproduced by simulations using the frequency-mapping
technique (Figure 2b) and can be explained by intermolecular
intramode (i.e., stretch mode—stretch mode) coupling as well
as intramolecular intermode coupling mainly due to the Fermi
resonance between the stretch and the overtone of the bending
mode.'®'” The intra/intermolecular intra/inter-mode cou-
plings for the O—H stretch mode and H-O—H bending mode
are summarized in Tables 1 and 2, respectively.

How does the lineshape of the bending mode change upon
isotopic dilution of water? Recently, we compared the
experimentally determined lineshapes of the H—O—H bending
mode of neat H,O and isotopically diluted water by carefully
subtracting the H—O—D bending mode contribution from the
measured spectra, which is plotted in Figure 2¢.'® The data
show that the peak frequency is slightly shifted to higher
frequencies (~7 cm™') upon isotopic dilution. At the same
time, the full width at half- maximum (fwhm) of the bending
mode is rather insensitive to the isotopic composition, in stark
contrast to the stretch mode. Modeling and detailed analysis of
bending mode spectra are, however, still largely unexplored.
One of the pioneering works for the bending mode has been
reported by Ni and Skinner.” Figure 2d displays the simulated
bending mode IR spectra with and without the intermolecular
intramode (bending mode—bending mode) coupling. Figure
2d shows a slight blue-shift (~10 cm™) of the uncoupled
oscillators, relative to the coupled mode, in reasonable
agreement with the experimental data.'® However, the
simulation indicates a substantial narrowing of the H-O—H
bending mode spectra upon isotopic dilution, in contrast to the
experimental spectra in Figure 2c. As such, theoretical
modeling of the IR bending mode spectra is challenging.
Furthermore, a theoretical calculation of the Raman response
of the bending mode is lacking.

Overall, the experimental lineshapes indicate that inter-
molecular intramode coupling of the bending mode causes
only minimal distortion of the lineshape, and shifts the peak
position of the bending mode spectra of water, but the shift is
very tiny. This is in contrast with the stretch mode response,
which is strongly affected by a complex interplay of
intramolecular intermode and intermolecular intramode
couplings. Thus, the water bending mode in bulk water is a
more direct reporter of the hydrogen-bond network.

https://dx.doi.org/10.1021/acs.jpclett.0c01259
J. Phys. Chem. Lett. 2020, 11, 8459—8469
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Figure 2. (a) Measured IR and Raman spectra of the O—H stretch vibration. The data are reproduced from refs 14 and 15, respectively. (b)
Computed IR and Raman spectra of the O—H stretch vibration based on the frequency-mapping technique, with the intermolecular intramode
coupling and Fermi resonance (H,0O) and without any vibrational coupling (HOD in D,0). The data are reproduced from refs 16 and 17,
respectively. (c) Measured IR and Raman spectra. The data are reproduced from ref 18. (d) Computed IR spectra of the H-O—H bending
vibration based on the frequency-mapping technique, including the intermolecular intramode coupling (H,O) and without any vibrational
couplings (dilute H,O in D,0). The data are reproduced from ref 7. All data are normalized to the peak maximum.

Table 1. Four Types of Vibrational Couplings of the O—H Stretch Vibration and the Impact of Isotope Dilution (in Red Font)

O-H

Stretch vibration Intramode

Intermode

Stretch-Stretch:

Intramolecular
coupling

_‘ I Stretch

E.g. Stretch-Bend:

end >
_‘ f Stretch

Energy Splitting:
Changed

Fermi resonance/Vibrational mixing:
Changed

Stretch-Stretch:

Stretcv
Intermolecular “"

coupling

Stretch _‘

E.g. Stretch-Bend:

Stretchf
* ‘

Delocalization:
Changed

Delocalization//Vibrational mixing:
??

Next, we turn our attention to the vibrational dynamics of
liquid water, which plays an important role in chemical

The lineshape of the bending
mode is less sensitive to vibra-
tional coupling of water than the
stretch mode, being a direct
probe for hydrogen-bond net-
work.

processes occurring in aqueous media, for example, by
facilitating energy dissipation during chemical reactions.
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Time-resolved spectroscopies, including pump—probe IR or
two-dimensional IR (2D-IR) spectroscopy, have been used to
quantify the time scales of the vibrational dynamics such as
vibrational energy relaxation, orientational memory decay, and
spectral diffusion.'””” When vibrationally exciting the O—H
stretch mode, the excess vibrational energy relaxes from the
O—H stretch mode to lower-frequency modes (e.g., the H—
O—H bending mode at 1650 cm™, the librational mode at
600—800 cm™}, and the hydrogen-bond stretch mode at 180
cm™), ie., vibrational energy relaxation. Because the infrared
excitation light is typically linearly polarized, it preferentially
excites water molecules with transition dipole moments aligned
along the field polarization. The decay of orientation memory,
i.e., excitation anisotropy, has also been used to characterize

https://dx.doi.org/10.1021/acs.jpclett.0c01259
J. Phys. Chem. Lett. 2020, 11, 8459—8469
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Table 2. Three Types of Vibrational Coupling of the H—O—H Bending Vibration and the Impact of Isotope Dilution (in

Colored Font)

H-O-H

Intermolecular
coupling

Bending vibration Intramode Intermode

Bend-Bend: E.g. Bend-Libration:
Be?

Intramolecular -‘ 1

coupling X
Fermi resonance/Vibrational mixing:
N.A.

Unchanged

Bend-Bend: E.g. Bend-Libration:

Changed

Delocalization:

Delocalization//Vibrational mixing:
??

how the orientation of the transition dipole of the O—H
stretch mode is scrambled via thermally activated rotational
diffusion as well as vibrational energy transfer.”' Spectral
diffusion has been widely used to describe how quickly the O—
H stretch mode loses its frequency memory, i.e., how fast the
frequency of an excited oscillator is scrambled, because of the
intermolecular interactions and vibrational energy transfer.”>**

Table 3 summarizes typical time scales for the dynamics of
the O—H vibration in neat H,O and highly diluted HDO in

Table 3. Vibrational Dynamics of the O—H Stretch Mode

vibrational lifetime anisotropy decay  spectral diffusion

(ps) (ps) (ps)
neat H,O 023 + 0.03>***°  0.075,°>*% 0.7,% <0.05,% 0.18**
<0.3*
HOD in 0.72 + 0.03*7%% 07, 24} 0.5—1.0374~%
D,0 <3.0—4.0>1754

D,O samples. One can see that the vibration dynamics of the
O—H stretch mode is largely accelerated for neat H,O
compared with that for HDO in D,0. For example, the
anisotropy decay time in neat H,O is >10 times faster than that
of HDO in D,0, because of the fast depolarization caused by
energy transfer.”’ This acceleration of the dynamics of the O—
H stretch mode arises from two mechanisms.”* One is the
vibrational energy transfer from one O—H stretch mode to
other O—H stretch modes. Because the orientations of these
O—H groups are rarely identical, this energy transfer will lead
to depolarization of the excitation. The other mechanism is the
delocalization of the O—H stretch mode in neat H,0. The

vibrational excitation is delocalized over several neighboring
O—H groups. This orientation of the transition dipole moment
for the delocalized mode can be easily modulated by the
conformational fluctuation of the neighboring water molecules.

In comparison to the O—H stretch mode, the vibrational
dynamics of the H—O—H bending mode have been much less
investigated. In Table 4, we summarize the previously reported
time scales for the bending mode dynamics of H,O in neat
H,0 and H,O in D,0. Multiple studies have identified a
vibrational lifetime of 170—260 fs for the H—O—H bending
mode in pure H,0."®***” Noticeably, the time scale of the
H—O—H bending mode energy relaxation is comparable with
respect to the O—H stretch mode energy relaxation of pure
water. The ultrafast energy relaxation of the O—H stretch (H—
O—H bending mode) has been explained by the strong
intramolecular coupling attributed to the vibrational frequency
matching between the O—H stretch (H—O—H bending) mode
and the overtone of the H—O—H bending (librational) mode.
Because the bending mode frequency is reduced from 1650 to
1450 cm™}, going from H—O-H bending to H-O-D
bending, increasing the frequency mismatch between the O—
H stretch and the bend overtone results in weakening the
intramolecular intermode coupling between O—H stretch and
H—-0-D bending modes. Hence, it is expected that, upon the
isotopically dilution of water, the vibrational energy relaxation
of the O—H stretch mode slows down because of this reduced
coupling. Indeed, the vibrational relaxation of the O—H stretch
mode is slower by a factor of 3 for HDO in D,0O compared to
pure H,O.

Table 4. Vibrational Dynamics of the H-O—H Bending Mode

vibrational lifetime (ps)

anisotropy decay (ps)

spectral diffusion (ps)

exptl sim exptl sim exptl sim
neat H,0 0.17—0.26,2572730334445 g 518 01202725447 0,08-0.172*>° 0.31'* 0.15 + 0.03%% 0.24 + 0.08*®  ~0.06 and ~0.12%*
H,0 in D,0  0.17-027"° 0.3-0.4"
“Centerline slope method. bIntegrated photon-echo peak shift.
8462 https://dx.doi.org/10.1021/acs jpclett.0c01259
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In contrast, isotopic dilution of water has a smaller effect on
the frequency mismatch between the H-O—H bending mode
and the overtone of the librational mode, and this intra-
molecular intermode coupling remains largely unchanged.
Hence, one can expect the vibrational energy relaxation of the
H-O-H bending mode to be insensitive to the isotopic
dilution. This is also borne out by experiment: we found that
the vibrational lifetime of the H—O—H bending model is
invariant to the isotopic composition, with a time scale of
~200 fs.'® This fast vibrational energy relaxation of the
bending mode arises from the ultrafast energy transfer of the
bending mode to the higher-frequency side of the librational
motion.”*

To obtain the orientational memory dynamics, transient
spectra at different polarization combinations are recorded to
determine the anisotropy decay.” The anisotropy decay traces
of the H-O—H bending mode for various H,0/D,0
concentration ratios are shown in Figure 3a. These results

3.2
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Figure 3. (a) Anisotropy decay for various H,0/D,0 mixture. The
hot ground state was subtracted from the transient absorption signal.
Traces are offset by increments of 0.4. Symbols show experimental
data, and solid lines show fits using a single-exponential decay. (b)
Comparison of the anisotropic decay times for the bending mode and
the stretch mode as a function of H,O/O—H fraction. The stretch
mode data were taken from ref 21. Both bending and stretching mode
data are approximated by single exponentials. The lines serve to guide
the eye. The bending mode data are reprinted from ref 18.

indicate that the anisotropy decay dynamics of the H-O—H
bending mode are less sensitive to the H,0/D,0 concen-
tration. This is in sharp contrast to the anisotropy decay of the
O—H stretch mode, which is >10 times faster in neat H,O
compared to isotopically diluted water. Figure 3b summarizes
these vastly different dynamics, showing the time scale of the
anisotropy decay of the stretching and bending modes versus
H,O concentration.

The orientation of the transition dipole moments associated
with the bending and stretch modes are aligned, roughly, along
the bisector axis of the H-O—H angle and the O—H axis,
respectively. As such, for sufficiently low OH concentrations,
for which energy transfer is negligible, the anisotropy decay of
the two modes reflects the reorientational motion of water
along those two molecular coordinates. From simulations and
experiments, the decay of the rotational correlation function of
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the bisector axis and the O—H axis of water are known to be
very similar, with a decay time of 1.5—2 ps.”” This time
constant is similar to the time constant of the anisotropy decay
when pumping and probing the O—H stretch mode of isolated
HDO in D,0, while the anisotropy decay when pumping and
probing the H—O—H bending mode is much faster than 1.5—2
ps. Currently, this is understood as the mixing of the bending
mode and other vibrational modes; because of strong
vibrational mij(ing,lg’zz’3()’31 the orientation of the transition
dipole moment is rapidly randomized. As such, the anisotropy
decay of the bending mode is much faster than the actual
molecular reorientation, even for isotopically diluted water.

Finally, we discuss the spectral diffusion of the bending
mode. 2D-IR spectroscopy can provide the time scale of the
spectral diftusion, reflecting the memory loss of the excitation
frequency. So far, only a few studies have been done to
understand the spectral diffusion of the bending vibra-
tion.””**** Figure 4 displays the 2D-IR spectra of the H—
O—H bending mode in neat H,O obtained from experiments
and simulation. The 2D spectra commonly show a positive
ground-state bleach of the 1 — 0 transition at @w; = ~1630—
1650 cm ™" and a negative excited-state absorption of the 1 — 2
transition at ~1550—1600 cm™". At the waiting time of 0.1 ps,
all the 2D-IR spectra show a positive peak similarly elongated
along the diagonal line, and the spectra become parallel to the
probe axis at 0.4—0.5 ps. The time evolution of the central line
slope (CLS) of the positive peak measures the memory loss of
the pumping frequency. The simulation and experimental data
are in good a§reement, with time constants of 120 and 150 fs,
respectively.”” Simulation have attributed this rapid spectral
diffusion to a strong intramolecular intermode coupling of the
bendin% mode to the O—H stretch mode and low-frequency
mode.’

A question here is to what extent the isotopic dilution
impacts the spectral diffusion. Kuroda and co-workers have
compared the spectral diffusion dynamics in the 2D-IR
measurement for the H-O—H bending mode in neat H,O
and the H-O-D bending mode in isotopically diluted
water.”” They found that the H-O—D bending mode in
isotopically diluted water and the H-O—H bending mode in
neat H,O show similar peak shift dynamics of the 2D-IR
spectra with the time constant of 0.3 + 0.0S ps and 0.24 + 0.08
ps, respectively. This indicates that the water bending mode is
almost insensitive to the intermolecular intramode coupling.

The intramolecular intermode
coupling of the bending mode of
water is much stronger than its
intermolecular intramode cou-

pling.

The hydrogen-bond structure at the air—water interface has
been studied by vibrational sum-frequency generation (VSFG)
spectroscopy over the past two decades. Because of the optical
selection rule of SFG, the SFG signal arises only from the
interface where inversion symmetry is broken, ie., not from
isotropic bulk water. Because SFG signal is resonantly
enhanced by interfacial vibrational transitions, it can provide
vibrational and structural information on specifically interfacial
water. This region is limited to the topmost few layers of water
at the water—air interface.’

https://dx.doi.org/10.1021/acs.jpclett.0c01259
J. Phys. Chem. Lett. 2020, 11, 8459—8469


https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01259?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01259?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01259?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01259?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01259?ref=pdf

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
(@)

-

0.4 ps
1500 YL —— . _— . —_— P .
1500 1600 1700 1500 1600 1700 1500 1600 1700

ws (em’) w; (em™) w; (em™)

Figure 4. 2D-IR spectra in the H-O—H bending mode region as a function of waiting time for pure H,0. (a) Experimental data of Tokmakoff and
co-workers (Reproduced with permission from ref>® Copyright 2017 AIP Publishing), (b) experimental data of Kuroda and co-workers
(Reproduced with permission from ref 33. Copyright 2014 the Royal Society of Chemistry.), and (c) simulation data of Saito and co-workers
(Reproduced with permission from ref 32. Copyright 2013 AIP publishing.). The @, and w; indicates pump and probe frequencies, respectively.

H-O-H C=0 H-O-H C=0
; S-W‘Jf\‘ﬁ

(a)

3.5

(c)

— Im(z2)

Im(z> @)
— 0.1mM —0.1M
1mM — 0.25M
— 10mM — 1M
T T T T T
1600 1650 1700 1750 1800

Wavenumber (cm™)

Amplitude (arb. unit)
S
N
1

rrr

Intensity (arb. unit)

0.4 (d) |"N1,, D)

Amplitude (arb. unit)
)
N

—_— lm(z'?r'\ )
T T T T T T T T T T 1 Ll T ~ ||
1600 1650 1700 1750 1800 1600 1650 1700 1750 1800 1600 1650 1700 1750 1800

Wavenumber (cm") Wavenumber (cm") Wavenumber (cm")

Figure 5. (a, b) SFG spectra at the (a) negatively charged (H,O/DPPG) and (b) positively charged (H,O/DPTAP) interfaces with various ion
concentrations at ssp polarization combination (s-, s-, and p-polarization for the SFG signal, visible pulse, and IR pulse, respectively). The black
lines represent the fit. The pink and blue shaded regions indicate H—-O—H bending mode and C=0 stretch mode contributions, respectively. (c, d)
The interfacial Im({2),) (black line) and the bulk Im(),®(c)) (colored lines) spectra obtained from the fit of the spectra for the (c) water/
DPPG and (d) water/DPTAP interfaces. The data were reproduced with permission from ref 56. Copyright 2019 American Chemical Society.

The first SFG intensity spectrum (the square of the effective positive band. In contrast, MD simulations show that the
surface nonlinear susceptibility, ly21?) of the bending mode at imaginary part of the bending mode SFG spectrum exhibits
the air—water interface was experimentally measured in both positive and negative features.”'"*’ Tahara and co-
2012,* and then the imaginary part of the SFG susceptibility, workers attributed this discrepancy of the experimentally
(Im(x2),)), was reported.”® This Im(x2),) spectrum shows a measured and simulated Im(y2),) to the bulk quadrupole
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contribution; the simulation had assumed that the SFG signal
arises solely from the interface because the interfacial dipole
contribution is stronger than the bulk quadrupole contribution
(electric dipole approximation),”® while the experimental data
may contain not only the leading contribution of the interfacial
dipole but also contributions from the bulk quadrupole.” If
the bulk quadrupole indeed dominates the bending mode
signal, there is no chance to extract the interfacial water
contribution from the SFG bending mode signal.

To explore the origin of the water SFG bending signal, one
can take advantage of the fact that the sign of the Im(x2),)
SEG signal will change if the transition dipole moment flips its
orientation along with the interfacial water molecules
themselves. On the other hand, if the bending mode signal is
governed by the }))roposed bulk quadrupole contribution, the
sign of the Im(y{24) will remain unchanged upon flipping the
orientation of the interfacial water molecules.”’ By identifying
the negative/positive change of Im(x2),) upon going from a
positively to a negatively charged interface,”” one could
elucidate whether Im(y{?,) arises from interfacial water or
from bulk water.

As the presence of surface charge will induce the formation
of the electrical double layer (EDL), the obtained SFG signal,
72, originates from two contributions: one arises from the
water molecules interacting with surface molecules in the Stern
layer, 72 while the other originates from the water molecules
which can flip their orientations in response to the surface
electric field in diffuse layer, 22 . Thus, extracting the 22
contribution from the yi¥ spectrum is needed in order to
address the sign of the change of the Im(y2),). The ¥k is
strongly dependent on the degree of screening of the surface
charge by electrolytes in solution and therefore depends on ion

concentration c. The overall response can be approached
by*35S

x(c)
k(c) — iAk,
4)

where ®(c), k(c), and Ak, denote the surface potential, the
inverse of the Debye length, and the mismatch of the wave-
vectors along the surface normal (z-axis) in the reflected SFG
configuration, respectively.

We measured the SFG intensity (ly21?) spectra by varying
the ion concentrations, which are displayed in Figure Sa,b.
Note that the spectral shape may be affected by beam
geometries (Fresnel factors). The SFG spectra at the water-
charged lipids interface showed a sharp C=0O stretch peak at
~1710 cm™' and the bending mode peak at ~1650 cm™.
These spectra show that the interference between the 1710
cm™! C=0 stretch peak and the 1650 cm™" water bend peak is
different for the positively and negatively charged interfaces. By
obtaining complex 22 from a Lorentzian fit of the SFG
intensity and subsequently disentangling Stern and diffuse
layer contributions from 22 via eq 4, one can obtain the

Im(x2),) and Im(y2 @ () spectra where )(s(tze )m ~ b(ezr)l 4 in
K(c)

k(c) — ik,

and positively charged interfaces are displayed in Figure Sc,d.

The opposite sign of the Im(x2),) response for the positively

and negatively charged interfaces manifests that the bending

mode contribution arises from the interfacial water molecules.

@ — @

(2)
Ieff - ){Stern

()
+ )(Diffuse

(C) = Xbend >

+ Xbend (I)(C)

our notation and = 1. These spectra at the negatively
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The SFG bending mode can
provide information on the in-
terfacial hydrogen-bond network.

Having established that the bending mode signal arises from
interfacial water molecules, we further confirm that the
vibrational spectral response Im()(ﬁzeld) is insensitive to the
isotope composition, as established for the bending mode of

bulk water. Figure 6a displays the variation of the SFG
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Figure 6. (a) SFG intensity spectra of the H-O—H bending mode at
the water—air interface with 1/0, 2/1, 1/1, 1/2, and 0/1 H,0/D,0
mixtures at ssp polarization combination. Solid lines are fits to the
data. The data are reprinted from ref 10 by permission of the PCCP
Owner Societies. (b) Normalized Im(x2),) spectra of neat H,O and
H,0 in D,O at the water—air interface. The data are constructed from
the fits of the SFG intensity spectra in panel a. The dashed line data is
obtained from [H,0O] = 25%. The solid and str%ped shaded regions
indicate the uncertainty of each measurement.'”* (c) Normalized
Im(y?) spectra of neat H,0O and HOD in D,O at the water—air
interface. The data are reproduced from refs 57 (blue) and 59 (red).
The dashed line data is obtained from an H,0/D,0 mixture with
[OH] = 25%.

intensity spectra at the water—air interface by varying the
H,0/D,0 concentration. Even the pure D,0O spectrum, which
does not have any resonances in the displayed frequency
region, has tilted features, which is the signature of the tail of
the O—D stretch mode (~2400 cm™"). The non-negligible
contribution from the O—D stretch mode implies that the
bending mode SFG signal is much weaker than the stretch
mode SFG signal.

By fitting the intensity spectra with a Lorentzian model, we
obtain the Im(y{2),) response of the bending mode (Figure
6b)." The spectra show that the isotopically diluted water and
neat H,O data are similar within the error, which is in line with
the bending mode of bulk water, discussed above. A relatively
large deviation at ~1600 cm™ between refs 10 and 56
indicates that capturing the bending mode signal is still
challenging. One can compare these bending mode SFG
spectra with the O—H stretch mode SFG spectra. To have a
coherent discussion about the bending mode of bulk water, we
show the O—H stretch mode Im(y?) spectra upon isotopic
dilution in Figure 6c. The spectra differ slightly for reports
from different groug)s.‘w_59 So far, a commonly observed
feature in the Im(y{?) spectra is the reduced low-frequency
side of the negative peak around 3300 cm ™' and the 3600 cm ™
positive shoulder peak upon the isotope dilution. As a result,
the isotopic dilution alters the lineshape of the O—H stretch

https://dx.doi.org/10.1021/acs.jpclett.0c01259
J. Phys. Chem. Lett. 2020, 11, 8459—8469


https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01259?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01259?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01259?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01259?fig=fig6&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01259?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

SEG spectra, unlike the bending mode SFG spectra. This
further demonstrates that the use of the bending mode is
beneficial to identify the aqueous interfacial structure without
isotopically diluting water.

Above, we have described the vibrational nature of the water
bending mode in the IR, Raman, and SFG spectra, in
comparison with the water stretch mode. We have shown
that the bending mode is insensitive to the intermolecular
intramode (bending mode—bending mode) vibrational cou-
pling, allowing us to connect the vibrational spectra with the
net water structure in the aqueous system, without isotope
dilution. What have the recent studies clarified using the
bending mode probe? Here, we pick two examples: a study of
the microscopic structure of alcohol—water binary mixtures
and a study of water at protein—water interfaces. Both
examples make use of the fact that the H-O—H bending
mode arises solely from water molecules with no interference
from other modes, unlike the O—H stretch mode for which
alcohol and biomolecules also contribute. Thus, the observa-
tion based on the bending mode can provide clear evidence of
the water contribution for these samples.

First, we focus on the water—alcohol mixtures, a model
system of hydrophobic hydration. Water molecules surround-
ing a hydrophobic moiety of a molecule have been proposed to
form tetrahedral or cluster-like structures,”’ which may explain
the unique properties of water—alcohol mixtures, such as
enhanced heat capacity. To clarify to what extent the water
hydrogen-bond network in water—alcohol mixtures varies with
changing the temperature, the IR spectra of the water bending

mode have been measured for various water—alcohol

mixtures.®!
Figure 7 displays temperature-dependent IR spectra of the

water bending mode in various water—alcohol mixtures. The
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Figure 7. IR spectra in the water bending mode range of alcohol—
water mixtures at various temperatures. These solutions have the same
composition of 1/0.2 molar ratio (alcohol/water). The legend
indicates the temperature of the system in units of °C. The data is
reproduced with permission from ref 61. Copyright 2019 American
Chemical Society.
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data show that increasing temperature induces a red-shift of
the H—O—H bending mode frequency. As is accounted for in
Figure 1, the red-shift of the bending mode frequency means
that the hydrogen-bond of water is weakened. As a result, the
IR spectra show that the hydrogen-bond strength of water is
weakened at elevated temperatures. The interesting point is
that the red-shift of the bending mode peak frequency upon
increasing temperature amounts to only 0.05S cm™'/°C for pure
water, while it is 0.38 cm™'/°C on average for alcohol—water
mixtures. Furthermore, alcohols with longer alkyl chains tend
to induce a larger frequency shift, indicating a more substantial
weakening induced by temperature for longer alkyl chains. The
observation that the hydrogen-bond strength of water is
stronger in the presence of alcohol than in the pure water is
linked with the enhanced heat capacity of the water—alcohol
mixture.”” Owing to the interference of the different O—H
stretch modes of alcohols and water, this information cannot
be obtained from the O—H stretch response. As such, the
bending mode spectroscopy unraveled the variation of the
hydrogen-bond network in the water—alcohol mixture.

The second example is the protein—water interface, where
the O—H stretch mode of the protein side chain cannot be
disentangled from the water O—H stretch mode contribution.
Furthermore, the N—H stretch mode may complicate the
interpretation of the O—H stretch mode spectra, because the
N-H and O—H stretch frequencies overlap substantially. The
H—-O—H bending mode can circumvent the first problem, but
the H-O—H bending mode may be masked by the very strong
amide I mode at almost the same frequency. Instead, one can
use the H-O—D bending mode (~1460 cm™")®* because the
amide II mode (1480—1570 cm™") only weakly contributes at
this frequency region because of the small Raman cross section
of the amide II mode.**

We extracted the net water contribution at the human serum
albumin (HSA) protein—water interface using the H—O—D
bending mode. The SFG intensity spectra are displayed in
Figure 8a, while Figure 8b shows the Im()(](ﬁld) spectra
obtained through the Lorentzian model fit (black lines in panel
a). The H-O-D bending mode contribution (see shaded
region in Figure 8b) varies upon changing the isotope
composition. The variation of the amplitude shows excellent
agreement with the H-O—D concentration inferred from an
equation of [HOD]?/[H,0][D,0] = 3.86° (Figure 8c),
confirming the peak assignment. The H—O—D bending mode
contribution exhibits substantially higher peak frequency in the
presence of HSA (~1510 cm™) than for bulk water (~1460
cm™'). This indicates that interfacial water molecules near the
HSA protein are more strongly hydrogen-bonded than water in
the bulk. This observation seems to be linked with the fact that
the HSA protein has a negatively charged site, which strongly
modulates the hydrogen-bond strength of the interfacial water.
As such, the water bending mode spectroscopy opens a path to
extract information on water in bulk and at interfaces from the
vibrational spectra of complex aqueous solutions.

In summary, we have presented new insights into the nature
of water’s bending mode and recent advancements in static and
time-resolved water bending mode spectroscopy. We have
demonstrated that the bending mode static spectral feature and
also the vibrational dynamics can report directly on the
hydrogen-bonded network, as the bending mode is sensitive to
hydrogen bonding yet not obscured by intermolecular
vibrational coupling effects. This makes the bending mode
an excellent complement to the O—H stretch mode, which has

https://dx.doi.org/10.1021/acs.jpclett.0c01259
J. Phys. Chem. Lett. 2020, 11, 8459—8469
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Figure 8. (a) The H-O—D bending mode spectra at HSA—water
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panel a). Shaded regions in blue represent the H-O—D bending
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H—O-D contribution vs H,O fraction. Theoretical prediction
denoted by the black broken line is obtained from the equation of
[HOD]%/[H,0][D,0] = 3.86.°~" These data are reproduced from
ref 10 by permission of the PCCP Owner Societies.

The water bending mode can
decode the net water contribu-
tion from various complex aque-
ous systems such as water—liquid
mixture and solid—water and
protein—water interfaces.

been traditionally studied as a reporter of the microscopic
structure and dynamics of water’s hydrogen-bond network, and
for which intermolecular vibrational coupling effects do play a
role.

Several fundamental properties of the bending mode remain
unknown. The vibrational properties of the bending mode in
ice are not well understood.”® Even though time-resolved
vibrational spectroscopy in the bulk has revealed the
vibrational dynamics to be insensitive to the local molecular
environments for bulk liquid water, this observation may not
apply to interfacial water. Time-resolved surface vibrational
spectroscopy needs to be carried out to explore the energy
transfer of bending mode excitation at the air—water (ice)
interface to understand the energy flow at the interface.
Bending mode spectroscopy can further provide a powerful
way to (re)explore the microscopic hydrogen-bond network of
various aqueous systems, which can be applied to further
understand complicated phenomena such as liquid—liquid
phase separation or hydrogen-evolution reactions at the surface
of catalysts in situ/operando.
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