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The structure of interfacial water determines atmospheric chemistry, wetting properties of materials, and
protein folding. The challenge of investigating the properties of specific interfacial water molecules
has frequently been confronted using surface-specific sum-frequency generation (SFG) vibrational
spectroscopy using the O-H stretch mode. While perfectly suited for the water—air interface, for
complex interfaces, a potential complication arises from the contribution of hydroxyl or amine groups of
non-water species present at the surface, such as surface hydroxyls on minerals, or O-H and N-H
groups contained in proteins. Here, we present a protocol to extract the hydrogen bond strength
selectively of interfacial water, through the water bending mode. The bending mode vibrational
frequency distribution provides a new avenue for unveiling the hydrogen bonding structure of interfacial
water at complex aqueous interfaces. We demonstrate this method for the water—CaF, and water—
protein interfaces. For the former, we show that this method can indeed single out water O—H groups
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from surface hydroxyls, and that with increasing pH, the hydrogen-bonded network of interfacial water
strengthens. Furthermore, we unveil enhanced hydrogen bonding of water, compared to bulk water, at
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Introduction

Aqueous interfaces play an important role in geology, biology,
and chemistry. The hydration structure of proteins/lipids
affects their biological functions, and the interaction of water
with solid surfaces such as mineral and metal oxide surfaces
determines surface chemistry and surface-catalytic reactions.
Understanding the structure of water at interfaces is, therefore,
of great interest. So far, surface-specific techniques such
as scanning probe microscopy, X-ray spectroscopy, attenuated
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the interface with human serum albumin proteins, a prototypical bio-interface.

total reflection-infrared (ATR-IR), and sum-frequency genera-
tion (SFG) spectroscopy have been used for investigating the
molecular structure and dynamics of water at interfaces.’
Among them, vibrational SFG spectroscopy has been demon-
strated to be a powerful technique to probe the interfacial
water molecules at soft (biomolecule-water)*” and buried
(solid-water) interfaces.®” SFG spectroscopy is active only in
the centrosymmetry-broken region and therefore probes those
molecular responses with a non-zero net transition dipole
moment along the surface normal direction. As such, the
molecules in the bulk and the molecular responses with
their transition dipole moment being parallel to the surface
are SFG-inactive. However, capturing the net contribution of the
interfacial water in the O-H stretch spectra is often highly
challenging at the complex aqueous interfaces, because the
contribution of the water O-H stretch mode is spectrally indis-
tinguishable from that of the O-H groups chemisorbed onto the
solid surface as well as the O-H and N-H groups of proteins.
A small number of these O-H/N-H groups can overwhelm the
SFG signal, because the SFG signal of water arises from a very
thin (sub-nm) water layer at the interfaces. These comparable
contributions from the water O-H groups and the other hydroxyl
groups impede a clear molecular view of the interfacial water
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structure. For instance, a weakly hydrogen-bonded O-H stretch
peak in the SFG spectra at the water-silica interface has
been conflictingly assigned to originating from interfacial
1819 and silanol groups on the silica surface.’® As such,
an unambiguous determination of the interfacial water contri-
bution is essential for unveiling the microscopic structure of
water at interfaces. A second complication is the distortion of the
SFG spectrum of the O-H stretching mode due to intra- and
intermolecular vibrational coupling effects.>

The net interfacial water contribution may be measured
through the water bending mode, because the H-O-H bending
mode originates solely from the H,O water molecules and has a
spectrally distinguishable frequency from other O-H bending
modes. For example, the H-O-H bending mode frequency
is 1590-1650 cm ', which is significantly distinct from the
bending mode frequency of hydroxyl groups attached on solid
surfaces (300-900 cm™").>' Since the first publication of the
sum-frequency generation spectrum in the frequency region of
the bending mode from the water-air interface,?” there have
been debates about the surface- versus bulk-contribution to the
signal.>*** We have recently demonstrated that the surface
contribution to the overall spectrum can be readily extracted,
paving the way for using the bending mode as a reporter
for determining the interfacial water structure.”® The water
bending mode may also be well-suited to study other complex
interfaces such as protein interfaces. Although the strong
amide I mode of proteins (1620-1700 cm ') masks the H-O-H
bending mode of water, the H-O-D bending mode of the
isotopically diluted water (1400-1450 cm™ ') can provide the
information on the interfacial water.

A drawback to probe the water bending mode with SFG
spectroscopy lies in its weak signal. The challenge in probing
the bending mode SFG signal is further increased, when the
bending mode signal is weakened by using the isotopically
diluted water; if the bending mode lineshape is distorted by the
intermolecular vibrational coupling of the bending modes, one
has to obtain the characteristic frequency of the bending mode
through the isotopic dilution of water. However, knowledge of
the vibrational coupling on the bending mode in the SFG
spectra is completely lacking. Thus, to establish a protocol to
probe the interfacial water contribution through the bending
mode SFG, one should first obtain the information on whether
the bending mode SFG response is affected by vibrational
coupling, by performing experiments with isotopic dilution.

Here, we demonstrate that the lineshape of the SFG bending
mode signal is not changed upon the isotopic dilution from the
SFG measurement at the water-air interface. We further com-
pute the SFG spectra using the ab initio molecular dynamics
(AIMD) simulations and confirm that the intermolecular
coupling of the bending modes does not alter the lineshape
of the bending mode. Subsequently, we obtain the net inter-
facial water contribution through the water bending mode at
two aqueous interfaces. One is the water-CaF, interface, where
we decode the contribution of the interfacial water and find
that the hydrogen bond strength is increased with increasing
pH. The other is the water-air interface in the presence of the

water
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human serum albumin (HSA) protein, where we use the H-O-D
bending mode and discuss the strength of the water-HSA
protein binding interaction. The successful determination of
the interfacial hydrogen bond network through the SFG water
bending mode manifests that probing the water bending mode
in the SFG spectra is a promising tool for understanding the
interfacial water structure.

Results

Bending mode SFG spectra of water are unchanged upon
isotopic dilution

To examine how the lineshape of the bending mode varies
upon the isotopic dilution of water, we measured the SFG
intensity, I®() ~ |72k + x|, in the H-O-H bending mode
frequency region, at the water-air interface by varying the ratio
of H,0 and D,O. xg) and ,(%)2 denote the resonant and non-
resonant contributions, respectively. The measured spectra are
displayed in Fig. 1(a). The spectrum of neat H,O is consistent
with those reported in previous studies.****">® Upon isotopic
dilution, the signal intensity decreased as expected. From the
fit to I®(w) with a Lorentzian model, we obtained the peak
frequency (wpena), half width at half maximum (I'peng), and
amplitude (Apenq) of the bending mode of the H,O molecules
donating two hydrogen bonds****” (double donors; see ESIf).
The variations of ®pend, I'bend, a1d Apeng are plotted in Fig. 1(b),
(c), and (d), respectively.

Fig. 1(b) and (c) show that wpenq is independent of the
H,0 concentration, while I'peng Shows a weak broadening with
increasing H,O concentration. Fig. 1(d) shows that Apenq is
linearly proportional to the H,O concentration. Here, the H,O
concentration was inferred using the equilibrium relation:**°

[HODJ*/[H,0][D,0] = 3.86. (1)

The dotted lines in Fig. 1(b-d) show the response expected
in the absence of vibrational coupling. Clearly, we find no
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Fig.1 SFG responses at the isotopically diluted water—air interface.
(a) SFG intensity spectra, [?(w), 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,O/D,O mixtures. Solid
lines are fits to the data. (b)Variations of wpend, (C) I'beng, and (d) Apend. Dotted
lines are the expected results in the absence of vibrational coupling.
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Fig. 2 Simulated Im(x%) spectra of the H-O—-H bending mode at the

water—air interface. (a and b) The simulated spectra for the AIMD trajec-
tories at the (a) B3LYP-D3(0) and (b) revPBEO-D3(0) levels of theory. The
standard deviations along the amplitude axis were 0.03 and 0.02 for the
B3LYP-D3(0) and revPBEO-D3(0) levels of theory, respectively.

evidence for substantial vibrational coupling between bending
modes of interfacial water.

SFG spectral calculations using AIMD trajectories at the
B3LYP-D3(0) and revPBE0-D3(0) levels of theory confirm
this conclusion. The simulated imaginary part spectra of 1),
Im[xg)), with various cross-correlation cutoff distances r, are
displayed in Fig. 2. An increase in r, means that the simulated
spectra contain the effects of the intermolecular vibrational cou-
pling between the distant water molecules. These data show that
Im(,?) is insensitive to the cross-correlation cutoff r,, confirming
the notion that the effects of the vibrational coupling on the
bending mode spectrum are negligible and thus the SFG lineshape
of the water bending mode is not distorted by the isotopic dilution.
This ensures that the characteristic frequency of the water bending
mode can be obtained with the arbitrary H,0-D,O concentrations.
This is in stark contrast to the O-H stretch mode, for which the
peak is strongly distorted through the vibrational coupling of the
O-H stretch modes®**'** and thus the characteristic frequency of
the O-H stretch mode can be obtained only for substantial
isotopically diluted water (e.g. 5% O-H in D,0).

This finding is important for several aspects. First, since the
characteristic frequency of the bending mode can be obtained even
from the pure H,O, we do not have to reduce the bending mode
signal further by isotopic dilution to obtain the characteristic
frequency. This is a key for probing the SFG bending mode, as
the SFG bending mode signal of water is weak and thus the
detection of the bending mode signal is often challenging. Second,
not only the H-O-H bending mode but also the H-O-D bending
mode can be used for probing the interfacial water contribution;
because the H-O-D bending mode appears only when investigating
the H,0-D,0 mixtures, the H-O-D bending mode can be obtained
through the systematic change of the H,0-D,0 mixture composi-
tion. If the lineshape is changed through the concentration of
H-O-D, the H-O-D bending mode contribution is not accessible.
Fortunately, since the bending mode SFG lineshape is insensitive to
the intermolecular vibrational couplings, one can safely assume
that the H-O-D bending lineshape is unchanged. Investigating the
H-O-D bending mode is particularly relevant for bio-interfaces,
since the H-O-H bending mode overlaps spectrally with the amide
mode of proteins. Below, we demonstrate how measuring the
water bending mode SFG feature with the tuned H,0-D,O
concentrations can reveal the hydrogen-bonding strength of
interfacial water at water-CaF, and water—protein interfaces.
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Enhanced water hydrogen bond strength with increasing pH at
the water-CaF, interface

Solid-water interfaces affect the electrochemical properties
and the wetting properties of materials. The hydroxyl groups
chemisorbed onto solid surfaces often complicate the vibrational
responses, causing conflicting interpretation of the water O-H
stretch mode. For example, the O-H stretch mode centered at
~3660 cm " at the water-silica surface has been attributed to
the different molecular origins - the silanol group®® and the
interfacial water molecules.®*° Similarly, even though the O-H
stretch mode at ~3650 cm ™" has been assigned to the Ca-O-H
1011 3 possible contribution
from interfacial water cannot be strictly excluded. Here, by
probing the H-O-H bending mode, we quantify the hydrogen
bond strength of the interfacial water.

We measured the SFG intensity (I*) spectra for the H-O-H
bending mode of the H,O-CaF, interface. These are displayed
in Fig. 3(a). The intensity spectra show a peak-like feature at
pH 2, while a dip feature was observed around 1650-1750 cm ™'
at pH 12 due to the destructive interference between the
non-resonant contribution and the bending mode signal. The
peak-to-dip transition with pH increasing from 2 to 12 indicates

group at the water-CaF, interface,

that the sign of the water bending mode changes. This is
attributed to flipping of the water orientation due to the change
of the sign of the CaF, surface charge. Note that the SFG signal
at D,0O-CaF, does not show any resonant feature. The fit of
the intensity spectra (see the ESIt) indicates that the peak
frequency of the H-O-H bending mode band at pH = 2 is
1633 + 2 cm ™, while it is 1662 + 3 cm ™' at pH = 12 in the
Im(z®)) spectra. Since a higher frequency of the bending mode
represents a stronger hydrogen bond,>***?° the variation of the
bending mode frequency indicates that the hydrogen bond
strength of the interfacial water at the water-CaF, interface
enhances as the pH increases.

To relate the H-O-H bending mode with the O-H stretch
mode, we measured the O-H stretch modes of HDO at the
isotopically diluted water-CaF, interface. The spectra are dis-
played in Fig. 3(b). Note that, to correlate the vibrational
coupling-absent H-O-H bending mode spectra with the O-H
stretch spectra which are largely modulated by the vibrational
couplings,***?” we used isotopically diluted water for the O-H
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Fig. 3 SFG intensity spectra at the water—CaF; interface with pH 2 and 12.

(a) H-O—-H bending mode spectra for H,O. (b) O-H stretch mode SFG

spectra for the H,O: D,O mixture (1: 2 ratio). The pH was adjusted using

HCl or NaOH, and the total ion concentration was adjusted to be 0.1 M by

adding NaCl to the solution.
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stretch mode to suppress the vibrational couplings. The follow-
ing empirical relation between the bending mode and stretch
mode frequencies;>*3>%8

wgtr — Wser = a(w%end - CUbend)z + b(wgend - wbend); (2)

is employed to decode the O-H stretch spectra of water. Here,
a=0.0216 and b = —1/0.2583. wfenq and wé,; indicate gas-phase
water vibration frequencies of 1590.6 cm ™" and 3706 cm ™', while
Wpenda and g indicate liquid-phase water vibration frequencies
of 1650 cm™ ' and 3400 cm ', respectively.>®*°

Eqn (2) indicates the expected O-H stretch peak frequency,
concluded from the bend frequency of interfacial water at
pH = 2, is 3503 & 9 cm ™', which agrees with the O-H stretch
mode frequency obtained from the fit of the intensity spectra of
3426 + 3 cm™ . Since the Ca-O-H groups are expected to be
absent at pH 2,">"" the O-H stretch signature can be reasonably
considered to arise solely from the interfacial water. Because
the O-H stretch mode is much stronger than the non-resonant
contribution unlike the H-O-H bending mode, the non-
resonant contribution is nearly zero for the O-H stretch spectra,
while the non-resonant contribution is certainly large for the
H-O-H bending mode spectra (see the ESIt). Subsequently, we
focus on the case of pH 12. The H-O-H bending mode frequency
of 1662 cm ™' suggests an expected O-H stretch mode frequency
of 3320 4+ 12 cm™ . This expected O-H stretch frequency is in
good agreement with the peak frequency of 3363 4= 15 cm™* for
the 3000-3500 cm ™' O-H stretch band. This suggests that the
3000-3500 cm™* O-H band arises from the interfacial water, not
the Ca-O-H groups, consistent with the previous studies."®""
The results also demonstrate that the 3650 cm ™' peak does not
originate from water, but indeed from the Ca-O-H groups. As
such, the comparison of the O-H stretch SFG spectra with the
bending mode spectra can offer an unambiguous assignment of
the vibrational signatures at complex aqueous interfaces.

Strong hydrogen bond network of water in the vicinity of HSA
protein

The water-protein interaction is the key for biological function
and in particular, protein folding. Although vibrational spectro-
scopy has been used to understand such interactions, character-
izing the hydrogen bond strength of water and protein is usually
complicated because the vibrational signal of water is governed
by the many water molecules that are not in direct contact with
the protein. Meanwhile, the SFG signal originates intrinsically
from the interfacial water and proteins at the water-protein
interfaces, allowing for a selective probe of the interfacial water
structure. Proteins, however, contain the O-H groups in their
sidechains as well as N-H groups in their backbone, both of
which can contribute to the vibrational response in 3000 cm™ ' <
® < 3500 cm™ ', along with the O-H stretch mode of the
interfacial water.*® Thus, it is prohibited to extract the net water
contribution from the O-H stretch SFG spectra.

Here, we demonstrate that the water contribution can be
extracted from the bending mode SFG spectra. Probing the
H-O-H bending mode in the presence of protein is challenging,
because the H-O-H bending mode peak (1590-1650 ecm ') is
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overwhelmed by the strong amide I mode peak (1620-1700 cm ™).
To avoid the frequency overlap with the amide I mode, we
probe the H-O-D bending mode (1450-1500 cm™ ') instead of
the H-O-H bending mode. Although the H-O-D bending mode
frequency overlaps with the frequency of the amide II mode
(1480-1570 cm™'),*" the amide II mode signal is small in the
SFG spectra, due to the small Raman cross-section of the amide
II mode.** We would like to note that, to properly disentangle
the H-O-D bending mode contribution from the potentially
overlapped amide II mode, and to verify the procedure, one
needs to carefully compare the amplitude of the bending mode
against the H-O-D concentration.

We measured the SFG intensity (I*)) at the isotopically
diluted water-air interface in the presence of HSA interfaces
by varying the H,0/D,O concentration. Fig. 4(a) displays the
variation of the SFG spectra. In the absence of HDO - i.e. for
pure H,O and D,O-, the SFG spectra are indistinguishable and
show a signal at 1410 cm ™" and a relatively weak signal between
1500 and 1550 cm ™, attributed to the H-C-H bending mode or
the symmetric stretch mode of R-COO ™, and the amide II mode
of HSA, respectively. These spectral features closely resemble
the SFG spectra obtained at pH 6.3 for the water-air interface
with bovine serum albumin.*? To extract the H-O-D bending
mode contribution from the spectra for the H,O/D,0O mixtures,
we fit the spectra (see the ESIT). The obtained imaginary parts of
the response are displayed in Fig. 4(b), with the H-O-D bending
contributions highlighted, while the amplitude of the H-O-D
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Fig. 4 SFG responses at the water—air interface in the presence of HSA.
(a) SFG intensity spectra, I®(w), of the water—air interface in the presence of
HSA with 1/0, 3/1, 1/1, 1/3, and 0/1 H,O/D,O mixtures. The black lines are
the fit. The spectra are offset by 0.05 for clarity. (b) Imaginary part spectra of
the HSA and H-O-D water contributions obtained from the fits. The H-O-D
contribution is highlighted in blue. The spectra are offset by 0.25 for clarity.
(c) The amplitude of the H-O-D contribution vs. H,O fraction. Theoretical
prediction denoted by the black broken line is obtained from eqgn (1).
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contribution is plotted in Fig. 4(c). The variation of the ampli-
tude shows excellent agreement with the H-O-D concentration
inferred from eqn (1), confirming the peak assignment. The
center frequency for the H-O-D contribution is 1506 & 3 cm ™.
This frequency is substantially higher than the frequency of the
H-O-D bending mode in the bulk (~1460 cm™"),** indicating
that the interfacial water molecules near the HSA protein are

more strongly hydrogen-bonded than water in the bulk.

Discussion

Above, we have shown that the vibrational couplings and spec-
tral overlap of the O-H stretch mode of water with other O-H
and N-H stretch modes prohibited the extraction of the inter-
facial water contribution from the O-H stretch mode SFG
spectra, while the SFG probe of the water bending mode allows
us to gain the information on the hydrogen bond strength of the
interfacial water. The application of the bending mode is not
only limited to the water-solid interface or the water-protein
interface but also used for studying the interfacial water at the
water-lipid/surfactant interfaces,”>™” alcohol-water mixture
interfaces,*®>* and acid aqueous solution interface.>*>*

For example, 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (DPPG) is an essential lipid for a cell membrane,
and the DPPG-water interfaces have been studied with O-H
stretch SFG to understand the water orientations.*>*” However,
a DPPG lipid has multiple O-H groups in its headgroup,
prohibiting the extraction of the net interfacial water contribution.
Having established here that the characteristic frequency of the
bending mode can be obtained without any isotopic dilution, it is
apparent from our previous bending SFG data at the water-DPPG
interface® that the hydrogen bond strength of water near DPPG is
similar to that in the bulk. We observed that the characteristic
frequency of the interfacial H-O-H bending mode is 1653 cm*,
i.e., very similar to 1650 cm " in the bulk liquid. The conclusion
that water at a DPPG interface is hydrogen-bonded with bulk-like
strength also affects the interpretation of the vibrational dynamics
of the O-H stretch mode near DPPG, reported to be much slower
than the bulk water vibrational dynamics.>”

We point out that the bending mode SFG probe will be
powerful for unveiling the interfacial structure of water at the
interface of water-alcohol mixtures. This system is important
for dilution processes as well as general physical chemistry,
because upon mixing with water, the structure of the water and
alcohol mixture is drastically changed, resulting in the varia-
tion of the vapor pressure. The microscopic structures of the
water—alcohol interfaces have been studied with SFG in the O-
H stretch region,*®™>* but the net contribution of the interfacial
water has not been accessed. The different contributions to the
O-H stretch spectrum can now be disentangled by probing the
water bending mode in the SFG measurements.

The water bending mode signal is useful not only because its
frequency carries information on the hydrogen bond strength
of the interfacial water molecules, but also because its ampli-
tude is sensitive to the chemical compositions. Theoretical
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studies have suggested that, at the water-TiO, interface, che-
misorbed and physisorbed conformations of the interfacial
water molecules'” are easily distinguished through the bending
mode amplitude.®® As such, for several cases, the water bending
mode can be a very sensitive probe for the microscopic struc-
ture of the interfacial water molecules.

In summary, our combined simulations and experiments
showed that the SFG feature of the water bending mode of
interfacial water at the water—air interface is not distorted upon
the isotopic dilution of water (Fig. 1) and thus the vibrational
coupling of the bending modes of the interfacial water is virtually
absent (Fig. 2). Thus, the characteristic frequency of the bending
mode can be obtained for an arbitrary mixture of the H,0-D,O
concentration, unlike the O-H stretch mode, where the character-
istic frequency can be obtained only for the isotopically diluted
water.>® Since the use of the isotopic diluted water reduces the SFG
signal drastically, our findings ensure that one can use pure H,O
for gaining the maximum SFG amplitude or can use the H-O-D
bending mode for avoiding frequency overlap with the amide I
mode. We have applied this new approach for exploring the CaF,-
water interface, and found that an increase in pH enhances the
hydrogen bond strength of interfacial water (Fig. 3). Even for a
complex protein-water interface, the bending mode SFG could
successfully probe the interfacial water contribution in the H-O-D
bending mode region and revealed that the interfacial water near
the HSA protein shows a stronger hydrogen bond strength than
bulk water (Fig. 4). Altogether, our work manifests that the water
bending mode is a promising tool for understanding interfacial
water structures at various complex interfaces.

Experimental details
SFG measurement

We used a femtosecond Ti:Sapphire amplified laser system
(Coherent Libra, ~800 nm, ~50 fs, 1 kHz). The visible and IR
beams overlapped spatially and temporally at the sample surface
with their incident angles of 64° and 40° with respect to the
surface normal, respectively. All the spectra were taken in ssp
(denoting s-, s-, and p-polarized SFG, visible, and IR, respectively)
polarization combination. The signals at the water-air and water—
protein interfaces were normalized to the non-resonant signal
taken from the z-cut quartz, while the signals at the water-CaF,
interface were normalized to that from the gold-CaF, interface.
The details of the experiments can be found in the ESL+

Computational procedure

We computed the bending mode SFG spectra based on the
surface-specific velocity-velocity correlation function formalism;>”

1 OO —imt

~ T wZJO dre
FOM(p) . yOM

X <ngs(zi(0))gl (rfj(O);rt)r'Q}“(O)%(‘;)‘([)>,

(3)
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where z,(t) is the z-coordinate of the ith oxygen atom at time ¢,
and gq44(z;) is the function for the dividing surface to selectively
extract the vibrational responses of D,O molecules near the
interface. r"(¢) is the vector pointing from the oxygen atom (O)
to the middle point of the two hydrogen atoms (M) for water
molecule 7 at time ¢. g(r;(0);r) excludes the correlation of the
different water molecules, i and j, when the oxygen-oxygen
distance of water molecules 7 and j (r;4(0)) is larger than the
cutoff distance r..>® We chose r.=0, 4, and 6 A in Fig. 2. We used
the AIMD trajectories of the D,O-air interface obtained in
our previous work.>® In short, we used the B3LYP-D3(0) and
revPBE0-D3(0) levels of theory for the AIMD simulations. The
D-O-D bend frequencies were converted to the H-O-H bend
frequencies by using a factor of 1/0.735. The detail of the
scaling factors of the frequency axis can be found in the ESL¥
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