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ABSTRACT: The water bending mode provides a powerful probe of the microscopic
structure of bulk aqueous systems because its frequency and spectral line shape are
responsive to the intermolecular interactions. Furthermore, interpreting the bending
mode response is straightforward, as the intramolecular vibrational coupling is absent.
Nevertheless, bending mode has not been used for probing the interfacial water
structure, as it has been yet argued that the signal is dominated by bulk effects. Here,
through the sum-frequency generation measurement of the water bending mode at the
water/air and water/charged lipid interfaces, we demonstrate that the bending mode
signal is dominated not by the bulk but by the interface. Subsequently, we disentangle
the hydrogen-bonding of water at the water/air interface using the bending mode
frequency distribution and find distinct interfacial hydrogen-bonded structures, which
can be directly related to the interfacial organization of water. The bending mode thus
provides an excellent probe of aqueous interfacial structure.

Hydrogen-bonds in the topmost water layer affect various
phenomena such as surface premelting of ice,1,2 the

slipperiness of ice surfaces,3,4 evaporation of water5−7 or/and
sublimation of ice,8 the formation of aerosols,9 and the
anomalously high surface tension of water.10 For example, a
water molecule at the topmost layer at the water/air interface
evaporates by breaking its hydrogen-bond with the interfacial
water molecules.5,6 It was suggested that a mobile water
molecule rotates at the ice/air interface by breaking a
hydrogen-bond with surrounding water molecules.3 As such,
probing the structure of interfacial water to understand the
details of the interfacial hydrogen-bonding is essential for
uncovering the underlying physics of these phenomena.
Molecular-level insights into the structure of interfacial water

have been obtained by using sum-frequency generation (SFG)
spectroscopy. This technique can probe the vibrational modes
of water, including the stretch, bending, and librational
modes.11 The vast majority of SFG studies has focused on
the O−H stretch because of the strong signals and the high
sensitivity of the O−H stretch frequency to the hydrogen-bond
strength of water.12 The O−H stretch SFG spectra show a
sharp 3700 cm−1 peak and a broad 3100−3500 cm−1 peak at
both the water/air13 and ice/air interfaces.14 The 3700 cm−1

peak evidences the presence of dangling O−H groups, while
the 3100−3500 cm−1 band indicates a variety of the hydrogen-
bond interactions of interfacial water.15,16 However, the
detailed distribution of hydrogen-bond strengths is not yet
clear. Even with the time-resolved two-dimensional SFG
technique,17,18 the heterogeneity of the hydrogen-bond at the
water/air interface has been under debate; Bonn and co-

workers pointed out a variation in the spectral diffusion time
scales for various hydrogen-bonded O−H stretch modes,19,20

whereas Tahara and co-workers showed insensitivity of the
spectral diffusion to the stretch frequency.21,22 Difficulty in
interpreting the O−H stretch mode data arises from the fact
that the O−H stretch spectra are critically affected by the
stretch−bend Fermi resonance23−26 and intermolecular
coupling of the stretch chromophores.26−28 As such, the
strengths of the individual hydrogen-bonds have not been fully
clarified yet.
The H−O−H bending mode can be used as an excellent

probe for resolving the individual hydrogen-bond strengths for
the following two reasons. First, the bending mode frequency
is highly correlated with O−H stretch mode frequency,29−31

thus being a reporter for the hydrogen-bond strengths of
water.12 Second, unlike the O−H stretch mode, the intra-
molecular coupling of the bending modes is absent.28,30−32

Despite these advantages, the bending mode of interfacial
water molecules has not been systematically investigated
because its origin in the SFG spectra remains controver-
sial.31,33,34 Simulations predict a positive−negative SFG feature
at the water/air interface, by assuming that the vibrational
features reflect the contribution of the transition dipole
moment at interfaces (interfacial dipole contribution).30,32,35

This assignment has been used for the fit of the experimental
intensity spectra.33,36 In contrast, the heterodyne-detected SFG
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line shape differed from that predicted by simulations, which
was attributed to a higher-order quadrupole contribution from
the bulk.34 If a signal is indeed masked by a bulk quadrupole
contribution, information on the interfacial water molecules
cannot be accessed via the bending mode measurements.
Hence, elucidating the origin of the bending mode feature is
essential for extracting from the SFG spectra the information
on the interfacial water structure.
Here, by probing the H−O−H bending mode at the water/

charged lipid and water/air interfaces, we reveal that an SFG
bending mode signal arises not from the bulk but from the
interfacial dipole contribution. This opens up a new possibility
of the H−O−H bending mode to probe hydrogen-bond
network of interfacial water and ice. Subsequently, we
demonstrate how the heterogeneity of the hydrogen-bond
strength of interfacial water can be probed with the H−O−H
bending mode.
First, we examine whether the bending mode signal

originates from the interface or the bulk. When the transition
dipole moment of the interfacial water molecules is small, an
SFG signal may arise from the higher-order contributions such
as the bulk quadrupole moment.37 A previous study has
attributed the origin of the SFG signal to the bulk quadrupole
contribution.34 A key to identify the interfacial dipole
contribution vs the bulk quadrupole contribution is to examine
whether the bending mode signal of the interfacial water
(χbend

(2) ) changes its sign upon the change of the orientation of
the water molecules. If χbend

(2) originates from the interfacial
dipole contribution, flipping the orientation of water molecules
leads to a sign change of Im(χbend

(2) ). In contrast, if the bending
mode is governed by the bulk quadrupole contribution, the
sign of Im(χbend

(2) ) is unchanged.34 Thus, we identify the
Im(χbend

(2) ) spectra at two, oppositely charged, interfaces where
the water orientation is known to be flipped.38

Figure 1 plots the SFG intensity spectra at the water/
negatively charged lipid (1,2-dipalmitoyl-sn-glycero-3-phos-

pho-(1′-rac-glycerol), DPPG) and water/positively charged
lipid (1,2-dipalmitoyl-3-trimethylammonium-propane,
DPTAP) interfaces, respectively. Both spectra show the
sharp CO stretch peak at ∼1710 cm−1 originating from
the lipids,39 as well as the bending mode contribution around
∼1650 cm−1. The obtained bending mode contribution (χeff

(2)),
however, arises not only from (χbend

(2) ) but also from the bulk
dipole contribution (χbend

(3) ). The χbend
(2) contribution can be

disentangled from the χbend
(3) contribution by changing the ion

concentration c via40−43

χ ω χ ω χ ω κ
κ

= + Φ
− Δ

c
c

c i k
( ) ( ) ( ) ( )

( )
( ) z

eff
(2)

bend
(2)

bend
(3)

(1)

where Φ, κ, and Δkz 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.
Figure 2(a) displays the SFG spectra at the H2O/DPPG and

D2O/DPPG interfaces with various ion concentrations. The
difference between the H2O and D2O spectra can be found
around 1650 cm−1, which signifies the H−O−H bending
mode. The D−O−D bending mode frequency is at ∼1210
cm−1, thus being absent in the measured frequency region. The
difference between the H2O and D2O spectra is the most
prominent at an ion concentration of 0.1 mM, while it
disappears at 0.01−0.1 M and reappears at 0.25−1 M. This
trend is also apparent from the integrated spectral difference of
H2O and D2O in Figure 2(b). The minimum around 0.01−0.1
M signifies the cancelation of the first and second terms of eq
1. This implies that the overall Im(χeff

(2)) changes its sign when
the ion concentration is 0.01−0.1 M. For quantitative analysis,
we performed spectral fitting for the SFG spectra by taking into
consideration the nonresonant and CO stretch mode
contributions as well as the χbend

(2) and χbend
(3) contributions. To

identify the sign of Im(χbend
(2) ) uniquely from the intensity

spectra, we used the information on the positive peak for the
CO stretch mode in the imaginary spectra (see Supporting
Information).39

The obtained Im(χbend
(2) ) and Im(χbend

(3) Φ) spectra, displayed
in Figure 2(c), clearly illustrates that the amplitudes of these
spectral features are comparable, and of opposite sign,
explaining the signal cancellation around 0.1 M.
We then examined the SFG intensity spectra at the

positively charged DPTAP interface. The H2O and D2O
spectra are shown in Figure 3(a). Again, the CO stretch
mode and bending mode contributions appear at ∼1710 cm−1

and ∼1650 cm−1, respectively. The Im(χbend
(2) ) and Im(χbend

(3) Φ)
spectra obtained from the fit (see Supporting Information) are
given in Figure 3(b), showing the negative Im(χbend

(2) ) and
positive Im(χbend

(3) Φ). These are opposite to the signs at the
water/DPPG interface, which are summarized in Figure 3(c).
An important consequence of the above analysis is the

opposite signs of Im(χbend
(2) ) at the negatively charged DPPG

and positively charged DPTAP interfaces. If the bulk
quadrupole contribution would dominate the SFG signal, the
signs of Im(χbend

(2) ) should be positive for both charged lipid
interfaces,34 which contradicts with our observation. There-
fore, the bending mode of water arises from the interfacial
dipole contribution and thus can provide information on
interfacial water. The signs of Im(χbend

(2) ) were further supported
by density functional theory (DFT) calculation (see
Supporting Information).
The SFG intensity spectrum at the water/air interface is

displayed in Figure 4(a). The spectral line shape is similar to
previously reported data.31−33 We fit the SFG intensity
spectrum with two Lorentzians, which represent the bending
modes of the water molecules with two hydrogen-bond donors
(DD) and with one donor and the other free O−H group (D)
(see Supporting Information).30,32,35 The resonant frequencies
obtained from the fit were 1661 and 1612 cm−1 for DD- and

Figure 1. SFG spectra at the H2O/DPPG and H2O/DPTAP
interfaces. The blue highlighted region contains the response from
the CO stretch of the lipid headgroup. The red highlighted region
contains the response from the water bending mode. Solid lines serve
to guide the eyes.
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D-type water molecules, respectively. This categorization is

further supported by the sign of the peaks. The contribution

from the D-type water molecules should have a negative sign,

while the contribution from the DD-type water molecules

should have a positive sign,32,35 which is consistent with our fit

result.

Subsequently, we compared the Im(χbend
(2) ) spectra at the

water/air, water/DPPG, and water/DPTAP interfaces in
Figure 4(b): the amplitudes of Im(χbend

(2) ) at the water/air
interface are comparable to or even larger than those of
Im(χbend

(2) ) at the water/charged lipid interfaces. Thus, we
conclude that χbend

(2) for the water/air interface arises not from
the higher-order bulk quadrupole contribution but from the

Figure 2. SFG spectra at the water/DPPG interface with various ion concentrations. (a) SFG spectra at the H2O/DPPG (filled circles) and the
D2O/DPPG (open circles) interfaces. The black lines represent the fit. These spectra are offset by 0.5 for clarity. (b) Difference in the signal
intensity between the H2O and D2O spectra integrated from 1610 to 1675 cm−1 (shaded region in (a)) vs ion concentration. (c) Im(χbend

(2) ) and
Im(χbend

(3) Φ) spectra obtained from the fit.

Figure 3. SFG spectra at the water/DPTAP interface with various ion concentrations. (a) SFG spectra at the H2O/DPTAP (filled circles) and the
D2O/DPTAP (open circles) interfaces. Black solid lines represent the fit. These spectra are offset with 1.0 for clarity. (b) Im(χbend

(2) ) and Im(χbend
(3) Φ)

spectra obtained from the fit. (c) Signs of Im(χbend
(2) ) and Im(χbend

(3) Φ) at the negatively and positively charged lipid interfaces.
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leading interfacial dipole contribution, in the same manner as
for the water/charged lipid interface. The variation of the
Im(χbend

(2) ) peak frequency further supports this conclusion
because the bulk quadrupole frequency should be independent
of surface species.
To gain further insight into the hydrogen-bonding of water

at the water/air interface, we focus on the vibrational
frequency. Table 1 summarizes the obtained bending mode

and the corresponding stretch mode frequencies inferred from
the bending mode frequencies, where a higher H−O−H
bending frequency corresponds to a lower O−H stretch
frequency, i.e., stronger hydrogen-bonding.30,46 The frequen-
cies of 3480 ± 47 cm−1 for the hydrogen-bonded O−H stretch
of a D-type water molecule agrees with the previous study
reporting 3510 cm−1.47 A DD-type water molecule is estimated
to have an O−H stretch mode at 3353 ± 39 cm−1, which is
lower than both the frequency of 3480 cm−1 for the hydrogen-
bonded O−H group of the D-type molecule47 and that of 3400
cm−1 for bulk liquid water. This assignment is consistent with
the recent theoretical analysis of the water−air interface.48

Clearly, the DD-type molecules at the water/air interface have
stronger hydrogen-bond donors than the D-type water
molecule and bulk water. This demonstrates that the
hydrogen-bonds of the interfacial water are heterogeneous.
Furthermore, these two types of hydrogen-bonded O−H
groups account for the different vibrational dynamics of the
interfacial water;19 the slower (faster) spectral diffusion of O−

H around 3500 cm−1 (3100−3400 cm−1) can be attributed to
the hydrogen-bonded O−H group of the D-type (DD-type)
water molecules.
The lower frequency of the hydrogen-bonded O−H group

for the DD-type molecules (3353 cm−1) than that for the D-
type molecule (3480 cm−1) at the water/air interface is in
contrast with the situation of water cluster surface, a model of
the ice surface. For water clusters, the DD-type molecules have
higher frequency O−H group (3550 cm−1) than the D-type
molecule (∼3300 cm−1).44 This means that the stretch
frequency for the DD-type molecule is red-shifted with
increasing temperature. This is surprising, as an increase in
temperature usually blue-shifts the O−H stretch mode.11 This
leads to a picture that, with increasing temperature, the
hydrogen-bonds of the DD-type molecules become strong (see
Figure 4(c,d)).
In summary, by measuring SFG spectra of the H−O−H

bending mode of water at the water/charged lipid interfaces as
well as the water/air interface, we examined the dipole
contribution of the bending mode to the SFG signal. For
charged lipid interfaces, we identified the χbend

(2) and χbend
(3)

spectra and found the opposite signs of Im(χbend
(2) ) at the

negatively charged DPPG and positively charged DPTAP
interfaces. This suggests that the SFG signal of the bending
mode arises from the interfacial dipole contribution. The
comparable amplitudes of the Im(χbend

(2) ) peak at the water/air
interface and water/charged lipid interfaces further demon-
strate that the bending mode peak at the water/air interface is
also dominated by the interfacial dipole contribution. Such a
dipole contribution allows us to disentangle the heterogeneity
of the interfacial water hydrogen-bond strengths. The bending
mode frequency at the water/air interface indicates the
stronger hydrogen-bond of a DD-type water than that of the
D-type water molecule with a free O−H group. This trend is
opposite between the water/air interface and water cluster
surface, manifesting the drastic change of the heterogeneity of
interfacial water with different phases.

Experimental Section. SFG Measurements. Our SFG
measurements were performed on a femtosecond Ti:Sapphire

Figure 4. (a) SFG spectrum of the water/air interface. Black line represents the fit. (b) Comparison of Im(χbend
(2) ) spectra of the water/DPPG,

water/DPTAP, and water/air interfaces. (c,d) Schematics of hydrogen-bonds of water at water/air interface for (c) water cluster at low
temperature44 and (d) liquid water/air interface. Strong (weak) hydrogen-bonds are represented by thick (thin) broken lines.

Table 1. Obtained Bending Mode Frequencies and
Estimated Stretch Mode Frequenciesa

D-type DD-type
liquid
water Im(χ(3))

H−O−H bending
(cm−1)

1612 ± 12 1661 ± 10 1650c 1655 ± 1

O−H stretch
(cm−1)

3700,b

3480 ± 47
3353 ± 39 3400d 3381 ± 4

aCalculation details can be found in the Supporting Information. bRef
16. cRef 45. dRef 11.
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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 and normalized to the nonresonant signal taken
from the z-cut quartz. The details of the experiment can be
found in the Supporting Information.
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