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1. Introduction
Although the importance of water interfaces has long been

well recognized, studies of the interfaces at the molecular
level only began more recently.1-3 The difficulty lies in the
fact that only a few surface techniques are effective to probe
liquid interfaces at the molecular level. Among them,
scanning tunneling microscopy (STM) and atomic force
microscopy (AFM) may apply to thin films of liquids on
solid substrates but suffer from molecular movement at liquid
interfaces in the general cases.4-7 X-ray spectroscopy and
neutron reflectivity are more effective and informative,8-17

but they are not highly surface-specific because they probe
a surface layer ofg1 nm and are not easily applicable to
buried liquid interfaces. The attenuated total reflection (ATR)
method has been used to probe buried liquid interfaces, but
it is not very surface-specific, because the wave has a
penetration length ofg100 nm into liquid. Recently, optical
second-harmonic generation (SHG) and sum-frequency
generation (SFG) have become the preferred techniques to
study liquid interfaces.18-22 Being second-order nonlinear
optical processes, they are forbidden under electric-dipole
approximation in media with inversion symmetry like liquids
but necessarily allowed at surfaces or interfaces. They
therefore can be highly surface-specific. Furthermore, they
can have submonolayer sensitivity and, with the output highly
directional, can be used for in situ remote sensing of any
interface accessible by light. Over the past 18 years, they
have been repeatedly proven to be the most powerful and
versatile methods for interrogating surfaces and interfaces.

In particular, infrared-visible SFG provides the only means
to obtain surface vibrational spectra of liquid interfaces that
yield direct information about liquid interfacial structure. One
of the very early surface vibrational spectra ever recorded
was on a water interface.23-25

Several research groups have used sum-frequency vibra-
tional spectroscopy (SFVS) to study various types of water
interfaces.20,22,26-29 The results have aroused great interest
in recent years. The surface vibrational spectra generally
exhibit a set of characteristic features indicating that the water
molecules form a hydrogen-bonding network more ordered
than the bulk. Although this is more or less expected from
the known surface tension of water, SFVS gives the first
molecular-level evidence to the effect. Despite the similarity
of the spectra obtained by different groups, however, detailed
interpretation of the spectra often varies and causes a great
deal of confusion. The difficulty usually arises because of
ambiguity in analyzing the spectra and because of lack of
sufficiently accurate theoretical calculation to compare with
experiment. More recently, a phase-sensitive SFVS technique
has been developed, allowing measurements of both the
amplitude and the phase of the SF response.30 It helps in
analysis and interpretation of the spectra and is likely to
provide a more stringent test of theory on water interfaces.

Intensive theoretical investigation of water interfaces
already started half a century ago (see, for example, refs 31
and 32). With the advent of powerful computers, a large
number of articles on molecular dynamics and Monte Carlo
calculations of water interfaces have appeared in the
literature.33-52 Many of them provide such microscopic
information as the density profiles and orientations of water
molecules at interfaces. While the qualitative features of
various calculations appear the same, the quantitative details
can be different depending on the assumed interaction
potential between molecules. Both the density profile and
the molecular orientation are not directly assessable by
experiment. Some calculations have produced surface vi-
brational spectra that allow direct comparison with experi-
ment,36,38,39,45,46,53-55 but the accuracy of the calculations is
not yet sufficient for the quantitative comparison needed for
extracting a detailed structure of a water interface. A very
recent paper on SF spectra of a vapor/water interface
calculated using an improved time correlation function
approach may have bent the trend.56,57

This paper reviews the experimental findings by sum-
frequency vibrational spectroscopy (SFVS) on water inter-
faces. It is organized as follows. Section 2 briefly describes
the theory and experimental arrangement of SFVS. Section
3 presents the SF vibrational spectra of various water
interfaces and discusses the results obtained by various
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research groups. Section 4 introduces a new SFVS technique
that permits simultaneous measurements of amplitude and
phase of the SF vibrational spectra for water interfaces.
Section 5 then shows how the new technique can yield new
information with unprecedented details on the water/silica
interfaces. Finally, section 6 summarizes the common
features of SF vibrational spectra of water interfaces,
discusses usual difficulties in interpretation of spectra, and
gives a plausible picture of the water interfacial structure
that we conceive from the result obtained with the new SFVS
technique.

2. Surface Sum-Frequency Vibrational
Spectroscopy

Figure 1 describes a surface SFG process in which two
input laser beams at frequenciesωvis andωIR overlap on a

sample surface and generate an output at frequencyω )
ωvis + ωIR in reflection. It can be shown that the output
signal, in photons per second, is given by19

whereθ is the SF exit angle,L6(ωi), ê(ωi), ni, andIi are the
transmission Fresnel factor, polarization unit vector, refrac-
tive index, and intensity of the beam atωi, respectively,A
is the overlapping beam cross-section on the sample, andT
is the input pulse width. We assume here that the SF
nonlinear response is dominated by the surface non-
linear susceptibility,ø5S

(2) of the sample. WithωIR near
vibrational resonances (Figure 1b),ø5S

(2) can be expressed in
the form18,19

or if a Gaussian inhomogeneous broadening is assumed for
each resonance,58

Here,ø5NR
(2) is from the nonresonant contribution,A6q, ωq, and

Γq are the strength, resonant frequency, and damping
coefficient of theqth vibrational mode, respectively, andωq0

is the central frequency of the Gaussian profile of theqth
mode. When eq 3 is used,Γq is usually assumed to be much
smaller than∆q. In eqs 2 and 3, if interactions between
molecules are neglected,A6q takes the form18,19

whereN is the surface density of molecules in the surface
layer, a5q is the tensorial mode strength of individual
molecules, and the angular brackets refer to an orientational
average over the molecules in the surface layer. As a third-
rank tensor describing electric-dipole response,A6q is non-
vanishing only if there exists a net polar orientation of
molecules. If the orientational distribution is random, then
A6q vanishes.
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Figure 1. Schematic representation of (a) the sum frequency
generation process at an interface detected in the reflection direction
and (b) the sum-frequency generation process withωIR at resonance
with a vibrational transition.
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Measurements of the SF output with selected input/output
polarization combinations allow determination of various
independent elements of|ø5S

(2)|. As ωIR scans over the
surface vibrational resonances, the SF output is resonantly
enhanced, thus yielding SF surface vibrational spectra. Fitting
the spectra with eqs 1 and 2 (or 3) permits deduction of the
parametersø5NR

(2) , A6q, ωq, andΓq or ∆q for each vibrational
mode, providing structural information about the surface or
interface. In more complex cases where clear decomposition
of a spectrum into individual resonant modes is not possible
or reliable, one would have to rely on fitting the observed
spectrum by, for example, molecular dynamic calculation
to deduce information on the surface structure. This is
analogous to determination of the band structure of a crystal
from observed spectra of the dielectric constant.

For SFVS on water interfaces, a typical experimental
arrangement is shown in Figure 2.18,19 A picosecond pulsed
YAG laser is used to pump an optical parametric generator/
amplifier (OPG/OPA) system and produce coherent tunable
infrared radiation that covers the frequency range of interest.
The infrared pulse and the frequency-doubled pulse from
the laser then overlap on the sample to generate SF output
in the reflected direction. The output signal was detected
and recorded by a photomultiplier and gated integrator
system. For details, we refer the readers to ref 19.

The water samples in our experiments were prepared in
the usual way. Distilled water with a resistance larger than
18 MΩ‚cm and total carbon content less than 10 ppb was
used. The vapor/water interface of water in a sealed cell was
accessed by light through entrance and exit windows on the
cell. The cell was thoroughly cleaned in strongly oxidizing
solution before being filled with water. For substrate/water
interfaces, access by light was often through the substrate.
Before immersion in water, the solid substrates were cleaned
in hot chromic acid for several hours and then extensively
rinsed with purified water.

3. Sum-Frequency Vibrational Spectra of Water
Interfaces

3.1. Vapor/Water Interfaces
SFVS is so far the only method that can produce

vibrational spectra for liquid interfaces. Du et al. obtained
the first set of vibrational spectra for water interfaces in
1993-1994.23-25 Figure 3 displays their SSP spectra of the
vapor/water interface at various temperatures in comparison
with the IR spectra of bulk ice59 and liquid water.60 Here,

SSP denotes the polarization combination with the SF output,
visible input, and infrared input being S-, S-, and P-polarized,
respectively. (According to eq 1, the SF signal is proportional
to |Ŝ‚ø5S

(2):ŜP̂|2; P and S refer to the in- and out-of-plane
polarization components with respect to the beam incidence
plane.) Although the spectral data exhibit a fair amount of
fluctuation, it is clear that the spectra roughly consist of three
main peaks. A sharp peak at 3700 cm-1 is associated with
the stretch mode of the OH dangling bonds at the water
surface. Being characteristic of the surface, it is absent in
the IR bulk spectra. The two broad peaks at∼3400 and
∼3200 cm-1 are close in positions with the stretch modes
of the bonded OH in bulk ice and water. We label them as
icelike and liquidlike peaks, respectively. As the temperature
increases, the liquidlike peak increases in strength and the
icelike peak decreases. These spectra indicate that the water
surface structure is partially ordered and partially disordered,
presumably in the form of a mixed ordered and disordered
hydrogen-bonding network. The temperature dependence of
the spectra suggests that the surface structure becomes more
disordered at higher temperature, as expected.

In a separate experiment, it was found that the dangling
OH peak gradually reduced in strength as methanol was
mixed into the bulk water and completely disappeared as
the methanol concentration reached 11 vol %.24 It was known
in an earlier surface tension measurement on water/methanol
mixtures that at 11 vol% concentration of methanol, the
corresponding surface concentration of methanol should be

Figure 2. A typical experimental arrangement for SFVS. OPG/
OPA refers to an optical parametric generator/amplifier system, and
PMT denotes a photomultiplier tube.Pvis, PIR, andPsfg are polarizers
for visible, IR, and sum-frequency beams, respectively. The
propagation direction of the output SF beam is defined by the
tangential wave vector matching condition at the interface:k| )
kvis

| + kIR
| .

Figure 3. SFVS spectra (a-d) of the water/vapor interface at four
temperatures collected with SSP polarization combination (Re-
printed Figure 3 with permission from ref 23. Copyright 1993 by
the American Physical Society. http://link.aps.org/abstract/PRL/v70/
p2313), (e) Bulk absorbance of hexagonal ice (Ih) at 100 K (from
data in Bertie et al., ref 59), and (f) bulk absorbance of bulk water
(from data in Querry et al., ref 60).
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25%.61 One could then imagine that each methanol molecule
at the water surface would have grabbed a dangling OH bond
and eliminated its contribution to the dangling OH peak.
Complete suppression of the dangling OH peak by∼25%
surface concentration of methanol means that there is a
quarter monolayer (ML) of dangling OH bonds at a free
water surface. This suggests that the water molecules at the
surface form a more or less icelike hydrogen-bonding
network, although the network is expected to be highly
distorted or disordered. As seen in Figure 4, the hexagonal
ice has a tetrahedral bonding structure. Each monolayer
consists of two submonolayers. At the free ice(0001) surface,
each water molecule in the top submonolayer should have
one of its tetrahedral bonds broken, and the probability of
the broken bonds terminated by H is 50%. This points to
the existence of 0.25 ML of dangling bonds in the surface
monolayer. These dangling bonds are along the surface
normal. Therefore even if the network is severely distorted,
their number is not likely to change significantly. We can
then conclude that the water surface has a partially disordered
icelike structure. This result is also what one would expect
from the least number of broken hydrogen bonds at the
surface.35

Figure 5 shows the improved SF vibrational spectra for a
vapor/water interface with three different polarization com-
binations, SSP, PPP, and SPS, obtained more recently by
Wei.62 All the peaks in the SPS and PPP spectra are
significantly weaker than those in SSP except that the SPS
spectrum appears to have an extra peak at 3600 cm-1. This

is usually an indication that the surface molecules are fairly
well oriented, thus again supporting the notion that the water
surface structure is fairly well ordered. The 3600 cm-1 peak
can be assigned mainly to the bonded OH stretch mode of
surface water molecules with one bonded OH and one
dangling OH.62 Because the bonded OH is tilted close to
the surface plane, its stretch mode is more easily excited by
S-polarized, rather than P-polarized, IR input. To confirm
the assignment, a polar orientation measurement must show
that the bonded OH is pointing away from the interface.

Several other laboratories have also conducted SFVS on
vapor/water interface.22,27,63-80 The observed spectra are
nearly the same. Richmond and co-workers found a small
peak, not seen by others, at the blue tail of the dangling OH
peak in their SSP spectrum.66,81,82They used eq 3 in eq 1 to
fit the spectrum and obtained two additional vibrational
resonance modes at 3662 and 3763 cm-1 overlapping with
the dangling OH mode at 3700 cm-1,66 which they assign
to surface molecules with both OH not bonded to neighbors
(labeled as vapor phase molecules). Their interpretation was
supported by molecular dynamics simulations49,50 and by
X-ray spectroscopic measurement of Saykally and co-
workers.12,83 This result is rather surprising because the
surface density of such molecules, if indeed present, would
be very small and their detection by SFVS would be very
difficult. In a more recent article, however, Raymond and
Richmond stated that these peaks do not exist at a neat water/
vapor interface.68,69 The confusion seemed to come from
analyses of the measured spectra. As we shall discuss in a
later section, fitting a sum-frequency vibrational spectrum
of |ø5S

(2)| with eq 2 or 3 in eq 1 is somewhat arbitrary

Figure 4. Molecular structure of hexagonal ice (Ih) crystal: (a)
side view of the bulk near the (0001) surface; (b) top view of the
(0001) plane. Red spheres represent O atoms (dark and light shades
highlight higher and lower submonolayers in a single ice mono-
layer); gray and white spheres represent H atoms that are hydrogen-
bonded to neighboring molecules and free-dangling nonbonded
surface species, respectively. Dotted lines indicate hydrogen bonds.

Figure 5. SFG vibrational spectra of water/vapor interface taken
with (a) SSP, (b) PPP, and (c) SPS polarization combinations.
Reprinted Figure 2 with permission from ref 62. Copyright 2001
by the American Physical Society. http://link.aps.org/abstract/PRL/
v86/p4799.
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without knowledge of the phase ofø5S
(2)(ω) or signs ofA6q for

different modes. Much of the uncertainty in interpreting the
SF vibrational spectra would be removed if the latter could
be measured. (In a recent theoretical paper, Space and co-
workers57 suggested that the wagging mode of a similar
species at∼875 cm-1 may be observable but not the stretch
mode.)

A monolayer of molecules covering the free water surface
can significantly change the surface water structure. As seen
in Figure 6a,b, the spectrum of a long-chain-alcohol-covered
water interface has a much more prominent icelike peak,20,23

while that of a fatty-acid-covered water surface is very much
distorted from the free water spectrum.20,84 The former
suggests a more polar-ordered hydrogen-bonding water
network and the latter a more distorted one assuming that
there is no surface field. In a classical experiment, Leiser-
owitz et al. demonstrated that the freezing temperature of a
water drop could increase by several degrees if it was coated
by a monolayer of long-chain alcohol.85 They found that the
lattice of the alcohol monolayer matches fairly well with that
of the hexagonal face of ice and could help induce ice
nucleation in neighboring water through epitaxial interaction.
We can expect that the same mechanism would induce a
more ordered icelike structure in the water interfacial layer,
as the spectrum seemed to have shown. On the other hand,
the fatty acid monolayer has a significant lattice mismatch
with ice. The interaction between water and fatty acid
molecules would significantly distort the usual icelike
hydrogen-bonding network of the surface water layer.
Ionizing the fatty acid monolayer by increasing pH in bulk
water, however, produces a surface field that can orient and

restore the more ordered icelike surface water structure.84

This was actually reflected in the SF spectrum displayed in
Figure 6c. Richmond’s group has studied in detail the effects
of temperature, ionic strength, and surface charge density
on the spectrum and structure of the interfacial water layer
beneath charged surfactant layers.63-65 They observed that
the water layer approached its best polar ordering (in terms
of the strength of the icelike peak) long before the surface
charge reached its maximum. Patey and Torrie predicted
earlier that a surface field could induce more ordering in
the hydrogen-bonding network of an interfacial water layer.86

Earlier SFVS measurement by Du et al. found no ap-
preciable change in the vibrational spectrum of a vapor/water
interface upon dissolution of up to 0.5 M NaCl.23,24Raduge
et al. studied water-sulfuric acid mixtures.87 They observed
that as the concentration of sulfuric acid first increased, the
surface water spectrum appeared stronger in the icelike
region, presumably because of more polar ordering of the
surface water network. At very high sulfuric acid concentra-
tions, the spectrum became weaker and finally disappeared.
It was believed that the sulfuric acid molecules at such high
concentrations are no longer ionized and they form a quasi
2-D crystalline structure at the surface that would not
contribute to the SFG. Schultz and co-workers obtained
similar results and suggested that the spectral enhancement
was due to surface-field-induced ordering of water molecules
in a double-charge layer formed by cations and anions at
the surface.70,72,73,88They however believed that the decrease
of the spectral intensity at high sulfuric concentrations were
due to disruption of the water hydrogen-bonding network
by ion complexes or sulfuric acid molecules at the surface.73

They have also studied the effects of other acids and salts
on the water surface, and concluded that ions appearing at
the surface could influence the surface water spectrum via
surface-field-induced reorientation of surface water mole-
cules.74-76,89 More recently, additional investigations, both
theoretical and experimental, have confirmed that sufficiently
high concentration of acid, base, and salt could affect the
vapor/water interfacial structure.26,27,37,40-42,52,69,80,90Molecular
dynamics simulations predict that larger and more polarizable
negative ions would have more excess at the water surface,
while positive ions would be repelled from the surface.37,40-42

The SFVS result of Liu et al. on aqueous sodium halide
solutions supported the conclusion,27,80and so did the recent
SHG result of Saykally and co-workers.91-93 (No appreciable
change of the spectrum was observed with dissolution of
NaCl up to 1.5 M, consistent with the earlier result of Du et
al.23,24) Richmond’s group also reported an SFVS study on
solutions of halides in mixtures of normal and heavy water.69

They found that the icelike (tetrahedral bonding) peak
seemed to be most sensitive to change of the anion from F-

to I-, and two new peaks at∼3650 and∼3750 cm-1

appeared that could be assigned to weakly bonded water
molecules solvating the ions. They then concluded that the
anions would not approach the topmost water layer but rather
spread throughout a wider interfacial region, perturbing (in
the case of Cl-, Br-, and I-) or enhancing (F-) the hydrogen-
bond network. This conclusion is in conflict with the
molecular dynamics predictions by Jungwirth and Tobias,40-42

as well as the recent X-ray photoelectron spectroscopy studies
by Salmeron and co-workers.8

With acid in water, hydronium ions likely appear at the
surface with their oxygen end facing the surface.80,94,95Figure
7 presents the interfacial water spectra of different solutions

Figure 6. SFG spectra of water interfaces with (a) an octadecanol
monolayer on water and (b,c) a hexacosanoic acid monolayer on
water at (b) pH) 3.9 and (c) pH) 8.0. Reprinted from ref 84,
Copyright 1998, with permission from Elsevier.
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reported by Allen and co-workers.80 Compared with the
spectrum of the neat water, the icelike peak for acid solutions
appears significantly stronger. It was interpreted as due to
the presence of hydronium ions at the surface, although their
vibrational resonances and polar orientation are yet to be
identified. For solutions of HBr and HI, both icelike and
liquidlike peaks show significant enhancement, which can
be understood as due to the presence of a surface field created
by excess negative ions at the surface. The free-OH peaks
for the acidic solutions are weaker and were also interpreted
as due to hydronium ions at the surface. Obviously, at this
point, all interpretations appear somewhat speculative. They
could be substantiated or refuted provided that the polar
orientations of the OH bonds responsible for the various
spectral peaks could be determined.

3.2. Hydrophilic Solid/Water Interfaces
SFVS is also the only vibrational spectroscopic tool for

probing buried interfaces, in particular, the solid/liquid
interfaces. The first SF vibrational spectra of solid/liquid
interfaces are on hydrophilic fused silica/water interfaces
obtained by Du et al. at various bulk pH values.25 The same
interfaces were also studied by others using SFVS.96-99 The
spectra obtained by different groups are qualitatively the
same, but there were some quantitative differences that could
be traced to instability of the surface structure of silica in
water undergoing the equilibrium reaction SiOHa SiO- +
H+.99 We present in Figure 8b a set of recently measured
SSP spectra of silica/water interfaces at different bulk pH.100

It is seen that they are qualitatively the same as that of the
vapor/water interface except that the dangling OH peak at
3700 cm-1 is missing. The presence of the liquidlike and
icelike peaks indicates that the interfacial water molecules
must again form a partially ordered hydrogen-bonded
network. Both peaks increase with pH, but the icelike peak
grows more appreciably at high pH, suggesting a better polar-
ordered network at high pH.

It is known that a fused silica surface properly cleaned in
acid and rinsed by water is passivated by hydrogen. When
immersed in water, it adjusts to the equilibrium structure

dictated by the reaction SiOHa SiO- + H+. According to
the literature,101 the surface remains as SiOH in the neutral
state, if the pH of bulk water is lower than 2, becomes
increasingly deprotonated as pH increases, and is completely
deprotonated and saturated with negative charges at pHg
10 that produce a surface field of∼107 V/m. To both neutral
(SiOH) and charged (SiO-) surfaces, the water molecules
can be bonded via hydrogen bonding (see Figure 9). In the
former case, two molecules can bind with H to O and one
with O to H on SiOH. In the latter case, three molecules
can bind with H to O of SiO-. In both cases, the dangling
OH bonds are eliminated. The strong surface field at high
pH should help orient the water molecules with H bonding
to the surface and establish a more ordered hydrogen-bonding
network. This was predicted earlier in molecular dynamics
simulation by Lee and Rossky34,35 and now seems to be
confirmed by SFVS.

Figure 7. SFG spectra of water/vapor interfaces for neat water
and several acid, base, and salt solutions. The inset shows an
extended view of the dangling OH peak on neat water (blue), 1.2
M HCl (yellow), and 1.2 M HBr (brown). Reprinted with
permission from ref 80. Copyright 2005 American Chemical
Society.

Figure 8. SFG spectra of interfaces of water with (a) the (0001)
plane of R-quartz and (b) fused silica as a function of pH.
Polarization combination is SSP. A spectrum of the ice/fused silica
interface is shown for comparison (filled squares). The spectra are
offset vertically by 2 units for clarity. Reprinted from ref 100,
Copyright 2004, with permission from Elsevier.

Figure 9. Possible hydrogen-bonding configuration of water
molecules on hydrophilic silica surface: (a) protonated (SiOH)
surface sites, low pH; (b) deprotonated (SiO-) surface sites, high
pH; (c) structure of water/silica interface at low pH. Red and gray
spheres represent O and H atoms of water molecules; large gray-
green, pink, and white spheres represent Si, O, and H atoms of
SiOH groups at silica surface. Dotted lines indicate hydrogen bonds.
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We note that as a second-order nonlinear response,ø5S
(2)

of SFVS will have its phase changed by 180° if the net polar
orientation of interfacial water molecules is reversed, as
presumably occurs when the bulk pH switches from low to
high value. To prove the phase change, we need an
interference measurement on the SF output. This was actually
demonstrated by Du et al. at the peak frequency of the icelike
peak.25 However, as we shall see later, icelike and liquidlike
peaks come from different interfacial water species. They
respond differently to change of pH. Therefore, for a
complete picture of how water molecules reorient at the
interface in response to pH variation, we need to know how
the phase ofø5S

(2)(ω) changes over the spectrum. As we
mentioned earlier, the experimentally determined phase of
ø5S

(2)(ω) or the signs ofA6q are generally important. Without
them, a mere fit of a spectrum by eq 1 could lead to incorrect
interpretation of the spectrum.

Yeganeh el al. used SFVS to probe alumina/water inter-
faces and also observed the icelike and liquidlike peaks.102

They found that the spectrum varied with pH and the overall
strength of OH stretch modes reached a minimum at pH≈
8. Fitting of the spectra suggested thatø5S

(2)(ω) was 180° out
of phase at high and low pH. Thus pH) 8 appeared to be
the isoelectric point for the interface. The alumina surface
would be positively and negatively charged below and above
pH ) 8, respectively, under the reactions AlOH+ H+ a
AlOH2

+ and AlOH a AlO- + H+. The surface field
resulting from the surface charges would reorient the
interfacial water molecules to yield the net polar orientations
observed fromø5S

(2)(ω). Clearly, their interpretation should
be checked or substantiated by measuring the phase of
ø5S

(2)(ω). Richmond and co-workers studied CaF2/water in-
terfaces with SFVS and observed again both the icelike and
the liquidlike peaks and their dependence on pH.103,104Below
the isoelectric point, the surface having had F- dissolve into
water became positively charged. The resulting surface field
oriented the interfacial water molecules and made the icelike
peak significantly stronger than the liquidlike peak. Con-
trolled adsorption of sodium dodecyl sulfate (SDS) surfactant
anions on the surface could be used to adjust the net surface
charge density.104,105As the surface charge density changed
from positive to negative, the intensity of the SF vibrational
spectrum first decreased, went through a minimum at the
zero-charge point, and then increased. Presumablyø5S

(2)(ω)
had undergone a 180° phase shift upon crossing over the
zero-charge point, and the interference between the CH
stretch modes of SDS and OH modes of water seemed to
have supported the interpretation. However it is unclear
whether the orientation of the CHx groups could be regarded
as unchanged in their analysis when the adsorbed SDS
formed bilayers.

Cremer and co-workers studied water interfaces with bare
silica and silica covered by a thin film of TiO2 nanopar-
ticles.106 They observed different pH dependence of the SF
spectrum for the two interfaces because of the shift of the
point of zero charge. Adsorption of charged polymers on
the bare quartz surface also significantly alters the point of
zero charge. Adsorption of phosphate buffer ions on TiO2

enhanced the liquidlike peak relative to the icelike peak. They
interpreted the result as due to blocking of surface registry
sites by phosphate ions and forcing the interfacial water
molecules to form a more disordered hydrogen-bonding
network. This interpretation does not take into consideration

possible change of polar orientation of water molecules.
Again, its validity can be tested by the phase measurement
of ø5S

(2)(ω).
Nihonyanagi et al. applied SFVS to a gold/electrolyte

interface with an external potential.29 With the potential
varied across the zero-charge point, the liquidlike peak
reduced to a minimum and increased again, suggesting
maximum molecular disordering when the surface was
neutral. From the interference of the water spectrum with
the background contribution from the gold substrate, the
authors concluded, however, that water molecules remained
oriented with their hydrogens toward the surface even after
the surface potential had switched from negative to positive.
They suspected that it was the result of the sulfate ion
adsorption onto the surface at positive potentials, but this
explanation seemed to be in conflict with the observed
change of the liquidlike peak.

Ostroverkhov et al. obtained SF vibrational spectra of
water/R-quartz(0001) interfaces for different pH values and
compared them with those of the water/silica interfaces in
Figure 8.100 The two sets are qualitatively very similar, but
the icelike peak of the former is red-shifted by∼50 cm-1,
much closer in position to the real ice peak (also shown in
Figure 8 for comparison). The frequency shift suggests that
the water structure next toR-quartz is more ordered. In fact,
there exists in the literature a conjecture that the interfacial
water structure next to a crystalline face should be more
ordered, presumably because of quasi-epitaxial lattice match-
ing. Here, the SFVS result seems to have provided the first
evidence. We note that the water/crystalline alumina spec-
trum of Yeganeh et al. also revealed an icelike peak red-
shifted by∼50 cm-1.102

It is fair to say that the interfacial water structure next to
a hydrophilic solid surface generally appears as a mixed
ordered and disordered hydrogen-bonding network, as char-
acterized by the icelike and liquidlike peaks in the vibrational
spectrum. (Recent X-ray and electron diffraction studies of
several crystal/water interfaces also reported the observation
of coexistence of icelike and liquidlike structure at the
interfaces.14,107,108) The details may vary depending on how
the interfacial water molecules bond to the solid surface,
which can be affected by modification of the surface through
deprotonation, ion adsorption, or molecular adsorption at the
surface. Surface charges, and hence surface field, can induce
more polar ordering of interfacial water molecules perhaps
even up to a few monolayers. However, the direction of polar
orientations of interfacial water molecules often cannot be
determined from the conventional SFVS with certainty. To
obtain information on polar orientation, phase measurement
of ø5S

(2)(ω) is important.

3.3. Hydrophobic Interfaces
Water molecules wet a hydrophobic surface poorly because

they interact less strongly with the substrate than among
themselves. Air is an ideal hydrophobic surface; water curls
up into a droplet in air. Therefore we would expect the
surface vibrational spectrum of water at the interface with a
strongly hydrophobic substrate to be similar to that of the
vapor/water interface. In particular, the peak from the
dangling OH bonds should show up since they would not
be bonded to the substrate. This was actually first observed
by Du et al. for a water/OTS-covered silica interface.24

As mentioned earlier, molecular adsorption on a substrate
can drastically alter the surface properties. In the case of a
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well-prepared surface monolayer of octadecyltrichlorosilane
(OTS) on silica, the surface appears as tightly packed
hydrocarbon chains with all-trans conformation and is
therefore highly hydrophobic. Figure 10 displays the SSP
surface vibrational spectrum of a neat water/OTS-covered
silica interface in comparison with that of the neat water/
vapor interface.24 The free-OH peak appears at 3680 cm-1,
which is red-shifted by∼20 cm-1 from that of the water/
vapor interface. This indicates that there is no bonding
between water and OTS, but there still exists weak van der
Waals interaction between the free OH and the CH3 terminal
group of OTS to cause the red shift. The bonded OH
spectrum exhibits the characteristic icelike and liquidlike
features, but the icelike peak is relatively more prominent.
A plausible explanation is that in contrast to the free water
surface, the OTS-covered silica surface has a rigid wall that
could force the interfacial water molecules to form a more
ordered bonding network. One would then argue that if this
were true, a water/oil interface that is not rigid would have
a spectrum more like that of the water/vapor interface.
Indeed, as shown in Figure 10c, the spectrum of a water/
hexane interface looks quite similar to that of the water/
vapor interface.24

Molecular dynamics simulations gave a picture in fair
agreement with that presented above.33,35 They found that
the need to maximize the number of hydrogen bonds at the
surface and to satisfy the restriction on molecular arrange-
ment imposed by the rigid wall makes water molecules next
to a solid hydrophobic surface form a better ordered bonding

network. The calculations also showed that water molecules
at a water/decane interface have an orientational distribution
very similar to that of the water/vapor interface.33,109

Richmond’s group has investigated extensively water/oil
interfaces using SFVS.65,110-114 In the earlier work by
Gragson and Richmond,65 the spectrum of the neat water/
CCl4 interface showed mainly a broad icelike peak (Figure
11a), which increased in strength when sodium dodecyl
sulfate (SDS) surfactant ions increasingly adsorbed at the
interface. Scatena et al. later found for the same interface a
relatively weak icelike peak and a more prominent liquidlike

Figure 10. SFG spectra of water on solid and liquid hydrophobic
interfaces: (a) water/octadecyltrichlorosilane (OTS)/fused silica
interface; (b) water/vapor interface; (c) water/hexane interface.
Reprinted with permission fromScience(http://www.aaas.org), ref
24. Copyright 1994 AAAS.

Figure 11. SFG spectra of water-oil interfaces: (a) spectra of
water/vapor and water/CCl4 interfaces from an earlier work
(Reprinted with permission from ref 65. Copyright 1998 American
Chemical Society); (b) spectrum of water/CCl4 interface from
Brown et al. (Reprinted with permission from ref 66. Copyright
2000 American Chemical Society)sthe solid line is a fit using the
modes described by the bottom curves; (c) spectrum of water/hexane
interface (Reprinted with permission from ref 110. Copyright 2001
American Chemical Society). Vertical lines are guide to the eye
for the positions of icelike and liquidlike peaks of decomposition
in panel b.

SFVS on Water Interfaces Chemical Reviews, 2006, Vol. 106, No. 4 1147



peak that was blue-shifted to∼3500 cm-1 (Figure 11b).66,111

They believed that the earlier spectrum suffered from
contamination at the interface, because less than 1µM SDS
in water could change the spectrum of Figure 11b to one
like that of Figure 11a.113Following the earlier work of water/
vapor interface,66,81,82 they identified through fitting of the
spectrum five modes contributing to the spectrum. In addition
to the icelike, liquidlike, and dangling OH peaks, there were
also the symmetric and antisymmetric OH stretch modes of
surface water molecules at 3618 and 3708 cm-1 that had
both of their H ends not bonded to neighbors.66,111(We notice
that these experiments were all performed with the visible
input in and the infrared input around the total internal
reflection (TIR) geometry. The Fresnel coefficient for the
infrared beam had a rather strong dispersion as the infrared
frequency tuned over the vibrational resonances of water.
To obtain the correct spectrum of|ø5S

(2)(ω)|2, care must be
taken to correct for such a dispersion.) Molecular dynamics
simulations seemed to have supported the picture.43,44,51

However, in more recent articles studying water/vapor
interfaces of alkali halide solutions, Richmond and co-
workers also found such symmetric and antisymmetric modes
and assigned them to water molecules associated with halide
ions at the interface.69,112Scatena et al. also obtained a similar
spectrum for the water/hexane interface, as shown in Figure
11c.110,111Compared to the water/hexane spectrum of Figure
10c, their spectrum also appears to be blue-shifted. The
spectra of water interfaces with hexane and other alkanes
obtained later by Brown et al. showed less of the blue shift
and a more pronounced free OH peak.54 Thus it is not clear
what the true spectrum of a neat water/oil interface is.
Molecular ions that can be easily segregated to the interface
certainly will affect the interfacial water structure, and hence
the spectrum, via the surface field. The change could be more
clearly recognized from measurement of the complex
ø5S

(2)(ω).
Richmond’s group did study modification of water/oil

interfaces by purposely adsorbing molecular ions, including
SDS.112,113As expected, the adsorbed ions created a surface
field that enhanced the surface water spectrum. Depending
on the net charge at the interface, the interfacial molecules
would have their net polar orientation with either the oxygen
end or the hydrogen end facing the interface. Again, this is
a picture that could be confirmed if the polar orientation of
interfacial water molecules were measured.

4. Phase-Sensitive Sum-Frequency Vibrational
Spectroscopy

In the previous sections, we have repeatedly stressed the
importance of measuring both the amplitude and the phase
of ø5S

(2)(ω), but the signalS(ω) from conventional SFVS
yields only |ø5S

(2)(ω)| through eq 1. It displays spectral
features through resonance enhancement of|ø5S

(2)(ω)|. The
strength of each mode,A6q in ø5S

(2)(ω), is nonvanishing only
if the assembly of contributing molecules has a net polar
orientation, and its sign depends on the direction of the net
polar orientation. Interference of contributions toø5S

(2)(ω)
from resonant modes generally makes the spectrum appear
more complex. Fitting a spectrum with eqs 1 and 2 (or 3)
can, in principle, determine the relative signs ofA6q. This
has been the practice in analyzing and interpreting the spectra
of water interfaces in the past. However, because of the
limited quality of the spectrum, the signs ofA6q so obtained

are often not reliable. Figure 12 shows an example relevant
to the bonded OH spectra of water: The|ø5S

(2)(ω)| spectra in
Figure 12a,b appear hardly distinguishable, although one is
composed of two resonance modes with the same sign and
the other of opposite signs. One would like to obtain the
phase ofø5S

(2)(ω) directly from experiment and thus unam-
biguously determine the relative signs ofA6q. More generally,
one hopes to directly measureø5S

(2)(ω) (both amplitude and
phase) since it carries the complete information on the
nonlinear response of the system. As was already known in
the early days of nonlinear optics, the phase measurement
can be achieved by an interference method,115 although such
measurements over an entire spectrum are extremely rare.116-118

We have recently done the complete measurement on
ø5S

(2)(ω) for water/quartz interfaces.30 Here, we discuss the
essence of our phase-sensitive (PS) SFVS technique.

Consider a water interface with a substrate whose bulk
has a nonnegligible contribution to the SF generation. Then,
instead of eq 1, the overall SF signal is given by19

where ø5B
(2) is the bulk nonlinear susceptibility of the

substrate and∆k ) |kvis,z + kIR,z - kz| is the wave-vector
mismatch of SFG along the surface normal direction. For a
given input/output polarization combination, we have

whereΦ(ω) is the relative phase oføS
(2) with respect toøB

(2)

or simply the phase oføS
(2) if øB

(2) is real. Equation 6 shows
that if S(ω), |øS

(2)(ω)|, and |øB
(2)(ω)/∆k| can be separately

measured, thenΦ(ω) can be determined.
We can imagine finding a substrate with an adjustable

|øB
(2)(ω)/∆k|. With |øB

(2)(ω)/∆k| adjusted to zero, we have
SS(ω) ) C|øS

(2)|2. With and without water, we haveSSB(ω)
) C|øS

(2) + øB
(2)/(i∆k)|2 and SB(ω) ) C|øB

(2)/∆k|2, respec-

Figure 12. Simulated spectra of two overlapping spectral peaks
with amplitudes having (a) the same relative sign and (b) the
opposite signs. The|ø(2)|2 spectra are generated from the corre-
sponding spectra of Re[ø(2)] and Im[ø(2)].

S(ω) ) 8π3ω2 sec2 θ
pc3nnvisnIR

|[L6(ω)‚ê(ω)]‚ø5eff
(2):

[ê(ωvis)‚L6(ωvis)][ ê(ωIR)‚L6(ωIR)]|2IvisIIRAT

ø5eff
(2) ) ø5S

(2) + ø5B
(2)/(i∆k) (5)

S(ω) ∝ |øS
(2) + øB

(2)/(i∆k)|2 )

|øS
(2)|2 + |øB

(2)/∆k|2 - 2|øS
(2) øB

(2)/∆k| sin Φ(ω) (6)
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tively. Here,C is a proportional constant. We then find

In our experiment to be discussed later, we employed a
crystalline R-quartz as the substrate that has nonlinearity
dominated byøB,XXX

(2) ) -øB,XYY
(2) ) -øB,YXY

(2) ) -øB,YYX
(2) .119

Since quartz is transparent in the OH stretch region of
interest, ø5B

(2) can be taken as real, thus simplifying the
analysis. We consider here a quartz plate with itsc-axis
normal to the surface and SFVS with SSP polarization
combination. Because of the 3-fold symmetry of quartz about
thec-axis, we haveøB

(2)(SSP)) 0 if the X-axis of the quartz
plate is rotated by angleφ ) 30° from the incidence plane.
Then if the SF polarization is selected to be off by a small
angle(γ from the S polarization, we have

whereθIR andθSF are the angles between theX-axis and
the IR and SF fields atω2 andω, respectively. For the water/
quartz interface, the corresponding surface nonlinearity is

To find Φ(ω) from eq 7,øB
(2)(S(γSP) andøS

(2)(S(γSP) are to
be used in eq 6. It is also possible to determineΦ(ω) from

Note thatSS(ω) ) SSB(ω,γ)0) ∝ |øS
(2)(ω)|2. Thus we can

completely determineøS
(2)(ω) ) |øS

(2)(ω)| exp[iΦ(ω)] )
Re[øS

(2)(ω)] + i Im[øS
(2)(ω)].

5. Phase-Sensitive Sum-Frequency Vibrational
Spectroscopy on Quartz/Water Interfaces

We have applied PS-SFVS toR-quartz(0001)/water in-
terfaces.30 The experimental arrangement is sketched in the
inset of Figure 13. To avoid beam polarization change due
to optical activity of quartz, the visible beam was incident
from the water side, while the infrared beam was incident
from the quartz side at an angle of 56° such that the optical
rotation was less than∼0.2°. The SF output was detected
from the water side. For each interface, four spectra were
taken: SSB(ω,γ)0), SSB(ω,γ)5°), SSB(ω,γ)-5°), and
SB(ω,γ)(5°). From the spectra,|øS

(2)(ω)| and Φ(ω) were
deduced and Re[øS

(2)(ω)] and Im[øS
(2)(ω)] were calculated.

An example is presented in Figure 13, whereSSB(ω,γ)0),
SSB(ω,γ)5°), SSB(ω,γ)-5°), and SB(ω,γ)(5°) for the
quart/water interface with bulk pH of 6.5 are displayed in
panel a and|øS

(2)(ω)|, Re[øS
(2)(ω)], and Im[øS

(2)(ω)] in panel
b. Note that Re[øS

(2)(ω)] and Im[øS
(2)(ω)] are related by the

Kramers-Kronig relation.
In our measurement, the crystalline quartz surface had

undergone several cycles of low and high pH values in water
for days before the actual spectra were taken. Surface
reactions could have made the quartz surface more like a
fused silica surface, which was manifested in a gradual
change of the peak shape. Figure 14 shows the spectra of

|øS
(2)(ω)|, Re[øS

(2)(ω)], and Im[øS
(2)(ω)] at several different

bulk pH values. The spectra of|øS
(2)(ω)| indeed resemble

those of water/fused silica interfaces; they all exhibit the
icelike and liquidlike peaks. But Re[øS

(2)(ω)] and Im[øS
(2)(ω)]

appear more complex and vary in both amplitude and sign.
We now focus on Im[øS

(2)(ω)] because it is more infor-
mative. Figure 15 displays a set of Im[øS

(2)(ω)] obtained
with successively decreasing pH. We have found that all
spectra of Im[øS

(2)(ω)] can be decomposed into a liquidlike
peak at 3400 cm-1 with a profile and line width chosen to
be the same as the IR absorption spectrum of bulk water,
and an icelike peak composed of two peaks, one at 3200
cm-1 with a line width (fwhm) of 170 cm-1 and the other at
3000 cm-1 with a line width of 250 cm-1. This is seen in
Figure 14. The amplitude variations of the three peaks with
pH are plotted in Figure 16. It shows that they respond to
the increasing pH differently. The liquidlike peak is always

Φ(ω) ) sin-1{-
SSB(ω) - SS(ω) - SB(ω)

2[SS(ω)SB(ω)]1/2 } (7)

øB
(2)(S(γSP)) -γøB,XXX

(2) cosθIR cosθSF (8)

øS
(2)(S(γSP)) øS,xxz

(2) cosγ (9)

Φ(ω) ) sin-1{SSB(ω,γ) - SSB(ω,-γ)

4xSS(ω)SB(γ) cosγ } (10)

Figure 13. An example of phase-sensitive SFG spectroscopic
measurement for a quartz/water interface at pH) 6.5: (a) measured
spectra ofSγ(γ)+5°), Sγ(γ)-5°), Sγ(γ)0°), and |øB

(2)/∆k|2; (b)
deduced spectra of|øS

(2)|2, Re(øS
(2)), and Im(øS

(2)). The inset shows
the experimental arrangement. The azimuthal angleφ of the quartz
crystal is adjusted to suppress SFG in the SSP polarization
combination. The analyzer of the SF output is set either for precise
S polarization or at(γ angle away from S-polarization. Adapted
figure with permission from ref 30. Copyright 2005 by the American
Physical Society. http://link.aps.org/abstract/PRL/v94/e046102.
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positive but increases in strength with increasing pH in the
range between 1.5 and 5, indicating that the interfacial water
species participating in the more disordered part of the
bonding network has an increasing net polar orientation with
the H end facing the quartz surface. The change saturates
around pH≈ 7. The two components of the icelike peak
vary appreciably with increase of pH from 4 to 10. The
lower-frequency component is always negative, but its
strength decreases with increase of pH. The higher-frequency
component starts essentially with zero strength and becomes
increasingly positive after pH≈ 4 The increase of strengths
of the liquidlike peak and the high-frequency component of
the icelike peak with pH can be understood by increase of
the net polar orientation with H facing the surface, knowing
that the quartz surface should be increasingly negatively
charged with increase of pH and the resulting surface field
should reorient water molecules with H facing the surface.
The lower-frequency component at 3000 cm-1 is a feature
also seen in the spectra of ice/vapor and ice/silica interfaces
either as a small peak or as a small shoulder of the main
peak.120,121 It comes from the OH of water species in the
icelike ordered structure with a net polarization of O facing
the surface.

The PS-SFVS results provide us with more detailed
information about the water interfacial structure at the quartz/
water interfaces. Immersed in water, the quartz surface is
obviously not homogeneous. It appears to have two different
binding sites for water molecules. Those contributing to the
liquidlike peak and participating in a hydrogen-bonding
structure very much like that of bulk water are associated
with binding sites that are more easily deprotonated. They
have a net polar orientation with H pointing toward the
surface. As pH increases, more of these surface sites are
deprotonated, and more water molecules appear to be
reoriented with H toward the surface presumably by the

negative charges at the deprotonated sites. Saturation of the
strength of the liquidlike peak indicates that these surface
sites are almost fully deprotonated at pH≈ 7. Water
molecules contributing to the icelike peak (assuming both
components originate from water molecules) are associated
with surface binding sites that are less easily deprotonated.
Below pH≈ 4, there is a net polar orientation of OH bonds
with O facing the surface. Deprotonation of these surface
sites appears to set in at pH≈ 4. With further increase of
pH, the increasing number of negatively charged surface sites
poles the associated water molecules with H toward the
surface. Saturation of deprotonation, and hence reorientation
of water molecules, at these sites occur at pH≈ 10-11.

Eisenthal and co-workers,122 based on their SHG measure-
ment, first proposed the presence of two different surface
sites for water adsorption on silica. Their result is reproduced
in Figure 17. It is seen that the SH output field versus pH
has two plateaus, one at pH≈ 6 and the other at pH≈ 12.

Figure 14. Spectra of|øS
(2)|2, Re(øS

(2)), and Im(øS
(2)) for water/R-

quartz interface at several pH values of water. Reprinted figure
with permission from ref 30. Copyright 2005 by the American
Physical Society. http://link.aps.org/abstract/PRL/v94/e046102.

Figure 15. A series of Im[ø(2)] spectra of the water/R-quartz
interface at different values of pH. In each spectrum, the solid curve
is a fit to the data that comprises a liquidlike peak (dashed curve)
and an icelike peak (dotted curves). The liquidlike peak profile is
borrowed from the linear absorption spectrum of bulk water, and
the icelike component is further decomposed into two subpeaks: a
negative and a positive subpeak centered at∼3000 and 3200 cm-1

and having fwhm of 250 and 170 cm-1, respectively. The graph
for pH ) 6.5 explicitly shows the two icelike components (hatched
peaks) obtained in the decomposition. Adapted figure with permis-
sion from ref 30. Copyright 2005 by the American Physical Society.
http://link.aps.org/abstract/PRL/v94/e046102.
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They interpreted the result as arising from water molecules
binding to two different surface sites with different pK values
for deprotonation. Our SFVS result supports their conclusion.
The quantitative difference in pH variation could be due to
preparation of the silica surface.

6. Discussion
SFVS has been very successful in providing vibrational

spectra for water interfaces much needed for understanding
of interfacial water structure. However, without theoretical
guidance, interpretation of the spectra is not an easy matter.
A surface water spectrum obtained by the conventional SFVS
in the OH stretch region is usually comprised of an icelike
peak at∼3200 cm-1 and a liquidlike peak at∼3400 cm-1.
An additional dangling OH peak may appear at∼3700 cm-1

if the opposite medium is hydrophobic. The broad icelike
and liquidlike peaks are enhanced if the interface is charged
by protonation, deprotonation, or ion adsorption, although
the relative enhancement may be different. This is a

description generally accepted by all workers in the field.
Beyond this, in connection with the interfacial water
structure, the interpretation becomes more speculative and
varies among researchers. There are two main difficulties
in analyzing and interpreting the spectrum. First, the SF
response comes from an orientational distribution with a net
polar orientational order but not from a distribution with only
a nonpolar orientational order of water molecules. This was
often forgotten or ignored in the interpretation. Thus
enhancement of the icelike or liquidlike peak does not
necessarily mean an increasing number of water molecules
contributing to the peak. It only means that there are more
polar-oriented molecules. Because the SF output is propor-
tional to |øS

(2)(ω)|2, the direction of polar orientation is not
known. Second, decomposition of the SF|øS

(2)(ω)|2 spec-
trum of water can hardly be unique, especially if the relative
signs of the components are not known. This could lead to
erroneous interpretation of the spectrum and incorrect
description of the interfacial structure. For example, Rich-
mond and co-workers fitted their water/vapor spectra first
with the amplitudes,Aq, of the free OH mode and the
liquidlike mode having the same sign66 and, more recently,
with opposite signs.67-69 The two cases correspond to very
different OH orientations: one has the liquidlike bonded OH
having a net polar orientation the same as that of the dangling
OH and the other opposite. The PS-SFVS measurement
shows that free OH and bonded OH for the liquidlike peak
have the same net polar orientation.

The spectrum obtained by PS-SFVS is an improvement
but does not solve all the problems. It yields separately the
spectra of Re[øS

(2)(ω)] and Im[øS
(2)(ω)]. They can be positive

or negative. The sign of Im[øS
(2)(ω)] describes the direction

of the net polar orientation of the molecules, which can now
be determined without relying on fitting of the spectrum.
However, it is still proportional to the surface density of net
polar-oriented molecules and its decomposition into resonant
peaks, although improved, still has some uncertainty. In the
case of silica/water interfaces, we could fit each spectrum
of Im[øS

(2)(ω)] by assuming it is composed of a liquidlike
peak and an icelike portion. As seen in Figure 15, the fit is
good for all spectra even if we impose the strict conditions
that the liquidlike peak has the same profile as the infrared
spectrum of the bulk water and the two components of the
icelike peak have fixed resonant frequencies and line widths.
The profile of the liquidlike peak assumed here is quite
different from those deduced from fitting the spectrum of
|øS

(2)(ω)| but is more reasonable considering that the dis-
ordered hydrogen bonding of water molecules at the surface
and in the bulk should not be very different. An immediate
consequence of the broader liquidlike peak is that the icelike
peak is correspondingly much weaker. The two components
of the icelike peak in Im[øS

(2)(ω)] have different signs at low
pH, indicating that they must come from two different OH
species with opposite net polar orientations. This is also not
obvious from the spectrum of|øS

(2)(ω)|. The pH dependence
of the peaks allows us to identify the existence of two
different surface adsorption sites.

To understand the results of Figures 15 and 16 and answer
the question why molecules responsible for the liquidlike
peak always have a net polar orientation with H pointing
toward the surface and molecules for the lower-frequency
and higher-frequency components of the icelike peak have
net polar orientations with O and H pointing toward the

Figure 16. Strengths of various components obtained from
decomposition of the spectra in Figure 15 as functions of pH: (9)
liquidlike peak; (2) 3000 cm-1 icelike component; (1) 3200 cm-1

icelike component; (b) combined strength of the two icelike
components. Reprinted figure with permission from ref 30.
Copyright 2005 by the American Physical Society. http://
link.aps.org/abstract/PRL/v94/e046102.

Figure 17. Second harmonic output field from a water/fused silica
interface as a function of pH. Reprinted from ref 122, Copyright
1992, with permission from Elsevier.
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surface, respectively, we need theoretical guidance. In its
absence, we have to resort to a reasonable physical model.
Reference 30 used a simple picture that water molecules
would hydrogen bond with O to H at hydrogen-terminated
surface sites and H to O at deprotonated sites on quartz. At
very low pH, all the surface sites on silica are supposed to
be fully protonated. Then the observation that molecules in
the liquidlike peak still had a net polarization with H facing
the surface could only be explained by assuming the
existence of residual surface sites that remain deprotonated
even at very low pH. On the other hand, molecules in the
low-frequency component of the icelike peak have always a
net polar orientation with O facing the surface even at very
high pH. This could only be explained by assuming the
existence of residual surface sites that remain always
protonated. The above picture is not very satisfactory. Here
we present a more plausible model proposed by Lee and
Rossky based on their molecular dynamics simulation.35

We consider that the interfacial water structure more or
less resembles a (disordered) tetrahedral hydrogen-bonding
network of hexagonal ice. At each H-terminated silica site,
the oxygen of SiOH can have two water molecules hydrogen-
bonded to it. (A third water molecule can hydrogen-bond
with O to H of SiOH; see Figure 9a). If the site is
deprotonated, three water molecules can be hydrogen-bonded
with H to the oxygen (Figure 9b). Then, it can be shown
that for interfacial water with a more or less icelike structure,
there are always more OH bonds with H facing the surface,
and the excess number increases with increasing number of
deprotonated surface sites. This explains why molecules in
the liquidlike peak and the high-frequency component of the
icelike peak always have a net polar orientation with H facing
the surface. It also explains why the two grow with increase
of pH. The low-frequency component at 3000 cm-1 could
be assigned to the OH stretch of SiOH at the protonated
sites.123 However since it is always seen in the spectrum of
ice interfaces,120,121we suspect that it is an integral part of
the icelike spectral peak. As in the ice case, the icelike peak
would be interpreted as originating from coupled OH
(phonon) modes of the ordered bonding network. The higher-
frequency component would then have more participation
of OH with H pointing toward the surface and the lower-
frequency component more participation of OH with O
pointing toward the surface. If this picture is correct, we
should expect to see a similar icelike peak in the spectrum
of Im[øS

(2)(ω)] for other water interfaces. Hopefully, molec-
ular dynamics simulations could also reproduce such an
icelike spectral peak.

The above case of quartz/water interface illustrates how
PS-SFVS can help analyze and understand the surface
vibrational spectrum of water and yield more detailed
information about the water interfacial structure. As in all
spectroscopic studies, however, the true detailed understand-
ing often has to come out of comparison of theory with
experiment. For water interfaces, all SF vibrational spectra
of |øS

(2)(ω)|2 seem to possess the same characteristic icelike
and liquidlike features. The PS-SFVS spectra probably could
reveal more differences in spectra of different interfaces. It
is particularly important to obtain the PS-SF spectra for
vapor/water and vapor/ice interfaces because they can serve
as references for the other water interfaces. However, the
PS-SFG technique described in this paper is only applicable
to interfaces where the substrate can provide a suitableøB

(2)

to interfere withøS
(2). We are in the process of developing a

more general interference method that would allow PS-SFG
studies of all accessible interfaces.

7. Conclusion
SFVS is powerful as the only technique that provides

vibrational spectra for water interfaces. It has been used
extensively to probe structures of water interfaces of all
kinds. The spectrum of the SSP input/output polarization
combinations usually shows an icelike peak at∼3200 cm-1

and a liquidlike peak at∼3400 cm-1, plus a narrow dangling
OH peak at∼3700 cm-1 if the interface is hydrophobic. The
icelike and liquidlike peaks suggest that the interfacial water
molecules form a partially ordered and partially disordered
hydrogen-bonding network. Protonation, deprotonation, and
ion and molecular adsorption at a water interface may
significantly change the spectrum. A surface field, created
by surface charges, for example, tends to enhance the
spectrum.

Detailed interpretations of surface water spectra, however,
are often misleading because of two difficulties in analyzing
a spectrum. First, the SF spectral peak in terms of resonance
in the nonlinear susceptibility,|øS

(2)(ω)|, is proportional not
to the total number of contributing molecules, but to the
number of net polar-oriented molecules. Thus an increased
strength of the icelike peak does not necessarily mean that
there are more molecules participating in the more ordered
regions of the network, but only indicates that the total
number of polar-oriented molecules in the more ordered
regions has increased. A surface field can induce more polar-
oriented molecules in a spectral peak but does not necessarily
increase the total number of molecules contributing to the
peak. (More specifically, the observed enhancement of the
icelike peak induced by a surface field does not necessarily
mean that the interfacial water network is more ordered
unless there is complementary evidence.) Second, decom-
position of a spectrum of overlapping peaks is often not
unique. Too much confidence in the decomposition could
lead to incorrect description of the interfacial water structure.
Molecular dynamics simulations can help, but unfortunately,
they also have limitations.

PS-SFVS yields Re[øS
(2)(ω)] and Im[øS

(2)(ω)] and allows
determination of the net polar-orienting directions of mol-
ecules that contribute to the various peaks. Because the signs
of Re[øS

(2)(ω)] and Im[øS
(2)(ω)] are now known, decomposi-

tion of a spectrum into overlapping peaks becomes more
reliable. Work on water/quartz interfaces with different pH
has generated interesting results. The spectrum of
Im[øS

(2)(ω)] can be decomposed into a liquidlike peak at
∼3400 cm-1 with a profile the same as that of the infrared
absorption spectrum of bulk water and an icelike peak
composed of a main component at∼3200 cm-1 with a line
width (fwhm) of 170 cm-1 and a weaker component at
∼3000 cm-1 with a line width of 250 cm-1. The pH
dependences of the two peaks are very different, suggesting
that there are two different surface sites for water molecules
to adsorb. Molecules in the liquidlike peak adsorb at more
easily deprotonated sites. They adsorb with a net polar
orientation of H facing the surface. Molecules involved in
the higher-frequency component of the icelike peak also have
a net polar orientation of H facing the surface, but those in
the low-frequency component have the opposite net polar
orientation. Since both components are also observed in the
spectra of real ice interfaces, we have to consider them as
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integral parts of an icelike peak resulting from coupled OH
modes of molecules in an ordered network. The weaker
component disappears when the adsorption sites are fully
deprotonated.

The new picture presented above for water/quartz inter-
faces is still speculative and needs to be confirmed by
molecular dynamics simulations. We expect that the inter-
facial structure of water at other interfaces is qualitatively
similar as long as interactions of water molecules with the
substrate do not dominate over interactions between water
molecules with detailed differences appearing in the net polar
orientations of molecules in the icelike and liquidlike regions.
Thus it is important to obtain PS-SFVS spectra for other
water interfaces. Through correlation of these spectra, we
should be able to paint a more correct picture for the
interfacial water structure and its variation with the substrate
and environment. The neat vapor/water and vapor/ice
interfaces could act as the reference surfaces.
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