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ABSTRACT: Elucidation of water organization at aqueous interfaces has remained a
challenging problem. Conventional vibrational sum frequency generation (VSFG)
spectroscopy and its most recent extension, phase-sensitive VSFG (PS-VSFG), have
emerged as powerful experimental methods for unraveling structural information at various
aqueous interfaces. In this Perspective, we briefly describe the two possible VSFG
detection modes, and we point out features that make these methods highly suited to
address questions about water organization at air/aqueous interfaces. Several important
aqueous interfacial systems are discussed to illustrate the versatility of these methods.
Remaining challenges and exciting prospective directions are also presented.

The ubiquitous nature of water is well reflected by the
crucial role that it plays in a variety of biological, chemical,

and physical processes.1−3 A majority of these processes take
place in constrained or over extended interfaces rather than in
the bulk.4−6 For example, in biochemistry, water is found
closely associated to biological membranes but also embedded
in internal protein cavities where it promotes ligand binding
and catalysis. Similarly, in geochemistry, water is adsorbed onto
mineral oxides where it contributes to ion adsorption and
dissolution, as well as in capillary pores. Despite its critical
importance, many features of interfacial water in these
environments still remain only partly understood. It is well-
known that bulk phase water exhibits many anomalous
physicochemical properties,7,8 which are related to its strong
hydrogen-bonding ability. Not surprisingly, the proximity to an
extended interface such as with a vapor or a condensed phase
will make interfacial water also display its own peculiar
behavior. The difference between interfacial and bulk water
molecules in their ability to optimize hydrogen bonding will
affect the organization of interfacial water and, in turn, its static
and dynamic properties such as density, permittivity, and
viscosity over a very short range (≲1 nm).9−12

Among all extended interfaces, the air/aqueous interface has
been the most intensively investigated partly due to its
compositional simplicity as well as for its relevance in
biophysics and atmospheric aerosol chemistry. Because of the
low density of the vapor phase, weak van der Waals interactions
exist between vapor and liquid phases, and consequently, only
water−water interactions within the latter determine interfacial
properties. Stronger hydrogen bonding between interfacial
water molecules gives rise to a very high surface tension (γ ≈
72.8 mN/m at 20 °C),13 while the directionality of their dipole

moment generates a finite surface potential (Δχ ≈ +0.1−0.2
V), whose magnitude and sign still remain highly debated.14−16

For instance, an explicit ab initio electronic charge density
study has recently suggested that a positive potential may be
due to an electron density leakage into the gas phase and not to
a preferential water orientation.17 Another study has proposed
instead a possible charge transfer between interfacial water
molecules due to hydrogen bonding anisotropy at the water
surface.18 Another closely related topic, the surface acidity/
basicity of the neat water surface resulting from the different
surface propensity between hydronium and hydroxide ions, has
also been strongly disputed.19−21 Although the exact mecha-
nism for this difference is not clearly understood, the current
molecular picture based on computational and spectroscopic
investigations suggests that the water surface is likely to be
slightly acidic, with hydronium ions enhanced at the topmost
liquid layer and hydroxide ions weakly excluded from it.22

Obviously, the peculiar properties of interfacial water will
also influence the affinity and distribution of solvated ions as
well as those of amphiphilic and nonionic solutes, thus adding
to the complexity of aqueous interfaces.23−26 For instance, it
was long believed that the air/aqueous solution interface is
depleted in inorganic ions because of repulsive electrostatic
image charge effects and decreased ion hydration, which make
ions prefer bulk solvation.27 However, compelling evidence
from both simulations and experiments on ions in water
clusters and at planar air/water interfaces now supports the
picture of ion adsorption in a highly specific manner, having
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nonpolarizable ions with high surface charge density (e.g., light
alkali cations) repelled from the interface while polarizable ions
with low surface charge density (e.g., heavier halide anions)
show a significant surface propensity.28−31

MD simulations of ions in small water clusters and slabs have
been particularly helpful in predicting ion surface affinity and in
providing complementary theoretical guidance to experimental
studies. Computational studies, based on different water and
ion potential models, have identified numerous parameters
potentially critical to ion surface propensity, including ion size
(radius), ion surface charge density, ion and water polarizability,
ion solvation structure (chaotropic versus kosmotropic),32,33

ion−ion correlations, and so forth. It has also been suggested
that interfacial curvature and fluctuations could also act as a
potential driving force in ion adsorption and distribution.34−36

Among all of these parameters, ion polarizability has emerged
as crucial in determining surface affinity, at least for monovalent
anions. Using polarizable force field models, it was realized
early on with small water clusters37−40 and later with planar
aqueous interfaces41,42 that when polarization effects are
included, large polarizable ions prefer residing at the interface.
This ion-specific affinity has been explained as originating from
favorable interactions that exist between the polarizability of an
ion and the surface electric field induced by the average
orientation of interfacial water molecules. This interpretation
has also been predicted by a recent theoretical partitioning
model.43 Finally, in parallel to MD simulations, different
theoretical models have also attempted to identify other
possible driving forces at the origin of ion adsorption at the
neat air/water interface.44,45

In agreement with simulations, the application of novel
surface spectroscopic techniques such as electrospray mass
ionization (EMI) spectrometry,46 glancing-angle Raman spec-
troscopy,47,48 IR photodissociation spectroscopy,49,50 grazing
incidence X-ray fluorescence (GIXF),51 and high-pressure X-
ray photoelectron spectroscopy (HP-XPS)52 has enabled
researchers to probe the interfacial region of aqueous solutions
with varying degrees of sensitivity. In particular, HP-XPS
measurements performed on aqueous liquid microjets have
provided strong evidence for ion enhancement by measuring
directly ion interfacial concentrations. However, as with other
electron-based spectroscopies, experiments using this technique
must be performed under an evacuated environment, albeit at
higher pressure than typical XPS, a limitation in regards to its
applicability to aqueous solutions.
Another type of a highly surface sensitive technique, namely,

second-order nonlinear spectroscopies such as vibrational sum
frequency generation (VSFG) and surface second-harmonic
generation (SHG), has also proven increasingly useful in
providing information about ion surface affinity at aqueous
interfaces.30,53−57 Their decisive advantage lies in their selection
rules that result in the suppression of the bulk response, which
makes them highly surface specific (∼1−5 nm). Furthermore,
these have shown to have submonolayer sensitivity, to be
noninvasive, and applicable in situ (i.e., under ambient
conditions) provided that the interface can be accessed by
light. It has been possible with UV SHG measurements to
determine ion affinity (i.e., Gibbs free energy adsorption) by
using the SHG response of the ion charge-transfer-to-solvent
(CTTS) resonance together with adsorption models as a
function of bulk ion concentration.58,59 In contrast, conven-
tional VSFG measurements performed on aqueous solutions
have mostly focused on the perturbations of the water

hydrogen-bonding network induced by the surface electrostatic
field in the electric double layer (EDL) as an indirect probe of
ion surface affinity; so far, very few studies have directly probed
ions or chemical groups of more complex solutes.60−62

Recently, phase-resolved or phase-sensitive (PS)-VSFG has
allowed determination of the absolute orientation of interfacial
water molecules and indirect deduction of the direction of the
surface field in the EDL, thereby giving an idea of the relative
ion surface propensities.63,64 Despite their high surface
sensitivity, it still remains difficult to extract interfacial ion
concentrations based solely on a molecular-level interpretation
of the perturbed water spectra. Hence, taking into account the
nature of water hydrogen bonding, the inherent complexity of
aqueous interfaces, as well as the limitations of current
computational and experimental methods, it appears clear
that a comprehensive understanding of interfacial water
organization as well as its perturbation by solvated and/or
complexed solutes presents a formidable challenge. The
predictive ability of computational models is limited at
reproducing accurately experimental spectra, while molecular
interpretation of experimental spectra remains often not trivial,
such that quantitative discrepancies always subsist between
simulations and experiments. Nevertheless, substantial progress
has been made in the past decade with both the continuous
improvement of MD simulations and the development of novel
experimental surface-sensitive techniques.

This Perspective reviews some recent advances made with
conventional VSFG and newly developed PS-VSFG spectros-
copy in elucidating interfacial water organization as well as ion
affinity to various aqueous interfaces. Specific examples from
our most recent published work at the air/aqueous and lipid/
aqueous interfaces as well as some complementary computa-
tional and experimental contributions from others are given to
illustrate the usefulness and wide application of both
techniques. Motivation in the choice of these aqueous
interfaces mainly comes from the relevance of these unique
environments (e.g., aerosols, biomembranes, minerals) and the
reactions that they host in atmospheric chemistry, biochemistry,
and geochemistry.
Conventional and Phase-Sensitive VSFG Spectroscopy. Infrared

(IR)−visible (VIS) VSFG spectroscopy, referred hereafter as
conventional VSFG, and PS-VSFG spectroscopy have become
invaluable techniques well-suited for probing the structure
(ordering, orientation) of various interfaces at the molecular
level. The physical basis of these techniques lies in sum

Taking into account the nature of
water hydrogen bonding, the
inherent complexity of aqueous
interfaces, as well as the limita-
tions of current computational
and experimental methods, it

appears clear that a comprehen-
sive understanding of interfacial
water organization as well as its
perturbation by solvated and/or
complexed solutes presents a

formidable challenge.
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frequency generation (SFG), a second-order nonlinear optical
(two-photon) process by which spatial and temporal mixing of
two input beams at frequencies ω1 and ω2 in a non-
centrosymmetric medium (χ(2) ≠ 0, where χ(2) is the medium
second-order nonlinear susceptibility) generates a coherent
output beam at the sum frequency (SF) ω3 = ω1 + ω2. Under
the electric dipole approximation, this process is forbidden in
the bulk of centrosymmetric media (χ(2) = 0), typical of most
materials.65,66 However, at the interface between two such
media, the symmetry is naturally broken, and the SFG process
is allowed. This lack of interfacial inversion symmetry becomes
a unique selection rule that confers to these techniques their
high surface specificity.

On the basis of this selection rule, it was first demonstrated
in 1987 by Shen and co-workers67−69 that SFG can be used as a
surface-specific tool for spectroscopic interrogation of various
interfaces. Hence, conventional VSFG spectroscopy enables
one to probe the vibrational properties of interfacial species by
overlapping spatially and temporally two intense pulsed laser
beams, one tunable in the IR frequency (ω1 = ωIR) range and
another fixed at a visible (or near-IR) frequency (ω2 = ωVIS)
(Figure 1A). The vibrational modes are interrogated by the
resonant IR beam and upconverted by the nonresonant VIS
beam into the visible spectral region through a virtual state,
from which an emitted SF beam can be detected. Whenever the
IR frequency matches the energy of an interfacial vibrational
transition, the VSFG signal is resonantly enhanced. Hence,
recording the intensity of this signal as a function of the IR
frequency gives access to the vibrational spectrum of interfacial
species. The intensity of the generated SF signal in the reflected
direction is proportional to the squared modulus of the effective
second-order nonlinear susceptibility χeff

(2) as well as to the
intensities of IR (IIR) and VIS (IVIS) input beams70

ω χ ω∝ | |I I I( ) ( )VSFG IR eff
(2)

IR
2

IR VIS (1)

with

χ ω χ ω= ̂ · · · ̂ · ̂e L L e L e( ) [ ] ( ): [ ][ ]eff
(2)

IR SF SF S
(2)

IR IR IR VIS VIS

(2)

where χS
(2) is the (macroscopic) second-order surface nonlinear

susceptibility, while eî ≡ e(̂ωi) and Li ≡ L(ωi) refer to the unit
polarization vector and the transmission Fresnel factor at
frequency ωi (i = SF, IR, VIS), respectively.
The magnitude of χS

(2) is related to the microscopic
hyperpolarizability β(2) through

χ β= ⟨ ⟩NS
(2) (2)

(3)

with β(2) given by the product of the Raman transition
polarizability moment (α) and the IR transition dipole moment
(μ)

β α ν ν μ= ⟨ | | ⟩⟨ | | ⟩g g(2)
(4)

where N is the number of molecules contributing to the SF
signal and g and ν are the ground and excited vibrational states,
respectively. The angular brackets denote the orientational
averaging. Taken together, eqs 3 and 4 basically state that in
order to generate an SF signal, a vibrational transition must be
both IR- and Raman-active and that this signal can be enhanced
either by (i) a greater alignment (⟨β(2)⟩) of molecular transition
dipole moments along the surface normal or by (ii) a larger
number (N) of ordered (or oriented) molecules.
For discrete vibrational modes, χS

(2) can be expressed as

∑

∑
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where χNR
(2) and χR,k

(2) denote the nonresonant and resonant
contributions to χS

(2), respectively. The resonant contribution
can be modeled as a sum of Lorentzian-like functions, each
characterized by an amplitude Ak, a central frequency ωk, and a
(homogeneous) transition line width (fwhm) Γk. The
amplitude of the SF transition moment in eq 5 is proportional
to the product of the orientation-averaged IR transition dipole
and Raman transition polarizability moments (eq 4). Other
more general functions such as Voigt-like distribution functions
can also be assumed when one also takes into account
inhomogeneous broadening due to the different molecular
environments.71 More generally, for continuous modes (e.g.,
collective OH vibrational modes of interfacial water), the
summation in eq 5 is replaced by an integration over the
density of modes ρ(ωk) at frequency ωk.

Infrared−visible VSFG spectros-
copy and PS-VSFG spectroscopy
have become invaluable techni-
ques well-suited for probing the
structure of various interfaces at

the molecular level.

Figure 1. Schematic representation of VSFG measuring schemes and
examples of spectra from the air/water interface. (A) Conventional
VSFG spectroscopy and (B) PS-VSFG spectroscopy. The optical
components are as follow: CL, convex lens; CM, concave mirror;
GTP, Glan−Thompson polarizer; LO, local oscillator; M, mirror; NF,
notch filter; S, sample; SPF, short-pass filter.
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In conventional VSFG spectroscopy, all of the molecular
information is folded in the factor |χS

(2)(ωIR)|
2, where χS

(2) is
complex and can be put in the form (with χNR

(2) being constant)

χ ω χ χ χ= | | = +ϕ ω( ) e Re i ImS
(2)

IR S
(2) i ( )

S
(2)

S
(2)S IR (6)

where |χS
(2)| and ϕS are the amplitude (modulus) and phase of

χS
(2), respectively. Following eq 5, the imaginary part of χS

(2) then
takes the form

∑χ
ω ω

= −
Γ

− + Γ
A
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( )k

k k

k k
S
(2)

IR
2 2
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Clearly, from eqs 1 and 6, the VSFG response contains
information on both the amplitude and the phase (orientation)
of the VSFG transition moment and, in turn, on the orientation
of the induced dipole moment. However, accessing this
information through conventional VSFG spectroscopy presents
two drawbacks. First, |χS

(2)(ωIR)|
2 needs to be extracted from the

VSFG intensity by correcting for the Fresnel factors that
account for the specific setup geometry (incident beam angles
and polarizations, refractive indices of the media). In previous
studies, this procedure has either not been explicitly mentioned
or simply disregarded and has led, for instance in the case of the
air/water interface, to some inconsistencies when comparing
VSFG spectra. However, this issue has been recently discussed,
and a standardization has been called for.72 Second, and more
importantly, because of the conventional VSFG spectroscopy
detection scheme (see eq 1), it becomes impossible to directly
measure the phase information contained in χS

(2). In principle,
for discrete resonances, it is possible to obtain the phase
information through fitting of the experimental data, but
without fixing beforehand the frequencies and signs of the
vibrational modes, it comes down to selecting between
nonunique sets of fittings parameters.73 This has led, for
example, to different and often contradictory structural
interpretations of the VSFG spectra of the air/water interface.
More recently, these limitations of conventional VSFG

spectroscopy have been alleviated by novel computational and
experimental methods enabling determination of the phase
information. Phase retrieval algorithms based on the maximum
entropy method (MEM) were developed by Bonn and co-
workers to reconstruct the absolute phase of the SF signal
directly from VSFG intensity spectra.74 This approach has
proven successful with many aqueous interfaces, and Im χ(2)

complex spectra were shown to follow closely with those
obtained by direct phase measurement.75,76 Nevertheless, the
phase retrieval method suffers from a certain number of
weaknesses that are at the origin of the discrepancies between
reconstructed and directly measured phase spectra such as
phase shifting (error phase), complex conjugation sign
convention, and dependence on the VSFG spectra S/N
ratio.76 For example, for systems with large nonresonant phases
(e.g., self-assembled monolayers of alkanethiols on gold),
supplementary information such as the sign of the nonresonant
phase or some previous information on the molecular
arrangement (orientation) is typically required to retrieve the
correct phase of any given vibrational mode. Without such an a
priori knowledge, the phase retrieval procedure cannot select
the correct fit and, therefore, determine the absolute phase.
The inability of conventional VSFG spectroscopy to directly

measure the phase was recognized shortly after its first
application. In fact, as early as 1990, Shen and co-workers
were able to measured the phase of a pentadecanoic acid

monolayer on water with VSFG.77,78 However, the technique
received little attention, partly due to the added instrumental
complexity. Many years later, PS-VSFG was demonstrated on
scanning SFG systems by the same group and applied to probe
interfaces between centrosymmetric and noncentrosymmetric
media (e.g., quartz/water interface)79 as well as between
centrosymmetric media.80 It was later extended to broad
bandwidth SFG systems by Benderskii’s and Tahara’s
groups.81−83

PS-VSFG spectroscopy is an interference-based version of
conventional VSFG spectroscopy by which the VSFG signal
from a sample (S) is mixed with an additional signal called local
oscillator (LO) generated from a known nonresonant medium
(e.g., GaAs(110)), which enables absolute determination of the
sign of χS

(2) and ultimately provides the orientation of SF
transition dipole moments of interfacial species. Like in
conventional VSFG spectroscopy, the IR and VIS beams are
spatially and temporally overlapped on a sample surface (Figure
1B). However, the SF beam generated in the reflection
direction is time-delayed relative to the IR and VIS beams by
passage through a silica plate, before all three beams become
refocused onto the LO medium. The spatial and temporal
overlap of the refocused IR and VIS beams then generates
another SF beam. The two generated SF beams (from the
sample and LO medium) are finally separated in time and
mixed to give an interference pattern in the frequency domain.
The detected total intensity is thus the sum of the SF electric
fields from the sample (ES) and LO (ELO) medium and is given
by83
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where Δt denotes the time delay between the two SF beams,
whereas rS and rLO are the complex Fresnel reflection
coefficients that take into account the reflection off of the
sample and the LO medium.
As readily seen from eq 8, the main advantage of PS-VSFG

spectroscopy comes from the fact that by using the interference
between two sources (sample and LO), cross terms of the
intensity are generated in which phase information is preserved.
In order to extract χS

(2), the fourth term of eq 8 must be
extracted. To this end, the different terms in eq 8 are time-
separated by inverse Fourier transformation into the time
domain, and then the quadratic and negatively time-delayed
terms at t = 0 and −Δt, respectively, are filtered out, and the
remaining term is Fourier-transformed back into the frequency
domain.83,84 Finally, the resulting complex frequency spectra
that contain the sample phase information are normalized to
the reflectivities of IR and VIS beams on a frequency-
independent reference (χS

(2) constant). For instance, a z-cut
quartz crystal has no resonance in the water spectral region
such that its phase can be used as a reference. The normalized
PS-VSFG intensity is then given by84
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where FR and FS refer to the Fresnel factors of the reference and
sample and where Δϕ accounts for the phase difference
between the SFG response of the sample and that of the
reference. For example, it has been theoretically predicted that
the surface SFG response of aqueous interfaces and the bulk
response of quartz should exhibit a phase difference of 90°;85

however, this value has been recently contested.72,86

Using eq 6, the normalized Im χS̅
(2) immediately follows

χ
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Hence, eq 11 contains information on the phase ϕS of the
sample that, in turn, determines the sign of Im χS

(2) and enables
a distinction between interfacial molecules oriented downward
and upward at the interface. Despite its decisive advantage over
conventional VSFG, PS-VSFG spectroscopy still has to deal
with some important challenges, among which are the yet
unexplained additional phase from the crystal quartz reference,
the lack of consistency in the application of phase corrections
(e.g., taking into account the sample’s complex reflection
coefficient) and in the reconstruction of the power spectrum
from the real and imaginary parts (|χS

(2)|2), the control of the
phase instability common to phase-resolved experimental
setups, and the discrepancies between the water phase spectra
between different research groups83,93 (e.g., variations in the
spectral location of the zero crossing point, in the amplitude
ratio between lower and higher frequency regions, and in the
overall shape) or even within the same group (compare for
example, Figures 2C and 5B in the present text).72,84 Clearly,
there are analytical and experimental difficulties that need to be
addressed, but the general trends are reproducible. With the
wider implementation of the phase detection mode and
adoption of accepted data correction procedures in a manner
similar to conventional VSFG spectroscopy, it is expected that
PS-VSFG spectroscopy will also mature over the next few years.

Air/Water Interface. The neat air (vapor)/water interface,
undoubtedly the most studied of all aqueous interfaces, has
always attracted much attention because of its relative
(compositional) simplicity, its unique place as a control for
other aqueous interfaces, and finally, its prevalence in numerous
atmospheric, biophysical, geochemical, as well as industrial
processes.87 In fact, it is generally recognized that only the
topmost few layers of water molecules, structurally different
than the bulk, regulate the reactivity and functionality of most

of these processes. Hence, an accurate description of water
organization at the air/water interface is necessary to
understand the interplay between interfacial water molecules
and dissolved or adsorbed solutes (e.g., ions, lipids, proteins,
macromolecular assemblies, etc.) and, ultimately, its role in
controlling the whole interfacial chemistry.
A molecular picture of interfacial water organization and its

perturbation by solutes can be generally deduced from its
vibrational spectrum, which probes the coordination and
cooperativity of water’s hydrogen-bonding network at the
interface.30,88−91 As mentioned above, this can be accomplished
by means of surface-specific nonlinear spectroscopic techniques
such as conventional VSFG spectroscopy. Because of its
inherent surface specificity due to the noncentrosymmetry
selection rule, conventional VSFG spectroscopy probes a very
thin region of the neat water surface, typically equivalent to
∼2−3 water layers. Furthermore, as indicated by eq 3, the SF
response will reflect the amount of coordination and the
strength of cooperative interactions in each of these layers. The
first VSFG intensity spectrum of the neat air/water interface
was reported by Shen and co-workers as early as 199392 and has
since been repeatedly reproduced by other groups with relative
consistency.72 A typical conventional VSFG spectrum of the
OH stretching modes from the neat air/water interface spans a
large spectral region from 3000 to 3800 cm−1, which is
indicative of interfacial water species in different local
hydrogen-bonding environments (Figure 2A). It basically

Figure 2. ssp-Polarized conventional VSFG spectrum (A), deduced
power spectrum (B), and PS-VSFG spectrum (C) of the neat air/
water interface in the hydrogen-bonded OH stretching region. The
inset in the top panel depicts the whole conventional VSFG water
spectrum including the dangling OH region. The weaker intensity on
the flanks of the power spectrum as opposed to that of the
conventional VSFG spectrum is due to the lower IR energy, which
is below the SFG conversion threshold in the phase detection mode
(adapted from ref 161).

With the wider implementation of
the phase detection mode and
adoption of accepted data cor-
rection procedures in a manner
similar to conventional VSFG

spectroscopy, it is expected that
PS-VSFG spectroscopy will also
mature over the next few years.
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consists of a very broad band ranging from 3000 to ∼3600
cm−1 and a narrow band centered at around 3700 cm−1. The
narrow band is typically assigned to the dangling OH stretching
of topmost surface water molecules with the OH bond
protruding into the vapor phase. The broad water band is
generally attributed to the collective OH stretching modes of
hydrogen-bonded water molecules located in the subsurface
layers (a few Å away from the top surface layer) that display
additional coordination and higher cooperativity; traditionally,
this spectral region has been deconvolved into two discrete sub-
bands located at around 3200 and 3450 cm−1, either with
opposite (+,−) or similar (−,−) phases. Two possible but
radically different molecular interpretations have been proposed
for this region, including, on one hand, the variation of
hydrogen-bonding geometry and strength of interfacial
molecules with their neighbors93 and, on the other hand, the
intramolecular coupling (or Fermi resonance) between the
symmetric OH stretching and bending overtone.94 Moreover,
following the latter interpretation, it was subsequently argued
that another (positive) lower-frequency (∼3100 cm−1) band
should be added in order to be fully consistent with both |χS

(2)|2

and Im χS
(2) spectra.95 However, no molecular origins have been

furnished for this band. Thus, a definite assignment of the
origin and uniqueness of these bands still remains debated. In
recent years, several other spectral analyses based on three
resonances have been reported, leading to different structural
interpretation as to which interfacial water species contribute to
which part of the bound OH region.96

As mentioned previously, PS-VSFG spectroscopy can also
provide additional information on the net orientation of water
molecules in the interfacial water region. Despite similar |χS

(2)|2

spectra (Figure 2B), earlier Im χS
(2) spectra obtained through

fitting all showed poor reproducibility, especially in the bonded
OH stretching region, with varying negative amplitudes for
both the ∼3200 and ∼3400 cm−1 bands, suggesting hydrogen-
bonded water species mostly oriented toward the liquid phase.
In contrast, the first experimental PS-VSFG spectrum, also
obtained by Shen and co-workers,93 typically showed for the
bonded OH region a positive band at lower frequency (≤3200
cm−1) and a negative band at higher frequency (3200−3600
cm−1), along with a positive band for the dangling OH band.
The positive and negative bands in the bonded OH region
correspond mainly to water species with their OH bonds
directed toward the bulk gaseous and liquid phases,
respectively, although the interpretation is still somewhat
debated.97,98 In comparison to the Im χS

(2) spectra obtained
through fitting, the experimental ones show a marked
difference, particularly below 3200 cm−1, where the amplitude
is now positive (Figure 2C).99,100 It was argued that the
discrepancy arises from the choice of discrete vibrational modes
instead of a continuous modal distribution.96

Even though conventional and, more recently, PS-VSFG
spectroscopy have furthered the molecular-level understanding
of the neat water surface in terms of the coordination, strength,
and orientation of water molecules within the hydrogen-
bonding network, theoretical modeling of the spectral data is
still necessary to predict the contribution of the different
interfacial water species to the various spectral regions.
Unfortunately, despite recent advances, MD simulations of
the neat air/water interface have so far been partially successful
in accurately reproducing experimental data and, in turn, at
providing a definite and unambiguous molecular interpretation
of the neat water spectra.97,98,101−113 As such, VSFG spectros-

copy together with computational studies has yet to decipher
basic phenomena such as the surface acidity/basicity of neat
water.
Ions at the Air/Water Interface. Not surprisingly, the

adsorption of solvated inorganic ions at the air/water interface
has also sparked great interest, particularly in atmospheric and
oceanic chemistry, because these are involved in a variety of
important heterogeneous reactions in processes ranging from
acid rain production through cloud and ice nucleation to ozone
depletion and production.23,29,114,115 For example, autocatalytic
oxidation of halide ions (Br−, Cl−, I−) at the sea salt/aqueous
interface releases reactive halogen species (e.g., Br2, BrCl) into
the atmosphere, which contributes to tropospheric ozone
depletion in polar regions.116−118 Another such reaction
involves gas-phase ozone with bromide and chloride ions in
the remote marine boundary layer, resulting in the production
of reactive halogen species, which has also implications for
tropospheric ozone and hydrocarbons concentrations as well as
for cloud condensation nuclei.119,120 Heterogeneous chemical
reactions like these will thus depend strongly on the availability
and, in the case of acids, on the dissociation of reacting species
in the interfacial region.

Although the subsurface distribution of anions and cations
has been predicted by MD simulations,41,42 it was only recently
that experimental evidence was provided supporting the picture
of an EDL spontaneously formed at the air/aqueous solution
interface.63,64 This EDL usually (but not always) originates
from the partition between larger, more polarizable monovalent
anions, closer to the surface, and less polarizable cations
repelled from it. The presence of this ion distribution at or near
an interface can thus affect the water VSFG spectrum in two
possible ways, (1) reorientation of water molecules responding
to the surface electrostatic field created by the EDL and (2)
disruption of the water hydrogen-bonding network. As in the
case of the air/water interface, conventional VSFG spectrosco-
py can monitor any of these structural changes in the interfacial
water organization by probing spectral changes in the OH
stretching region resulting from the presence of an EDL at the
interface. In other words, the effect of solutes on the VSFG
spectra of aqueous solutions can be deduced by taking the neat
air/water interface as a reference. In this manner, water serves
as an indirect probe to study the impact of the ions on the local
water environment. In addition, because PS-VSFG enables one
to determine the absolute orientation of different OH species, it
can help to find the direction of the surface electrostatic field

The effect of solutes on the VSFG
spectra of aqueous solutions can
be deduced by taking the neat
air/water interface as a reference.
In this manner, water serves as an
indirect probe to study the im-
pact of the ions on the local water
environment, the direction of the
surface electrostatic field gener-
ated by the EDL can be found,
and the partitioning of different

ions can be deduced.
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generated by the EDL. Finally, depending on the magnitude of
the Im χS

(2) spectrum that reflects the ion screening effect, the
partitioning of different ions can be deduced. The information
regarding the relative distribution of anions versus cations has
been a particularly exciting outcome of PS-VSFG studies.
Because of their importance in atmospheric aerosols

chemistry, early studies with conventional VSFG spectroscopy
have primarily focused on the impact on interfacial water
ordering from acidic solutions of halide ions (Cl−, Br−, I−) as
well as their aqueous salt solutions with either mono- or
divalent counterions (e.g., Na+, Mg2+, Ca2+).99,121−127 For
acidic solutions, VSFG spectra revealed a significant disruption
of the neat air/water interface with an intensity increase in both
low and high frequency hydrogen-bonded OH stretching
regions (∼3200 and ∼3450 cm−1) but a decrease in the
dangling OH stretching region (∼3700 cm−1) (Figure 3). The

signal enhancement in the hydrogen-bonded OH stretching
region was attributed to an interfacial enrichment in hydrated
hydronium (H3O

+ and/or H5O2
+) ions and very polarizable

anions (Br−, I−), respectively.127 The spectral changes were also
observed to increase with increasing anion size, polarizability,
and concentration. It was suggested that these hydrated ions
can influence the water VSFG spectra either by their own
presence or by generation of a surface electrostatic field, which
aligns interfacial water molecules and, in turn, increases
interfacial depth and ordering relative to that of neat water.
In contrast, in the case of basic solutions (e.g., NaOH), VSFG
spectra exhibit only a weak decrease over the whole hydrogen-
bonded OH stretching region.99,126 This has been attributed to
the randomization by OH− ions of water molecules in the
interfacial region.126 The dangling OH remains practically
unaltered, possibly suggesting that the influence of OH− ions
does not extend to the topmost water layer. Overall, even
though a measure of hydronium or hydroxide ion concen-
trations at the neat water surface by VSFG spectroscopy is
experimentally challenging because of the SF signal convolution
with water OH stretching modes, it does suggest indirectly that
the neat water surface is more likely to be slightly more acidic
with hydronium ions showing more surface propensity than
hydroxide ions.
Recently, results obtained by PS-VSFG spectroscopy have

added more insight into this molecular picture.99 In comparison
to neat water, the Im χS

(2) spectra of HCl and HI solutions
exhibited mostly changes in the bonded OH region with greater

negative amplitude, including a change of sign in the region
below ∼3200 cm−1. This enhancement was attributed to the
EDL formed between preferentially adsorbed H3O

+ ions and
polarizable anions, which creates an excess positive electrostatic
field. The sign inversion of Im χS

(2) is mainly due to orientation
of the trigonal H3O

+ ions with their O−H bonds directed
toward the liquid phase. These findings have also been
supported by various MD simulations.128,129 As for the
Im χS

(2) spectrum of the NaOH solution, it shows negative
amplitude between 3200 and 3500 cm−1, although smaller than
that for neat water, and a nearly vanishing signal below 3200
cm−1. These spectral features have been interpreted as being
caused, on one hand, by the reorientation of water molecules
(with their O−H bonds directed toward the gaseous phase)
due to the weak surface field induced by an interfacial excess of
OH− ions and, on the other hand, by the replacement of
subsurface strongly hydrogen-bonded water species and/or the
incorporation of OH− ions in the hydrogen-bonding network.
However, this interpretation is at odds with previous ones
deduced from conventional VSFG spectra (see above) and also
with MD simulations that predict that OH− should be repelled
from the water surface.128,129 As mentioned previously, partly
due to the lack of adequate theoretical models reproducing
these spectral features, it not yet clear why H3O

+ and OH−

ions, which are both influential on the hydrogen-bonding
network (H3O

+ being a good triple donor and poor acceptor
and OH− being a quadruple acceptor and a poor donor),
should be preferentially adsorbed or excluded from the
interface, respectively,22 and also how the incorporation of
these ions in the hydrogen-bonding framework should be
related to the conventional and phase spectra.99

Similarly, conventional VSFG spectroscopy of alkali halide
salt solutions (e.g., NaF, NaCl, NaBr, and NaI) has shown that
the water’s hydrogen bonding is also affected by the presence of
salts, albeit to a lesser extent than the hydrogen halide
solutions.123,124 The intensity of the hydrogen-bonded OH
region at around 3250 cm−1 decreased with anion polarizability
(Cl− < Br− < I−), while the intensity at around 3400 cm−1

increased with the same order. However, the dangling OH
remained almost unchanged from that of the neat air/water
interface, indicating an absence of these ions in the topmost
water layer. The alkali cations are quite small and relatively
nonpolarizable such that they have a much smaller effect on the
water structure than the anion. Again, the spectral changes were
interpreted as an interfacial enrichment of solvated polarizable
anions (Br−, I−), which, on one hand, perturbs water hydrogen
bonding beneath the topmost water layer and, on the other
hand, creates a negative surface field that aligns more loosely
bonded subphase water molecules. This was consistent with
Im χS

(2) spectra obtained on NaI solutions, which showed a
more positive amplitude in the bonded OH below 3400 cm−1

indicative of the O−H stretching and field-induced reorienta-
tion of subsurface water molecules.93,99 This also been
confirmed by other surface-specific methods52,130−133 and
MD simulations.41,42,134

In comparison to halides, the surface affinity of large,
polarizable molecular ions (e.g., ClO4

−, CO3
2−, NO3

−, SO4
2−,

NH4
+, etc.) have been much less studied experimentally.

Nevertheless, several MD simulations have predicted a definite
surface propensity of these ions at the air/water inter-
face.128,135−138 While halide anion surface affinity can be
interpreted mostly in terms of their size and polarizability, these
parameters appear to be insufficient when it comes to

Figure 3. ssp-Polarized conventional VSFG spectra in the OH
stretching region of neat water and alkali halide salt solutions. All
solutions had a concentration of 1.2 M (adapted from ref 127).
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predicting partitioning of ions like CO3
2−, NO3

−, and SO4
2−.

Other factors such as surface charge density, ion geometry,
solvation structure, and ion pairing can also play an important
role in their surface affinity. For example, despite being singly
charged and having comparable (isotropic) polarizability
(α0(Br

−) ≈ 4.47 Å3 versus α0(NO3
−) ≈ 4.6 Å3),138,139 nitrate

and bromide ions exhibit very different surface affinities. For
monovalent nitrate salt solutions, conventional VSFG spec-
troscopy studies have shown a strong decrease in intensity in
both 3200 and 3400 cm−1 regions;63,123 however, the dangling
OH region remains practically unchanged. These spectral
changes have been attributed to the presence of NO3

− ions at
the interface. Recent PS-VSFG studies have observed a positive
increase of Im χ(2) for NaNO3 solutions, thus indicating the
presence of an EDL formed by NO3

− ions with Na+ co-ions
repelled from the interface and the generation of a negative
surface field reorienting water molecules toward the air.63 It was
shown that the surface propensity of NO3

− ions lies somewhere
between that of I− and Na+ ions, although as to whether it has a
negative or positive surface excess still remains unclear. For
instance, different MD simulations predicting the surface excess
of NO3

− ions at the air/water interface have suggested
contradictory results.135,137,138 Similarly, XPS measurements
on concentrated NaNO3 solutions revealed a depletion of NO3

−

ions from the interface,140 while UV-SHG spectroscopy found
instead a substantial surface excess.141 In contrast to
monovalent nitrate solutions, concentrated (≳3 M) divalent
solutions (Mg(NO3)2, Ca(NO3)2, Sr(NO3)2) exhibited an
enhancement in the 3400 cm−1 region whose intensity
increases with increasing cation polarizability (Mg2+ < Ca2+ <
Sr2+) and concentration (Figure 4).57 It was postulated that

cation−anion interactions affect the NO3
− ion surface

propensity and possibly create concentration gradients, thereby
increasing the thickness of the interfacial region but not of the
EDL because the intensity in the 3200 cm−1 region decreases.
However, this interpretation still needs to be validated by
further PS-VSFG studies.
Along with nitrates, sulfate salts are also of interest. SO4

2−

ions are doubly charged ions with a polarizability (α0 ≈ 7 Å3)142

larger than that of most halides (except I−). Nevertheless, SO4
2−

ions are repelled even farther away from the interface. In fact,

conventional VSFG results on monovalent sulfate solutions
(Na2SO4, (NH4)2SO4) have shown a strong enhancement over
the whole bonded OH stretching region, which extends to the
lower-frequency region (Figure 5A).63,64,126,136 Contrary to

nitrate salts, the dissolution of sulfate salts results in the
formation of a subsurface EDL with Na+ ions now residing (on
average) above SO4

2− ions, thus creating a positive surface
electric field whose effect on water alignment is evidenced by
the enhancement in the 3200 cm−1 region. These findings are
supported by recent PS-VSFG studies that show negative
Im χ(2) spectra for both Na2SO4 and (NH4)2SO4 solutions,
pointing at a net orientation of water OH transition dipole
moments toward the bulk solution (Figure 5B).63 Moreover,
the greater magnitude of Im χ(2) resolved for (NH4)2SO4
solutions relative to Na2SO4 solutions has been attributed to
the surface preference of the NH4

+ ion. This molecular view is
also consistent with MD simulations that predict greater
propensity of the SO4

2− ions for the bulk in comparison to Na+

and NH4
+.136,142

Another atmospherically relevant ion, CO3
2−, has also

received much attention lately. Despite being doubly charged
like SO4

2− ions, conventional VSFG studies on Na2CO3
solutions have shown that the presence of CO3

2− causes rather
a large intensity enhancement at and below 3200 cm−1 as well
as a decrease at ∼3400 cm−1 compared to the neat water
interface (Figure 5A).143 These results were interpreted as
arising from a combination of hydrogen bonds strengthening

Figure 4. ssp-Polarized conventional VSFG spectra of nitrate salt
solutions in the OH stretching region. All solutions had a
concentration of 3.3 M (adapted from ref 57, copyright 2009, RSC
Publishing).

Figure 5. ssp-Polarized conventional VSFG (A) and PS-VSFG (B)
spectra of salt solutions for selected molecular ions in the OH
stretching region. All solutions had a concentration of 1.1 M (adapted
from ref 64).
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and ion-induced water ordering. Other VSFG studies and MD
simulations on Na2CO3 solutions later confirmed the increase
in strong hydrogen bonding.64,144,145 However, with the help of
PS-VSFG spectroscopy, additional effects have since been
identified. In comparison to the neat water interface, the Im χ(2)

spectrum show significant changes such as sign inversion in the
3000−3200 cm−1 region from positive to negative and an
increased negative amplitude from 3200 to 3450 cm−1 (Figure
5B). The negative sign and strong amplitude of Im χ(2) reveal a
large fraction of interfacial water molecules with their O−H
dipole moments oriented toward the bulk solution.64,145 Like in
the case SO4

2− ions, these results could be explained by the
presence of a positive surface electric field induced by an EDL
with near-surface Na+ ions and CO3

2− ions residing at the
bottom edge of the interfacial region.
Nonionic and Amphiphilic Solutes at Aqueous Solution

Interfaces. Aside from inorganic ions, the adsorption of organic
solutes has also a concrete effect on water organization at air/
aqueous solution interfaces. For example, biogenic dimethyl-
sulfide (DMS) produced by metabolic processes of marine
phytoplankton plays an important role in atmospheric
chemistry by being essential to the global sulfur cycle.146,147

At the marine boundary layer, aqueous DMS is transferred to
the gas phase and later photo-oxidized into sulfur-containing
intermediates such as dimethylsulfoxide (DMSO, (CH3)2S
O), dimethyl sulfone (DMSO2, (CH3)2SO2), methanesulfonic
acid (MSA, CH3SO2OH), and sulfuric acid (H2SO4).

148

Because of the strong water affinity of these organosulfur
compounds, atmospheric sulfated aerosols that evolve from
biogenically derived DMS emissions can then serve as cloud
condensation nuclei, which, in turn, modify the global cloud
cover, thus ultimately affecting Earth’s albedo and cli-
mate.149,150

As such, the growth and, to some extent, the formation of
aerosols initiated by DMSO and MSA relate to their
interactions with water vapor, which addresses the importance
of understanding interfacial water organization and its
perturbation by these compounds. Previous studies made
with conventional VSFG spectroscopy on aqueous DMSO and
MSA solutions in the water hydrogen-bonding OH region
(3000−3600 cm−1) have shown that DMSO151 induces only
weak perturbations to the neat air/water interface, while
MSA152 produces a significant red shift that has been assigned
to an enhancement in the hydrogen-bonding strength of
interfacial water (Figure 6A,B). Recent work from our group
has confirmed these previous measurements and has
furthermore shown a concentration-dependent decrease in
the water unbound (dangling) OH region (∼3700 cm−1) in the
presence of DMSO, which can be attributed to the replacement
or hydrogen bonding of the topmost water molecules by
DMSO. This free OH decrease with increasing DMSO
concentration is also supported by previous MD simulations.153

It was previously shown by conventional VSFG in the C−H
and SO regions that both DMSO and MSA exhibits definite
surface orientation with their CH3 groups preferentially
oriented upward.154 However, DMSO SO group points
inward, slightly away from the surface, while that of dissociated
MSA is practically normal to the interface. This orientation of
DMSO and the formation of hydrogen bonding between
interfacial water molecules of the topmost layer and the SO
moiety should cause reorientation of water dipoles, an effect
that is dependent on DMSO bulk concentration. This has been
also predicted through MD simulations of DMSO−water

mixtures.155 However, conventional VSFG spectra show only
small differences between 1 and 2 M aqueous DMSO solutions
(Figure 6B). With the help of PS-VSFG, it was later shown by
our group that for 2 M DMSO solution, the hydrogen-bonding
network of interfacial water molecules is in fact greatly
perturbed.156 As shown in Figure 6C, the positive value of
Im χ(2) indicates that the presence of DMSO causes a
reorientation of the interfacial water molecules with their
dipole moment oriented on average toward the vapor phase. In
contrast, the PS-VSFG spectrum of MSA reveals a lack of net
water dipole moment orientation with a near-zero Im χ(2) value
in the bound OH region above 3200 cm−1. This has been
attributed to the competitive adsorption of both methanesul-
fonate anions and hydronium ions at and near the interfacial
region.127,152 The slightly higher surface propensity of
methanesulfonate anions, as evidenced by their relative impact
on the dangling OH region, creates a thin EDL in which the
anion’s charge is effectively screened by the hydronium ions,
thereby inducing only minimal reorientation of water
molecules. In this respect, PS-VSFG spectroscopy provided
more insights into the water organization and orientation in the
interfacial region in the presence of DMSO and MSA in
comparison to conventional VSFG spectroscopy.
Lipid/aqueous interfaces are another important class of

interfaces for which interfacial water organization play an
important role. Examples of such interfaces are found with
monolayer and bilayer systems such as Langmuir monolayers
and micelles, and vesicles and bilayers, respectively. These
systems usually serve as models of more realistic complex

Figure 6. ssp-Conventional VSFG (A,B) and PS-VSFG (C) spectra in
the hydrogen-bonded OH stretching region of neat water as well as
DMSO and MSA aqueous solutions (adapted from ref 156).
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assemblies like biological membranes as well as organic-coated
atmospheric marine aerosols. These assemblies usually consist
of a lipid matrix, typically made of fatty acids, phospholipids,
and sterols, in which various macromolecules like carbohy-
drates, nucleic acids, and proteins are embedded. Under
environmental or physiological conditions, these lipid mole-
cules are usually charged and surrounded by an aqueous phase
containing various ionic species. Hence, the electrochemical
behavior of these assemblies is strongly influenced by their
environmental conditions such as ionic strength and pH.
Fatty acids and phospholipids are major constituents of the

membrane structural backbone, whose unique ability to self-
assembly arises from the amphiphilic nature of their structure
and their interactions with the polar water environment.
Amphiphilicity is conferred by two dissimilar regions, the
hydrophobic tail group(s) made by alkyl chains of varying
lengths and unsaturation and a hydrophilic head group, a
negatively charged phosphate group linked to a diverse set of
functional groups. The tail groups usually interact with each
other in order to escape the surrounding water environment,
while the head groups are immersed in the aqueous phase and
are hydrated to varying degree. It is now well recognized that
water molecules in the vicinity of the head group form strong
hydrogen bonds with the phosphate and carbonyl moieties,
with preference for the former group.157 Concurrently, the
electrostatic potential created by the charged head groups leads
to ordering of the water dipoles and results in stronger
hydrogen bonds between neighboring water molecules. The
polarizing effect of phospholipid head groups is thus expected
to be stronger for monolayers made up of negatively charged
(anionic) lipids such as phosphatidic acid (PA), phosphatidyl-
glycerol (PG), and phosphatidylserine (PS) compared to those
consisting of zwitterionic lipids like phosphatidylcholine (PC)
and phosphatidylethanolamine (PE). Despite their importance,
a complete picture of water organization at simple lipid/
aqueous interfaces has so far been only partly investigated.
Studies by conventional VSFG on phospholipids with

different head groups (PC, PE, PG, PS) have shown that
their adsorption translates into an absence of signal in the
dangling OH region.158,159 In addition, it was shown that the
presence of the phospholipid monolayers caused a change in
the distribution and the intensity of the bound OH region
compared to that of the neat air/water interface, which was
attributed to an increase in water molecule alignment
perpendicular to the interface as well as an increase in probing
depth. As expected, anionic phospholipids showed a larger
signal enhancement in the bound OH region than zwitterionic
ones because of the high electric potential generated by the
negatively charged head group.158,160 The enhancement was
stronger in the 3200 cm−1 region for all phospholipids, which
corresponds to high coordination between water molecules
neighboring the phospholipids. More recent studies from our
group with conventional VSFG spectroscopy found spectra that
are consistent with other previously published work,158 albeit
with slightly lower intensities in the 3200 cm−1 region (Figure
7A).161

MD simulated VSFG spectra from the dimyristoylphospha-
tidylcholine (DMPC)/water interface have suggested that
water dipoles are pointing upward and that the main
contribution to the VSFG signal comes from the hydrophilic
PC head group rather than the neighboring water molecules.162

These results have hinted at the fact that the PC head group
can be viewed as having a small net negative charge despite its

zwitterionic character. This is in agreement with PS-VSFG
measurements of anionic (PA, PG, PS) and zwitterionic (PC,
PE) phospholipid monolayers that all exhibit positive Im χ(2)

values over the whole hydrogen-bonded OH stretching region
compared to the neat water surface, with interfacial water
molecules oriented on average toward the vapor phase (Figure
7B). Again, the lower intensity of dipalmitoylphosphatidylcho-
line (DPPC) and dipalmitoylphosphatidylethanolamine
(DPPE) monolayers in comparison to that of anionic
phospholipids suggests a weaker water polarizing effect. It
was suggested that DPPC and DPPE mainly perturb water
molecules between the tail carbonyl and head group choline
groups, while the negatively charged head groups of anionic
phospholipids (e.g., dipalmitoylphosphatidylglycerol (DPPG))
could influence water orientation over a longer range (Figure
8).161 Due to their larger overall negative charge, the
orientationally averaged total transition dipole moment (μtot)
of water is greater in the presence of anionic phospholipids.
More recently, PS-VSFG results obtained on zwitterionic

surfactant/water interface and on mixed anionic−cationic lipid/
water interface lead to the conclusion that three distinct water
structures should coexist at the zwitterionic lipid (PC)/water
interface, each with different hydrogen-bonding interactions
and orientation.163 For instance, negative and positive bands of
the Im χ(2) spectra of the zwitterionic surfactant/water interface
in the OH stretching region demonstrated the presence of two
water species, one weakly hydrogen-bonded, oriented down-
ward in the vicinity of the positively charged choline group, and
another one strongly hydrogen-bonded, oppositely oriented in

Figure 7. ssp-Polarized conventional VSFG (A) and PS-VSFG (B)
spectra of anionic (DPPA, DPPG, DPPS) and zwitterionic (DPPC,
DPPE) phospholipid monolayers in the hydrogen-bonded OH
stretching region (adapted from ref 161).
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the vicinity of the negatively charged phosphate group. Finally,
positive OH stretching bands at around 3600 cm−1 were also
observed and interpreted as water weakly interacting with the
hydrophobic portion of the lipid and in an upward orientation,
thus providing valuable insight into the microenvironment of
lipid head groups and solvation.
Summary and Future Directions. With the help of surface-

specific nonlinear optical techniques such as conventional
VSFG and PS-VSFG spectroscopies, further insight has been
gained into understanding water molecular organization at
aqueous interfaces and its perturbation arising from interactions
with various ions and solutes. Application of both these
techniques, often in combination with MD simulations and
cluster models, has proven quite successful in unraveling the
water orientation due to the presence of ions and other charged
chemical groups. In particular, PS-VSFG spectroscopy has
enabled discrimination of the influence of different charged
chemical groups in more complex solutes (e.g., phospholipids).

Despite substantial progress, obtaining a complete and
detailed microscopic picture of water’s hydrogen-bonding
network at aqueous interfaces still remains a formidable
challenge. For example, VSFG spectroscopic data obtained

with inorganic ions at the air/water interface has shown that ion
surface propensity cannot always be predicted based solely on
just a few ion parameters (e.g., size, polarizability, or surface
charge density). This is especially true when it comes to
explaining so-called ion-specific effects occurring at aqueous
“soft” (lipid monolayers, polymers, proteins) and solid (mineral
oxides) interfaces.164−168 Other parameters (hydration effects,
ion correlations, ion geometry, etc.) also appear to play an
important role in ion partitioning. Moreover, ion effects also
depend strongly on the environment, more specifically on the
counterions or chemical groups (e.g., lipid head groups, mineral
surface groups) in their vicinity. Nevertheless, considerable
efforts are currently being made to bridge the gap between
experimental and computational views. The implementation of
PS-VSFG spectroscopy marks a huge step toward this goal.
Although conventional broad-band VSFG spectroscopy and

its adaptation for phase detection have so far been confined to
only few research groups,79,81,83,84,161 partly due to the
prohibitive high costs of broad-band SFG systems and to the
added instrumental complexity of the phase detection mode, it
still remains among the best available surface-specific methods
to study aqueous interfaces. To date, the combined conven-
tional VSFG/PS-VSFG approach has been limited to a small
number of aqueous interfaces, some of which have been
presented in this work. Nevertheless, a substantial amount of
work still remains to be done on these systems as well as on
other important but perhaps less studied aqueous interfaces.
Among possible research directions, some of which are
currently pursued in our group, the influence of ion charge,
geometry, and size as well as the type of countercations on the
ion distribution at the air/water interface needs to be fully
elucidated. Particularly, the cation−anion interactions in the
case of chlorides, nitrates, and sulfate salts have not been
systematically investigated. Also, the surface affinity of other
relevant atmospheric aerosol species such as small organic acids
and organic ions also deserves to be further studied.169−173

Another topic concerns physiologically relevant cations and
other ion-specific interactions with soft aqueous interfaces
including, among others, phospholipid and fatty acid
monolayers,174,175 as well as their mixtures,160 amphoteric
brush-like polymers,176−178 protein monolayers,179 as well as
hydrophilic/hydrophobic films180 and self-assembled mono-
layers (SAMs).181 Finally, water organization and ion-specific
interactions at another important environment not covered in
this Perspective, namely, mineral/aqueous interfaces, also need
to be furthered. The interest for these interfaces and, in
particular, those involving mineral oxides has increased
significantly due to their environmental (e.g., aerosols and
soils) and industrial relevance.182−184 To date, conventional
VSFG studies have mainly focused on investigating the effects
of pH, ionic strength, and ion specificity on water hydrogen
bonding at minerals of geological and/or industrial relevance
such as fluorite (CaF2)

185−187 and several oxides such as
corundum (α-Al2O3),

188−190 quartz (α-SiO2), fused sili-
ca,191−197 and rutile (α-TiO2).

196−198 In contrast, limited
studies of these systems have so far been undertaken with
PS-VSFG spectroscopy.79,199

Besides PS-VSFG spectroscopy, other complementary
developments of VSFG spectroscopy have recently emerged
and have already provided further insights into other aspects of
aqueous interfaces. For example, ultrafast time-resolved (TR)-
VSFG spectroscopy has been shown to be very useful in
unraveling on a subpicosecond time scale water dynamics,

Figure 8. Schematic representation of water polarization at the
zwitterionic (top) and anionic (bottom) lipid/water interfaces. (A)
DPPE and (B) DPPG.

Application of conventional VSFG
and PS-VSFG spectroscopies,
often in combination with MD
simulations and cluster models,
has proven quite successful in
unraveling the water orientation
due to the presence of ions and
other charged chemical groups.
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including vibrational energy transfer, reorientational motion,
and its perturbation by ions.200,201 Particularly, it has been used
to probe the O−H stretching vibrational lifetime and
reorientation of interfacial water molecules at neat air/
water,202−204 lipid/water,205,206 and mineral/water interfa-
ces.207−209 Another example comes from implementation of
two-dimensional (2D)-VSFG spectroscopy, which provides
direct information about interfacial inhomogeneity, vibrational
mode couplings, and chemical exchange.210,211 This novel
technique has enabled, for instance, the measurement of intra-
and intermolecular vibrational energy transfer between hydro-
gen-bonded and straddling interfacial water molecules.212,213

Finally, the advent of an ultrabroad-band IR source based on
the noncollinear optical parametric amplifier technology allows
conventional broad-band SFG spectrometers to acquire the
entire water spectrum over a frequency range comparable to
scanning SFG systems but without IR tuning and on a much
shorter (seconds) time scale.214 Clearly, all of these advances
will have a positive effect for understanding aqueous interfaces.
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(72) Feng, R.-r.; Guo, Y.; Lü, R.; Velarde, L.; Wang, H.-f. Consistency
in the Sum Frequency Generation Intensity and Phase Vibrational
Spectra of the Air/Neat Water Interface. J. Phys. Chem. A 2011, 115,
6015−6027.
(73) Busson, B.; Tadjeddine, A. Non-Uniqueness of Parameters
Extracted from Resonant Second-Order Nonlinear Optical Spectros-
copies. J. Phys. Chem. C 2009, 113, 21895−21902.
(74) Sovago, M.; Vartiainen, E.; Bonn, M. Determining Absolute
Molecular Orientation at Interfaces: A Phase Retrieval Approach for
Sum Frequency Generation Spectroscopy. J. Phys. Chem. C 2009, 113,
6100−6106.
(75) (a) Sovago, M.; Vartiainen, E.; Bonn, M. Observation of Buried
Water Molecules in Phospholipid Membranes by Surface Sum-
Frequency Generation Spectroscopy. J. Chem. Phys. 2009, 131,
161107/1−161107/4. (b) Sovago, M.; Vartiainen, E.; Bonn, M.
Erratum: Observation of Buried Water Molecules in Phospholipid
Membranes by Surface Sum-Frequency Generation Spectroscopy. J.
Chem. Phys. 2010, 133, 229901/1−229901/2.
(76) de Beer, A. G. F.; Samson, J.-S.; Hua, W.; Huang, Z.; Chen, X.;
Allen, H. C.; Roke, S. Direct Comparison of Phase-Sensitive
Vibrational Sum Frequency Generation with Maximum Entropy
Method: Case Study of Water. J. Chem. Phys. 2011, 135, 224701/1−
224701/9.
(77) Superfine, R.; Huang, J. Y.; Shen, Y. R. Phase Measurement for
Surface Infrared−Visible Sum-Frequency Generation. Opt. Lett. 1990,
15, 1276−1278.
(78) Superfine, R.; Huang, J. Y.; Shen, Y. R. Experimental
Determination of the Sign of Molecular Dipole Moment Derivatives:
An Infrared−Visible Sum Frequency Generation Absolute Phase
Measurement Study. Chem. Phys. Lett. 1990, 172, 303−306.
(79) Ostroverkhov, V.; Waychunas, G. A.; Shen, Y. R. New
Information on Water Interfacial Structure Revealed by Phase-
Sensitive Surface Spectroscopy. Phys. Rev. Lett. 2005, 94, 046102/1−
046102/4.
(80) Ji, N.; Ostroverkhov, V.; Chen, C.-Y.; Shen, Y.-R. Phase-
Sensitive Sum-Frequency Vibrational Spectroscopy and Its Application
to Studies of Interfacial Alkyl Chains. J. Am. Chem. Soc. 2007, 129,
10056−10057.
(81) Stiopkin, I. V.; Jayathilake, H. D.; Bordenyuk, A. N.; Benderskii,
A. V. Heterodyne-Detected Vibrational Sum Frequency Generation
Spectroscopy. J. Am. Chem. Soc. 2008, 130, 2271−2275.
(82) Yamaguchi, S.; Tahara, T. Heterodyne-Detected Electronic Sum
Frequency Generation: “Up” versus “Down” Alignment of Interfacial
Molecules. J. Chem. Phys. 2008, 129, 101102/1−101102/4.
(83) Nihonyanagi, S.; Yamaguchi, S.; Tahara, T. Direct Evidence for
Orientational Flip-Flop of Water Molecules at Charged Interfaces: A
Heterodyne-Detected Vibrational Sum Frequency Generation Study. J.
Chem. Phys. 2009, 130, 204704/1−204704/5.
(84) Pool, R. E.; Versluis, J.; Backus, E. H. G.; Bonn, M. Comparative
Study of Direct and Phase-Specific Vibrational Sum-Frequency
Generation Spectroscopy: Advantages and Limitations. J. Phys.
Chem. B 2011, 115, 15362−15369.
(85) Bloembergen, N.; Pershan, P. S. Light Waves at the Boundary of
Nonlinear Media. Phys. Rev. 1962, 128, 606−622.
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