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I. Introduction
Aqueous surfaces and interfaces are important in

many physical, chemical, and biological processes in
our world. The adsorption, dissolution, and reaction
of atmospheric gases at the surfaces of atmospheric
aerosols and oceanic waters play a key role in the
composition of our atmosphere and the sustainability
of plant and animal species in land waters. The

transport and exchange of ions and solutes across the
interface between an aqueous phase and hydrophobic
biomolecular assemblies underlies some of the most
important processes in living plants and animals.
Membrane formation, protein folding, and micelle
formation all involve, and are often controlled by,
bonding interactions with water molecules at their
surfaces. The unique physical, chemical, and biologi-
cal properties of aqueous surfaces arise from the
strong hydrogen bonding that occurs between water
molecules and the asymmetry in this otherwise
tetrahedral bonding coordination that results from
the termination of the bulk water phase. Although
there has been increased experimental and theoreti-
cal effort in recent years focused on developing a
molecular picture of the structure and bonding of
water layers to other solid, liquid, and gaseous media,
consensus on the details of interfacial bonding has
been slow or nonexistent in many areas. The adsorp-
tion of ions, surfactants, and solute molecules at
these interfaces adds a level of complexity to the

Geraldine Richmond holds the Richard M. and Patricia H. Noyes Professor
of Chemistry position at the University of Oregon. She received her Ph.D.
degree under the mentorship of George Pimentel at the University of
California, Berkeley, in 1980. From 1980 to 1985 she was on the faculty
at Bryn Mawr College and moved to the University of Oregon in 1985 as
an associate professor. Richmond is recognized for her fundamental
studies of the structure, dynamics, and bonding characteristics of surfaces
and interfaces. Her research group uses a combination of linear and
nonlinear optical methods, thermodynamic measurements, and theory to
characterize interactions at aqueous surfaces, metal and semiconductor
surfaces in contact with liquids and adsorbates, and liquid/liquid interfaces.
Richmond has received several recent honors for these studies including
the 2002 ACS Spectrochemical Analysis Award, the 2001 Oregon Scientist
of the Year, and the 1996 Olin-Garvan Medal of the ACS and has been
a Fellow of the American Physical Society since 1993.

2693Chem. Rev. 2002, 102, 2693−2724

10.1021/cr0006876 CCC: $39.75 © 2002 American Chemical Society
Published on Web 07/27/2002



interfacial picture that is only beginning to be ad-
dressed in molecular level experimental and theoreti-
cal efforts.

A major factor in the slow progress made in
understanding hydrogen bonding and adsorption at
aqueous surfaces is the paucity of experimental
studies that selectively probe in situ these aqueous
surfaces and interfaces. In the realm of surface
science, the field is in the dark ages relative to what
we know about adsorption of molecules on solid
surfaces under more controlled vacuum conditions.
Much of the progress for aqueous surfaces has come
from theoretical efforts over the past several dec-
ades,1-15 but even these studies are limited to rela-
tively simple descriptions of the interactions between
water molecules, solutes, and adsorbates at aqueous
surfaces. It is clear that the challenge to fully
understand surface water hydrogen bonding and
adsorption at aqueous interfaces will continue into
the future due to the complexity of interactions
possible at these interfaces. However, the challenge
is worth pursuing with vigor because of the central
role that aqueous surfaces play in all aspects of our
atmospheric and oceanic environment, in the most
important biochemical processes in our body includ-
ing respiration, ion transport, and protein folding,
and in technological areas that range from oil extrac-
tion to semiconductor processing.

What is clearly needed in order to make progress
in this area are more experimental studies of these
interfaces that can selectively probe the interfacial
region and coupling of these experimental studies
with theoretical efforts. Recent advances in a number
of newly developed experimental techniques for
specifically studying liquid surfaces bode well for the
future.16-32 The focus of this review is on the contri-
bution of vibrational sum frequency spectroscopy
(VSFS) to our understanding of the bonding and
structure at aqueous surfaces.33 As a relatively new
vibrational spectroscopic method, it is showing par-
ticular promise for measuring the molecular spec-
troscopy of water and adsorbed molecules at liquid
interfaces because of its inherent ability to discrimi-
nate between molecules that reside in that thin mo-
lecular layer that defines a surface and those mol-
ecules in the centrosymmetric bulk media. Whereas
a decade ago the technique was used only by a
handful of investigators, its use is rapidly growing
as more investigators are discovering the unique
information that can be gained from its applicability
to a wide range of systems. This review provides an
overview of the studies that have thus far employed
VSFS to study aqueous surfaces and interfaces, with
a particular focus on the structure and hydrogen
bonding of water at the surface of neat water and
aqueous solutions studied at the vapor/water inter-
face and the interface between two immiscible liquids
(organic/water interface). It highlights many of the
recent studies in the field as a means of demonstrat-
ing the type of information obtainable. In addition,
it seeks to provide the reader with a sense of where
future development is needed in the technique and
analysis methods in order for VSFS to reach the
general applicability as a vibrational spectroscopic

method that vibrational infrared (IR) and Raman
spectroscopies have attained.

The article begins with a description of the tech-
nique, conceptual underpinnings, experimental con-
siderations, and issues that must be considered in
the analysis of VSF data. This is followed by a section
that focuses on VSF studies of the neat vapor/water
interface. The neat vapor/water interface is one of the
simplest systems to examine from a chemical per-
spective, and yet there are many unknowns about
the molecular structure and bonding at this interface
and the related vapor/ice interface. This is followed
by an overview of what has been learned through
VSF studies about water structure hydrogen bonding
at an interface between water and an immiscible
liquid, referred to as the organic/water interface. As
will be shown, there are distinct differences and
similarities in the nature of hydrogen bonding at
these two interfaces that will play an important role
in our understanding of many processes in living
organisms and in our environment. Water structur-
ing next to a hydrophobic surface is central to issues
of wettability, protein folding, chemical separations,
and oil extractionsto name only a few. Beyond these
neat water surface studies, this review will examine
how the hydrogen bonding at water surfaces is
altered by the presence of surfactants at the surface
and by variation of the composition of the aqueous
phase by addition of salts, acids, and bases.

The second portion of the review examines the
molecular structure of adsorbates at aqueous sur-
faces. This is divided into two parts: the first focuses
on small solute molecules adsorbed at aqueous sur-
faces, with atmospherically important molecules be-
ing the most prevalent systems examined. In these
studies the molecular orientation and bonding of
sulfur- and nitrogen-containing solutes have been
examined. The second part discusses VSF studies of
alkyl surfactants adsorbed at both the vapor/water
and organic/water interfaces. A wide variety of com-
mercially important surfactants have been examined
in these studies with the primary focus on measuring
conformational ordering and orientation of alkyl
portions of the surfactants. Recent studies of biologi-
cal surfactants, namely, phospholipids, will also be
described. Phospholipids are important components
of biological membranes, and understanding their
behavior at these aqueous interfaces is important for
understanding a host of important biological pro-
cesses.

II. Vibrational Sum Frequency Spectroscopy

A. Principles and Concepts
Vibrational spectroscopy has long been recognized

as an important tool for measuring molecular struc-
ture in gases, liquids, and solids. This is as true for
molecules at surfaces as it is for molecules in bulk
media. Vibrational sum frequency spectroscopy is a
technique that is uniquely suited for measuring the
vibrational spectrum of molecules at surfaces.33 In a
VSFS experiment, light pulses from a visible laser
beam and a tunable IR laser beam are coincident in
time and space at the interface. Figure 1 provides
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an illustration of the experiment for two different
systems, the vapor/water interface (above) and the
liquid/liquid interface (below). The high-intensity
electric fields of the incident laser beams induce a
coherent nonlinear polarization in the molecules at
the interface, and this oscillating nonlinear polariza-
tion at the sum of the two frequencies is the source
of SF light collected. When the infrared source is
tuned through the spectral region of interest, coin-
cidence between the photon energy and the energy
of the molecular vibrational mode results in a reso-
nant enhancement in the SF response. It is similar
to the optically simpler second harmonic generation
(SHG) process that involves the summation of two
fixed frequency light beams.31,33-36 The surface speci-
ficity arises from the second-order nature of the
response. Under the dipole approximation, this second-
order response is forbidden in media possessing
inversion symmetry.34,37 At the interface between two
centrosymmetric media there is no inversion center
and the SF process is allowed. This inherent surface
sensitivity makes it an advantageous method of
studying the vibrational spectroscopy of molecules at
surfaces over other linear vibrational spectroscopies
such as infrared or Raman spectroscopy. The disad-
vantage to date over these other methods has been
the difficulty in measuring VSF spectra over a broad
IR frequency range (due to limitations in IR laser
systems used) and the weak SF signals due to the
higher order nature of the response.

The sum frequency intensity is proportional to the
square of the surface nonlinear polarization. This
polarization is induced by the two incident beams and
gives rise to sum frequency generation; PSFG is
dependent on the surface nonlinear susceptibility
øs

(2)(ωsfg ) ωvis + ωir) given by

with øNR
(2) and øR

(2) the nonresonant and resonant

parts of øs
(2) respectively, and γν is the relative phase

of the νth vibrational mode. The nonresonant part
of øs

(2) depends primarily on the polarizability of the
molecules at the interface and must be included in
the full spectral analysis. The resonant term arises
from a coincidence in frequency between the tunable
infrared light and a vibrational mode in the molecule
of interest. The coherent nature of the VSF response
leads to a more complex expression for the sample
response and a more complicated deconvolution of
overlapping peaks than in linear spectroscopy. Be-
cause the nonlinear susceptibility generally has an
imaginary and a real part, each resonant term in the
summation is associated with a relative phase, γν,
which describes the interference between overlapping
vibrational modes. The resonant term, øRν

(2) is de-
pendent on the number of molecules N and the
orientationally averaged molecular hyperpolarizabil-
ity 〈âν〉 in the following way

Given the expressions in eqs 1 and 2, the square
root of the sum frequency intensity is shown to
depend on the number of molecules giving rise to the
response. Their average orientation can be derived
through the âν term. These two contributions can be
used to determine the orientation of interfacial
molecules and changes in orientation under various
experimental conditions.

The enhancement in the sum frequency response
that occurs when the frequency of IR radiation is
resonant with a sum frequency active vibration arises
from the molecular hyperpolarizability, âν. This
enhancement in the molecular polarizability is given
by

if one assumes a Lorentzian distribution of vibra-
tional energies and that the dipole approximation
holds. In this expression AK is the IR transition
moment, MIJ is the Raman transition probability, ων
is the resonant mode frequency, and Γν is the natural
line width of the transition. Since sum frequency
active modes must be both IR and Raman active, any
molecule with an inversion center cannot be sum
frequency active.

In the presence of a charge at the surface that
induces an electrostatic field E0 at the interface, an
additional third-order factor can contribute to the
overall SF response described in eq 1. This third-
order polarization term, P(3)

SFG takes the form of

and contains the electrostatic field dependence of the
nonlinear polarization induced at the interface. This
additional term has been shown to be important in
a number of VSF studies where ionic species ad-
sorb at a water surface.38-42 The third-order contri-
bution to the nonlinear polarization results from

Figure 1. Schematic of the VSF method as applied to
vapor/water and organic/water interfaces. P and S cor-
respond to the polarization of the light either parallel or
perpendicular to the incident plane, respectively.

ISFG ∝ |PSFG|2 ∝ |øNR
(2) + ∑

ν
|øRν

(2)eiγν|2IVisIIR (1)

øRν
(2) ) N

εo
〈âν〉 (2)

øRν
(2) ∝

AKMIJ

ων - ωir - iΓν
(3)

P(3)
SFG ) ø(3):EVisEIRE0 (4)
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several factors, namely, the electronic nonlinear
polarizability, R(3), the alignment of the interfacial
water molecules by the electrostatic field Eo, and the
magnitude of the electrostatic field. The presence of
a large electrostatic field aligns the interfacial water
molecules beyond the first few water layers and thus
removes the centrosymmetry over this region, thereby
allowing more water molecules to contribute to the
nonlinear polarization.43

As with any vibrational spectroscopy, spectral
fitting of the data requires an appropriate choice of
line shape for the vibrational peaks. The simplest
approach to fitting the data is to use eq 3, which
assumes a Lorentzian distribution of energies and
allows for interferences between nearby vibrational
modes. Unfortunately, the broad “wings” character-
istic of a Lorentzian distribution often overestimate
the amount of overlap, and therefore the amount of
interference, between widely separated peaks. Par-
ticularly useful, although computationally more in-
tensive, is the line shape profile described by Goates
et al.44 Similar to a Voigt profile, this line shape
expression is a convolution of eq 3 and a Gaussian
distribution to account for inhomogeneous broaden-
ing.44,45 This profile is the most appropriate for the
analysis of spectra exhibiting significant overlap of
modes of different phases.

Although the complex nature of the nonlinear
response makes data analysis more complicated
relative to linear spectroscopies, the interference
between different vibrations can be exploited to
provide orientational information if a complete analy-
sis of the VSF spectrum is employed that takes into
account the phase relationships of the contributing
vibrational modes to the sum frequency response.46,47

In particular, it is possible to constrain the average
orientation of the molecules at the surface by relating
the macroscopic second-order susceptibility øIJK,ν

(2) of
the system to the molecular hyperpolarizabilities,
âlmn,ν of the individual molecules at the interface.48,49

Interference effects can be understood by use of a
more a rigorous expression for the molecular hyper-
polarizability, âν

where l, m, and n represent the molecular inertial
axes (a, b, and c); rlm and µn represent the Raman
and dipole vibrational transition elements, respec-
tively, for a particular vibrational mode. An energy
diagram illustrating the interference between differ-
ent vibrational modes is shown in Figure 2. The
interference of different nearby vibrations in VSFS
is analogous to the double-slit experiment. In both
cases, particles passing through indistinguishable
intermediate states give rise to distinct interference
patterns.50

In the VSF experiment, the macroscopic observable
is øs

(2). This represents the sum of the molecular
hyperpolarizabilities, âν, over all vibrational modes
and all of the molecules at the interface and includes
information about the orientation of each molecule.
Orientational information is obtained from the ex-

perimental spectra through consideration of the
relationship between the observed Cartesian compo-
nents of the macroscopic second-order susceptibility
øIJK,ν

(2) and the corresponding spectroscopically active
components of the molecular hyperpolarizability âlmn.
This is accomplished through an Euler angle rotation
of the molecular axis system into the laboratory axis
system as defined through the use of the rotational
matrix µIJK:lmn. The general expression for the trans-
formation from a molecular-fixed axis system to a
laboratory-fixed system is

The indices I, J, and K represent the lab frame
coordinates X, Y, or Z observed in a specific experi-
ment. The indices l, m, and n run through the
molecular coordinates a, b, and c. The orientation of
the molecular axis system in the lab frame is defined
by the transformation tensor, µIJK:lmn, through the
Euler angles θ, æ, and ø. If the signs of âlmn,ν and
øIJK,ν

(2) are known, then the average orientation of the
molecules can be constrained by analyzing how the
sign of the transformation tensor changes with
respect to the angles θ, æ, and ø. An excellent
resource for these transformation equations is given
by Hirose et al.48,49 For vapor/water and liquid/liquid
interfaces discussed here, the signs of the øIJK,ν

(2)

terms are determined through a comprehensive fit
of the observed sum frequency spectra to eqs 1 and
3, as described below in the discussion of water, and
the signs of the âlmn,ν components can be determined
through ab initio calculations.51,52

The polarizations of the incident and outgoing
fields can be used in different combinations to provide
further information about the orientation of interfa-
cial molecules. Given that the interface between two
isotropic bulk media is isotropic in the plane of the
interface (i.e., it has C∞v symmetry), the surface
susceptibility øs

(2) which is a 27-element tensor can
generally be reduced to the following four indepen-
dent nonzero elements

âlmn,ν )
〈g|rlm|ν〉〈ν|µn|g〉
ωIR - ων + iΓν

(5)

Figure 2. Energy diagram representative of a typical sum
frequency transition exhibiting interference between dif-
ferent vibrations. In simplistic terms, the sum frequency
response can be viewed as a combination of a resonant
infrared transition with a nonresonant Raman transition.
The overall process leaves the molecule in its original
ground state. Interference patterns arise when different
infrared transitions overlap, giving rise to multiple indis-
tinguishable “paths” that give rise to the same sum
frequency response. (Reprinted with permission from ref
50. Copyright 2000 American Chemical Society.)

øIJK,ν ) ∑
lmn

µIJK:lmn ‚ âlmn,ν (6)
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where z is the direction normal to the interface. In
principle, the four independent values can be deter-
mined after the acquisition of sum frequency spectra
under four different polarization combinations (SSP,
SPS, PSS, PPP) with the polarizations listed in order
of decreasing frequency (sum frequency, visible, IR).
P-polarized light is defined as having its electric field
vector parallel to the plane of incidence, whereas
S-polarized light is polarized perpendicular to the
incident plane (see Figure 1). The SSP polarization
combination probes modes with IR transition mo-
ment components perpendicular to the interfacial
plane, SPS and PSS polarization combinations probe
modes that have IR transition moment components
in the plane of the interface, and the PPP polarization
combination probes all components of the allowed
vibrations.

Additional factors that must be taken into account
when describing the SF response are the linear and
nonlinear Fresnel factors that describe the transmis-
sion and reflection of the three light beams at the
surface, with their values dependent on the optical
geometry of the experiment. Fresnel factors are the
reflection and transmission coefficients for electro-
magnetic radiation at a boundary and depend on the
frequency, polarization, and incident angle of the
electromagnetic waves and the indices of refraction
for the media at the boundary.47,53 The dependence
of the intensities on the Fresnel coefficients under
the four polarization schemes are

where the subscript i stands for x or y and f and f̃
are the linear and nonlinear Fresnel factors, respec-
tively.

B. Experimental Considerations
There are numerous types of laser systems and

detection methods used to conduct VSF experiments
that can be found in the literature. Only general
features of the experimental setup are provided here.
Because of the higher order nature of the VSF
response and the relatively low polarizability of most
liquids, the VSF signal from aqueous surfaces is
relatively weak. Hence, pulsed lasers with high peak
fields are generally used. Since the sum frequency
intensity increases with the peak intensity of the
incident beams, picosecond and femtosecond pulses
are optimal, although these shorter pulses result in
larger IR bandwidths. Nanosecond systems are gen-

erally much simpler to operate and have narrower
IR bandwidths but have the potential to contribute
to significant heating of the interface unless care is
exercised, such as employing an optical coupling
scheme such as total internal reflection (TIR)54 that
can enhance the VSF signal by several orders of
magnitude, or other mechanisms such as sample
rotation.55

Most VSFS studies to date have focused on the
vibrational region around 3 µm because nanosecond
and picosecond systems currently generate the high-
est IR power densities there. Tunable IR light has
been produced by a number of optical parametric
generation (OPG), oscillation (OPO), and amplifica-
tion (OPA) systems as well as difference frequency
mixing and stimulated Raman scattering. Figure 1a
shows the geometry generally used for vapor/water
studies where both nanosecond and picosecond laser
systems have been used. For liquid/liquid studies, the
use of nanosecond lasers has been facilitated by
employing a TIR geometry where the light is coupled
to the interface through the organic (higher index)
medium (see Figure 1b).56,57 The incident laser beams
strike the interface near their respective critical
angles to generate sum frequency in reflection at its
critical angle. A TIR geometry has also been used in
studies of solid/aqueous interfaces where the light is
passed through the backside of a transparent sur-
face.58,59

Experiments employing femtosecond laser pulses
have recently been reported by several groups con-
ducting VSFS studies.60-62 With the large band-
width of femtosecond pulses (a few hundred wave-
numbers), a significant portion of the vibrational
spectrum can be obtained without tuning. McGuire
et al.60 demonstrated a Fourier transform spectro-
scopic technique based on VSFS. This method re-
sults in nearly unlimited spectral resolution and is
based on the Fourier transform of a SF-upconverted
interferogram of an IR-induced polarization on the
surface of the sample. A second method61 capi-
talizes on the variation of the SF exit angle as a
function of SF frequency, with the SF signal collected
with a multielement detector. A third method dis-
perses the broadband SF signal generated by fem-
tosecond IR and narrow-band visible pulses with a
monochromator and records the signal with a CCD
camera.62

Since the surface of an aqueous liquid, whether it
is at a vapor/water interface or a liquid/liquid inter-
face, provides an energetically attractive site for
molecules that have both polar and apolar parts,
obtaining a clean interface is a serious challenge in
any VSF experiment. For example, our experiments
have shown remarkable sensitivity in the VSF water
spectrum to trace amounts of organic impurities that
migrate to the interface.63 If these impurities are
highly surface active (this is generally the case), the
spectrum of the impurity can dominate the interfacial
spectrum. Therefore, samples and solvents must be
highly purified, and all equipment that comes in
contact with the samples must be extraordinarily
clean.

øzzz
(2); øxxz

(2) ) øyyz
(2); øxzx

(2) ) øyzy
(2); øzxx

(2) ) øzyy
(2)

(7)

IPPP ∝ |f̃zfzfzøzzz
(2) + f̃zfifiøzii

(2) + f̃ifzfiøizi
(2) +

f̃ififzøiiz
(2)|2

ISSP ∝ |f̃ififzøiiz
(2)|2

ISPS ∝ |f̃ifzfiøizi
(2)|2

IPSS ∝ |f̃zfifiøzii
(2)|2 (8)
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III. Hydrogen Bonding and Structure of Water at
Aqueous Surfaces

A. Vapor/Water Interface
The VSF spectrum of the vapor/water interface was

first reported by Shen and co-workers.64,65 In more
recent years, it has been examined in additional
studies as investigators have sought to unravel the
complexity of the spectral response with extended
experimental studies, improved analysis procedures,
and advances in laser instrumentation.50,66-69 Figure
3 shows representative spectra of the vapor/water

interface recently published by Wei and Shen70 for
three different polarization combinations. With SSP
polarization (Figure 3a), transition dipoles perpen-
dicular to the surface plane are being sampled
whereas with SPS (Figure 3c) transition dipoles
parallel to the interface are probed. The spectral
region corresponds to the OH stretching modes of
surface water molecules. The vibrational spectrum
of water in this region is of particular interest
because the OH stretch modes are highly sensitive
to the local molecular environment.71-75 The water
vibrational spectrum therefore provides a sensitive
probe of the structure and energetics of the hydrogen-
bond network at the interface. The sensitivity of
VSFS to surface water vibrational modes is ac-
companied by a complexity in spectral interpretation
that is only beginning to be explored by researchers
in depth. This complexity is due to the variety of
different environments of the interfacial water mol-
ecules and the broad nature of the peaks correspond-
ing to water molecules that extensively hydrogen
bond to other water molecules. This difficulty in
interpretation is not unique to surface vibrational

spectroscopy but has been a major point of contro-
versy over the past decades in the interpretation of
bulk water spectra.71,73,74

Assignment of spectral features in this spectrum
rely heavily on IR and Raman assignments of OH
stretching modes taken from bulk water measure-
ments.71,76-79 In most of the VSF studies, broad
features in the spectrum have been assigned to
vibrational modes that encompass a wide distribution
of hydrogen-bonded strengths for any particular
assignment.16,43,50,64,65,67-70 The bands from approxi-
mately 3000 to 3600 cm-1 have been discussed in
terms of symmetric stretch modes for water mol-
ecules in a broad distribution of tetrahedral bonding
environments, both symmetric and asymmetric. The
literature has generally discussed the broad band in
this region in terms of two subbands that are
centered around 3200 and 3450 cm-1.16,43,50,64,65,67-70

The former, which is comparable in frequency to the
IR and Raman spectra of ice,80 has generally been
attributed to strong intermolecular in-phase hydro-
gen bonds of water molecules that give rise to a
highly correlated hydrogen-bonding network. The
spectrum represents a continuum of OH symmetric
stretches (SS), ν1 of water molecules in a symmetric
environment (SS-S). For simplicity, this subband
has been referred to as the “ice-like” region because
of its similarity in energy to OH bonds of water
molecules in bulk ice. The higher energy broad band
region of ∼3250-3500 cm-1 is assigned to more
weakly correlated hydrogen-bonded stretching modes
of molecular water that encompass both ν1 (OH
symmetric stretch) and to a lesser extent ν3 (OH
asymmetric stretch) vibrational modes. Intensity in
this region corresponds with OH stretch intensities
of bulk liquid water and hence has been referred to
as “liquidlike” hydrogen-bonding modes. These water
molecules reside in a more asymmetrically (AS)
bonded water environment, and hence, the intensity
in this region has been labeled as SS-AS. Some
differences in the spectral features in the tetrahe-
drally coordinated region of the spectrum are ob-
served depending upon whether a nanosecond69,81,82

or picosecond laser system is used,64,66,67,70,83,84 but in
general, the spectra all show similar trends. The
considerable intensity in the lower subband has led
Shen and co-workers64 to conclude that the hydrogen
bonding at this interface has an “ice-like” character.

A sharp spectral feature located near 3700 cm-1 is
also observed in the vapor/H2O spectrum. This region
is characteristic of vapor-phase water molecules, and
the peak corresponds to the free OH bond of surface
water molecules.64 The relatively high energy of this
mode reflects its lack of donor bonding with other
water molecules. This free OH bond, which is directed
into the vapor phase, is energetically uncoupled from
the adjacent intramolecular OH bond that does
participate in H-bonding with neighboring water
molecules (referred to here as the donor bond or
donor mode). This situation leads to two distinct
intramolecularly uncoupled OH stretching modes
which, analogous to gas-phase vibrational spectra of
water dimers, give rise to a free and bonded OH
stretch of the H-bond donating water molecule.85,86

Figure 3. SFG spectra of the water surface at 20 °C with
three different polarization combinations SSP, PPP, and
SPS. (Reprinted with permission from ref 70. Copyright
2001 American Physical Society.)
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This intramolecularly uncoupled and unperturbed
OH oscillator at 3700 cm-1 (Figure 3a) is located
directly between the coupled ν1 (3657 cm-1) and ν3

(3756 cm-1) modes of monomeric vapor water, as
governed by the linear superposition of states. The
location of the uncoupled, bonded OH stretching
mode (donor mode) has been measured recently as
discussed below.66

Deriving a quantitative relationship between spec-
tral intensity and the number of water molecules that
have different degrees of hydrogen bonding is chal-
lenging for several reasons. First, deconvolution of
the broad spectral intensity in the 3100-3500 cm-1

spectral region into several peaks by use of various
curve-fitting routines has long been controversial for
bulk water studies. The nature of the nonlinear
response of VSF makes this even more complicated
without employing additional experiments that can
identify particular water species as has been done
in other VSF studies.63 Second, the broad spectral
feature in the tetrahedrally coordinated region rep-
resents a broad range of water-water interactions
and assigning peaks to specific types of interactions
as one would do for more isolated water molecules is
of course suspect. Third, the OH oscillator strength
of a water molecule can vary significantly with the
degree of hydrogen-bonding,71,73,87 with increased
bonding leading to increased oscillator strength.
Thus, quantitative comparisons or even relative
comparisons between intensities of OH modes that
are strongly hydrogen bonded with those that are
weakly hydrogen bonded require an understanding
of how this bonding affects both the Raman and IR
transition probabilities for each assigned mode mea-
sured by VSFS. Recall that the VSF resonant mac-
roscopic susceptibility contains both factors (eq 3). As
an alternative, an early study of the number of water
molecules corresponding to the free OH mode, moni-
tored the decrease of the free OH intensity as
methanol adsorbed at the surface, as a means of
quantifying the proportion of water molecules that
straddle the interface. These studies suggest that at
least 20% of the water molecules fall into this
category.64

Recently there have been several studies that are
providing more detailed information about interfacial
water species contributing to the vapor/water inter-
face.50,66 The first has involved development and
application of a spectral analysis procedure for fitting
the VSF vapor/water spectrum that takes into ac-
count interferences that arise between nearby vibra-
tional modes due to the different symmetries of the
modes and the relative orientation of the transition
dipole.50 The second has involved isotopic dilution
studies that determine the spectral contribution from
the OH donor mode of the water molecules that
straddle the interface.66 Both of these studies have
benefited from related studies of the CCl4/H2O in-
terface (to be described later) where weaker interfa-
cial hydrogen bonding has allowed for specific water
species at this interface to be identified through
complementary IR and isotopic dilution experi-
ments.63,88

The most rigorous spectral analysis procedure
developed and applied to the VSF spectra of water
surfaces that takes into account symmetry, phase,
and relative orientation has appeared in a series of
recent papers.50,63,88 Since VSFS is a coherent non-
linear spectroscopic technique, each resonant vibra-
tional mode has an inherent phase for a fixed
orientation. Resonant modes that change phase with
orientation of the molecule have the capability of
interfering either constructively or destructively
when overlapped in frequency. The work considers
a range of water species present at a water surface
and the possible interference between these contrib-
uting modes and takes into account the phase of the
SF response from contributing vibrational modes.
This phase is useful in obtaining an average orienta-
tion of molecules at the surface by relating the
macroscopic second-order susceptibility, ø(2), of the
system to the molecular hyperpolarizabilities, âv, of
the individual molecules at the interface.48,49 For the
vapor/water spectrum, the signs of the øIJK,ν

(2) terms
can be determined through a comprehensive fit of the
observed sum frequency spectra to eqs 1 and 3 and
the signs of the âlmn,ν components can be determined
through ab initio calculations.51,52 Application of this
analysis to the weakly hydrogen-bonded region of the
spectrum suggests the possible presence of weakly
hydrogen-bonded water monomer-like molecules in
the interfacial region. These types of water monomers
were first observed in CCl4/H2O VSF spectrum.63,88

The recent isotopic dilution experiments of HOD
at the vapor/water interface provide further informa-
tion about contributing spectral features in the broad
band between 3100 and 3500 cm-1.66 Isotopic dilution
studies have been invaluable in previous studies of
IR and Raman water spectra, particularly the mea-
surement of the HOD spectrum.41,89-93 Because of the
intramolecular uncoupling of the OH and OD modes,
the VSF spectrum is much simpler and allows
spectral-fitting procedures to be used that measure
and enable separation of the nonresonant background
signal from the resonant signal. The measurement
of the VSF spectrum of HOD in D2O at the vapor/
water interface provides a means of identifying the
spectral region for contributing hydrogen-bonded
modes such as the donor mode of the water molecules
that straddle the interface and the double donor mode
of water molecules with their oxygen atoms pointing
out of the interfacial region.

Figure 4(a-d) shows the VSF spectra in the OH
stretch region of the vapor/water interface with
differing concentrations of HOD/D2O/H2O.66 The top
spectrum corresponds to the vapor/H2O interface,
analogous to that shown in Figure 3a. The difference
in the relative height of the free OH band and the
broad bonded OH band for these two spectra from
different laboratories is due to a difference in cor-
rection for the linear-IR Fresnel coefficient. For
Figure 4a the linear Fresnel coefficient used has been
calculated as a function of frequency (to correct for
the dispersion in the index of refraction),66 whereas
for Figure 3a a constant index of refraction has been
employed.70 The experimental data from these two
laboratories prior to this correction are otherwise
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identical including the relative height of the free OH
and bonded OH modes. With increased D2O in the
aqueous solution (Figure 4b-d), the number of
contributing OH oscillators decreases as manifested
in the decrease in the resonant contribution from the
OH oscillators. The VSF response from the pure D2O
spectrum (Figure 4d) provides an important mea-
surement of the nonresonant VSF background that
is necessary to include in spectral analysis and
fitting. Because of the complex nature of the VSF
response, this background cannot merely be sub-
tracted but must be deconvolved from the resonant
response. This is easiest to achieve for the spectro-
scopically simplest system where HOD and D2O are
the dominant species at the water surface (Figure 4c).
The resonant response after removal of the nonreso-
nant background is shown as a solid line (Figure 5a).
The contributing peaks (dotted lines) derived for this
spectrum from the best fit to the experimental data
are also shown in Figure 5a. The overall best spectral
fit to the data which includes the nonresonant
response and the contributing resonant peaks is
shown as a solid line in Figure 4c. The HOD surface
spectrum (Figure 5a) is dominated by the free OH
mode at 3694 cm-1 and a broader peak near 3420
cm-1 that the authors attribute to the OH bond of
HOD that is directed into the aqueous phase, the
donor mode. The frequency of the donor mode is
similar to that measured for the donor mode of HOD
at the CCl4/HOD/D2O interface.88 Also contributing
in this spectral region are water molecules that on
average have both their OH and OD bonds directed
into the aqueous phase with the OH bond having a
component perpendicular to the interfacial plane
(double donors). There are also two weak broad peaks

in the 3200, 3310 cm-1 region that the authors
attribute to more strongly bonded H2O molecules that
are present in low concentrations. In addition to
establishing the positions of the spectral peaks, the
free OH and donor OH peaks are found to be 180°
out of phase, consistent with the opposite orientation
of these modes relative to the interfacial plane. A
similar analysis has been applied to the other isotopic
mixtures of Figures 4 and 5. The peak areas of the
contributing OH oscillators scale appropriately with
the number of OH oscillators at the interface as the
H2O/D2O concentration is varied, providing further
evidence for the validity of the spectral analysis.

The derived resonant spectral response for the
vapor/water interface allows a refinement of the
earlier picture of contributing species in the vapor/
water spectrum. The solid line in Figure 5c corre-
sponds to the resonant VSF spectrum of the vapor/
H2O interface after removal of the nonresonant
component and the correction for the dispersion in
the index of refraction. A large portion of the inten-
sity in the vapor/water spectrum near 3450 cm-1 can
be attributed to the donor mode of water molecules
that on average straddle the interface and other
partially hydrogen-bonded interfacial water mol-
ecules (double donor) near 3350 cm-1. Intensity from

Figure 4. VSF isotopic dilution measurements of the OH
stretch region for vapor/water interface with differing mole
fractions (mf) of HOD, H2O, and D2O. Solid lines are the
best fits to the resonant + nonresonant response. SSP
polarization. (Reprinted with permission from ref 66.
Copyright 2002 American Chemical Society.)

Figure 5. Resonant contributions (solid line) to the VSF
spectra of Figure 4 for (a) 0.25/0.02/0.73 mf of HOD/H2O/
D2O; (b) 0.41/0.51/0.08 mf HOD/H2O/D2O, and (c) 1.0 mf
H2O. Spectral peaks (dotted lines) contributing to the
resonant response as determined by the described spectral
fitting procedure. SSP polarization. (Reprinted with per-
mission from ref 66. Copyright 2002 American Chemical
Society.)
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these bonds and the free OH bond contribute to a
significant fraction of the overall intensity in the
spectrum, not surprising since the polarization com-
bination being used samples modes perpendicular to
the interface and all of these have a considerable
contribution in this direction. Also, these studies
suggest less intensity in the 3200-3300 cm-1 region
of the spectrum, less evidence for symmetrically
tetrahedral coordinated water molecules than sug-
gested in previous studies.16,43,50,64,65,67-70 Further
evidence of a more “liquid-like” surface, rather than
one that has a structure more analogous to ice, comes
from the frequency and bandwidth of the HOD
spectrum of Figure 5a that are similar to what is
obtained for HOD in D2O at room temperature. In
these studies the OH from HOD in D2O is near the
3420 cm-1 measurement made in the surface VSF
studies. The OH spectrum of HOD in this region is
known to be highly temperature dependent and
consequently a good indicator of the bonding environ-
ment of water molecules.71,94 HOD in D2O near 0 °C
is in the region of 3250-3300 cm-1.93 One might
conclude from these results that, given the fact that
the transition probability of hydrogen-bonded species
increases with hydrogen-bond strength, the surface
is largely comprised of water molecules that on
average straddle the interface or act as double
donors. However, the additional factor that must be
taken into account is that these spectra largely
represent water molecules with nonisotropic direc-
tional character, to which VSFS is highly sensitive.
For tetrahedrally coordinated water molecules, water
molecules that are directionally isotropic in the
surface plane, cancellation should lead to minimal
intensity from these molecules. Evidence for this
comes from the in-plane response measured by Wei
and Shen that shows virtually no intensity in the
3200-3300 cm-1 region of the spectrum.70

A theoretical analysis of the VSF spectrum of the
vapor/water interface in the OH stretch region based
on ab initio molecular orbital theory and molecular
dynamics simulation has been performed by Morita
and Hynes.95 The essential features of the spectra of
the early work of Du et al.84 and Shultz68,82,96 and co-
workers has been reproduced and interpreted by
using an approximate modeling of the molecular
vibrations and thus circumventing their explicit
simulation. The free OH bond band has been found
to be sensitive exclusively to the surface top mono-
layer structure, while the hydrogen-bonded band
reflects the structure of the few top monolayers. In
agreement with the above-described studies66 and
those of Brown et al.,50 they also find that the
dangling and hydrogen-bonded bands have opposite
signs of imaginary susceptibility, which indicate
different OH orientations at the surface. They de-
termine that the population ratio between the OH
bonds in the dangling bond frequency region and
those at lower frequencies can be estimated to be as
35%:65%, respectively, but conclude that this per-
centage is probably closer to 21% when they remove
those dangling OH bonds that point inward toward
the bulk. They find that the vibrational modes below
3600 cm-1 have overall symmetric stretching char-

acter, whereas those above 3600 cm-1 have overall
antisymmetric character. The transition region around
3600 cm-1 is attributed to an inhomogeneous mixture
of symmetric and antisymmetric modes, while in the
tail frequency regions, the modes appear to approach
localized OH stretching character.

B. Organic/Water Interfaces
There has long been an interest in the structure

of water adjacent to a hydrophobic medium. The
interest arises since understanding molecular inter-
actions of water next to a hydrocarbon or other
nonpolar phase has direct relevance to areas such as
micellar formation, protein folding, chemical separa-
tion, and oil extraction. There have been many
theoretical efforts directed toward understanding
these interfacial interactions on a molecular level,1-15

but few experimental studies have been possible.
Recently, the vibrational spectroscopy of water at an
organic/water interface has been obtained.63,88 For the
studies reported, TIR VSFS has been used to mea-
sure the hydrogen bonding and orientation of inter-
facial water molecules at organic/water interfaces
and to compare the results with the vapor/water
interface. The organic liquids examined have prima-
rily been CCl4, hexane, and hexene. Figure 6 shows

the spectra obtained from the CCl4/H2O (Figure 6a)
and hexane/H2O (Figure 6b) interfaces using SSP
polarization. The spectra are dominated by inten-
sity at higher energies (3400-3800 cm-1) character-
istic of weakly or non-hydrogen-bonded water mol-
ecules.71,97,98 They both show a sharp peak at higher
energies, at ∼3669 and 3680 ( 4 cm-1 for the CCl4/
water and hexane/water interfaces, respectively. For
these TIR experiments for which a nanosecond laser
system is used, the nonresonant signal as measured
by D2O experiments is negligible. Consequently, the
spectra shown represent the resonant OH response.
A comparison of these spectra of Figure 6 with the
resonant response from the vapor/water interface
(Figure 5c) indicates that the hydrogen-bonding

Figure 6. VSF spectrum of the (a) CCl4/H2O and (b)
hexane/H2O interfaces in the OH stretch region. SSP
polarization. (Reprinted with permission from ref 63.
Copyright 2001 American Association for the Advancement
of Science.)
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interactions at the liquid/liquid interface as probed
by SSP polarization are weaker than that of the
vapor/water interface, as indicated by the overall
spectral intensity of the former being at higher
energies than the latter. This weakening of interac-
tion between water molecules is attributed to a
reduction in the coordination number of interfacial
water molecules and/or a weakening in the strength
of individual hydrogen bonds between interfacial
water molecules as they interact with the organic
phase.

The weaker nature of the hydrogen bonding at this
interface has facilitated assignment of spectral fea-
tures in the CCl4/H2O spectrum. The “free OH” mode
for water is clearly apparent at the CCl4/H2O inter-
face, but its energy is red shifted (3669 ( 4 cm-1)
relative to the vapor/water interface (3702 cm-1).64,65,67

From studies of HOD monomers in CCl4, the study
has determined that this red shift is due to an
attractive interaction between the dangling OH bond
and the surrounding CCl4 molecules.63 The binding
energy for the H2O-CCl4 complex is reported to be
-1.4 kcal/mol.99 The results are consistent with
simulations of this interface that suggest a locally
sharp transition between phases.11,100,101 VSF studies
of HOD at this interface provide further assignments.
In addition to the free OH bond and free OD bond of
HOD at the interface (measured at 3664 and 2712
cm-1, respectively), a broader peak is observed near
3450 cm-1 that is attributed to the donor OH mode
of the water molecules that straddle the interface or
water molecules with both bonds directed into the
aqueous phase (double donor). This is similar to what
is observed in the follow-up studies described above
for the vapor/water interface,66 but in the CCl4/H2O
studies, the negligible nonresonant background sim-
plifies the analysis. The remaining portion of the H2O
spectrum of Figure 6a between 3450 and 3700 cm-1

is attributed to weakly interacting water molecules
that are either surrounded by CCl4 or bonded to other
water molecules as electron donors only.63 Since the
true monomers and the electron donor water mol-
ecules are spectroscopically indistinguishable in these
experiments, the authors refer to them as “monomer-
like”. The OH stretch of water monomers in bulk CCl4
show two characteristic peaks in the IR spectra, one
associated with the symmetric OH stretch (SS or ν1)
of water monomers (3616 cm-1) and the other (3708
cm-1) associated with the asymmetric OH stretch (AS
or ν3). These two peaks energetically bracket the
dangling bond stretch mode in the VSF spectrum.
Careful analysis of the data shows that both the SS
and AS modes of monomer-like water molecules are
present in the VSF spectrum, which respectively
constructively and destructively interfere with the
neighboring dangling OH bond mode.50 The authors
conclude from the fits and the derived sign of the
phases that the SS and AS observed intensities
represent water molecules at the interface that have
a net orientation with their hydrogens pointed into
the CCl4. The peak energies and widths determined
from the fits agree well with FTIR data of water
monomers in bulk CCl4. The orientation of these
water molecules into the CCl4 phase is attributed to

the interfacial electrostatics which includes the non-
negligible H2O-CCl4 interaction. The authors dem-
onstrate how the orientation of these monomer-like
water molecules can be flipped 180° by variation of
the pH in the aqueous phase.63,88

Overall, the results suggest that, relative to the
vapor/water interface, the hydrogen bonding at the
CCl4/H2O and hydrocarbon/H2O interface is very
weak. Intensity is observed in the strongly hydrogen-
bonded region (3200-3400 cm-1), but overall the
spectra are dominated by water species that have
only weak interactions with other water molecules
and CCl4 molecules. This is the first spectroscopic
evidence for the existence of monomeric and monomer-
like water molecules at a water/hydrophobic inter-
face. Figure 7 shows the fit (top) and contributing

spectral peaks (bottom) derived from the data de-
scribed above for CCl4/H2O. Figure 8 provides a sche-
matic of the different water species corresponding to
the spectral peaks in Figure 7 derived from the
combination of experiments and fitting. The relative
phases derived from the fit to the data provide the
necessary orientation of the water molecules that are
depicted. For example, under SSP polarizations, the
SS and AS of monomeric H2O (labeled as 3) have
opposite sign conventions (+ and - respectively),
meaning they are near 180° out of phase.50 Given that
the OH dangling bond (+ sign convention and labeled
as 4) has a significant contribution perpendicular to
the interface, if the water monomers are oriented
with their dipoles in the same direction as the
dangling bond, the SS(+) and AS(-) modes should
constructively and destructively interfere, respec-
tively, with the dangling bond mode. This is what is
observed. Spectral fits place the AS and SS of these
monomer and monomer-like waters with their hy-

Figure 7. (a) VSF spectrum of the CCl4/H2O spectrum
with the overall fit (upper). (b) Contributing spectral peaks
for the various OH modes derived from the fit to the data
in part a and shown schematically in Figure 8. Peaks
labeled 1, 2, and 3 are determined from the fit to be 180°
out of phase from 3 and 4. See text for details. (Reprinted
with permission from ref 63. Copyright 2001 American
Association for the Advancement of Science.)
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drogens oriented into the CCl4 phase at 3616 ( 2 and
3706 ( 2 cm-1 respectively, compared with the FTIR
measured peaks at 3616 and 3708 cm-1.

These results for the CCl4/H2O and hexane/H2O63

and other alkane/water101 systems described are
distinctly different than previous related studies of
the CCl4/H2O interface by Gragson et al.38 and the
hexane/H2O interface by Du et al.,64 which both
exhibited little spectral intensity in the 3500-3600
cm-1 region and large intensities in the 3200 cm-1

region. This has been interpreted as an enhancement
of the water structure at these surfaces. However, it
has been discovered in these later studies and
confirmed by surfactant addition studies that the
VSF spectrum of interfacial water is highly sensi-
tive to trace amounts of impurities (10-100 nM) that
tend to concentrate at the interface. As the impurities
are progressively removed, spectral features in the
3400-3600 cm-1 region grow in and spectral inten-
sity in the 3200 cm-1 region diminishes resulting in
the VSF spectrum in Figure 6a and b. These findings
have therefore modified previous interpretations and
can readily account for the differences between these
observations and previous CCl4/H2O 102 and hexane/
H2O65 VSF studies.

Recent molecular dynamics simulation studies of
the organic/water interface have shed further light
on water structure and hydrogen bonding at these
interfaces as well as the interpretation of the VSF
results of these systems.101 MD simulations of the
CCl4, hexane, and vapor/water interfaces have been
conducted using the AMBER suite of MD programs.
The SPC/E model was used to describe all water
molecule interactions. The method of Morita and
Hynes95 was used to calculate VSF spectra for these
interfaces to allow for comparison with the experi-
mental data. For the CCl4/water interface, the free
OH is calculated to be oriented on average roughly
30° from the surface normal, resulting in a strong
SF response under SSP polarization. The donor OH
bonds are pointing into the bulk water (110° from
normal) and consequently have a smaller and oppo-
sitely signed contribution to øSSP

(2) than the free OH
bonds. Interfacial forces also orient a large number

of water molecules in the interfacial region with both
hydrogens participating in hydrogen bonding with
other water molecules. The interfacial molecules with
this type of stronger hydrogen bonding are found, on
average, to have both of their hydrogens near the
plane of the interface (∼95° from normal) toward the
bulk water. The interfacial depth probed by the VSF
experiments can be estimated from the simulation.
The simulated hexane/water interface, for example,
displays a net orientation of water molecules for a
total of 9 Å. The full width half-maximum of øSSP

(2),
an alternative depth, was determined to be 4.5 Å. The
VSF spectra calculated from these MD simulations
for hexane/water and CCl4/water show remarkable
agreement given the three-point model used in the
simulation. In both cases a sharp free OH peak is
observed at ∼3700 cm-1 as well as a broad hydrogen-
bonded feature centered at ∼3400 cm-1. The calcu-
lated relative intensities of the vibrational features
for these two systems also compare well with the
experimental results.

C. Water at Solid Surfaces
The molecular interaction of water with solid

surfaces forms the basis for a wide range of important
chemical and physical processes including wetting,
corrosion, friction, adhesion, and erosion. For hydro-
philic surfaces, bonding interactions between the
substrate and the water molecules can lead to
complete wetting of a surface and the formation of
two-dimensional films. For hydrophobic solid surfaces
where molecular interactions between a largely non-
polar surface and water can lead to partial wetting,
droplets are often formed on the surface. With
surfaces of an ionic nature, water can form solubilized
films that erode or dissolve the surface. Aqueous
solutions in contact with metal and other reactive
surfaces can lead to oxidation and reactivity of the
surface that forms the basis of corrosive processes
that diminish the structure and function of many
materials. It is only recently that a detailed knowl-
edge of the molecular interactions between water
layers and various solid surfaces has begun to
emerge. Vibrational sum frequency spectroscopy is
playing a role in these advances as indicated by the
overview given below.

1. Surface Melting of Ice

The melting of ice and the molecular structure of
a liquidlike layer on a bulk ice surface has intrigued
scientists for many decades. Considerable theoretical
and experimental effort has been expended over the
past decades in understanding the molecular proper-
ties of a melting water surface because of its impor-
tance in a wide range of processes including glacial
flows, atmospheric aerosol processes, and frictional
effects on ice surfaces. Experimentally, studies of ice
surfaces pose challenges that are just beginning to
be overcome with techniques such as IR reflec-
tance,78,94,103 X-ray diffraction,104,105 proton backscat-
tering,106 ellipsometry,107,108 and interference micros-
copy.109 Recently VSFS has been applied to this
issue.110 In these studies, the surface melting of the
(0001) face of hexagonal ice (Ih) has been studied in

Figure 8. Schematic of the water molecules at the CCl4/
H2O interface as determined by the VSF spectroscopy of
this interface. The numbers correspond to the spectral
peaks shown in Figure 7b. (Reprinted with permission from
ref 63. Copyright 2001 American Association for the
Advancement of Science.)
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the range of 175-300 K. The free OH mode has been
used to monitor the degree of orientational disorder.
Figure 9 shows the VSF spectrum of the (0001)

surface of ice at 232 K along with a spectrum of the
water surface for comparison. As shown, the spec-
trum of ice is dominated by a strong but relatively
broad peak at 3150 cm-1 that resembles the main
O-H stretch peak observed in the Raman spectrum
of Ih.111 The strength of this mode relative to the free
OH mode in the ice spectrum, particularly when
compared to the liquid water spectrum, demonstrates
the strong hydrogen-bonding interactions present at
the Ih surface. Using polarization studies of the free
OH bonds to measure the angular spread of the free
OH bond orientation, an orientational parameter is
derived that is used to describe the degree of order-
ing. The authors conclude that the onset of surface
melting of ice is around 200 K, which is lower than
that measured by X-ray scattering.105 They also find
that the degree of disorder of the water molecules
increases with temperature. Another important con-
clusion drawn from the studies is that near the bulk
melting temperature of 273 K, the order parameter
of the ice surface is even lower than that of the
supercooled water surface, suggesting that the quasi-
liquid layer on ice is different from the normal surface
layer of water.

2. Water Adsorbed at Solid Substrate Surfaces
The first studies of water on a solid substrate were

performed at a quartz/water interface.83 As with
previous studies discussed in this review, the spectral
region corresponds to OH stretch modes of water. The
clean quartz surface is generally terminated by
silanol groups (SiOH) that can hydrogen bond with
surface water. This is certainly the case found for
quartz/water studied near neutral pH as indicated
by no intensity in the free OH bond region due to
the bonding of water to this surface feature. The
dominance of a broad peak near 3200 cm-1 suggests
that the hydrogen bonding at this surface is highly

coordinated and almost “ice-like” in nature. This and
similar studies have shown that there is a strong pH
dependence in the response of the OH stretch modes
of water.16,83 At both low and high pH, strong
hydrogen bonding is observed as evidenced by a
dominance of the OH-SS-S peak. There is a strong
orientation of surface water molecules due to the
effect of increased hydrogen bonding or surface field
established by the different electrostatics created by
the ions in solution. At intermediate pH, more
bonding disorder is apparent in the spectrum. Mea-
surements of the phase of the VSF response show
that the water dipoles have flipped by 180° as the
pH is adjusted from 1.5 to 12.3.16

Later studies by Shen and co-workers16 examined
the quartz/ice interface at various temperatures.
Figure 10 shows these results. In these studies

conducted from -40 to 0.0 °C the intensity in the OH
stretch region (3600-3100 cm-1) shows a shift around
-0.5 °C to lower frequencies. A strong peak around
3150 cm-1 dominates the spectrum. The spectrum
looks very similar to the ice/water spectrum described
above. There is no evidence for the quasi-liquid layer
at the quartz/ice interface at least up to -0.5 °C. The
authors speculate the decrease in intensity with
temperatures near 0 °C could be due to deprotonation
of the quartz surface such that it effectively increases
the number of surface defects that would disrupt the
polar ordering.

Water adsorbed on a mica surface at room tem-
perature is also found to have a more ordered
hydrogen-bonding structure than bulk water.112 These
studies involved a combination of VSFS and scanning
polarization force microscopy (SPFM).113 The OD
stretch modes of D2O on mica have been explored in
these studies to avoid complications arising from

Figure 9. VSF spectrum of the (0001) surface of ice at
232 K (solid symbols). The inset shows a comparison of the
spectrum with that of the water surface at 293 K (open
symbols). The polarization combination is SSP. (Reprinted
with permission from ref 110. Copyright 2001 American
Physical Society.)

Figure 10. VSF spectrum (SSP) from a quartz/ice inter-
face at various temperatures. (Reprinted with permission
from ref 16. Copyright 1998 Elsevier Science.)
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the OH stretch modes that originate from the mica.
The authors find that as the concentration of
water on the surface increases in the submonolayer
regime, the water evolves into a more ordered hy-
drogen-bonded network as indicated by a down-
shift in the OD stretch modes. At full monolayer, the
VSF spectrum is indicative of an ice-like film. No
dangling OD bonds are found at the mica/water
interface.

The combination of VSF and thermal desorp-
tion has been used to monitor ice films grown on
Pt(111).114 In these studies the experimental re-
sults suggest that ice films grown on Pt(111) at
temperatures between 120 and 137 K are ferroelec-
tric, where “ferroelectricity” is used here loosely to
describe the existence of a net polar ordering of water
molecules in ice films. They observe a strong en-
hancement in the OH stretch resonances with film
thickness that they attribute to polar ordering.
Figure 11 shows the VSF results that they obtain in

the OH stretch region as the films grow on the
surface. All incident beams and outgoing beams were
P polarized. They attribute the increased ordering of
water with film thickness to the polar anchoring of
the first ice monolayer on the platinum. This surface-
induced ordering is estimated to have a decay length
of ∼30 monolayers.

Yeganeh and co-workers115 examined the isoelectric
point of the Al2O3/water interface by VSFS. The
isoelectric point (IEPS) of a solid surface as examined
in this paper is the point at which the interfacial
charge changes sign as the pH of the aqueous phase
is varied. This crossing point affects many interfacial
processes because as water dipoles orient differently
for differing surface charges, competitive adsorption

can vary on either side of this point, and the dis-
tribution of ions in the solution phase changes. Figure
12 shows the results of their studies on Al2O3 where
the total water VSF signal is plotted as a function of
the pH of the solution. The signal is found to rise on
either side of the IEPS. The data were taken with
P-polarized input and P-polarized VSF light detected.
They show that as the pH of the aqueous phase is
varied across the isoelectric point, the water dipoles
flip by 180°. They also find that the signal intensity
depends strongly on the hydroxyl number density at
the surface. A new methodology based on surface
charge density or the determination of the IEPS of a
nonconductive, low surface area material is also
presented.

Ionic surfaces in contact with water are challenging
because of the more dynamic nature and reactive
nature of these interfaces. Fluorite (CaF2) surfaces
in contact with varied aqueous solutions have been
studied by Becraft and Richmond.58 Fluorite is the
primary mineral used in the production of hydro-
fluoric acid. Its acid/base behavior influences the
adsorption of complexing agents and surfactants used
to separate CaF2 from other minerals often associated
with it in the natural state. In these experiments it
is shown,58 as with quartz/water and sapphire/water
interfaces, that the bonding of water molecules in the
interfacial region is strongly dependent on pH. Under
acidic conditions, a highly structured water phase is
observed at the surface as evidenced for the strong
signal near 3160 cm-1 (Figure 13a). As the pH is
raised from 2.9 to 5.1, the VSF response in this
region is found to decrease with almost a zero
response at neutral pH (Figure 13a-c). The authors
attribute this to the zero point of charge for this
surface near neutral pH which leads to minimal
water alignment. As the pH is increased, the strong
hydrogen-bonding network returns but with an ad-
ditional feature growing in at 3657 cm-1 (Figure 13f).
At pH 13.7, this feature dominates the spectrum.
With the aid of fluoride addition studies, the authors
attribute this to calcium hydroxide species at the
surface.

Figure 11. VSF spectra in the OH stretch region for a
set of ice films of different thicknesses on Pt(111). (Re-
printed with permission from ref 114. Copyright 1999
American Physical Society.)

Figure 12. Variation in total water VSF signal with pH
of the solution. The marked minimum in the signal
strengths indicates that the IEPS of the sapphire surface
is ∼8. (Reprinted with permission from ref 115. Copyright
2001 American Physical Society.)
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D. Effect of Adsorbates and Ions on Surface
Water Structure and Bonding

1. Alkyl Surfactants Adsorbed at the Vapor/Water
Interface

When surfactants adsorb at a water surface, the
surface properties are significantly altered. In par-
ticular, the lowered surface tension accompanying
surfactant adsorption is one of the main reasons for
the effectiveness of many surfactants in commercial
products including soaps, lubricants, and detergents.
The pertinent question that has been asked for
several decades is how the presence of the surfactant
alters the hydrogen bonding of water at these sur-
faces. This section reviews studies of surfactant/water
interfaces that focus on the water structure. In a later
section, the VSF studies that examine the structure
and conformation of surfactants adsorbed at aqueous
surfaces will be summarized.

A number of VSF studies have been conducted to
address this particular question of what the water
structure of an aqueous surface looks like in the
presence of varying quantities of surfactants. These
have been conducted at both the vapor/water39,43,116,117

and the organic/water interface.40,42,118 Most of these

studies have involved examining how the OH stretch-
ing region of water (as discussed in the previous
section) is altered by the presence of alkyl surfac-
tants. In many cases deuterated surfactants are used
to minimize the overlap between the OH vibrational
modes of water and the C-H stretching modes of the
surfactants. With these studies, a coherent picture
is emerging on how the hydrogen bonding of water
is affected by the presence of a surfactant at the
surface. Some of the surfactants used in these studies
include pentadecanoic acid (PDA) which is not charged
at neutral pH and charged surfactants such as
dodecyl trimethylammonium chloride (DTAC), so-
dium dodecyl sulfate (SDS), or dodecylammonium
chloride (DAC). Earlier studies in this area have
focused on surface concentrations from approximately
10-3 monolayer coverages to a complete monolayer
coverage as indicated by a maximum in the adsorp-
tion isotherm derived from surface tension measure-
ments.39,40,42,43,117,118 Later studies conducted at the
organic/water interface have focused on trace con-
centrations of surfactants at the interface (described
in the next section) where headgroup areas are a
more appropriate unit for the interfacial concentra-
tion.119 In these studies, the surfactants are under

Figure 13. VSF spectrum of the CaF2/H2O interface at pH (a) 2.9, (b) 5.1, (c) 6.4, (d) 9.3, (e) 12.3, and (f) 13.7. SSP
polarization. (Reprinted with permission from ref 58. Copyright 2001 American Chemical Society.)
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isolated conditions with headgroup areas of >103

Å2/surfactant.
The first studies to examine both the issue of

surfactant conformation and water structure simul-
taneously for surfactants at the vapor/water interface
were conducted by Gragson et al.43 Later studies
showed a similar behavior for water at the surfactant/
organic/water interface.42 Figures 14 and 15 provide

a comparison of the VSF spectrum of surfactants
pentadecanoic acid (PDA), dodecylammonium chlo-
ride (DAC), and sodium dodecyl sulfate (SDS) ad-
sorbed at the vapor/water interface at approximately
monolayer coverages.39,43 For simplicity, the broad
peak representing tetrahedrally coordinated water
molecules is separated into two peaks, one corre-
sponding to the OH stretch modes of symmetrically
bonded water molecules (OH SS-S) and at higher
energies the OH stretch of asymmetrically bonded
water molecules (OH SS-A). The CH stretch modes
of the surfactants correspond primarily to the meth-
ylene symmetric and asymmetric stretches (SS and
AS), the methyl symmetric stretch, and a methyl
Fermi resonance (FR). These modes will be discussed
in more detail in section IV of this review. Both H2O
(solid circles) and D2O (open circles) have been used
as the aqueous phase to allow separation of the CH
modes of the surfactant and OH modes of interfacial
water. Upon comparison of the uncharged PDA
(Figure 14) and the charged surfactants DAC and
SDS (Figure 15), it is immediately clear that there
is a large enhancement in the OH peaks of H2O in
the 3100-3500 cm-1 spectral region in the presence
of a charged surfactant. The uncharged surfactant
(PDA) at the surface causes minimal change in the
OH stretching region relative to a neat water spec-
trum. When equal concentrations of mixed surfac-
tants (DAC and SDS) adsorb at the interface, the
surface water spectrum also shows minimal change.43

The authors attribute the observed enhancement in
the OH stretch modes at lower energy in the pres-
ence of charged surfactants to an increased align-
ment of the interfacial water dipoles induced by the
large electrostatic field present at these charged

interfaces. The interfacial water molecules are found
to attain their highest degree of alignment in the
double layer region at surface surfactant concentra-
tions well below maximum surface coverage. A second
factor is the increased number of water molecules
being sampled due to the effect of the double layer
field established at the surface. As discussed in
section II, the field effect leads to an additional
contribution to the VSFS response at the interface,
a third-order polarization term P(3), which contains
the electrostatic field dependence of the nonlinear
polarization induced at the interface. This field-
induced third-order polarization has been examined
in previous SHG studies.120-122 In the absence of a
large electrostatic field, one would expect the inter-
facial water molecules to be randomly oriented
beyond the top few water layers and thus not to
contribute to the VSF response. However, the pres-
ence of a large electrostatic field aligns the interfacial
water molecules beyond the first few water layers
and thus removes the centrosymmetry over this
region, allowing more water molecules to contribute
to the nonlinear polarization.39,43 Ionic strength stud-
ies provide further confirmation for these conclusions.
These studies show a decrease in enhancement of OH
SS modes with increased ionic strength. As the ionic
strength is increased, there is an increased screening
of the surface charge or, alternatively, a change in

Figure 14. VSF spectra under SSP polarization conditions
from the air/H2O (filled circles) and air/D2O (open circles)
interfaces with a monolayer (∼25 Å2/molecules) of PDA.
(Reprinted with permission from ref 39. Copyright 1996
American Chemical Society.)

Figure 15. VSF spectra under SSP polarization conditions
from the air/H2O (filled circles) and air/D2O (open circles)
interfaces with (a) 14 mM DAC solution and (b) 8.1 mM
SDS solution. (Reprinted with permission from ref 39.
Copyright 1996 American Chemical Society.)
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the Debye-Huckel screening length, consistent with
the observations. Similar observations of enhanced
OH signal were made in pH-dependent studies of
fatty acid hexacosanoic acid studied at the vapor/
water interface as a function of pH.117,123 As the fatty
acid becomes ionized at higher pH values, the signal
in the OH stretching region increases.

Another important observation apparent in Figure
15 is the interference observed between OH stretch
and CH stretch modes of the water and surfactant,
respectively.43 The DAC spectrum shows destructive
interference near 2970 cm-1 between the OH-SS-S
mode and the CH3-FR mode (Figure 15a). The SDS
spectrum shows a constructive interference between
these two modes (Figure 15b). The authors attribute
this difference in the interference for cationic and
anionic surfactants to differing orientations of the
interfacial water molecules, which results from op-
posite electrostatic fields created by surfactants of
opposing charge. From this they conclude that the
orientation of interfacial water molecules in the
presence of adsorbed cationic surfactants is with the
oxygen atom pointed toward the air and for the
anionic surfactant with the oxygen atom pointed
toward the bulk solution.

The two contributing factors to the increased OH
intensity in the presence of surfactant, the increased
sampling volume due to the change in Debye-Huckel
screening length and field-induced orientation of
water molecules, have been studied extensively in
work with ionic strength studies and deuterated
surfactant studies.42 The interfacial potential was
varied by changing the surface charge density (sur-
factant concentration), the ionic strength, and the
temperature while monitoring the OH stretching
modes of water. As the potential is increased at
the vapor/water interface, there is a progression
toward more tightly bound interfacial water mol-
ecules as manifested in an increase in intensity in
the OH-SS-S stretch region relative to the SS-AS
region. The authors conclude that this progression
is a direct consequence of the induced alignment of
the interfacial water molecules resulting from the
large electrostatic field produced in the interfacial
region due to the charged surfactant. Temperature-
dependence measurements support this conclusion.

2. Alkyl Surfactants Adsorbed at Organic/Water Interfaces

The effect of surfactant on the ordering of water
at the organic/water is important in understanding
the role of water in the structure and formation of
microstructures such as micelles, vesicles, and other
three-dimensional structures. These all involve a
charged interface between water and a hydrophobic
medium such as the interior of a micelle or vesicle.
There are a number of studies that have examined
the effect of surfactant adsorption on the hydrogen
bonding between water molecules at the organic/
water interface. These studies, which have been
exclusively conducted in this laboratory at the CCl4/
water interface, can be divided into two concentration
regimes. The earlier studies have focused on inter-
facial concentrations in the 10-3 to 1 monolayer
range.41,42 The second, more recent, set of experi-

ments has been conducted at trace interfacial con-
centrations.119 The higher concentration experiments
involved the types of measurements described above
for the vapor/water interface where the interfacial
potential was varied and the water hydrogen bonding
examined.42 In these studies conducted at the CCl4/
water interface, similar trends are observed as in the
vapor/water studies in that an increased concentra-
tion of surfactant results in a strong growth in OH
stretch contribution corresponding to tetrahedrally
coordinated water molecules. The spectra of a mono-
layer of SDS at the vapor/water and CCl4/water
interfaces are remarkably similar, (Figures 15b and
Figure 16). Both spectra show strong intensity in the
OH-SS-S region of the spectrum, indicative of
strong hydrogen bonding interactions. Isotopic dilu-
tion studies of this interface in the presence of a
monolayer of surfactant have also been conducted.42

These studies show a progressive shift in the OH
stretching region to the blue as H2O molecules are
replaced by HOD molecules in the interfacial spec-
trum. The frequency of the bonded OH bond of HOD
in the presence of the surfactants is found to be
centered at 3460 cm-1.

The more recent studies of the effect of adsorbed
surfactant on the water hydrogen-bonding structure
have been conducted over a broader concentration
range from trace interfacial concentrations to frac-
tional monolayer coverage, with the majority of the
focus of these studies on the low concentration
regime.119 As mentioned in section III.B, the VSF
spectrum of interfacial water at the organic/water
interface is highly sensitive to trace amounts of
charge at the interface. This observation has led to
a series of studies that examine how the water
structure at the organic/water interface changes as
the surfactant aqueous-phase concentration is varied
from nanomolar aqueous-phase concentrations, where
the interfacial concentration is so low that the system
can be viewed as composed of isolated surfactants,
to micromolar concentrations where electrostatic
interactions between surfactants and their solvating
interfacial water molecules occur and interfacial
potentials become more homogeneous across the
interface. Figure 16 provides a view of the large
changes that occur in the VSF spectrum at an
organic/water interface as the SDS interfacial con-
centration is varied over a wide concentration range.
As the concentration is increased toward monolayer
coverage (5 mM), spectra similar to the earlier CCl4/
water studies42 and the vapor/water studies described
above are progressively observed.43 The intensity in
the tetrahedral bonding region grows in and eventu-
ally dominates the 5 mM spectrum with the ac-
companying appearance of the CH modes of the
surfactant. As discussed in detail in the vapor/water
studies, this growth in intensity from the OH modes
of water in the 3100-3300 cm-1 region of the
spectrum at these coverages is due to a combination
of an increased contribution from strongly hydrogen-
bonding water species, an increased probe depth due
to the electrostatic field at the interface (an additional
P(3) effect), and an increased orientation of interfacial
water molecules induced by this field. Also observed
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is a progressive loss in free OH intensity with higher
surfactant concentration, indicative of a surface that
is increasingly covered by surfactant which bonds to
the free OH. Unlike the previous CCl4/H2O studies
of water,42 these were conducted with a nanosecond
laser system (TIR geometry) with IR tunability in the
free OH region.

3. Solutes, Acids, and Salts in the Aqueous Phase

There have been a number of VSF studies of the
vapor/water interface that have focused on how the
surface water spectrum changes with acidity and
ionic concentration. These studies are relevant to
understanding atmospheric reactions where aerosols
can have very high concentrations of acids and high
ionic strength. Some of the first and most compre-
hensive studies in this area have examined the
structure of surface water for solutions of sulfuric
acid and related salts.68,69,124-127 Figure 17 provides
an example of how the VSF spectrum of water
changes for different concentrations of aqueous solu-
tions of sulfuric acid.123,124 The overall trends in the
spectra have been seen in the other studies of this
system by Schultz and co-workers.69,125-127 As shown
in Figure 17, at low concentrations of acid, the
intensity at lower frequencies below 3400 cm-1 is
found to increase. Both sets of studies conclude that
there is significant orientation of surface water
molecules at lower acid concentrations. Second, with
increased acid concentration, the free OH mode
decreases and eventually disappears. At the highest
concentrations, the OH spectra decrease and eventu-
ally disappear. Raduge et al.124 observe a low-

frequency shoulder at ∼3060 cm-1 that they assign
to the acid OH stretch vibration, suggesting that the
acid concentration is appreciable. This peak is not
observed in the studies of Baldelli et al.126,127 Beyond
this point there is also considerable disagreement
with regard to the interpretation of the data. Baldelli
et al.126,127 attribute the increased intensity at lower
frequencies in the low acid region to an electric
double layer at the interface, as negative ions pref-
erentially adsorb at the liquid surface, and the
drop-off in intensity at higher concentrations to
disordering of the surface water. At higher concen-
trations, Raduge et al.124 conclude that the surface
takes on a more crystalline structure, resembling
that of a crystalline sulfuric acid hydrate with the
molecules arranged in a centrosymmetric layered
structure with the hydrogen bonds in the surface
plane leading to vibrational modes that are SF
inactive. Studies of supercooled sulfuric acid solutions
by Schnitzer et al.69 indicate that the water surface
of liquid sulfuric acid solutions does not vary with
temperature.

Several other acid and salt solutions have also been
studied by Schultz and co-workers.68,128,129 The struc-
ture of water on HCl solutions has been examined
by VSF with the primary conclusions being that ions
in solution cause water on the surface to be reori-
ented relative to pure water with the hydrogen atoms
directed toward the bulk solution. No signal due to
molecular HCl was observed, suggesting to the
authors that oriented water molecules and not mo-
lecular HCl dominate the surface.128 For HNO3 solu-
tions and liquid HNO3,129 the VSF studies indicate
that the surface consists of an electric field double
layer comprised of subsurface anions and cations at
low mole fractions (0.005 and 0.01 mole fraction of
HNO3). These solutions are found to show more VSF
signal from OH stretch modes in the hydrogen-
bonded region than simple salt solutions (NaCl,
NaNO3, KHSO4), which the authors attribute to the
subsurface electric field that aligns water molecules
along the surface normal. At higher concentrations
where the intensity is reduced, the authors conclude
that ionic complexes or molecules approach the
surface and disrupt the hydrogen-bonding network
at the water surface.

IV. Adsorbate Structure and Bonding at Aqueous
Surfaces

A. Surfactants at Vapor/Water Interfaces

Whereas many of the above-described studies have
focused on the effect of adsorbates on the interfacial
water structure, in the following sections the molec-
ular structure of the adsorbed species has been
probed. The most extensive studies to date have been
on surfactant structure where the surfactants consist
of a polar or ionizable headgroup and a nonpolar
hydrocarbon chain. Such molecules readily migrate
to the interface where their long alkyl chains extend
into the hydrophobic portion of the interface (i.e., the
air or organic phase) and the polar headgroup prefers
the more aqueous portion of the interfacial region. A

Figure 16. VSF spectra of the CCl4/H2O interface over a
range of bulk concentrations of SDS. SSP polarization. The
highest concentration corresponds to approximately a
monolayer of SDS at the interface.
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wide variety of surfactants of this nature have been
studied, with the majority of the studies focused on
measuring the conformation of the alkyl chain as a
function of surface concentration, surface pressure,
and aqueous-phase composition.

The first studies to demonstrate that VSFS could
be used to measure the molecular conformation of
surfactants adsorbed at an vapor/water surface in-
volved PDA. In these and follow-up studies, the CH
stretch modes of the alkyl chain were monitored with
various polarization combinations as the surface
concentration has been varied in a Langmuir trough
from the liquid-condensed (LC) to liquid-extended
(LE) phase.130,131 In the spectra presented as well as
in later studies of PDA, the CH spectral region of this
insoluble monolayer consists mainly of CH modes of
the terminal methyl group.39 Figure 14a shows an
example of a spectrum of PDA at the vapor/water
interface using SSP polarization which is similar to
what has been obtained in the earlier work.130,131 This
figure however also includes the OH stretch modes
of surface water for reference to the earlier discussion
in this review of how the surface water spectrum is
altered by the presence of a surfactant. As shown,
two vibrational modes dominate the spectrum of
adsorbed PDA, the methyl symmetric stretch mode
near 2875 cm-1 and the methyl Fermi resonance
mode near 2935 cm-1. At a monolayer of coverage,

no contribution is seen from the methylene modes of
the alkyl chain similar to what has been observed in
other insoluble surfactant systems.39,54 For am-
phiphilic molecules that form well-ordered monolay-
ers, in a predominantly trans conformation, the CH2
bonds have their dipoles directed toward opposing
sides of the carbon backbone. This orientation pro-
duces a cancellation of the CH2 stretching vibrational
modes, and thus, a monolayer with no or few gauche
defects will exhibit only CH3 vibrational modes in the
SF spectrum. In the earlier work of Shen,131 these
CH2 modes near 2850 cm-1 and in the 2930-2880
cm-1 region begin to appear as the surface pressure
of the monolayer changed. They concluded that these
observations confirm the existence of highly ordered
alkyl chains with nearly normal orientation when the
monolayer is in the liquid-crystal (LC) phase. In the
liquid-expanded (LE) phase, the chains were found
to have significant gauche defects as seen by the
appearance of CH2 modes.

A number of studies of different alcohols adsorbed
at the vapor/water interface have been conducted. For
the simplest alcohol, methanol, information about the
molecular orientation of methanol at the water
surface has been obtained by monitoring the CH
stretch modes under different polarization combina-
tions.132 The authors find that there is an excess
number density of methanol at the interface as

Figure 17. VSF spectra of pure water and sulfuric acid-water mixtures (with different acid concentrations as indicated)
at the liquid-vapor interface at 20 °C. SSP polarizations. (Reprinted with permission from ref 124. Copyright 1997 Elsevier
Science.)

2710 Chemical Reviews, 2002, Vol. 102, No. 8 Richmond



compared to the bulk concentration in agreement
with surface tension measurements. They find that
in a narrow range of bulk concentrations of methanol,
the SF spectrum of the surface molecules changes
drastically. They attribute this to a special structure
of CH3OH:H2O surface network. Another study ex-
amined the VSF spectra of the liquid-vapor interface
for n-alcohols of (C1-C8).133 In these experiments, all
alcohols studied were found to be polar oriented with
the alkyl chains pointing away from the liquid. For
the longer chains of hexanol, heptanol, and octanol,
significant contributions from CH methylene modes
suggest the presence of gauche defects in the alkyl
chains. In the water OH stretch region, the shift in
spectra to lower frequencies indicates a well-ordered
hydrogen-bonding network at the interface.133 More
detailed studies of medium chain alcohols of C9-C14
have been conducted with VSF and ellipsometry by
Bain and co-workers.134,135 These studies determined
that gauche defects are evident in the solid mono-
layer phase and increase only slightly in the mono-
layer just above the phase transition. Using a model
of the chains as rigid rods, they calculated the area
per molecule and the chain tilt in the liquid phase
from the VSF and ellipsometry data. They find that
the area per molecule and tilt angle increase mono-
tonically with chain length. The density of the
hydrocarbon chains in the liquid monolayer phase is
found to be less dense than that in the solid mono-
layer phase but significantly higher than in the bulk
liquid alkane. Additionally, the area per molecule,
chain tilt, and volume per methylene group in the
liquid phase all increase with increasing chain length.
Studies of the absolute orientation of crystalline
monolayers of amphiphilic R-hydroxy ω-bromo alco-
hols (BrCnH2nOH, n ) 21,22) and the alkyl hydroxy
esters (CmH2m+1 COO(CH2)nOH, m ) 14,15, n ) 10)
at the vapor/water interface have been reported using
grazing incidence X-ray diffraction (GIXD) for the
former and VSFS for the latter.136 Crystalline mono-
layers of related alcohols are very efficient ice nuclea-
tors of supercooled water drops because of the lattice
match between the unit cell of the crystalline mono-
layer cell and the ab lattice of hexagonal ice. The
studies show the absolute orientation of the alcohol
C-OH bonds at the water surface, which in turn can
be correlated with the ice-nucleating behavior of the
monolayers on supercooled water. Glycerol/water
mixtures have been studied to learn how the glycerol
and water structure changes as the composition is
varied. In these studies, glycerol is found to partition
to the surface at all concentrations with the surface
orientation of glycerol found to be constant through
most of the concentration range.96

The most detailed spectroscopic study and spectral
analysis of alcohols has been conducted by Wolfrum
and Laubereau.46 In this study of hexadecanol at the
vapor/water interface, three vibrations of the termi-
nal methyl group have been studied. Figure 18 shows
the spectrum obtained for this molecule under three
different polarizations. For SSP polarizations (Figure
18a), the spectrum is dominated by the symmetric
CH3 stretching vibration at 2875 cm-1. The maximum
at 2936 cm-1 is attributed to an overtone of the

methyl bending vibration which gains intensity by
Fermi resonance with the symmetric stretching
vibration. A minimum in the spectrum is observed
at 2958 cm-1 where the degenerate CH3 stretching
vibration is expected. Neither the symmetric nor
antisymmetric CH2 stretching vibration at 2850 or
2939 cm-1 appear in the spectrum, indicating a
straightened molecular chain in an all-trans config-
uration. A theoretical analysis is presented that
predicts opposite phases of adjacent vibrational modes
leading to destructive interference in the SF spec-
trum. This interference effect, similar to what was
discussed above for the OH modes of water, allows
the determination of the line amplitudes of the
degenerate stretching mode. Figure 19 provides an
example of the calculated curves used to fit the VSF
SSP spectrum of Figure 18a and 19a and the indi-
vidual contributions of the three modes to the imagi-
nary part (Figure 19b) and real part (Figure 19c) of
the contributing tensors. The relative phases of the
contributions lead to the destructive and constructive
interferences that contribute to the observed line
shapes of the spectral peaks in the VSF spectrum. It
is found, for example, that the stretching vibration
and the symmetric overtone of the bending vibration

Figure 18. Measured sum frequency signal of the ad-
sorbed monolayer of hexadecanol on water in the CH
stretching region versus frequency setting of the input
infrared pulse for (a) SSP, (b) SPS, and (c) PPP polarization
combinations. The solid lines are calculated curves pro-
portional to |ø(2)

yzy|2(SSP), to |ø(2)
yzy|2 (SPS), and a super-

position of all independent components of to |ø(2)
ijk|2 (PPP).

(Reprinted with permission from ref 46. Copyright 1994
Elsevier Science.)
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have the same phase, whereas the contribution of the
degenerate vibration has the opposite phase. De-
structive interference can occur in the high-frequency
wing of the overtone, leading to the distinct minimum
at 2958 cm-1. The tilt angle of the molecular chain
with respect to the surface normal in a spontaneously
formed monolayer has been determined to be 8.2° (
1.8°.

Several studies have appeared that have explored
both the tail and headgroup regions of the surfac-
tant. Using the insoluble surfactant CD3(CH2)19CN,
Eisenthal and co-workers explored the orientation of
the terminal deuterated methyl group and the polar
nitrile group as a function of interfacial concentra-
tion.137 For this Langmuir monolayer, the results
indicate that the orientation of these two entities vary
with surface concentration but in very different ways.
It has been found that in the phase transition from
the gas/liquid coexistence region to the liquid region,
the spectral changes in the CN region are attributed
to the breaking of hydrogen bonds with the CN group
with the water squeezed out of the monolayer and
subsequent reorientation of the headgroup. The
orientation of the tail is found to be sensitive to the

monolayer density even in the gas-liquid coexistence
region with the tail becoming continuously upright
upon compression. In another study of the tail and
headgroup of surfactants, Watry and Richmond138

examined the behavior of alkylbenzenesulfonate, a
soluble surfactant, at both the vapor/water and CCl4/
water interfaces. The results are compared with
related alkylsulfonates to learn how the presence of
the benzene ring next to the sulfonate headgroup
affects the behavior of the surfactant. The benzene-
sulfonate molecule studied, dodecylbenzenesulfonate
(DBS), is a commonly used commercial surfactant
and has been known to be several orders of magni-
tude more effective in reducing the surface tension
of water relative to alkysulfonate surfactants. Figure
20 displays the spectrum of DBS at the vapor/water

interface. The spectral peaks between 2800 and 2950
cm-1 correspond to the alkyl chain of DBS, whereas
the modes above 3000 cm-1 correspond to the CH
vibrational modes of the benzene ring. By monitoring
the ratio of the intensity of the methylene and methyl
CH stretch symmetric modes, they conclude that the
alkyl chains of the DDS are highly disordered at the
vapor/water interface as a function of concentration.
Increased surface concentration from fractions of a
monolayer to a full monolayer does not result in any
increased ordering. In contrast, as the interfacial
concentration of linear dodecylsulfonate increases at
the vapor/water interface, the chain ordering in-
creases indicative of increased chain-chain interac-
tions. The authors attribute this difference in order-
ing to the presence of the benzene ring in DBS. The
limiting surface area measurements and the orienta-
tion of the benzene ring, measured by monitoring the
phenyl C-H modes as a function of concentration,
support a picture that DBS exists at the interface in
a staggered headgroup geometry. This picture is
consistent with the benzene rings disrupting chain-

Figure 19. Measured sum frequency signal for SSP
polarization with least-squares fit proportional to to |ø(2)

yyz|2
as in Figure 22a. The dashed line in part a is calculated
for positive amplitudes Ayyz, (b) imaginary part to ø(2)

yyz,v
and (c) real part to ø(2)

yyz,v for the individual vibrational
modes; (- - -) symmetric stretching vibration at 2875 cm-1,
(...) symmetric overtone at 2936 cm-1 enhanced by Fermi
resonance (-‚-‚-) degenerate stretching vibration at 2958
cm-1. (Reprinted with permission from ref 46. Copyright
1994 Elsevier Science.)

Figure 20. VSF spectrum of DBS at the air/D2O interface.
SSP polarization. The solid line is a fit to the data
assuming a Voigt functional form for the peaks. (Reprinted
with permission from ref 138. Copyright 2000 American
Chemical Society.)

2712 Chemical Reviews, 2002, Vol. 102, No. 8 Richmond



chain interactions for the first few methylene groups
adjacent to the benzene ring in DBS. This staggered
arrangement appears to significantly disorder the
alkyl chains for DBS.

A study that combined second harmonic generation
and VSF has demonstrated how molecular orienta-
tion and conformation of a surfactant chromophore
can be measured at the vapor/water interface.139

These studies have involved pentyl-cyanoterphenyl
molecules for which three parts of the molecule have
been examined upon adsorption. The cyano head-
group and pentyl chain has been examined by VSF,
and the terphenyl ring has been examined by SHG.
These molecules form a Langmuir monolayer on the
water surface. The results give a quantitatively
consistent picture of the molecular configuration if
the appropriate refractive indices for the monolayer
are used. They find that in order for their results to
be physically reasonable and the deduced molecular
conformation to be consistent with the commonly
accepted one, a value of the index of refraction used
must be different than that of a bulk phase value for
the molecule and intermediate between the index of
refraction of air and water. Using a value of n′ ) 1.18
( 0.04, they find that the molecules adsorb at the
interface with a tilt angle of 51.5° ( 1.5° from the
surface normal. Simple model calculations are used
to justify the experimentally determined value of n′.

Bain and co-workers conducted the most extensive
studies of a range of surfactants adsorbed at the
vapor/water interface. One of their first studies
involved measuring the vibrational spectrum of
seven soluble surfactants adsorbed at this interface.23

These included three nonionic surfactants (dodecanol,
C12-maltoside and CH3(CH2)n-1 (OCH2CH2)mOH, or
CnEm), the anionic surfactant sodium dodecyl sulfate,
one zwitterionic surfactant (C12-betaine), and two
cationic surfactants, (C14 trimethylammonium bro-
mide and didodecylammonium bromide). From the
VSF spectra of the C-H stretch modes of the alkyl
chains, the degree of conformational disorder and the
angle of the terminal methyl group are inferred. They
find that, in general, the number of gauche confor-
mations increases as the area per chain increases.
They also find that the angle of the methyl group,
which is an indicator of the tilt of the hydrocarbon
chains, is not simply related to the area per chain. A
comparison of surfactants with the same chain length
and area per molecule shows that the structure of
the chain region of the monolayer is sensitive to the
nature of the headgroup and not just to the packing
density. A series of cationic surfactants has been the
focus of another set of studies.55,59,140-143 In a study
that combines VSFS and neutron reflectivity, hexa-
decyltrimethylammonium p-tosylate has been exam-
ined. Single-chain cationic surfactants such as this
form small spherical micelles in dilute solutions, but
in the presence of aromatic counterions, they can
transform into long, threadlike aggregates with
dramatic effects on the optical properties and rheol-
ogy of the solution.144 In these vapor/water studies,
they show that the aromatic anions cause major and
unexpected changes to the structure of the monolay-
ers.141 They find that in order for the monolayer to

generate space for the bulky tosylate ions, the area
per surfactant molecule increases by about 25%. In
a related study, the behavior of this cationic surfac-
tant in the presence of a series of halide counterions
has been examined by a combination of surface
tension, ellipsometry, and VSFS. Neither the VSFS
nor ellipsometry data provided any firm evidence for
specific effects of the halide ions on the structure. The
principal effect of the counterion is to change the
efficiency and effectiveness of the surfactant (both
decreasing in the order of Br- > Cl- > F-). In another
study, a series of alkyltrimethylammonium bromides
(CH3(CH2)n-1N+(CH3)3Br-), CnTAB (n ) 12, 14, 16,
18), has been examined at a constant area per
molecule of 44 Å2 to understand the effect of chain
length on the molecular orientation. The data sug-
gests that all four surfactants behave very similarly
with a chain tilt of 58° near the methyl terminus.
Complimentary ellipsometric data suggests that the
density of the chain region in the monolayers is close
to a liquid hydrocarbon. This and related neutron
reflection data are consistent with the VSFS data.143

A study by Goates et al.44 examined the conforma-
tional ordering of nonionic surfactants at the vapor/
water interface. These nonionic surfactants that are
in the category of alkyl poly(ethylene glycol) ethers,
CnEm, are widely used as detergents, emulsifiers, and
dispersants.145 In these studies, the goal is to deter-
mine how the length of the poly(ethylene glycol) chain
(EO) affects the structure of the monolayers when
the length of the hydrocarbon chain is held constant.
They find that for a constant headgroup area of 62
Å2, the hydrophobic region of the monolayer has a
density close to that of a liquid hydrocarbon and a
structure that varies little with the length of the EO
chain.

Mixed monolayers of surfactants and hydrocarbons
have been the focus of several studies. A study of
n-eicosane and a monolayer film of dodecanol at the
vapor/water interface has been examined in the C-H
stretch region by Sefler et al.146 McKenna et al.59 find
that mixed monolayers of hexadecyltrimethylammo-
nium bromide and tetradecane formed at the air-
water interface exhibit a first-order phase transition
from a conformationally disordered to a conforma-
tionally ordered state as the temperature is lowered.
The phase transition occurs at approximately 11 °C
above the melting point of tetradecane. A two-
dimensional phase transition has been studied in a
mixed monolayer of sodium dodecyl sulfate and
dodecanol at the vapor/water interface.147 They find
with VSF and ellipsometry that at low temperatures,
a monolayer at the surface of a solution containing
99.9% SDS and 0.1% dodecanol is conformationally
ordered and has a surface coverage comparable to
that of a monolayer of pure dodecanol at the same
temperature. At 16 °C, a first-order phase transition
to a phase that is less dense and more conformation-
ally disordered is found. The high-temperature mono-
layer phase is more disordered than the correspond-
ing liquid phase in pure dodecanol. The solid phase
is found to contain equimolar amounts of SDS and
dodecanol, whereas the liquid phase contains SDS
and dodecanol in a ratio of 3:2. They attribute the
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change in composition of the mixed monolayer to a
reduction in the interaction parameter of the mono-
layer in the phase transition.

B. Water-Soluble Solutes Adsorbed at the
Vapor/Water Interface

In recent years, a number of studies have appeared
that examine the molecular structure of small water-
soluble molecules at the vapor/water interface. The
impetus behind most of these studies is to under-
stand how atmospherically important molecules ad-
sorb at this interface. Whereas atmospheric mol-
ecules have been studied extensively in the gas
phase, very few spectroscopic studies have investi-
gated these molecules on liquid surfaces. These
studies provide new challenges for the VSF field due
to the relatively low signal levels of these small
molecules, the complexity in spectral interpretation
due to interferences that can occur between various
vibrational modes of the solute molecules and the
water background, and the assignment of vibrational
modes. Nevertheless, the surface sensitivity of the
method and the applicability to the study of impor-
tant heterogeneous reactions at a liquid surface
makes the future bright for this area of research.

Air/acetonitrile-water interfaces have been the
focus of two sets of studies. In the first set by
Eisenthal and co-workers,148,149 the VSFS measure-
ments of this interface suggest a phase transition as
the solution composition is varied. This is manifested
in abrupt shifts in the CN vibrational frequency and
orientation of acetonitrile molecules at the interface
when the bulk acetonitrile (CH3CN) concentration
reaches 0.07 mole fraction. At lower concentrations
it is found that the CN stretching vibrational fre-
quency of acetonitrile at the interface is at a higher
frequency than that of neat bulk acetonitrile (Figure
21a). At concentrations greater than 0.07 mole frac-
tion acetonitrile in water, the frequency for surface
acetonitrile molecules red shifts to a value that is
near that of neat bulk acetonitrile. The spectral
changes in the CN region are attributed to the
breaking of hydrogen bonds with the CN group as
the water is squeezed out of the monolayer with
subsequent reorientation of the headgroup. The
methyl group (measured with CD3CN) does not
exhibit any frequency change as a function of aceto-
nitrile concentration as shown in Figure 21b. To
develop a broader picture of this behavior the studies
were followed by examination of air/proprionitrile-
water and air/butyronitrile-water interfaces.150 These
molecules allow the study of the effect of the alkyl
chain on the surface interactions which, for the
acetonitrile case, are dominated by the hydrogen
bonding of the CN with water and by the dipole-
dipole interactions among CN units. For the buty-
ronitrile system, no phase transition is observed with
interfacial concentration. However, for proprionitrile,
a phase transition as manifested by changes in CN
frequency and CN molecular orientation is observed.
The chain length dependence of the behavior is
attributed to a lower interfacial packing density for
molecules as the chain length increases. Huang and
Wu examined the air/acetonitrile-water interface

and compared the behavior with the air/methanol-
water interface.151 These studies involved a combina-
tion of VSFS and third harmonic generation (THG).
THG was used to obtain information about the
microscopic structure of these liquids in the bulk
medium. They found very different results for these
two systems. For acetonitrile, the studies suggest the
existence of microheterogeneity in the liquid mixtures
with acetonitrile mole fractions higher than 0.3. This
critical concentration for the bulk phase separation
is larger than that appearing at the surface. For
methanol, the polar distribution of the methanol
molecules at the surface has been found to be
enhanced by the interfacial water molecules.

Studies have been conducted on several sulfur-
containing molecules examined at the vapor/water
interface, specifically dimethyl sulfoxide (DMSO)152,153

and methane sulfonic acid (MSA).67 These molecules
are present as trace constituents in the atmosphere.
Recently, DMSO has been proposed as the hetero-
geneous precursor to atmospheric condensed phase
MSA through an atmospheric cycle originating with
dimethyl sulfide, a phytoplankton degradation
product.154-156 Aerosol particles containing MSA are
thought to contribute to the class of aerosols which
effectively scatter radiation out of the atmosphere.
In the DMSO studies, the combination of surface

Figure 21. (a) Upper trace is a transmission spectrum of
a neat bulk CH3CN sample. The two bottom traces are sum
frequency spectra of CN vibration in the air/solution
interface at bulk mole fractions of X ) 0.03 and 0.26. (b)
The upper trace is a transmission spectrum of a neat
CD3CN sample. The two bottom traces are sum frequency
spectra of the CD3 symmetric stretch in the air/solution
interface at bulk mole fractions of X ) 0.02 and 0.26.
(Reprinted with permission from ref 137. Copyright 1993
American Institute of Physics.)
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tension and VSF measurements show that for aque-
ous mixtures of DMSO and water, the DMSO mol-
ecules partition to the interface with a higher con-
centration at the surface than in the bulk. Figure 22a

shows a spectrum of an aqueous solution of DMSO
at 0.1 mole fraction. The data were taken with SSP
polarization. The sharp peak observed at 2920 cm-1

is assigned to the methyl symmetric stretch (SS) of
DMSO. This peak is found to be shifted slightly to
higher energy relative to the pure DMSO. The shift
to higher energy has been attributed to a decreased
interaction of the DMSO sulfur lone pair with the
trans-CH of the methyl groups of DMSO. This
decreased interaction is indicative of the changing
orientation of DMSO with surface concentration as
aggregation increases. This observation combined

with changes in VSF intensity with DMSO surface
concentration led to the conclusion that, as the
surface concentration of DMSO increases, the DMSO
molecules are aggregating and reorienting such that
the two methyl groups are becoming more perpendic-
ular to the solution surface. The methyl asymmetric
stretch of DMSO appears as a small peak at 2990
cm-1. This mode destructively interferes with the
CH3-SS48,49 as determined when appropriate fitting
procedures that take into account the phase relation-
ship between these two modes are applied. This is
visually manifested in spectrum Figure 22a as an
asymmetry in the CH3-SS mode and the dip in the
spectrum near 2975 cm-1. The large intensity of the
SS mode relative to the AS mode indicates that the
methyl groups are oriented predominately out of the
interface.

Similar studies have been conducted with methane
sulfonic acid.67 The VSF spectrum of this molecule
at the vapor/water interface is shown in Figure
22b. The CH3-SS appears at 2940 cm-1 and the
CH3-AS appears near 3030 cm-1. Once again, the
strong asymmetry in the CH3-SS peak is due to the
destructive interference between the two methyl
stretching modes. The VSF intensity centered around
3100 cm-1 is attributed to the cooperative intermo-
lecular hydrogen-bonding modes of surface water (see
earlier discussion). Unlike DMSO, as the MSA sur-
face concentration is increased from low bulk con-
centrations to pure MSA, the frequencies of both CH3
modes do not shift. Additionally, the SF intensity
tracks with the surface number density obtained
from surface tension measurements, leading to the
conclusion that unlike DMSO, the methyl group of
surface MSA does not reorient as a function of surface
concentration. It is interesting to compare the VSF
spectrum of these molecules with water/acetone
studies.152 Acetone, ubiquitous in many regions of the
atmosphere, has recently been shown to be the
second highest concentration organic trace-gas con-
stituent next to methane in regions of the Northern
Hemisphere. It is believed that it may play a role in
the growth and surface chemistry of atmospheric
aerosols.156 Figure 22c shows the spectrum of acetone
at an aqueous 0.1 mole fraction solution and a
temperature of 15 °C.152 The CH3-SS mode appears
for acetone at 2926 cm-1, which is slightly shifted
from the bulk Raman and IR studies which place
it at 2922 and 2924 cm-1, respectively.157 The
CH3-AS is less distinct, primarily due to the narrow
separation between these two peaks for acetone (∼43
cm-1) relative to DMSO (∼84 cm-1) and MSA (89
cm-1). The surface methyl groups of acetone prefer-
entially orient away from the bulk liquid. VSF studies
of pure acetone surfaces have been reported157 with
results similar to the aqueous acetone studies of Allen
et al.152 These studies were conducted at three polari-
zations, SSP, PPP, and SPS. These studies, which
combine VSF measurements and molecular dynamics
simulations, suggest that one of the methyl groups
points away from the liquid surface and the other is
embedded in the liquid. The assignment of the CH3-
SS mode and its energy agrees well with the earlier
work of Allen et al.,152 although the destructive

Figure 22. VSF spectra using SSP polarization of the
surface of aqueous solutions containing (a) 0.1 mole fraction
DMSO, (b) 0.1 mole fraction of MSA, and (c) 0.1 mole
fraction of acetone. (Reprinted with permission from ref
152. Copyright 2000 Elsevier Science.)
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interference and assignment of the CH3-AS is not
specifically addressed. The acetone surface is con-
cluded to be more ordered than that of the bulk.

Ammonia-water complexes have been the focus of
work by Shultz and co-workers.81,158 Understanding
the interaction of ammonia with different surfaces
arises from its importance in heterogeneous catalysis
and its relevance to various industrial processes.
With ammonia as the most abundant alkaline com-
pound in the atmosphere, it is the principal species
that neutralizes strong inorganic acids and hence is
important in atmospheric chemistry.159 Figure 23

shows a VSF spectrum of concentrated ammonia. The
major feature in the spectrum at 3312 cm-1 is an
intense peak assigned to the symmetric N-H stretch,
confirming the presence of NH3 at the interface. This
peak is red shifted by ∼20 cm-1 from the fundamen-
tal NH3 infrared gas-phase absorption. A weaker
deformation mode is observed at 3200 cm-1. The
dangling (free) OH peak is suppressed due to water
molecules complexing with ammonia at the interface.
In increasingly dilute ammonia solutions, the N-H
SS mode is less intense and the free OH peak of
water appears. Comparison of the calculated and
observed VSF intensities for different polarization
combinations has been used to determine the tilt
angles for surface ammonia molecules, further char-
acterizing the structure of the ammonia complex.
Figure 24 is a schematic of the NH3-H2O complex

orientation derived from these studies. The C3 axis
is concluded to be tilted between 25° and 38° relative
to the surface normal and a twist angle of g10°. The
orientation analysis yields an average configuration.
The authors examine the influence of the local
dielectric constant and the contributions of the Ra-
man transition polarizability tensors on the orienta-
tion analysis but find that these do not affect the
conclusions about orientation.

C. Surfactants Adsorbed at Organic/Water
Interfaces

1. Charged Alkyl Surfactants
Understanding the molecular structure of adsor-

bates at the interface between two immiscible liquids
provides new challenges for both experimentalists
and theorists. Few molecular studies to date have
been conducted at the interface between an aqueous
phase and an organic or hydrophobic liquid phase
that provide information about how surfactants or
adsorbates orient and structure as they adsorb. The
first and the majority of these studies to date have
been conducted using VSFS.160,161 Whereas the stud-
ies of liquid/liquid interfaces described above focus
on water structure and how it is affected by the
adsorbates, in this section, the focus is on the
adsorbate structure and in some cases how this
molecular structuring compares with similar adsorp-
tion at a vapor/water interface.

Figure 23. (a) VSF spectrum of concentrated ammonia
using SSP polarization and solutions of decreasing am-
monia concentration (b and c). (Reprinted with permission
from ref 81. Copyright 1998 Elsevier Science.)

Figure 24. Schematic of the NH3-H2O complex orienta-
tion with respect to the surface XYZ axis. The C3 molecular
axis is approximately 38° from the surface normal Z.
(Reprinted with permission from ref 158. Copyright 2000
American Institute of Physics.)

2716 Chemical Reviews, 2002, Vol. 102, No. 8 Richmond



The first successful measurements of the vibra-
tional spectroscopy of alkyl charged surfactants ad-
sorbed at a liquid/liquid interface have been reported
by Messmer et al.57 The goal of these VSFS studies
has been to measure the vibrational spectrum of a
simple surfactant, SDS, at this interface to under-
stand how such surfactants orient and assemble,
similar to the above-described vapor/water studies.
As mentioned earlier, the success of these otherwise
low signal experiments has come from the design of
appropriate cells to allow the experiments to be
conduced by TIR. Carbon tetrachloride and D2O have
been used in these experiments as well as later ones
because of their transparency to the infrared light
around 3 µm where the CH stretch modes of the
surfactants appear. These studies demonstrated that
spectra of SDS could be readily obtained at this
interface. Analysis of the acquired spectra show that
for a monolayer of SDS there is considerable disorder
in the alkyl chains at all interfacial concentrations.
Later more detailed studies examined both hydroge-
nated and deuterated SDS to allow more accurate
spectral assignments of CH stretch modes in these
and previous vapor/water studies.54 This study also
examined the chain ordering and the terminal methyl
group orientation of SDS as a function of interfacial
concentration. As in previous studies, the ratio of the
methyl/methylene intensity has been used to deter-
mine molecular conformation. The studies were ac-
companied by surface tension measurements to allow
correlation of the VSF signal and interfacial concen-
tration. The studies show that at all interfacial
concentrations the surfactants display considerable
conformational disordering. On average, the chains
are oriented normal to the interface. As the concen-
tration increases, the chains show increased ordering.
However, the persistence of the methylene signal
indicates that the chains never reach the all-trans
configuration that is seen for monolayers at vapor/
water or air/solid interfaces. This disorder has been
attributed to the presence of the CCl4 penetrating
into the chains and disrupting the van der Waals
interactions between the chains.

In a related series of studies surfactants of differing
charged headgroups54,162 and chain lengths have been
examined at the CCl4/D2O interface. In the former,
SDS, sodium dodecylsulfonate (DDS), dodecylammo-
nium chloride (DAC), and dodecyltrimethylammo-
nium chloride (DTAC) have been studied as a func-
tion of interfacial concentration and optical polari-
zation. As with the previous SDS study,57 all indicate
the presence of gauche defects in the hydrocarbon
chain as determined from the intensity ratio of the
methyl to methylene symmetric stretch vibrational
modes. An increase in the surface concentration
results in a reduction of gauche defects in the
hydrocarbon chain. The spectra suggest that the
conformational ordering is different for the cationic
versus anionic surfactants. The alkyl chains of the
cationic surfactants possess the fewest gauche de-
fects, whereas the anionic surfactants display more
disorder in the hydrocarbon chains at similar surface
concentrations. In studies of chain length, the con-
formational ordering of three alkanesulfonates have

been examined, sodium hexanesulfonate (HS), so-
dium undecanesulfonate (UDS), and sodiumdode-
canesulfonate (DDS) adsorbed at the D2O/CCl4 in-
terface.162 For all, an increase in interfacial concen-
tration leads to a reduction of gauche defects in the
hydrocarbon chains. The alkyl chain of HS displays
the fewest gauche defects, while DDS and UDS
display more disorder in their hydrocarbon chains at
similar surface concentrations. This is interpreted as
a reduction in the possible number of gauche confor-
mations in the shorter alkyl chains.

Both the headgroup and the chains of a charged
surfactant at the CCl4/H2O interface have been
examined in a study of sodium dodecylbenzene sul-
fonate (DBS) where the orientation of the headgroup
has been examined by monitoring changes in phenyl
CH mode intensities.138 DBS is an important indus-
trial and commercial surfactant used in cleansers and
detergents. VSFS studies have been conducted at
both the vapor/water and CCl4/D2O interfaces with
the former studies described in section IV.A. The
results have been compared with sodium dodecylsul-
fonate (DDS), which has the same alkyl chain length.
DDS exhibits typical simple surfactant behavior
found in the previous VSF studies.163 Figure 25 shows
a plot of the ratio of methyl/methylene SS for the
these systems. For the DDS (Figure 25a), there is a
rise in the ratio with surface concentration indicative
of increased order with concentration until monolayer
coverage results in a more constant value. In con-
trast, at the vapor/water and CCl4/water interface
(Figure 25b and c, respectively), DBS does not
undergo any ordering of the chains as monolayer
coverage is approached. The chains are highly dis-
ordered at all surface concentrations at both inter-
faces. Even in the presence of excess salt, which
screens the charged headgroups and allows the DBS
molecules to pack more tightly, there is no significant
change in the order of the alkyl chains (Figure 25d).
The authors attribute this to the disruptive nature
of the bulky phenyl group in DBS that does not allow
the alkyl chains to order as well as DDS. Phenyl
group orientation for DBS has been examined by
following the strongest phenyl mode (analogous to ν2
in benzene) which has its IR transition moment
pointing from the alkyl chain to the sulfonate. Figure
26 shows the SF intensity dependence on surface
concentration for the phenyl CH modes at the two
interfaces. For the vapor/water interface, the minimal
change in intensity at low concentrations followed by
a sharp rise as a monolayer is achieved suggests that
there is an abrupt change in orientation of the phenyl
group as the interface reaches a high level of packing.
For the liquid/liquid interface the linear relationship
between the square root of the intensity and the
surface concentration indicates minimal reorientation
with concentration. Polarization studies indicate that
the phenyl groups are oriented perpendicular to the
interface throughout this concentration range. The
combined observations described and the results from
surface tension measurements showing that the
headgroup areas at monolayer coverage for DDS and
DBS are nearly the same, suggest that the phenyl
rings are in a staggered arrangement at the liquid/
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liquid interface and that this staggering of the
headgroups disrupts the ability of the chains to order
while allowing the phenyl rings to maintain their
perpendicular orientation.

2. Biomolecules

Many important biomolecules in biological organ-
isms and in the environment are classified as sur-
factants because of their tendency to adsorb at
hydrophobic/hydrophilic interfaces. Phospholipids are
one example of such biological surfactants. These
biomolecules constitute the major component of most
cell membranes and consist of a charged headgroup
connected to a pair of long acyl chains by means of a
three-carbon glycerol backbone. At interfaces, these
amphiphilic molecules form Langmuir films which
exhibit a host of different phases and morpholo-
gies.164,165 The interest in studying their behavior at
liquid surfaces arises from the ability to use any
insight gained from these studies to understand the
nature of more complex phase behavior which takes
place in bilayer systems. Most previous studies of
phospholipid assembly using other methods have
been conducted at vapor/water interfaces.165,166

The molecular structure of phospholipids as-
sembled at the vapor/water and organic/water inter-
faces has been studied in a number of VSFS studies.

The first VSF studies of phospholipids at an organic/
water interface were reported by Walker et al.167 In
these experiments, spectra of the CH stretching
region of several different phosphocholines adsorbed
to the D2O/CCl4 interface were measured. As with
other surfactants, the relative intensity of the CH-
SS modes have been used as a means of determining
chain conformation. The phospholipids used belong
to a class of saturated, symmetric, dialkylphospho-
cholines (PCs) having alkyl chain lengths of 12
carbon atoms (dilauroyl-PC or DLPC), 14 carbon
atoms (dimyristoyl-PC or DMPC), 16 carbon atoms
(dipalmitoyl-PC or DPPC), and 18 carbon atoms
(distearoyl-PC or DSPC) (Figure 27). These mono-
layers formed from the breakup at the interface of
aqueous phase phosphocholine vesicles with their
adsorption measured by VSFS in conjunction with
interfacial tension measurements. The experiments
were conducted at a series of concentrations above
and below the bilayer gel to liquid crystalline phase
transition temperature. It has been found that chain
order is dependent on both alkyl chain length and
interfacial phospholipid concentration. The interfa-
cial pressure studies show that the forces within the
bilayers of the aqueous vesicles control the interfacial
concentration at the liquid/liquid interface and hence
of the subsequent conformation of the adsorbed PCs.

Figure 25. Ratio of the methyl to methylene symmetric stretch intensities as a function of surface concentration for (a)
DDS at the air/water interface, (b) DBS at the air/water interface, (c) DBS at the air/water interface with 0.1 M NaCl, and
(d) DBS at the CCl4/water interface with 0.1 M NaCl. (Reprinted with permission from ref 138. Copyright 2000 American
Chemical Society.)
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For PCs originating from the liquid crystalline state
of vesicle bilayers, the reduced barrier to vesicle
breakup at the interfaces results in a higher degree
of order among the alkyl chains. In contrast, stronger
cohesional forces in the vesicles in the gel state
inhibit PC deposition at the interface and the alkyl
chains of these expanded monolayers show greater
disorder. At equivalent interfacial concentration, the

alkyl chain structure of the PCs show a dependence
on chain length. At the vapor/water interface, mono-
layers composed of longer chain phospholipids show
greater alkyl chain ordering than the shorter chain
PCs. For the same PCs studied at the water-CCl4
interface, there is much less of a difference in
ordering with chain length and, in fact, there is a
slight trend toward decreased chain ordering with
chain length. The authors interpret this difference
as evidence that under ambient conditions the CCl4
solvates the alkyl chains of monolayers adsorbed at
the water-CCl4 interface. Monolayers consisting of
longer chain species (i.e., DPPC and DSPS) are more
readily solvated than the shorter chains, and the
reduction in interchain attractive forces leads to
greater propensity for torsional distortion and gauche
defects. Similar chain length studies have been
conducted for comparison at the vapor/water inter-
face.168,169 For the vapor/water interface, the longer
chains are more conformationally ordered as they
experience stronger interchain van der Waals forces
and form monolayers corresponding to more ordered
monolayers than those of their shorter chain coun-
terparts. A later study in this laboratory extended
these studies of symmetric PCs to those with longer
alkyl chains up to C22.170 Different methods of mono-
layer preparation have been necessary in these
studies due to the insolubility of the larger PCs in
the aqueous phase. Samples were prepared by dis-
solving the PC in chloroform and spreading it at the
interface by gently expelling small drops of the
chloroform solution from a syringe tip placed under-
neath the vapor/water interface above the liquid/
liquid interface and allowing them to fall by gravity
to the liquid/liquid interface. Several sample spread-
ings were necessary in some cases to produce the
desired close-packed interfacial monolayer at the
liquid/liquid interface. With this means of prepara-
tion it has been found that the C18 and longer chain
PCs form extremely well-ordered interfacial layers
with chains in a predominately all-trans conforma-
tion while C16 and C15 PCs formed layers with
disordered chains. The C17 PCs produced layers with
intermediate degree of order.

In another set of VSF studies of PCs, Smiley and
Richmond examined the molecular level organization
of saturated symmetric and asymmetric chain PCs.171

The importance of this study is that a large majority
of biological phospholipids contain two dissimilar
hydrocarbon chains per molecule. Little is known
about asymmetric chain phospholipids in bilayers,
and even less is known about their monolayer prop-
erties. In these studies the PC monolayers have been
formed at the CCl4/H2O interface by injection of PCs
into the bulk aqueous phase. The PCs had varied
chain combinations of CnCm where n ) 18, 16, 14,
and 12 and m ) 18, 16, 14, 12, and 10. It has been
found that three of the PCs studied, specifically C18/
C16, C18/C18, and C16/C18, formed extremely well-
ordered layers with primarily all-trans chain confor-
mations. Highly asymmetric PCs showed relatively
disordered chains as might be expected from the
reduced chain-chain interactions among the mis-
matched portions of the longer chains. The shorter

Figure 26. Square root of the VSF intensity of the ν2 mode
as a function of concentration for (a) DBS at the air/water
interface with 0.1 M NaCl and (b) DBS at the CCl4/water
interface with 0.1 M NaCl. The solid data points correspond
to concentrations where surface pressure measurements
indicate maximum surface coverage. (Reprinted with per-
mission from ref 138. Copyright 2000 American Chemical
Society.)

Figure 27. Phospholipids used belong to a class of
saturated, symmetric, dialkylphosphocholines (PCs) having
alkyl chain lengths of 12 carbon atoms (dilauroyl-PC or
DLPC), 14 carbon atoms (dimyristoyl-PC or DMPC), 16
carbon atoms (dipalmitoyl-PC or DPPC), and 18 carbon
atoms (distearoyl-PC or DSPC). (Reprinted with permission
from ref 118. Copyright 1999 Elsevier Science.)
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chain PCs of <16 carbons/chain are also relatively
disordered. The authors attribute the greater disor-
der seen in the shorter chain PCs, irrespective of
chain mismatch, as a consequence of reduced chain-
chain interactions relative to the longer chain PCs.
Interestingly, the main differences measured in these
films could not be predicted based on the respective
gel-to-liquid crystalline phase transition tempera-
tures. Disordered chains were found for PCs both
above and below their respective transition temper-
ature for these room-temperature studies. The au-
thors speculate that this may result from interfacial
layer subtransitions.

A series of studies of biological systems has been
conducted by Cremer and colleagues that examined
biomolecules, including proteins, as they adsorb at
quartz surfaces. These recent studies shed light on
how water structures near these biological macro-
molecules under various pH conditions.172-175

D. Surfactants and Adsorbates at Solid/Aqueous
Interfaces

Studies of molecular structure of solid/liquid in-
terfaces provide further application for VSFS.52 Sev-
eral studies have appeared that explore the structure
of monolayers and surfactants at a solid/water in-
terface. Bain and co-workers examined the coadsorp-
tion of SDS and dodecanol a model hydrophobic
surface that was prepared by self-assembly of octa-
decanethiol (ODT) on gold.176,177 In the first study,176

they show that VSFS could discriminate between the
coadsorbed SDS and dodecanol and demonstrate the
sensitivity of VSFS to the packing density and
conformational order in the adsorbed monolayer.
Selective deuteration has been employed to distin-
guish between the two adsorbed surfactants. In the
second study,177 with quantitative measurements of
mixed monolayers, it has been found that dodecanol
partitioned to the interface at a higher level than
present in the bulk liquid. For example, a mixture
of 6 mM SDS + 10 µM dodcanol showed a monolayer
comprised of 63% dodecanol and 37% SDS. It had a
packing density comparable to that of a pure mono-
layer of dodecanol. The composition of the monolayer
has also been found to be isotope dependent. It is
suggested that the dependence arises from a highly
surface active impurity in the SDS or quantitatively
by a lattice model of the monolayer within regular
solution theory. Briggs et al.178 measured the adsorp-
tion of a series of dichain sugar surfactants (di-
(Cn-Glu)) from an aqueous solution onto a similar
deuterated ODT surface chemisorbed on a gold-
coated, chromium-primed silicon wafer. By monitor-
ing the ratio of methyl and methylene SS modes they
determined the relative conformational ordering in
the di-(Cn) chains. The SF spectra show that for di-
(C6-Glu), the effectiveness and efficiency of adsorption
is only marginally affected by temperature up to 95°
C. Using partially deuterated d30-di-(C6-Glu) mono-
layers, they show that methylene resonances arise
solely from the tail groups. The methylene mode
amplitudes are found to generally increase with di-
(Cn-Glu) tail length as a result of more gauche
defects. The methyl mode amplitudes remain nearly

constant. Conformational disorder in the tail group
is found to increase with decreasing solution concen-
tration and solution concentration below the critical
micelle concentration. The monolayers show excep-
tional thermal stabilities on hydrophobic surfaces.
This makes them attractive candidates for forming
temperature-insensitive microemulsions with ap-
plication in enhanced oil recovery. Zolk and co-
workers179 investigated the solvation of olio(ethylene
glycol)-terminated self-assembled monolayers on gold
in the C-H stretching region. Comparison of the
monolayers in ambient atmosphere, in contact with
water, and in contact with carbon tetrachloride show
that the film structure is strongly disturbed by the
interaction of the liquid with the monolayer. These
results are consistent with the earlier conclusions of
monolayers at the CCl4/H2O interface.54,161,167,180 In
related studies of dioctadecyl dimethylammonium
chloride (DOAC) adsorbed at quartz/liquid interfaces,
it has been found that the chains can assume many
different conformations depending upon whether the
solvent is CCl4 or CDCl3, short-chain alkanes, alcohol,
or water.180 Duffy and co-workers examined the
adsorption of potassium oleate and sodium octanoate
at the iron-water interface.181 These studies are
important because of the use of lubricating films to
reduce friction at metal surfaces. The molecules
studied are believed to act as boundary layer lubri-
cants at iron surfaces in aqueous solution. The
strength and phase of the resonances in the VSF
spectrum of oleate indicate that a bilayer was ad-
sorbed at the iron surface. In comparison, adsorbed
sodium octanoate did not contain any resonances at
any applied potential implying that the ordered films
formed by oleate are more effective at lubricating
than the disordered films.

E. Electrochemical Interfaces

VSF measurements metal/aqueous electrode sur-
faces have thus far been conducted on Au, Ag, and
Pt electrode surfaces. The most extensive studies
have been conducted with platinum single-crystalline
and polycrystalline surfaces. Using a free electron
laser, Guyot-Sionnest and Tadjeddine demonstrated
the first use of VSFS to study ionic adsorption at an
electrified metal/aqueous electrolyte interface.182,183

These studies involved measurements of cyanide
(CN-), thiocyanate (SCN-), and carbon monoxide
(CO) adsorbed on polycrystalline platinum. The stud-
ies indicate that the CN- and SCN- adsorb at the
surface but that the nitrogen atom can take two
different orientations, either facing or pointing away
from the surface. Daum and co-workers using a
broadly tunable IR laser system conducted similar
experiments on Pt(111) and found evidence for co-
valently bound CN-.184-186 The adsorption of CN-,
SCN-, and related OCN- ions has also been exam-
ined on Ag and Au electrodes where the adsorption
is found to vary with potential in characteristic ways
for each of the ions.187-190 Hydrogen adsorption on
polycrystalline and single-crystal Pt electrodes has
been examined in several studies by Peremans and
Tadjeddine.187,191-194 In these studies a significant
potential dependence in the VSF spectrum of the
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Pt-H stretch is found. More than one peak for this
mode appears, which the authors attribute to the
bonding. The same investigators also examine the
electrochemically induced decomposition of methanol
on Pt electrodes using VSFS by monitoring the CO
adsorption after decomposition.187,195-197 The CO has
been found to be present in both a single and multiple
bonded state. The lifetime of a CO stretch vibration
on a Pt surface has also been examined and found to
be a few picoseconds.198-200 This lifetime is found to
be relatively independent of the solvent environment
or the application of electrochemical potential. The
orientation of acetonitrile at the Pt(111) electrode has
been examined as a function of concentration and
electrode potential.201 Acetonitrile is found to orient
with applied potential with the C-C bond perpen-
dicular to the surface. Between 200 and 600 mV (vs
the normal hydrogen electrode) its orientation is
predominately with the methyl group directed toward
the metal while the CN group is toward the metal
above 800 mV. As water is added to the solution, the
orientation is found to be disrupted.

F. Polymer Surfaces

Several studies have appeared that investigate the
properties of water at polymer surfaces.202-204 Kim
and Shen204 studied the treatment of polyimide
surfaces treated with NaOH solution to improve the
adhesion with metals. Both ultraviolet absorption
and VSFS have been employed in the studies. They
found that the conversion and subsequent etching of
the polyimide film by the solution is more effective
in the amorphous part of the film. Drying of the film
converts the surface amides back to imides. In studies
of the water/poly(ethylene glycol) interface, Dressen
et al.202 show that poly(ethylene glycol), whose mo-
lecular arrangement is originally relatively ordered,
becomes disordered in the presence of water. Ad-
ditionally, they find a new OH band that they identify
to water molecules that are strongly interacting with
the polymer. Three polymer blends immersed in
water have been examined in studies by Gracias et
al.203 using both VSFS and scanning force microscopy.
These studies involved polyethylene and polypropy-
lenes of different molecular weights and structures.
In aqueous solutions, polymer blends were found to
segregate with the more hydrophilic polymer going
to the surface. These studies have relevance to
understanding the hydrated state of biopolymers that
can be used as implants in the body.

V. Summary and Conclusions

There has long been a desire to understand the
molecular structure and bonding that occurs at
aqueous surfaces and interfaces. It is only recently
that experimental techniques have become available
to provide this type of information. Vibrational sum
frequency spectroscopy is increasingly becoming a
tool of choice for such studies because of its ability
to measure the vibrational spectroscopy of molecules
with inherent surface specificity, and the ability to
make such measurements in a conventional labora-
tory setting. The future is particularly promising in

this area as studies proceed to longer wavelengths
where different adsorbate modes can be measured,
and to shorter time scales where interfacial dynamics
can be probed. This review has provided an overview
of VSFS studies that have been conducted on aqueous
surfaces and the contributions that the results have
made to the field.

As this review describes, the molecular structure
and bonding of water at a vapor/water interface has
been the most extensively studied system since the
first measurement was made by VSFS nearly a
decade ago. Recent advances in laser technology and
detection methods, inclusion of appropriate normal-
ization procedures for power and anomalous disper-
sion, and improved sample preparation are resulting
in a consensus from various laboratories as to the
most accurate spectrum of OH stretching modes from
the vapor/water interface. The current challenge is
obtaining an interpretation of this spectrum that
involves identification of different types of water
bonding species at the interface. This requires at-
tention to appropriate analysis procedures and spec-
tral fitting routines that take into account the phase
relationships between contributing vibrational modes
and interferences between adjacent resonant modes
and orientational effects. Important input in decon-
volution of broad spectral features, such as polariza-
tion and isotopic dilution experiments, are providing
valuable new information. Equally important are
theoretical treatments of this and other aqueous
interfaces that assist in interpretation of the data via
the molecular simulations and simulation of VSF
spectra. Studies of the adsorption of small solute
molecules that have relevance to atmospheric process
are also being studied at these surfaces, and impor-
tant information about the partitioning and structur-
ing at the vapor/water interface is emerging. There
are a plethora of molecules and systems that will be
valuable to study in this area in order to understand
reactions and the molecular structure of the surfaces
of aerosols and other aqueous surfaces. Beyond the
room-temperature vapor/water interface, VSF offers
exciting opportunities for understanding ice surfaces
and ice/water interfaces as a function of temperature,
different ice crystal faces, and thin films of ice grown
on different solids. The VSF studies will provide
important surface-specific input to add to information
from a growing number of techniques that are
providing insight about molecular structure and
interactions at ice surfaces.

The structure and bonding of water in contact with
a hydrophobic liquid is an area that has been largely
dominated by theoretical efforts due to the paucity
of experimental methods for probing this complex
interface. This review demonstrates the type of
information that can be gained from VSFS studies
in this area. VSFS has recently provided the first
detailed molecular insight into contributing water
species at this type of interface, first at the CCl4/H2O
interface and now with the extension to other hydro-
carbon/water interfaces. The studies show weaker
bonding interactions between interfacial water mol-
ecules than at the vapor/water interface and also
show evidence for the importance of the interfacial
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potential created by attractive interactions between
water dipoles and the polarizable organic fluid.
Isotopic dilution studies and analysis procedures that
appropriately take into account the molecular orien-
tation and the phase relationships between contrib-
uting OH modes and the weaker bonding nature of
this interface have allowed spectral assignments and
spectral fitting to be done at a level beyond what has
been previously possible in VSF spectra of water. The
CCl4/H2O studies provide the framework for future
studies of organic/water interfaces that hold much
promise in future years. These experimental efforts
will benefit from theoretical efforts in this area that
are just beginning to appear. As an extension of these
neat liquid/liquid studies, related VSFS studies of
these interfaces in the presence of trace charged
species at the interface demonstrate the sensitivity
of this technique to water molecules solvating charge
at this interface. Future studies will be important in
this area, particularly as it relates to an improved
understanding of charged species at hydrophobic
surfaces.

The review has also described the growing number
of studies that have examined the adsorption of
molecules and surfactants at aqueous interfaces
including vapor/water, organic/water, and solid/water
interfaces. These studies conducted largely at both
vapor/water and liquid/liquid interfaces have largely
focused on the conformation and ordering of alkyl
groups on the adsorbates. As lasers with broader
wavelength capabilities in the infrared become more
prevalent and studies move beyond the C-H and
N-H stretch modes of most current studies, valuable
information will be gained about other parts of these
molecules, particularly regions that reside at the
aqueous surface. There are numerous biologically
important interfacial processes involving surfactants
and solutes that would benefit from VSF studies that
have important relevance to respiration, anesthetics,
ion transport, and macromolecular assembly. The
same is true for the study of surfactants involved in
remediation, oil extraction, lubrication, and com-
mercially important products. At solid/liquid inter-
faces, including electrochemically relevant systems,
there are many important issues to examine about
the solvating layer at these solid surfaces and all
types of adsorption including potential-induced ad-
sorption.
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