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With Benjamin Franklin’s oil on water experiments as a historical example, people have long been fascinated
with the physical characteristics of the interface between water and an organic liquid and the unique chemistry
that can occur at that interface. In this paper, we present our current understanding of the structure, orientation,
and bonding characteristics of this fluid and dynamic interfacial region based on the efforts in our laboratory
over the past decade and the important research of others in this field. In our studies, in which we have used
a combination of surface specific nonlinear vibrational spectroscopy in conjunction with molecular dynamics
simulations, we find that a general feature of organic-water interfaces is that of weak bonding interactions
between adjacent water molecules and between the water and organic molecules. These weak water-organic
interactions, present at all of the interfaces that we have studied, result in significant interfacial structuring
and molecular orientation on both sides of the interface. How the structuring of both the interfacial water and
organic molecules is dependent on the nature of the organic media is discussed as well as how this interfacial
structuring can facilitate molecular and ion transport across the interface. The discussion of the neat
organic-water interface is followed by a summary of how this picture is changed with the addition of ions,
surfactants, and biomolecules, and how the presence of the organic media plays a role in the adsorption and
conformation of adsorbates relative to the vapor-water interface. Examples of recent applications for the
oil-water interface to synthesis and future perspectives are discussed as well.
1. Introduction
Its ubiquitous presence in the environment and its paramount
importance for the support of the planet’s ecosystem gives water
a unique position amidst the plethora of molecules that fascinate
scientists. This fascination is not a recent phenomenon and
thinkers from disparate cultures and schools of thought have
studied and puzzled over the behavior of water for many
hundreds and thousands of years. Amazing as it may seem, the
molecular structure and bonding of bulk water continues to be
a hot topic of scientific debate, where fights over water rights,
or who is right about water, often evoke intense discourse from
opposing sides.1 Emerging from this discussion is the ever
growing interest in how water behaves at the terminus of the
bulk, where the hydrogen bonding between neighboring water
molecules must change to adjust to its new solid, liquid, or
gaseous neighbor. How it interacts with its neighboring media
is the essence of some of the most important chemical, physical,
†
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and biological processes on this planet, many of which we barely
understand on a molecular level. Yet advances in our understanding of these interfacial processes have important implications for addressing some of the most pressing scientific issues
of today including ion transport, environmental remediation, new
materials synthesis and assembly, and environmental chemistry.
Of particular interest to both historical and contemporary
investigators have been interfaces between water and a neighboring immiscible liquid or oil. These interfaces have been
studied extensively in the last 200 years, and an important
historical figure with regard to these investigations in the United
States is Benjamin Franklin. Upon witnessing the windblown
waves calmed as ships greased with their expelled cooking oil
sailed through, he “resolved to make some experiment on the
effect of oil on water” when opportunity next arose.2 In fact
Franklin took with him a vial of oil in his cane when going to
the country, so as to repeat the experiment in order to further
advance his understanding of the impact of oils on the surface
of lakes or oceans. The spreading of the oil upon the water’s
surface fascinated Franklin, and his letters regarding the
phenomenon provide accounts that can be enjoyed even
centuries later. Fortunately for those living near the lake, and
scientific progress, such experiments have now moved into the
laboratory. While Franklin and his contemporaries likely did
not have the conceptual underpinnings or vocabulary to think
in detailed terms of hydrophobic layers, miscibility, diffusion,
or interfacial roughness, it is humbling to consider that the sorts
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of “big picture” questions they were asking then are still actively
debated and investigated today.
From a modern day perspective, the focus is on understanding
the molecular level detail and behavior of water in the vicinity
of the oil, or more generally, at a hydrophobic surface. The
seminal work by Pratt and Chandler3 and more recent work by
Chandler’s group4,5 focus on the theoretical aspects of these
hydrophobic interactions. There are also many other valuable
theoretical perspectives that have described water adjacent to a
hydrophobic surface and the crossover from a small to a large
length scale in the description of the behavior.4-21 We would
also like to note here that “surface” is loosely defined. One might
envision a flat two-dimensional expanse, but the surface may
well be anything but flat as Tanford points out when reviewing
the learning curve that protein chemists faced when confronted
with the reality of hydrophobic effects.22
It is the fascinating and still elusive properties of this unique
interface that has inspired our efforts in this area. In this article
we provide a molecular level perspective of the evolution of
this field of study with an emphasis on advances made in the
past decade. This snapshot of our understanding of the chemical
and physical properties of a variety of liquid interfaces will draw
on recent experimental and computational studies from our
laboratory as well as integrate discoveries and insights from
the research of others. Because the nature of this article is more
reflective than comprehensive, we urge readers seeking a greater
depth of understanding to utilize the primary works we cite.
An additional and exciting aspect of this article is that it
provides the opportunity to reflect broadly on how the emergent
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understanding and future advances of oil-water interfacial
systems might contribute to developing areas of science and
technology. We invite and welcome others to reflect, as we have
done, on how this seemingly unimportant but actually ubiquitous
liquid-liquid interface plays a role in their life and scientific
thinking.
2. Historical Perspective
Interestingly, it was almost a century after Franklin conducted
his oil on water experiments that the thickness of the oil layer
was calculated by Lord Rayleigh.2 Between the time of Franklin
and that of Rayleigh, scientists had developed the knowledge
and vocabulary to be able to talk about, think about, and work
quantitatively with the concept of a layer’s thickness but were
struggling with the notion of “a molecule”. With this as the
milieu, there must have been questions about the nature of the
transition from the water-side of the layer to the oil-side of the
layer. Even in Franklin’s time, as engineered flat surfaces of
metal and glass became ever more common, people must have
pondered the hidden (“buried” in more modern terminology)
junction between oil and water. Was it smooth or rough, regular
or uneven? However, likely missing from the paradigm view
before the turn of the 20th century was any appreciation or sense
of the importance of the molecular nature of the system’s
constituents. Indeed it was only shortly before Rayleigh’s work
that the composition of water as being H2O was accepted and
that chemists began to fight through the atom/molecule debate.23
Through the middle of the 20th century, substantial progress
was made in understanding how to exploit the valuable
properties of oil-water interfaces. Historically as well as
currently, electrochemists have made use of a variety of aqueous
interfaces, which are commonly referred to as the interface
between two immiscible electrolyte solutions (ITIES).24,25 The
interface between 1,2-dichloroethane and water is a common
example for study due to its relatively large polarizable region.
Also at this time, polymer chemists made use of the oil-water
interface to support the synthesis of materials. The polymerization of nylon from its monomers adsorbed at the interface
between an aqueous solution and hexane is the most common.26
This interfacial reaction is frequently used as a demonstration
in introductory chemistry courses as an example of heterogeneous polymerization processes. A quick Internet search for
“nylon synthesis” even returns a number of videos capturing
the reaction.
More recently biochemists and a variety of theorists have
turned to oil-water interfaces as idealized model systems.27-32
It is humbling to note that some consider these surfaces to be
simple and idealized compared to more complex hydrophobic
surfaces such as the membrane and cell surfaces that are of
interest to them. For many, understanding the detailed molecular
behavior of water adjacent to much simpler hydrophobic media,
and the response of this interface to the presence of simple ions,
acids, and surfactants is challenging enough with many unresolved questions that underpin the behavior of more complex
systems that others study.
As instrumentation and the science it enables progressed
through the midpart of the 20th century, there was an ever
increasing appreciation of the remarkable range of phenomena
and behaviors that aqueous interfaces exhibit. With advances
in spectroscopy and surface specific techniques through the
1960s and 1970s, the ability to not just appreciate but document
the molecular nature of aqueous interfaces began to develop.
Since the mid 1980s and the pioneering work by Shen
developing vibrational sum frequency spectroscopy (VSFS)33
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as well as development of second harmonic generation
(SHG),34-38 our group has been applying and contributing to
the development of these nonlinear optical methods to explore
the behavior of molecules at the interface between water and
different organic liquids. Parallel to these advances in nonlinear
optical spectroscopy have been advances in X-ray scattering
pioneered by Schlossman39-46 as well as neutron reflectivity45,47-49
and other more recently developed methods.50,51 What has
emerged from our studies and those employing X-ray techniques
is not the placid “stilled surface” that Benjamin Franklin may
have anticipated. Rather, the environment at a buried aqueous
interface is exceptionally dynamic, awash with molecules
experiencing a constellation of bonding environments and
sensitive to many conditions. The addition of ions or surfactants
causes other behaviors to manifest themselves. It is these ion
and adsorbate containing interfaces, which have proven so useful
in technological applications to date and that hold much promise
for continuing advances.
Coincident with these experimental advances have been the
expanding capabilities for using different theoretical methods
to describe, predict, and model molecular behavior at liquid-liquid
interfaces.6,52-54 As described in this review, our research effort
has greatly benefited from these theoretical advances. These
recently developed theoretical techniques and computational
models are applied to the specific systems studied in the
laboratory resulting in calculations that are directly comparable
to experimental data. When good correlation with experimental
data is achieved, we can then turn to these calculations to extract
a wealth of information about interfacial structure and bonding,
resulting in a much deeper and more rigorous understanding of
these interfaces than one can derive from a single experimental
or theoretical pathway alone.
Our developing understanding, particularly with this combined experimental and computational approach, clearly shows
that the appropriate place to begin thinking about interfacial
roughness, sharpness, and thickness is at the molecular level
where water molecules and oil molecules can venture far across
what might nominally be considered the interface. Having
foreshadowed some of the conclusions that we have reached,
we now return to the beginning where Benjamin Franklin likely
thought himself working as he poured his cruet of oil on a
pond’s surface: the neat oil-water interface.
3. The Neat Oil-Water Interface
This deceptively simple interface, comprised of only two
immiscible liquids, is an abundant source of information
regarding water next to a hydrophobic surface. The contributions
from our laboratory toward the understanding of the fundamental
interactions present at an oil-water interface have come from
a powerful combination of experimental and computational
methods. The questions that we have sought to answer in these
studies of the neat oil-water interface are simultaneously simple
and complex; simple in concept yet complex when all variables
that control the interfacial behavior are brought into play. These
questions include: What types of hydrogen bonding interactions
between interfacial water molecules are most prevalent at this
interface? How does the nonaqueous liquid affect the water
bonding behavior, if at all? Is there such a thing as a truly
hydrophobic liquid given that all molecules are polarizable to
some degree? What are the dimensions of the interfacial region?
Does the interface consist of a sharp transition from one liquid
to the other or does mixing occur? How might these properties
vary with the properties of the nonaqueous liquid? Are there
any structural aspects of the oil-water interface that might
facilitate molecular or ion transport from one phase to the other?
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As mentioned above, the experimental portion of our
investigations of the oil-water interface utilize VSFS. In these
experiments, a laser beam with a fixed visible frequency is
overlapped both spatially and temporally with a tunable infrared
(IR) beam at the oil-water interface. A resulting coherent beam
at the sum of these two frequencies, ωSF ) ωvis + ωIR, is then
generated. This beam ωSF is only generated by those molecules
or collection of molecules that are not centrosymmetric such
as the thin interfacial region that possesses an average net
molecular orientation. This results in no significant contribution
to VSFS signal from the bulk liquid molecules leading to
inherent interface specificity. The coherent nature of VSFS
results in each resonance having an associated phase that can
provide information regarding orientation of the molecules at
the interface. Choice of beam polarizations can also provide
information about how the molecules are structured. All the
spectra presented in this section, both experimental and calculated, use the ssp (s ) SF, s ) visible, p ) IR) polarization
scheme, which probes those oscillators with a component of
their transition dipole perpendicular to the interface. The
experiments are conducted in a total internal reflection geometry
to maximize the amount of VSF intensity detected. Details
regardingtheVSFSbackground55-59 andexperimentalapparatus60-63
can be found in the references cited.
Once a VSF spectrum is obtained, analysis and assignment
of spectral features provides many challenges due to the
homogeneous and inhomogeneous broadening of peaks and the
more complicated nature of the VSFS response relative to linear
spectroscopies like IR and Raman. As in linear vibrational
spectroscopies, the frequency and breadth of a VSF spectral
peak reveals the nature of the bonding environment being
probed. However, in addition the phases associated with the
peaks can result in constructive or destructive interference and
hence more complex lineshapes. A number of different approaches have been used to best extract the molecular level
details that the spectra provide including spectral fitting using
a routine developed by Bain64 that takes into account many of
the variables that contribute to VSFS peaks such as amplitude,
peak width, frequency, and phase. The curve fitting routines,
or related VSFS studies using phase-sensitive measurements,65
provide mechanisms for identifying spectral features. Curve
fitting can assist in the analysis of water spectra, particularly
when used in conjunction with isotopic dilution experiments
that produce a simpler system of primarily HOD in D2O.66 This
minimizes the inter and intramolecular coupling between water
molecules resulting in spectra that are easier to analyze.
However, accurate assignment of spectral features to specific
water bonded species becomes more difficult when inter and
intramolecular coupling is present. This task is made even more
challenging by the interferences between adjacent resonant
modes of each type of OH oscillator as a result of the coherent
nature of this nonlinear spectroscopy. As a consequence of the
complex nature of these interactions and in light of the
availability of powerful molecular dynamics (MD) simulation
packages, we have recently found a combined VSFS-MD
approach to be a valuable way to understand interfacial
interactions and interpret spectral features. Examples of this
approach are described in the sections that follow.
The CCl4-water interface was the first oil-water system to
be investigated by the Richmond group using VSFS.63,67 The
spectrum obtained using ssp polarization is shown in Figure 1
and will be used to describe spectral features that are found to
be common to other liquid-liquid systems examined by VSFS.
The spectra correspond to water OH stretch modes that are
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Figure 1. VSF experimental spectrum of the CCl4-water interface in
the ssp polarization scheme.

highly sensitive in frequency and intensity to the degree of
hydrogen bonding to other molecules.68 For the CCl4-water
interface, water is found to be highly oriented as evidenced in
part by the presence of the free OH peak near 3700 cm- 1. This
peak corresponds to the uncoupled OH stretch mode of water
molecules that “straddle” the interface, with one OH (the “free
OH”) oriented into the CCl4 phase and the companion bond
into the aqueous phase. These straddling water molecules tend
to reside at the topmost interfacial layer. We have found the
free OH frequency to be an indicator of the degree of weak
water-organic interaction present at these interfaces.69
The companion OH oscillators on those straddling water
molecules that are not pointing into the organic phase are
necessarily oriented toward the aqueous phase where they are
capable of hydrogen bonding with other water molecules. These
weakly bound water molecules present in this top region of the
interface are largely responsible for the broader peak seen in
the spectrum in Figure 1 near 3500 cm-1. Their presence was
derived initially from isotopic dilution experiments that measured the spectrum of primarily interfacial HOD water molecules.63 Because these OH oscillators can act as hydrogen bond
donors to other water molecules, the peak is referred to as the
“donor OH” peak. This initial interpretation based on the
isotopic dilution experiments is consistent with the MD simulations to be discussed later.
The interfacial region also has water molecules that are more
tightly hydrogen bound than those described above. They form
a network with a greater number of hydrogen bonds to
neighboring water molecules that are also stronger in nature.
Their spectral contributions appear in the lower frequency region
below ≈3400 cm-1. This is the spectral region where the
contributing water molecules show more sensitivity to effects
that occur deeper in the interfacial region.70 From these early
experimental observations, we concluded that water molecules
contributing to this spectral region mainly reside deeper in the
interfacial region in comparison to the free OH and donor OH,
which have weaker bonding character. The structure of molecules in the spectral region around 3200 cm-1 is commonly
referred, in a simplistic manner, to water molecules with
tetrahedral bonding due to the similar vibrational spectral peaks
found in bulk water. In reality, intensity in this region as well
as throughout most of the OH stretch region arises from
collections of more (less) coordinated or bonded water molecules
depending on whether the peaks are at lower (higher) frequencies. In addition, collective effects can also be contributing in
these spectral regions as recently noted for the air-water
interface.71,72 The specific types of bonded water species that
are contributing to the VSF spectrum and the interfacial depth
of these species as determined by MD will follow.
The CCl4-water spectrum shows similarity in structure to
the resonant portion of the air-water spectrum also previously
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studied by our group.66 One main difference is the peak
frequency value of the free OH mode for the two systems. For
the CCl4-water interface the free OH is at 3669 cm-1 versus
3705 cm-1 for air-water. This red shift results from the
interaction, however small, between the OH of the straddling
water molecules with the CCl4 phase even though it is composed
of molecules with no dipole moment making it a highly
hydrophobic liquid. The frequency and peak width of the free
OH mode are valuable parameters for experimentally judging
the extent of interaction between water and the oil under
investigation. This will be discussed further for the other more
polar oils studied.
From these early experiments we have gained considerable
insight into the general nature of the oil-water interface. The
interface is obviously relatively sharp with considerable molecular orientation of interfacial water molecules. The VSF
spectrum is dominated by weakly bonded water species,
specifically the free OH and its companion modes. From spectral
fits of the CCl4-water VSF spectrum, we also find small
concentrations of “water monomers” in the interfacial region
that are oriented with their hydrogens toward the CCl4 phase.63
The peak frequencies of these monomers, in addition to the free
OH frequency, show that a weak interaction exists between
water and CCl4 in the interfacial region. Coincident with our
early experiments in this area in which we relied on curve fitting
routines to give us a general picture of contributing water
species, we began conducting MD simulations to compare with
our experiments and to shift our thinking to a more comprehensive view of the types of water bonded species that could
be contributing to the spectrum. What we gained from these
simulations was an expanded appreciation for the need to move
our interpretation toward thinking about interfacial water as a
continuum of different types of water bonded species rather than
a few clearly defined species with specific bonding geometries.
These simulations conducted initially by Brown et al.73 and
later by Walker et al.74-77 calculate VSF spectra using an
approach originally developed by Morita and Hynes.54 In this
technique, snapshots of the water molecule coordinates are
recorded at periodic intervals in the simulation, along with the
forces acting on each atom using the AMBER molecular
dynamics package.78 The coordinate information is used to
project molecular hyperpolarizability tensor elements into the
laboratory frame, providing the amplitude of the VSFS response.
The force information is used to determine the frequency of
the stretching modes. Together, this information gives a
calculated VSF spectrum that is directly comparable with
experimental results. The density profiles of different interfacial
water species, their orientation, and bonding characteristics can
then be examined. The naming scheme used for identifying and
following differently bonded species is shown in Figure 2. When
a molecule is identified with an “O” designation, it means that
it is bonded to another water molecule through its lone pair
(often referred to as a hydrogen acceptor bond). If it is labeled
with an “H”, hydrogen bonding to an adjacent water molecule
is through that hydrogen (often referred to as a hydrogen donor
bond). A molecule labeled as OHH would then be bonded to
three adjacent water molecules through its two hydrogens and
one of its oxygen lone pairs. For ease of discussion, the different
water species to be discussed are organized into four groups.
Those labeled as water monomers have the weakest bonding
interactions and include those that are either nonbonded or bond
only through one (O) or both (OO) lone pairs. The free OH
and donor OH containing molecules have one bonded and one
nonbonded hydrogen. Since these two OH bonds are energeti-
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Figure 2. (top) Labeling scheme for the different water bonded species
found in the computational VSF spectra. The blue shading indicates
hydrogen bonding to another water molecule. Green dotted circles
indicate that a hydrogen atom is part of a “free OH” oscillator. (bottom)
Angle and distance criteria used to determine if water molecules are
hydrogen bonded for the present MD simulations. Adapted from ref
77.

cally uncoupled, we will discuss their spectral contributions
separately as free OH modes and donor OH modes.
Each mode as shown can act to different degrees as electron
donors. The strongest bonded water molecules are those that
bond through both hydrogen atoms and at least one oxygen lone
pair (HHO or OOHH). The bottom portion of Figure 2 shows
how the distance and angle requirements are specified in order
to designate water molecules as being hydrogen bonded. If their
intermolecular OH separation was e2.5 Å and the corresponding
bond angle was e30° the two water molecules were considered
hydrogen bonded. Situations that satisfied this condition were
considered “normal” hydrogen bonds and are designated with
an n. However there are also contributions to the VSF spectra
from interactions that do not satisfy the angle criteria, which
are designated “broken” hydrogen bonds and are labeled with
a b. For example, a molecule designated as an n-OH bonded
mode consists of a single proton donor and a single proton
acceptor through the H and O respectively thus leaving the other
OH as an uncoupled oscillator (free OH). This example also
meets the angle and distance criteria for intermolecular hydrogen
bonding.
The results of the calculations for the CCl4-water interface
are shown in Figure 3.75 Figure 3a reveals a computational VSF
spectrum in reasonably good agreement with experiment (Figure
1). In addition to the total VSF spectrum, spectral deconvolution
allows the different water species’ contributions to the spectrum
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Figure 3. (a) Computational ssp VSF spectrum of the CCl4-water
interface with contributions from the most intense OH stretch modes.
Red is the total spectrum; purple is the total free OH, green is the n-OHbonded donor OH; blue is all other modes combined. (b) Computational
ssp VSF spectral contributions to the CCl4-water interface from the
next mode intense set of OH stretch modes (blue trace in a). Orange is
the b-OOH-bonded; dark orange is the n-OOH-bonded; light green is
the bOHH-bonded; green is the b-OOHH-bonded; aquamarine is the
n-OHH-bonded; red is the b-OH-bonded; dark blue is the OO-bonded.
(c) Density profiles for the dominant water species within the
CCl4-water interfacial region. Adapted from ref 75.

to also be shown. The total free OH mode is found at 3670
cm-1, in good agreement with the experimental value determined
from spectral fitting.63 The types of water molecules making
the most spectral contribution in the 3000-3600 cm-1 spectral
region peak are the n-OH bonded donor OH modes, again in
good agreement with spectral assignments from experiment. Its
contribution is broad, reflecting the breadth of interactions that
it has with neighboring water molecules. The blue trace in Figure
3a represents all of the remaining water bonded species that
contribute to the spectrum. Figure 3b shows the intensities of
the most significant species that contribute to this blue trace in
Figure 3a. Water molecules with OOH and OHH bonding are
the largest contributors. Smaller contributions originate from
water molecules with b-OOHH and b-OH modes. All of these
contributing modes are also quite broad in nature and there is
a large degree of overlap between them. This exemplifies the
importance of these calculations in demonstrating the spectral
breadth that these types of modes encompass and their relative
contributions, supporting the need for interpretation of VSF
spectra to move to a more sophisticated picture of the breadth
of interactions occurring at room temperature for these liquid
systems.
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Figure 4. Spectral profiles for the CCl4-water interface in ssp showing computational VSF intensity as functions of both interfacial depth (y axis)
and frequency (x axis) for all contributing water modes (a), the donor OH modes (b), the total free OH modes (c), and the water monomer species
(d). Adapted from ref 74.

More insight can be garnered from density profiles of the
different species at the interface as shown in Figure 3c. These
profiles are particularly valuable in locating the water species
of highest density relative to the center of the interface. As
shown, the donor OH mode and the total free OH contributors
have their peak populations closest to the dividing surface. The
more strongly bonded species with OOH and OOHH bonding
peak deeper in the interfacial region toward the bulk water.
These calculations support the overall view obtained from the
previously described experimental studies that showed the
weakest bonding species to be at the topmost interfacial layer.
Orientation profiles (not shown) for these species were also
calculated from the MD simulations. These OH-bonded water
molecules possessing free OH and donor OH oscillators clearly
show tilt angle preferences for these bonds above and below
the interface, respectively. Together this explains the large
contribution to the VSF spectrum for the ssp polarization
scheme, consistent with the experimentally derived conclusions.
Interestingly, for OOH-bonded water molecules both the free
OH oscillator and OOH-bonded donor OH oscillator tilt angle
distributions differ significantly from their OH-bonded equivalents. The OOH-bonded free OH and OOH-bonded donor OH
tilt angle distributions are very broad, with directional preference
above the plane of the interface toward the organic phase for
both OH oscillators in both systems. The fact that both OH
oscillators for OOH-bonded water molecules prefer to point
toward the organic phase suggests that the main driving force
behind their orientation preference at the interface is likely due
to the formation of hydrogen bonds to other water molecules
through the two lone pairs. Orientational analysis of the two
types of double donor water molecules found in the density
profiles in Figure 3c show that OHH-bonded molecules tend to
orient their OH oscillators almost parallel to the interface with
a slight angular preference toward the water phase. The OOHHbonded molecules also tend to orient their OH oscillators almost
parallel to the interface and have slightly broader distributions.
Overall these double donor water species have a higher density

in the full interfacial region than the free OH and donor OH
modes but their orientation, which is largely in the plane of the
interface, does not contribute to VSF signal in this polarization
scheme.
Further insights into the relative VSF contributions from the
different water modes and the breadth of their contributions in
the interfacial region can be obtained from more recent MD
simulations by Walker et al.74 Several of these depth profiles
for the CCl4-water interface are shown in Figure 4. On the
vertical axis is the interfacial position (z coordinate) and values
are positive for the water side of the interface and negative for
the CCl4 side of the interface. IR Frequency in cm-1 is found
on the horizontal axis. The entire VSF spectral profile shown
in Figure 4a shows that the peak intensity arises from a relatively
narrow region at the CCl4-water interface with the intensity
originating from several distinguishable frequency regions of
the spectrum. The OH bonded donor mode makes the most
significant contribution to the overall intensity as indicated in
Figure 4b. The calculated VSF intensity seen in Figure 4 is
governed by molecular anisoptropy, thus the depth profiles are
a good indication of interfacial width. The second prominent
spectral feature is the free OH at the high frequency end. The
spectral profile for this mode alone is shown in Figure 4c and
one can see that the intensity distribution is relatively narrow
both in frequency and interfacial depth. Another interesting and
smaller population of water species is the water monomers. The
VSF spectral profile of the water monomers, seen in Figure 4d,
shows that they have a small contribution to the overall VSFS
intensity. Because the OH oscillators of these molecules are
coupled, there is both a symmetric and antisymmetric peak for
these molecules seen below and above 3700 cm-1, respectively.
This subset of water species plays an important role in the
resulting overall spectrum when higher concentrations are
present at the interface and will be discussed in further detail
below. The calculations of the presence of these water monomers are consistent with our early experimental conclusions
described above. These calculations of spectral intensity as a
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Figure 5. VSF experimental spectrum of the hexane-water interface
in the ssp polarization scheme. Adapted from ref 73.

function of interfacial depth are a particularly important addition
to information gained by experimental VSFS because one cannot
explicitly gain interfacial depth information from it.
Our MD simulations of the CCl4-water system have benefited significantly from the previous work of others, particularly
the pioneering study by Chang and Dang that provided many
molecular level details that continue to be referenced.53 The
utilization of polarizable potential models in this study was an
especially important step toward using MD to study the
oil-water interface as it was the first time to incorporate such
polarization effects. Those potential models have been used in
other research including the work discussed above. Another
interesting aspect of the work by Chang and Dang are results
that showed both the water and CCl4 molecules have significant
structural ordering at the interface that was very different than
in the bulk. As a result of the orientation of interfacial water
molecules, the CCl4 molecules have a larger induced dipole.
The authors predicted this would have implications for ion
adsorption and transport at the interface, a topic that has been
recently receiving a great deal of attention in the literature and
will be discussed later in this paper. Other more recent MD
simulations have also been helpful in confirming many of our
results.52,79,80
We have examined several other oil-water systems with
experimental VSFS since the initial investigations of
CCl4-water. Studies of the n-alkanes hexane, heptane, and
octane at the interface with water revealed comparable spectral
features to that of CCl4-water indicating a similar structural
environment for the interfacial water molecules.73 The results
for hexane-water are shown in Figure 5; heptane and octane
give a similar response. The free OH peak frequencies from all
the alkane-water spectra were determined to be 3674 cm-1,
slightly higher than that of the CCl4-water spectrum. This
indicates even less interaction between those OH oscillators in
contact with the nonaqueous phase showing hydrocarbons to
be somewhat more hydrophobic than the nonpolar CCl4.
Schlossman and co-workers have also investigated the
n-alkane-water interface extensively using X-ray reflectivity.
The interfacial widths of interfaces between water and n-alkanes
were calculated from these measurements and compared with
widths predicted from capillary wave theory.43 It was shown
previously for hexane-water that the two values agreed,44 but
for the remaining longer alkanes the theory did not match
experiment unless contributions from liquid structure (radius
of gyration and bulk correlation length for short and long alkanes
respectively) were included in the calculation. This discrepancy
was also resolved by the same explanation in another study of
the n-docosane-water interface where the interfacial width
determined by experiment disagreed with the capillary wave
theory prediction.46 These X-ray measurements are unique and

Figure 6. VSF experimental spectra of the chloroform-d-water
interface (top) and 1,2-dichloroethane-water interface (bottom), both
in the ssp polarization scheme.

important because they can experimentally examine the interfacial width of a neat interface, a characteristic of fundamental
interest to many researchers.
The CCl4-water and alkane-water interfaces represent
systems of water adjacent to a hydrophobic nonpolar liquid.
Another set of VSFS experiments from our laboratory have
examined the interface between water and some slightly more
polar halocarbons: 1,2-dichloroethane (DCE), dichloromethane
(DCM), and chloroform.62,81 The results of these studies shown
in Figure 6 convey the interesting effects of liquids with varying
polarity on the behavior of the interfacial water molecules. The
chloroform-water spectrum shows a reduction in intensity and
red-shift of the free OH peak when compared to the CCl4-water
spectrum (Figure 1). The resulting peak frequency for the free
OH of chloroform-water interface is 3645 cm-1 attributed to
a larger degree of interaction between the two phases than has
been observed previously for CCl4-water and the alkane-water
interfaces. In contrast, the DCE-water spectrum shows very little
intensity or spectral structure. This trend of decreasing spectral
intensity is dependent on the polarity of the liquids. Chloroform
has the smallest permanent dipole moment and shows the most
spectral structure, more similar to that of CCl4-water. DCE,
with the largest dipole moment in its gauche conformation,
shows a spectrum that is largely featureless. DCM (not shown)
has a behavior intermediate between chloroform and DCE and
also a polarity between both liquids. Qualitatively, these
observations imply less water orientation resulting in a less
ordered interface for water next to a more polar liquid. This
arises because of increased interactions of the interfacial water
molecules with these halocarbon molecules because, unlike CCl4
or the alkanes, they all possess a permanent dipole.
A recent study from our group done by Hore et al. used MD
to investigate the overall water orientation at the interface with
several hydrophobic phases: halocarbon liquids CCl4, chloroform, and DCM in addition to vapor.82 This was done by
calculating the order parameters for interfacial water molecules
from the simulations of the different interfacial systems. These
parameters are a measure of the extent that the water molecules
orient with respect to laboratory frame coordinates and are
shown in Figure 7 along with a definition of the molecular and
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Figure 7. Orientation of water molecules adjacent to four different
hydrophobic media: air (black), CCl4 (red), chloroform (blue), dichloromethane (DCM, green) given by the tilt S1 (top) and twist S2 (bottom)
order parameters as a function of interfacial depth. A cartoon of a water
molecule defines the axes systems used to calculate the order
parameters. Adapted from ref 82.

laboratory frame axes. The parameter S1 ) 0.5〈3cos2θ - 1〉
and measures the degree of ordering of the tilt angle θ between
the molecular c-axis with respect to the interface normal. For a
value S1 ) 1, the water molecule is aligned with the c axis
pointing out of the interface. For a value S1 ) - 0.5, the
molecule has its c-axis in the plane of the interface. The other
order parameter S2 ) 〈sinθcos2ψ〉/〈sinθ〉 and conveys the degree
that water molecules are twisted by ψ about the c-axis. A value
of S2 ) 1 results in φ ) 0° or 180° and S2 ) -1 indicates that
φ ) 90° or 270°. If there was no net orientation of the molecules
under consideration, both order parameters would have values
equal to zero.
Examining the magnitudes of both order parameters in Figure
7 reveals the trend that for liquids with weaker dipole moments
(less polar) there is a greater degree of orientation of water
molecules near the Gibbs dividing surface. One exception of
this is seen for water molecules that have their oxygen atoms
directed toward the water phase (S1 > 0) and are found several
angstroms into the nonaqueous side of the interface. The two
dominant populations shown by the S2 parameter are the
straddling molecules (S2 > 0) found 6 Å into the nonaqueous
side of the interface and those with their OH’s in the plane of
the interface (S2 < 0) found 1 Å into the water side of the
interface. An earlier study of water next to apolar liquids by
Jedlovszky et al. using Monte Carlo simulations also found the
existence of these different populations of water molecules
residing in the interface.79 Both studies show water molecules
at all the interfaces studied have significant orientation (nonzero
values for the order parameters) for these populations, but again
the interfacial systems with the least polar nonaqueous liquid
showed the greatest extent of orientation. This study confirms
the explanation of the VSFS results described earlier.
As shown in Figure 6, the VSF spectrum of the DCE–water
interface shows a significant departure from the other liquid-liquid
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Figure 8. (a) Computational ssp VSF spectra of the DCE-water
interface with contributions from the most intense OH stretch modes.
Red, total spectrum; purple, total free OH; green, n-OH-bonded donor
OH; blue, all other modes combined. (b) Computational ssp VSF
spectral contributions to the DCE-water interface from the next mode
intense set of OH stretch modes. Orange, b-OOH-bonded; dark orange,
n-OOH-bonded; light green, b-OHH-bonded; green, b-OOHH-bonded;
aquamarine, n-OHH-bonded; red, b-OH-bonded; dark blue, OO-bonded.
Adapted from ref 75.

systems discussed thus far. Because the DCE-water spectrum
displayed so little intensity and could not be analyzed using
conventional spectral fitting methods, further investigation was
warranted in order to better understand the structure of that
interface. MD simulations were carried out by Walker et al. for
this oil-water system and used to calculate a VSF spectrum to
gain more insight into the interfacial water species populations.75
Figure 8 contains the different contributions to the overall
calculated VSF spectrum. Figure 8 reveals that, although not
evident in the experimental spectrum, the DCE–water spectrum
is composed of similar water species that comprise the
CCl4-water spectrum. The total free OH mode is present at
3650 cm-1 (purple trace), which is red-shifted relative to the
CCl4-water free OH. The DCE-water free OH peak is also
broader in comparison. These differences in peak characteristics
are attributed to stronger dipole interactions present between
the water and more polar DCE molecules. The deconvoluted
spectrum also shows that n-OH bonded donor OH modes are
present in substantial population at the interface (green trace)
and have the most intensity in the lower energy region of the
spectrum. The remaining modes contributing to the spectrum
(blue trace) are comprised of OOH and OHH-bonded modes
similar to that at CCl4-water but with less contribution from
the b-bonded species. These are shown in Figure 8b. Another
interesting difference that surfaces when examining the contributions to the spectrum is that there is a significant increase in
intensity from the OO-bonded water species and water mono-
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Figure 9. Spectral profiles for the DCE-water interface in ssp showing
computational VSF intensity as functions of both interfacial depth (y
axis) and frequency (x axis) for all contributing OH modes (a), only
the free OH modes (b), and only the water monomer species (c).
Adapted from ref 74.

mers that are oriented at the DCE-water interface. When taken
altogether, these subtle but important differences in water species
present at the interface can help explain the appearance of the
largely featureless DCE-water spectrum in comparison to that
of CCl4-water. Because the free OH for DCE-water is present
at a lower peak frequency and broadened due to increased
interaction with the DCE phase, destructive interference between
the free OH and donor OH modes occurs to a greater extent
than at CCl4-water. This is due to the free and donor OH modes
having opposite phases and increased spectral overlap, resulting
in less obvious VSFS peaks. The lack of intensity contribution
from b-bonded species in addition to the increased contribution
due to oriented OO-bonded waters and monomers also adds to
the effects of interference thereby complicating this region of
the spectrum between 3500-3700 cm-1 even more. The result
is that the VSF spectrum of DCE-water appears to have little
spectral structure but upon closer investigation, shows that it
has significant water orientation.
To further understand this complex oil-water system, a VSF
spectral depth profile study of the DCE-water interface was
also performed using MD simulation methods.74 The results are
shown in Figure 9 and reveal how the different water species
discussed in the previous paragraph penetrate and orient to a
greater degree when in contact with a more polar liquid such
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as DCE in comparison to CCl4. Unlike the depth profile for
CCl4-water (Figure 4a) one can see in Figure 9a no distinctive
free OH contribution, but rather the intensity is continuous from
≈3200-3700 cm-1. Also the intensity extends depth-wise,
further showing the interface to have a broader region of oriented
water molecules than CCl4-water. Said another way, the
interface is widened due to the increase in oriented water
molecules into both phases. Figure 9b focuses only on the profile
of the free OH peak and shows that the mode is quite broad in
frequency and depth with a “tailing” into the lower frequency
region. This is again attributed to the increased interactions
between water and DCE molecules due to the more polar nature
of DCE. Also very interesting is the profile for water monomers
shown in Figure 9c. It shows that the spectral contribution comes
from these water molecules that have penetrated several layers
into the DCE phase and possess significant orientation so that
they generate VSFS intensity. From these computational efforts,
a more complex picture of the interactions between DCE and
water emerged than was previously thought. This demonstrates
how effective combining experimental and computational
methods can be in studying the oil-water interface. Credit
should be given to the pioneering MD simulation work done
by Benjamin on the DCE-water system.6 This and other works
by Benjamin recognized the DCE-water interface as an
important system to use in order to better understand phenomena
like charge transport. These studies characterized the DCE-water
interface as molecularly sharp but roughened by capillary waves.
This analysis provided some of the first information about the
molecular level structure and dynamics for this important
oil-water system.
Interfacial polarity has also been examined by Walker and
co-workers in their work on molecular rulers using another
nonlinear optical technique, second harmonic generation
(SHG).37,38 In these studies, originally employed by Eisenthal
and co-workers,83 chromophores with different polar and
nonpolar properties are used to probe the same oil-water
interface. The SHG intensity is sensitive to how the chromophores are solvated because of changes to their electronic
properties. The result is a series of electronic excitation spectra,
which reveal that the polarity at an oil-water interface is not
necessarily a simple average of the two bulk phases but rather
can have different dielectric environments.
Until this point, the main focus of our research has been on
the water phase of the oil-water interface. This is partially due
to people’s fascination with liquid water but also due in part to
the complexity of extending both experimental and computational VSFS techniques to examine the oil phase. Recently
several MD studies from our group have attempted to fill this
gap. One such study by Hore et al. focuses on the orientation
profiles of both phases of the DCM-water and chloroform-water
interfaces.84 Expanding upon previous work by Jedlovszky et
al.,79 this study calculates tilt and twist angle order parameters
both for water and the halocarbon molecules as a function of
depth from the organic side to the aqueous side of the interface.
One particularly interesting result from these studies is the
visualization of how the molecules in the two phases orient at
the interface to maximize the hydrogen bonding interactions
between them. Cartoons of the average orientations adopted by
the chloroform and DCM molecules in contact with water are
shown in Figure 10. The resulting maximum orientation for
chloroform results in a slight tilt of the C-H bond coinciding
with a large population of water molecules that adopt an inplane orientation thereby creating an opportunity for hydrogen
bonding between the two molecules. The DCM-water case is
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Figure 11. Cartoon of the oil-water interface showing different weakly
bound water species that make up the aqueous phase: straddling water
molecules that are hydrogen bonded to other water molecules (a),
straddling water molecule only interacting with the organic phase (b),
water monomers present on the organic side of the interface (c).

Figure 10. Orientation of water and chloroform molecules adopted at
the interface to maximize hydrogen bonding interactions (top). DCM
and water predominant orientations at different regions within the
interface proceeding from deepest into the DCM phase toward the
aqueous phase. Dashed blue arrows indicate hydrogen bonding and
solid blue arrows show permanent dipoles of the molecules with the
arrows pointing toward the more electronegative molecules or atoms.
Adapted from ref 84.

more complicated. As shown in Figure 10, the DCM molecules
adopt several different configurations throughout the interfacial
region that, when considered with the different water populations
present at these depths, result in hydrogen bonding interactions
taking place for only a certain subset of these geometries.
Although CCl4 does not have a permanent dipole, its structure
at the interface with water has been shown in another study by
Hore et al. to also be affected by the overall water orientation.85

In this study, the CCl4 phase was observed to have a layered
structure consisting of corner and face orientations directed
toward the bulk water phase. It is thought that this structuring
occurs in response to the out-of-plane field created by the highly
oriented water molecules at the interface. It is clear that these
intermolecular interactions greatly affect the overall molecular
structure of the interface and should play a large role in
adsorption processes at the oil-water interface.
Through the work discussed above, we have attempted to
answer several of the questions outlined at the beginning of
this section regarding the structure of the oil-water interface.
The conclusions we have settled upon at this time can be
summarized in part by considering the physical picture emerging
of the structure of the interface shown pictorially in Figure 11.
The interfacial region is relatively sharp with both the water
and organic molecules highly oriented in nature. Their structure
however is integrally related to the polarity and polarizability
of the organic liquid present at the interface. The characteristics
of the nonaqueous liquids under consideration also largely
dictate the degree of water-organic interactions that occur.
Interestingly though, all the oil-water interfaces studied, even
those where the oil was completely nonpolar (very hydrophobic),
showed some degree of interaction between the two phases. In
the interfacial region directly between the two liquids, the
dividing surface, the water shows the weakest bonding characteristics and the density is the lowest here as well. These water
molecules are represented by species a and b in Figure 11, which
show straddling waters with different degrees of hydrogen
bonding. However, this junction does not necessarily mean there
is no mixing occurring. Some number of water molecules (c in
Figure 11) still penetrate into the organic phase despite the sharp
divide of the interface. Again this is dependent upon the
properties of the organic phase.
The wealth of information gathered from the many years of
work discussed above demonstrates that the neat oil–water
interface is an interesting and quite complex system. When one
considers the different properties that the nonaqueous phase can
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Figure 12. VSF spectra of SDS at the CCl4-water interface in the
ssp polarization scheme. Adapted from ref 86.

have and how that alters the structure of the interfacial region
through various orientations and bonding characteristics of the
water molecules, it shows how imperative a solid foundation is
to fully grasp the subject of the next section.
4. Adsorbates and Ions at the Oil-Water Interface
Having provided a solid foundation on the neat oil–water
interface in which a picture of water structure next to a variety
of hydrophobic liquids was assembled, we can now turn our
attention to the perturbation of the oil-water interface through
the addition of ions, surfactants, and biologically relevant
molecules. With the addition of these solutes, it is possible to
study how the molecular level picture of the neat oil-water
interface evolves with respect to the properties of an adsorbed
species, as well as to see how the adsorbates orient and pack
when placed in this unique interfacial region. For this discussion,
adsorbates studied over the past decade are divided into two
main groups of study. The first are smaller inorganic ions, and
the second are surfactants and biomolecules. For reasons
previously discussed, the difficulty in ascertaining information
about this interface leaves only a few techniques to study
adsorbates at the oil-water interface. As in the previous section,
the focus will be on experiments using VSFS, X-ray reflectivity,
and MD simulations. This section begins by examining how
water structure next to a hydrophobic liquid changes in the
presence of ions and charged surfactants, and then moves on to
the structure of the adsorbates, delving into their conformation
and orientation at the oil-water interface.
When a charge is placed at the oil-water interface, an
electrostatic field is produced which reorients the water molecules from their initial neat configuration. Early work by
Gragson et al. provides evidence of water restructuring in the
presence of the charged surfactant sodium dodecyl sulfate
(SDS).86,87 Results of charged surfactants added to the
CCl4-water interface show a large enhancement in the water
peak at 3200 cm-1 as seen in Figure 12, which represents the
more highly coordinated water molecules in the interfacial
region.
In general, an enhancement in VSF signal can either be due
to an increase in the orientation of the molecules, or an increase
in the number of molecules contributing to the signal. In the
case of the SDS work near monolayer coverage, the increase
in signal is due to an increase in depth of the sampled interfacial
region, as well as increased alignment of the more highly
coordinated water molecules within this region. These conclu-
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sions are supported by temperature dependent investigations
from this same study, which show a decrease in this same low
frequency mode as temperature is increased. This is due to the
increased thermal energy and randomization of the transition
dipole, hence the interfacial region becomes narrowed as fewer
molecules are aligned which leads to a decrease in the VSF
signal. Berkowitz and co-workers completed MD simulations
of SDS at the CCl4-water interface and their results support
the conclusions in which water dipoles align and interfacial
depth is increased as the electrostatic field is increased at the
interface.88,89
The experimental studies by Gragson et al. sampled the
overall interfacial water structure in the presence of SDS near
monolayer coverage, which includes water molecules in the
electrostatic field and in the interfacial region far from the
headgroup. Consequently, VSF signal from the water molecules
in the double layer region dwarfs the signal from the small
number of water molecules solvating the surfactant headgroup.
The work of Scatena and Richmond focused on these solvating
water molecules in their studies of nanomolar concentrations
of deuterated SDS and dodecyltrimethylammonium chloride
(DTAC) at the CCl4-water interface.90,91 In Figures 13 and 14,
the changes to the neat spectrum of CCl4-water are shown as
small concentrations of SDS or DTAC are added. Significant
changes in the OH bonded region are found and the free OH is
prevalent through the whole low concentration regime. At the
highest concentration of 5 mM (the top of Figures 13 and 14),
the spectrum has evolved to one similar to that of Figure 12
where the intensity comes largely from the strongest bonded
water species. At the low “gas like” concentrations of SDS and
DTAC, changes in the OH stretch region are a direct reflection
of the water molecules solvating the charged headgroup.
One of the most notable features of the low concentration data
series of SDS and DTAC is that these solvating water molecules
show very weak hydrogen bonding with spectral signatures
around 3600 cm-1. As SDS concentration is increased, a notable
intensity decrease is seen in this region, whereas with DTAC,
an increase in VSF intensity in this region is observed. When
these concentration series are fit, there exists a 180° phase
difference between the peaks located in the 3600 cm-1 region
for SDS and DTAC, indicating a 180° phase difference in the
orientation of the water dipoles represented by this peak.
Figure 15 is a descriptive picture of solvating water molecules
that the authors attribute to these spectral changes where the
dipoles of the water align with the field at the interface due to
the adsorbate; taking note that the dipoles of water are oppositely
aligned for SDS (dipole pointed toward H2O) and DTAC (dipole
pointed toward CCl4) due to the opposite charge of the head
groups, and hence reversed field effects at the interface.
In these early studies of charge effects at the oil-water
interface, all of the species were known to adsorb and
concentrate their charge at the interface. More recently, there
has been a surge in interest in whether small inorganic or
molecular ions in an aqueous solution exist in the interfacial
region, and if they do, how they alter the properties of the water
surface. Although there has been far more work on this topic at
the oil-water interface, a few recent studies are beginning to
address this issue at oil-water interfaces as described below.
Again, surface specific experimental techniques like VSFS
and X-ray reflectivity, as well as MD simulations, have been at
the forefront of the evolving picture of ions at the oil-water
interface.92-94 Work utilizing both X-ray reflectivity and MD
on tetrabutylammonium salts at the nitrobenzene-water interface
showed that common mean field theories such as Gouy-Chapman
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Figure 14. VSFS spectra of d-DTAC nM concentration series at the
CCl4-water interface in the ssp polarization scheme. Adapted from
ref 90.
Figure 13. VSFS spectra of d-SDS concentration series at the
CCl4-water interface in the ssp polarization scheme. Adapted from
ref 90.

theory give predictions that are not in agreement with experimental measurements.39,41 This shortcoming was attributed to
the inability of the theory to model the molecular scale structure
of the liquid solution. The MD results calculated the potential
of mean force by taking into account liquid structure through
parameters such as ion size and ion-solvent interactions, which
were used to predict ion distributions for the experimental
situation. These results showed excellent agreement when
compared to ion distributions obtained from the X-ray
measurements.

Recent works by Wick and Dang have focused on the
behavior of small inorganic ions at aqueous interfaces using
MD.95-97 Their work examined molar solutions of halide ions
at the CCl4-water, DCE-water, and air-water interfaces. The
results of these calculations support the notion that anions are
present at higher concentrations within the interfacial region
than in the bulk. However the degree of accumulation at the
interface is larger for more polarizable ions like Br- and I-.
These ions also appear to exhibit higher interfacial concentrations at the air-water interface than at the CCl4-water interface,
with the DCE-water interface showing the lowest concentrations. Cl- shows similar peak concentrations at both the
CCl4-water interface and the air-water interface. However,
unlike the air-water interface, their studies suggest Cl- extends
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Figure 15. Schematic of how the induced fields from DTAC (left)
and SDS (right) orient the water molecules solvating the head groups
of the surfactants. Adapted from ref 90.

further into the CCl4 phase, resulting in a larger overall presence
of Cl- at the interface. Interestingly, they find that Cl- shows
no affinity for the DCE-water interface and is in fact repelled
from this particular interfacial region. These simulations provide
additional evidence that unique interactions take place that are
specific to the identity and characteristics of both the ion and
oil-water interface under investigation. Further, they show that
replacing the vapor phase with an organic liquid can influence
the ion behavior and in turn the interfacial water molecules.
In our laboratory, VSFS and MD studies are currently
underway to examine the influence of ions at the oil-water
interface. Initial studies of molar solutions of NaCl at the
CCl4-water interface show the ions have a significant impact
on the interfacial water structure. This is depicted in Figure 16,
which displays the VSF spectrum of the CCl4-NaCl(aq) interface
(top) with the air-NaCl(aq) (bottom) spectrum taken from a
previous study for comparison.98 While the neat CCl4-water
and neat air-water VSF spectra share similar features, the
presence of the ionic solutions has distinctly different effects
on the two different systems. It can be seen in the CCl4-water
spectrum that the intensity below 3500 cm-1 decreases with
the addition of NaCl, corresponding to the more strongly bonded
water molecules that are deeper in the interfacial region. A
decrease is also seen between 3500-3600 cm-1 in the
CCl4-water spectrum, which corresponds to changes in the
topmost layer of interfacial water molecules. This strongly
contrasts the air-water spectrum in which the intensity slightly
increases in the 3200-3500 cm-1 region, but no significant
change in intensity is seen between 3500-3600 cm-1. Although
the MD studies discussed above show only a small amount of
Cl- enrichment at the CCl4-water and air-water interfaces,
the experiments indicate that Cl- is present in the interfacial
region of CCl4-water and additionally they penetrate and
perturb water in the topmost interfacial region. However, they
do not appear to be at a high enough concentration to alter the
free OH peak. This further emphasizes the importance of
considering the effects the oil phase can have on processes such
as ion transport of charged species at the interface. Effects of
other ions on the CCl4-water interface (both cations and anions)
are under further investigation and will be the subject of future
publications from our group.

Figure 16. VSF experimental spectra of aqueous molar NaCl solutions
at the interface with CCl4 (top) and air (bottom) shown by the green
traces. For comparison, black traces show the neat CCl4-water and
air-water spectra on top and bottom, respectively. Both spectra are in
the ssp polarization scheme.

The subject of ion specificity at interfaces has also been
investigated using VSFS by Cremer and co-workers.99,100
Although not technically an oil-water interface, the systems
probed are ionic solutions adjacent to a hydrophobic phase. The
goal of Cremer’s studies was to gain a better understanding of
how different ions affect both the polymer monolayer adsorbed
at the air-water interface and the water structure of the solution
subphase. The importance of this system is that it can be viewed
as a model for water next to larger biomolecules such as
proteins. The ions can then be classified relative to the
Hofmeister series, which categorizes salts on their ability to
precipitate proteins from solution.101 The results of this study
showed that with just the polymer monolayer present next to a
pure water subphase, the VSF spectrum contained only peaks
due to the CH moieties from the polymer with very little signal
due to interfacial water stretching modes in the 3200-3500 cm-1
region. However, as salts were added to the aqueous subphase,
the intensity in the OH stretch region increased where the extent
of increase was directly related to which anion was present. At
a given concentration the anions that were more polarizable
(those found on the “chaotropic” end of the Hofmeister series
such as SCN- and I-) showed the greatest increase of VSF
signal in the OH stretching region. This increase in signal was
attributed to alignment of interfacial water molecules within the
subphase upon addition of charge from the anions.
It is interesting to compare these results to those described
above for anions present at the CCl4-water interface and the
air-water interface. As discussed in the previous section, VSF
spectra of those neat interfaces show considerable intensity in
the OH stretch region suggesting there is already alignment of
the interfacial OH oscillators, which would create a local electric
field within the interfacial region. Addition of charge via added
salt can have one of two effects. It can either weaken the already
present field by screening, thereby decreasing the OH peak
intensity (the case for the CCl4-NaCl(aq) spectrum in Figure
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16), or induce a larger field which acts to increase the VSF
spectral intensity (the case for the air-NaCl(aq) spectrum in
Figure 16). When all of the above results are viewed together,
these studies of different types of interfaces with salts of varying
characteristics reveal how complex the interactions are that take
place within the small dimensions of interfacial water molecules
adjacent to a hydrophobic phase.
We now shift the focus slightly and survey work from our
group and other major contributors that have examined the
adsorbates themselves, specifically their orientation, structure,
and affinity for the oil-water interface. Although any number
of modifications to surfactants can be made for the purposes of
study, the most basic modifications for developing a picture are
in chain length of the hydrophobic tail and variations in the
hydrophilic headgroup. Changing either of these two characteristics of the surfactant can have drastic effects on its properties
at the interface: its ability to adsorb to the interface, and as
discussed in the previous section, its effect on the surrounding
solvating molecules.
Most VSFS studies of alkyl surfactant adsorption focus on
the CH vibration modes of the surfactant’s hydrophobic tails.
These modes are most often studied because they can give
information regarding the macroscopic conformational order of
the monolayer and the average orientation of the tails. For the
purposes of the experiments discussed below which require
thinking about local symmetry in the molecule, we will
momentarily treat the surfactant tails as simple alkane chains
and ignore the headgroup. If the backbone of the chain is in an
all trans configuration, then methylene modes along the
backbone will not be VSF active because the chain is locally
centrosymmetric and the transition moments of each opposing
methylene will cancel out the VSF signal. If however there is
a cis configuration somewhere in the chain, then there will be
a VSF active methylene transition moment at this gauche defect
because it will not be in a centrosymmetric environment. For
this reason, VSFS is especially sensitive to the conformation
of the adsorbed surfactant tails. Different polarization schemes
such as ssp and sps can also be used to indicate conformation
and orientation of the surfactant at the interface. In parallel with
VSFS studies of surfactants at oil-water interfaces, surface
tension data can provide much needed information to help flush
out a full picture of the interface.
Variations in chain length drastically change a surfactant’s
ability to adsorb to the oil-water interface as shown by Conboy
et al. in a study of a series of alkane-sulfonates where an SO3
headgroup is attached to a six, eleven, and twelve carbon tail.102
Of the three surfactants, the sodium hexanesulfonate (HS) is
the least surface active, followed by sodium undecanesulfonate
(UDS), and then sodium dodecylsulfonate (DDS). The amplitude
ratio of the methyl to methylene modes from the VSF spectra
was used as an indicator of chain conformation because a change
in this ratio indicates a change in the conformational order of
the monolayer.103 As seen in Figure 17 [Figure 17 is mislabeled
in the original manuscript, ref 102], HS has the highest
amplitude ratio of methyl to methylene modes indicating the
lowest number of gauche defects, followed by UDS, then DDS.
These findings show that as the chain of the surfactant is
lengthened, more gauche defects are possible and conformational
order decreases. Conboy et al. also completed a study of a series
of surfactants where the headgroup was varied and the chain
length was kept constant at 12 carbons.104 The four surfactants
used were sodium dodecylsulfate (SDS), sodium dodecylsulfonate (DDS), dodecyltrimethylammonium chloride (DTAC),
and dodecylammonium chloride (DAC). The methyl to meth-
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Figure 17. Methyl to methylene ratios for HS, UDS, and DDS, as
found from the VSF spectra of the surfactants. Adapted from ref 102.

ylene amplitude ratio was used to gain an understanding of the
tail conformation at the CCl4–water interface and how this
changes with respect to headgroup. As shown in Figure 18, it
is found that both DTAC and DAC have larger methyl to
methylene ratios than the SDS and DDS, indicating that the
cationic surfactant tails possess less gauche defects than the
anionic surfactant tails. It is thought that one of the reasons for
this may be due to the penetration depth of the cationic
headgroup into the aqueous phase leading to a more water
solvated tail and thus a reduced tail fluidity.
Continuing with the theme of headgroup variation, Watry and
Richmond completed a study of sodium dodecylsulfonate (DDS)
and sodium dodecylbenzenesulfonate (DBS) with the difference
being a benzene ring located between the SO3 headgroup and
the chain.105 In these studies Watry et al. found that the addition
of the benzene ring to the molecule changes the interfacial
properties of the surfactant in a number of different ways. Using
the methyl to methylene ratio from the VSF spectra, it was found
that the addition of the benzene ring keeps the chains in a
disordered state throughout the concentration range up to a full
monolayer. Without the benzene ring, changes in the tail
conformation are observed with increasing concentration, with
a more ordered state existing near full monolayer concentrations.
In addition to studying the tails, the first spectra of the high
energy CH benzene ring modes at the oil-water interface were
published. By probing these CH benzene modes with both ssp
and sps polarization schemes, it was found that the benzene
ring keeps a vertical orientation throughout the concentration
range at the oil-water interface, whereas the benzene ring
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Figure 18. Methyl to methylene ratios for DDS, SDS, DTAC, and
DAC, as found from the VSF spectra of the surfactants. Adapted from
ref 104.

Figure 19. Schematic showing the differences in both the conformation
of the tails and the headgroup staggering when DBS (left) and LDS
(right) are compared at the CCl4-water interface

reorients at the air-water interface with respect to concentration.
Figure 19 provides a description of these observations. It is also
believed that the polarizable nature of the benzene ring leads
to a staggered headgroup arrangement at the oil-water interface,
which also acts to keep the first few methylenes adjacent to the
benzene from interacting with each other, thus leading to
disordered chains. Addition of excess NaCl to the surfactant
solutions at the air-water interface showed significant increase
in the surface activity of the molecules. This is due to screening
of the charged sulfate headgroup by excess Na+, which reduces
the Coulombic repulsion between adjacent head groups and thus
facilitates a higher degree of packing at the interface. Also in
the presence of NaCl, but with the hydrophobic phase changed
to CCl4, the area per molecule at monolayer coverage increases
and the bulk concentration at monolayer coverage decreases.
This indicates that the surface activity of the molecule is
increased due to the screening of charge, but in addition to the
excess salt there are also solvent effects to consider. It was
concluded that the increased area per molecule is due to the
solvation of the chains by the CCl4, thus more room is required
between the chains for the CCl4 molecules.
Outside of VSFS work by Richmond and co-workers, there
have been several other major contributions to the field of
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surfactants at oil-water interfaces. Bain and co-workers completed an important study of hexadecyltrimethylammonium
bromide (CTAB) at the deuterated hexadecane-D2O interface.106 This marked the first VSFS study of a surfactant at an
alkane-water interface and elucidated some key differences when
an alkane is the hydrophobic phase next to water. The
importance of the oil phase mixing with the surfactant tails was
brought to light and shown to affect the conformation of the
surfactant tails, giving rise to a more upright conformation and
fewer gauche defects when compared with the air-water
interface. This upright conformation occurs at a very sharp
transition near monolayer coverage and is unique to this
oil–water interface. In addition to VSFS, ellipsometry was used
to verify the transition of CTAB to its ordered conformation,
giving further evidence of these interesting findings.
Schlossman and co-workers have spearheaded X-ray scattering experiments of surfactants at the alkane-water interface.
Their work includes chain length and temperature studies of
long chain alcohols adsorbed to both the air-water and
hexane-water interfaces, allowing them to gain an understanding of phase changes and the molecular ordering at these two
different interfaces.107,108 It was found that triacontanol
(CH3(CH2)29OH) forms a much more ordered and rigid monolayer at the air-water interface than at the hexane-water
interface where the tails have greater fluidity. Adjacent to the
headgroup the tails were found to have some structure, but as
one moved away from the headgroup, the tails become more
disordered into a liquid like regime. It was also found that
hexane molecules are interstitially present near the headgroup
region, but not as much near the terminal end of the tails, lending
to the reason for structure near the headgroup but not at the tail
region. The findings of the long chain alcohol studies are
interesting in that they are opposite of the findings on CTAB
ordering at the air-water versus oil-water interface by Bain
and co-workers. This indicates that surfactant properties and
adsorption are complex in nature and cannot necessarily be
confined to a few simple trends. Schlossman and co-workers
have also completed studies of long chain carboxylic acids at
the hexane-water interface.109 The study compared a carboxylic
acid headgroup to an alcohol headgroup, with each molecule
containing 30 carbons. It showed that the addition of the extra
oxygen to the headgroup acts to strongly orient the tails of the
surfactant and is attributed to a strong increase in hydrogen
bonding between adjacent carboxylic acid head groups. The
work is also well supported by their MD results of the same
interface.
Oil-water interfaces are important as a model system for
studying biologically relevant molecules and processes such as
ion transport, membrane formation, and protein folding. A
number of studies have investigated the molecular structure of
simpler biomolecules at the oil-water interface as a prelude to
larger systems. Studies of symmetric phospholipids at the
CCl4-water interface were undertaken by Walker et al. to
elucidate the effects of chain length on the conformation of the
phospholipid monolayers.110,111 It was found from the VSF data
that the C3 axis of the terminal methyl group was normal to the
interface, which contrasts with data from phosphatidylcholines
at the air-solid interface where the terminal methyl was found
to have a tilt angle with respect to surface normal.112 It was
also found that shorter chain length phosphatidylcholines packed
more efficiently than their longer chain counterparts. The study
concludes that CCl4 more easily solvates longer alkyl chains,
which leads to a reduction in the chain-chain interactions and
allows for more defects to occur in the monolayer. The chain
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length ordering trend at the CCl4-water interface contrasts with
air-water data where the longer chains are not screened from
each other by solvent and thus experience stronger van der
Waals forces leading to more ordered monolayers. Smiley and
Richmond completed a study of asymmetric phosphatidylcholines at the CCl4-water interface.113 They found the highly
asymmetric phospholipids had increased conformational disorder
within the monolayer. This was attributed to the lack of
chain-chain interactions due to the largely different chain
lengths present on each molecule. Watry and Richmond used
VSFS to study a set of important amino acids at the CCl4-water
interface.114 It was found that each of the amino acids in the
study packs loosely with >100 Å2 per molecule. In addition, it
was also found that amino acids with hydrophobic side chains
packed much more efficiently than those containing hydrophilic
side chains.
From the various studies of biologically relevant molecules,
surfactants, and ions at the oil-water interface, it becomes
apparent that this unique interface cannot be treated as a simple
extension or approximation of the air-water or solid-liquid
interface, but rather it needs to be treated and studied as its
own unique system.
5. Future Prospects
Liquid interfaces have played a key role in the history of life
on earth, both biologically, and now more recently, industrially
and scientifically. The importance of the interfacial region has
not escaped attention, and it is not surprising that humans have
a voracious interest in both understanding and exploiting this
unique interface to our advantage. On a fundamental level, there
exists a distinct contrast between the interface’s simplicity when
visually inspected, and simultaneously its complexity on the
microscopic scale of molecular structure and in the dynamic
hydrogen bonding environment.
There are many exciting opportunities for the future of
synthetic chemistry at interfaces. Chemists have long known
that water next to a hydrophobic interface can play an invaluable
role in both nature and in the laboratory. In the late 1940s, the
Diels-Alder reaction was found to be more efficient if
conducted “in” water.115 Forty years later, a rapidly growing
interest in green chemistry has spurred research on the use of
water as a universal and more environmentally benign solvent
in chemical synthesis.116 This growing interest has also led to
the increasing need for a deeper understanding of the complex
and unique hydrogen-bonding environments found when an
aqueous solution is placed next to a hydrophobic interface.
Recent organic synthesis work by Sharpless and co-workers has
exemplified the exciting possibilities afforded by organic
reactions taking place in emulsions with water (or “on water”
as Sharpless says), so as to maximize the amount of interfacial
area between water and the organic phase.117 The unique
properties of the emulsion’s interfacial region can result in some
reactions proceeding as much as 200 times faster than in organic
solvents. The mechanisms behind the enhancements in reaction
dynamics are the subject of recent work by Marcus and coworkers in which catalysis thermodynamics related to OH
bonding is explored.118 They showed that these astonishing
reaction enhancements were the result of prolonged transition
states, which were due to molecular complexing of surface water
molecules, specifically the free OH, with the transition state
molecule.
On another forefront, the liquid-liquid interface has potential
in the nanoscience area. Research by Russell and co-workers
and Rao and co-workers has pushed the forefront of self-
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assembly of nanoparticle arrays at the oil-water interface.119-121
This field is particularly intriguing as the constituents may be
biological or synthetic in nature because the oil-water interface
seems to be an equal opportunity host. It is also exciting because
it represents a broader category of efforts that might be
characterized as developing new materials using complex growth
conditions. Sometimes appropriate complex conditions must be
generated artificially, but in the case of the oil-water interface
they exist naturally and thus provide a unique environment for
self-assembly.
The liquid-liquid interface will continue to serve as an
idealized model system as well. Recent work in this laboratory
and elsewhere on the addition of simple ions and larger charged
moieties to the oil-water interface means that it will become
an even more realistic and attractive system for those that seek
to understand the intricacies in fields ranging from atmospheric
chemistry to electrochemistry to membrane science.
What is key to future progress in any of these fields, applied
or fundamental, will be an ever deepening, deep seated
knowledge of both bonding structure and dynamics of the
oil-water interface that paces ahead of, and guides investigators
in, their quest for new uses for these fluid interfaces. Knowledge
such as this, whether it comes from experiment, theory,
computation, or a combination of all, will enhance the ability,
for example, to predict reactivity at these interfaces or optimize
conditions for the best yields. Enabling this continuing drive to
understand the fundamentals of the interface will be advances
in experimental technique combined with novel approaches in
computational and simulation studies. As our recent work attests,
when the distinct realms of experiment and simulation/computation are brought together the results are a nonlinear increase in
understanding.
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