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1. INTRODUCTION

The ability to obtain a molecular-level understanding of the
chemistry that takes place at liquid/solid interfaces is key to the
development and improvement of many chemical and biologi-
cal systems, and is arguably the next big challenge for the
surface-science community. Liquid/solid interfaces are cer-
tainly ubiquitous in nature. The biology of life, for instance,
relies heavily on the uptake of molecules from aqueous phases
onto surfaces, either onto “soft” bilayers or other membranes,
or onto “hard” surfaces such as bones, cartilages, or teeth.
Phenomena related to self-assembly, including the formation of
micelles and the use of surfactants, are also based on chemistry
at liquid/solid interfaces. Environmental issues involving liquid/
solid interfaces go from the chemistry of aerosols to the puri-
fication of groundwater. The evolution of minerals is greatly
affected by their interactions with liquid solutions. The corro-
sion of many metals is a common problem, and other electro-
chemical processes are relevant to the development of batteries,
fuel cells, catalysts, and many other industrial applications.
Lubrication and other tribological problems rely on the use of
liquids to improve the performance of solid moving parts.
Multiple synthetic processes in industry involve liquid phases
and require the use of solid catalysts. A variety of sensors,
including a large number of the bioassays used nowadays for the
analysis of biological samples in medicine, center on chemistry
at liquid/solid interfaces.

It is not easy to investigate the chemistry of liquid/solid
interfaces at a molecular level. Already, the study of the
chemistry of any interface is hampered by the need to dis-
criminate between the few atoms at that interface and the much
larger number of atoms that exist in the two bulk phases
involved. A number of modern surface-sensitive techniques
were developed in the late 20th century to overcome this
obstacle, and with those great advances were made on the
understanding of the chemistry that occurs on solid surfaces.” *
However, many of those techniques rely on the use of particles
such as electrons, ions, or atoms, which work best under a
vacuum environment. A second generation of setups has been
developed more recently to extend the use of surface probes to
cases where the solid is immersed in a gaseous environment,”
and many areas of research have benefited from these advances,
heterogeneous catalysis in particular, but systems with inter-
faces buried between two condensed phases, between a liquid
and a solid in particular, can still not be easily probed with the
standard surface-science approach developed for operation in
vacuum or a gas phase.

New approaches are needed to study liquid/solid interfaces
at a molecular level. Some electron-based surface-science
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techniques are being adapted to probe liquid/solid interfaces by
minimizing the paths that the probing particles need to travel
through the liquid phase. More promising perhaps is the boon
seen in the use of techniques based on light or other electro-
magnetic radiation for surface analysis, since those are less
affected by condensed matter. Optical analytical techniques are
typically not surface-sensitive; hence their sparse use in surface-
science problems in the past, but can be made so by using specific
setups or by taking advantage of the uniqueness of the surface
chemistry to be investigated. Clearly, the study of liquid/solid
interfaces is difficult, but a variety of tools are being developed to
rise to the challenge.

Below, we provide a brief overview of the major developments
that have occurred in this area in recent years. In this review, we
take a broad interpretation of what constitutes a solid surface, and
include examples on the study ofliquid/solid interfaces involving
not only conventional solids but also nanoparticles and mem-
branes such as lipid bilayers and other self-assembled layers used
to emulate biological systems. The liquid phases in our discus-
sions include regular solutions, neat liquids, melts, ionic liquids,
and liquid crystals. We start with a review of the use of infrared
absorption spectroscopy to the interrogation of liquid/solid
interfaces, perhaps the technique most used for this purpose,
and continue with an overview of other vibrational spectro-
scopies, in particular Raman scattering spectroscopy and sum
frequency generation. Next, we introduce the use of UV—vis
spectroscopies, which are employed mainly to obtain electronic
information of adsorbates at the interface but can also be
employed to quantify coverages. Acoustic-based techniques such
quartz crystal microbalances, which are also used for the latter
application, are also mentioned. The next section focuses on the
use of X-rays and neutrons, both in spectroscopic studies, to
extract electronic information about the liquid/solid interface,
and in scattering and diffraction modes, to acquire structural
details of the interface. The potential use of techniques such as
X-ray photoelectron spectroscopy and nuclear magnetic and
electron spin resonance spectroscopies for the characterization
of liquid/solid interfaces is briefly surveyed. The last chapters are
dedicated to the discussion of the approaches available for the
acquisition of spatially resolved information on liquid/solid
interfaces, including optical and scanning microscopies. We
finish our review with some concluding remarks where we
provide a brief guideline on the criteria to select the most
appropriate techniques for the study of a specific system and
give our own assessment of the status and future of the field of
surface science as it pertains to liquid/solid interfaces.

2. INFRARED ABSORPTION SPECTROSCOPY

Perhaps the technique most commonly used to date for the
molecular-level characterization of liquid/solid interfaces is
infrared (IR) absorption spectroscopy. In IR absorption spec-
troscopy, the sample being studied is exposed to a broad-band
infrared beam, typically covering the so-called midrange that
encompasses wavenumbers between approximately 400 and
4000 cm ™', and the absorption of that light is analyzed to
identify the molecular vibrations that the light excites.” Modern
IR spectrometers are based on the use of a Michelson inter-
ferometer, where the full infrared beam is split, each half is made
to travel a separate path, and the two are recombined again before
steering the full reconstituted beam into the sample. By varying
the difference in path length traveled by the two half-beams with
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Figure 1. Schematic representation of the different modes available for
infrared absorption spectroscopy studies of liquid/solid interfaces. Top:
In attenuated total reflectance (ATR) mode, the IR beam travels through
a prism while the evanescence wave that extends toward the outside is
used to probe the chemical system of interest, typically molecules
adsorbed on the prism itself or on a thin film grown on top. Center:
In absorption—reflection (RAIRS) mode, the beam is bounced directly
off the solid substrate where adsorption takes place, and on metals the
surface selection rule that establishes that only p-polarized light can be
absorbed at the surface is used to discriminate between molecules on the
surface versus in solution. Bottom: Transmission IR absorption spec-
troscopy can also be performed with the RAIRS setup if the metal is used
as a mirror and the solid, typically a powder or another type of
nanoparticle, is suspended in solution.

time, by scanning the mirror used in the path of one of them, an
oscillating interference pattern is developed for each wavelength;
a Fourier transformation (FT) of the intensity of the beam versus
time provides a plot of light intensity versus wavelength. The
introduction of this FT-IR approach greatly advanced the use of
infrared absorption spectroscopy because the new technique
enhances performance in two ways: (1) information on the
intensity of all wavelengths of light is collected at once, and (2)
the throughput of light is not limited by entrance and exit slits, as
is the case with the old monochromator-based spectrometers.
Infrared absorption spectroscopy is quite versatile, and with
the advent of Fourier-transform instruments, it has become quite
easy and cheap to implement; nowadays, FT-IR instruments are
found in almost all analytical chemistry laboratories worldwide.
IR absorption spectroscopy is also ideal for the study of chemical
problems, including those involving surfaces,® because it pro-
vides information on the vibrational details of molecular struc-
tures, which are quite sensitive to local chemical environments.”
On the negative side, IR absorption spectroscopy is a nonzero
background technique, that is, full signal is detected when there is
no light absorption at all, a fact that sets a limit on its dynamic
range and with that its sensitivity. This is particularly critical in
the study of interfacial systems, where the size of the sample is
often severely limited (there are only ~10"*~10"° molecules/
cm” in a typical saturated monolayer of adsorbates). Thankfully,
the recent development of highly sensitive, low-noise detectors
has minimized this problem. In addition, infrared absorption
spectroscopy, like most optical analytical techniques, is not
intrinsically surface sensitive, although it can be made so in certain
circumstances, as discussed in more detail below. Finally, infrared
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radiation is absorbed by almost all solids and liquids, which means
that it is not always easy to reach the interface of interest, especially
when dealing with liquid/solid. Fortunately, great flexibility is
provided to address that problem because of the availability of
several arrangements for the performance of IR absorption
spectroscopy, which include attenuated total reflectance (ATR),
reflection—absorption (RAIRS), and transmission (Figure 1). In
the next few subsections, an overview of the use of these arrange-
ments for the study of liquid/solid interfaces is reviewed.

2.1. Attenuated Total Reflectance (ATR)

Perhaps the most established infrared absorption spectros-
copy setup for the study of liquid/solid interfaces is attenuated
total reflectance (ATR, Figure 1, top).'%”'* ATR takes advantage
of the total internal reflection of light that occurs when the beam
impinges on an interface at a certain angle; the angle at which
total reflection occurs is determined by the difference in refrac-
tive index between the two materials forming that interface. Such
reflection results in the generation of an evanescent wave that
penetrates into the other side of the interface, to a depth of
between 0.5 and 2 m depending on the wavelength of the light,
the angle of incidence, and the relevant indices of refraction.
Thanks to this property, an IR beam can be made to travel
through the inside of an optical element, a prism typically made
out of silicon, germanium or another high-refractive-index ele-
ment, while using its outer surface to carry out the chemistry of
interest. The absorption of light from the evanescence wave by
the chemical system being probed can be then detected on the beam
collected at the exit of the prism. Many research projects based on
this approach have involved chemistry on the surface of the prism
itself, but others have being directed at the study of other systems
such as metal thin films, which may be deposited on the surface of
the prism, or powders or nanoparticles, which may be placed in a
suspension within the liquid right above the ATR optical element.
ATR infrared absorption spectroscopy has been extensively used for
the study of problems related to general adsorption, mineral
chemistry, environmental chemistry, biology, surfactants, sensors,
electrochemistry, catalysis, and materials science.

The simplest studies of liquid/solid interfaces with ATR-IR
have been those on the characterization of adsorption processes.
This application already has a relatively long history, in particular
in terms of the quantitation of the uptake of adsorbates to
estimate adsorption isotherms."'* As with most optical spectro-
scopies, IR absorption can be linearly related to concentration,
and chemical specificity can be obtained by following a particular
vibrational feature in the spectra associated with the compound
of interest. One example illustrating this type of application is
the ATR-IR study of the adsorption of ethyl acetate and
2-propanol on silica sol—gel films in contact with n-heptane
solutions, which was focused on extracting information re-
lated to solute retention and elution in normal-phase
chromatography.'®> The nonlinear isothermal behavior ob-
served in those systems was explained by differences in
adsorption behavior on silanol groups free on the surface
versus covered with water. ATR-IR has also been recently
implemented to monitor the concentrations of solutes in
solutions flowing through the microfluidic channels of lab-
in-a-chip systems.'® Spectra could be acquired in those cases
for the chemical characterization of the system at the same
time as concentration measurements were carried out, afford-
ing independent measurements of concentrations of solutes
with distinct spectral features in mixed solutions.
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Figure 2. Example of the use of infrared absorption spectroscopy in
ATR mode to probe liquid/solid interfaces."” In this study, the
enantioselective uptake of N-lauroyl-phenylalanine (NLP), a surfactant,
on a silicon surface modified with a chiral N-L-phenylalaninoyl-11-
undecyl (L-NPU) layer is tested. The left panel shows schematically
the experimental setup, in which an ATR prism derivatized with a L-NPU
monolayer is exposed to a quasi-racemate solution of NLP in carbon
tetrachloride in which one NLP enantiomer (the b isomer in the right-
top panel, the L form in the right-bottom panel) was fully deuterated to
differentiate it from its normal-hydrogen-labeled NLP counterpart (L in
the top, D in the bottom). Preferential adsorption of the L-NLP
enantiomer is evidenced by the larger signals for the C—H (C—D)
stretching modes in L-NLP (p-NLP) seen around 3000 (2200) cm ™" in
the IR spectra compared to those for the C—D (C—H) peaks around
2200 (3000) cm ™" because of p-d»3-NLP (L-d,3-NLP) in the data on the
right-top (right-bottom) panel. Reprinted from ref. 17 with permission.
Copyright 2010 American Chemical Society.

More sophisticated adsorption uptake ATR-IR experiments
can be designed by taking advantage of unique characteristics of
the surface chemistry to be investigated. Figure 2 shows key
results from an example where the enantioselectivity of adsorp-
tion was tested on chirally modified surfaces.'” Specifically, the
enantioselective adsorption of the chiral N-lauroyl phenylalanine
(NLP) surfactant onto a chiral monolayer consisting of N-L-
phenylalaninoyl, 11-undecyl-silicon (L-NPU-Si) was demon-
strated by using deuterium labeling in one of the enantiomers
of the pseudoracemic NLP mixture used in solution. Another very
different recent application where the uniqueness of the chemistry
involved was used in the experimental design was for the char-
acterization of the electronic properties of a photocatalyst."® In
that case, the photogeneration of charge carries in a Pt/GaN
photocatalyst developed for hydrogen evolution under light
irradiation was investigated by following the vibrational frequency
of adsorbed carbon monoxide, used here as a probe: it was
determined that after irradiation the C—O stretching frequency
first shifts to higher values, indicating that the Fermi level of the
metal particles is positively shifted by the photogenerated holes,
but then reverts toward lower frequencies as hydrogen is pro-
duced. This is a clever way of using local bonding information as a
proxy for changes in local electronic properties.

ATR-IR can also be used to determine adsorption geometries."”
This has often been reported in connection with the characterization
of adsorbed surfactants and self-assembled monolayers, but the
same approach can be easily extended to other systems. In fact,
when thin metal film are added to the ATR surface, the electric field

distribution of the evanescent wave at the substrate—sample
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interface is modified so only the p-polarized light, which is oriented
perpendicular to the surface, penetrates into the adsorbed phase."
This effectively gives rise to a surface selection rule similar to that
more usually associated with reflection—absorption experiments
(see Section 2.2) by which only IR vibrations with dynamic dipoles
with a component perpendicular to the plane of the surface are
detected.”®”** An example on how this selection rule can be used to
determine adsorption geometry is provided by the in situ ATR-IR
report on the average orientation of the methylene tail of cetyl-
trimethylammonium bromide adsorbed from solution onto a silica
surface as a function of coverage and pH, where it was found that the
equilibrium orientation of the surfactant was larger at higher pH
values.”* This was interpreted as the result of an increase in packing
density with increasing surface excess. No preferred orientation of
the surfactant was seen during the initial stages of adsorption, but a
rapid reorientation to a direction normal to the surface was observed
after higher surface excesses as time evolved. In another example,
the adsorption of a related surfactant, dodecyltrimethylammonium
bromide, was followed as a function of uptake to correlate structural
transitions with changes in the properties of the interface deter-
mined from contact angle, zeta potential, and force measurements.”
The data indicated that initially the molecules adsorb in ran-
dom orientations, but that they then form hemimicelles (two-
dimensional aggregates) above a certain critical concentration,
presumably because of hydrophobic association between the
surfactant tails, and rearrange again into randomly oriented
spherical aggregates at even higher coverages.

In terms of mineral and environmental chemistry, Cwiertny
et al. provided an example where the adsorption of oxalate on
0-FeOOH was used to represent the way the surfaces of mineral
aerosol dust dissolve by complexation with organics in solution.”®
Particularly interesting in that study was the identification of a
possible dependence of the dissolution on particle size and/or
surface orientation. In another report, Strongin’s group charac-
terized the Ehotodissolution of ferrihydrite in the presence of
oxalic acid.*” They found that the oxalate displaces the original
carbonate endings on the surface and slowly produces a new type
of carbonate. In a third example involving ionic species, Lefevre
et al. followed the IR absorption frequencies of sulfates, phos-
phates, and carbonates adsorbed on metal oxy-hydroxides to
determine bonding modes and to distinguish between outer-
sphere and inner-sphere complexes.”® These examples illustrate
the great chemical specificity of IR absorption spectroscopy,
which can be used to obtain information about the chemical
nature of new adsorbed species.

Another interesting application of ATR-IR is in the study of
systems of biological interest. In one example related to the
biocompatibility of proteins and aminoacids with materials used
in prostheses, an in situ ATR-IR study of the adsorption of
glutamic acid on titania led to the identification of fairly complex
chemistry, with several spectroscopically distinct structures and
maximized adsorption at pHs where electrostatic interactions
between the surface and adsorbate are unfavorable.” In another
case, the selection rules described above were used to contrast
the adsorption geometry of bovine serum albumin on hydro-
philic naked silicon-oxide/silicon surfaces versus hydrophobic
lipid-covered substrates.”® On the original silicon surfaces the
protein was found to adsorb in a side-on geometry but with some
flattening due to either unfolding or denaturation, whereas on the
hydrophobic surface the adsorption was shown to lead to a film
about half as thick but with the same contact angle, indicating
more protein unfolding. A third, more recent example of the use

of ATR-IR in biological chemistry has shown how the choice of
buffer solution can affect protein uptake on solid surfaces in
terms of both adsorIption kinetics and the evolution of the
secondary structure.”’ The adsorption of most proteins exhibits
a short period of rapid adsorption involving large secondary
structural changes that is followed by along period of quasi-linear
adsorption, but competitive adsorption between the buffer and
the protein sometimes depresses the adsorption in the latter
kinetic region. One last biological example is that of the study of
the setting reaction of calcium phosphate cements, use as bone
substitutes, in aqueous citric acid solutions. Citric acid is typically
used as a retardant, to increase setting times and mechanical
strength.*” The ATR-IR data in this case provided evidence for
the formation of an intermediate dicalcium phosphate-citrate
complex, the concentration of which increases with the concen-
tration of citric acid in solution. It was proposed that the
reduction in strength of the final material may be related to the
formation of that intermediate at the early stages of setting of the
cement. All together, these examples show how ATR-IR absorp-
tion spectroscopy can be used to identify new surface species and
surface chemistry, establish adsorbate structural information, and
collect adsorption kinetics at the liquid/solid interfaces of
biologically relevant systems.

ATR-IR can also provide information on the chemistry that
occurs at the surface of electrodes. For this, the electrodes are
typically deposited as thin films or pressed in close contact against
the ATR prism. In a recent example, the adsorption of adenine on
gold electrodes was proposed, based on such IR studies, to involve
two nitrogen atoms, a sp>-hybridized amino nitrogen and the N,
atom of the five-member ring, and to require a tilted geometry.> In
another study, it was concluded that, during the oxidation of
methanol on Pt—Ru electrodes, the platinum sites are responsible
for the dehydrogenation of adsorbed methanol to CO whereas the
ruthenium sites adsorb water preferentially and promote oxidation
between the CO and H,O adsorbed species.** Yet another example
of ATR-IR studies of electrochemical systems is that of the
electrooxidation of ethanol on Pt electrodes, where the IR spectra
indicated the formation of acetaldehyde and/or acetyl reaction
intermediates on the surface and provided a correlation between
the rate of acetate formation and the current seen in voltammetry.*>
Again, these examples illustrate the power of ATR-IR as a way to
identify surface species and their adsorption sites and geometries,
and as a means to isolate elementary steps in the mechanism and
measure the kinetics of surface electrochemical reactions.

ATR-IR can also be setup to study adsorption on powders and
nanoparticles. Typically, this is done by placing a suspension of
the particles directly above the surface of the prism used as the
optical element. Commercial devices are available for the char-
acterization of such samples under flowing liquids and/or while
heating to moderate temperatures. Being able to study powders
with ATR-IR is quite useful in catalysis, because heterogeneous
catalysts are typically comprised of metal particles or other solid
active phases finely dispersed on high-surface-area supports. An
illustration of this type of application is that from the group of
Williams, who have reported on the adsorption of species such as
CO and formaldehyde on Pt/Al,O; catalysts from aqueous and
ethanolic solutions.* In their investigation on the hydrogenation
of butyronitrile in hexane in particular, they were able to detect
the presence of a new adsorbed imine species with the CN group
in a tilted configuration that, once formed, can be converted into
amine products.’” ATR-IR studies of catalytic systems have been
particularly useful for the determination in situ of reaction
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mechanisms.'>**~*® For example, several adsorbed intermedi-
ates have been identified during the hydrogenation of nitrites
over Pt/Al,O; in water, including NO, HNO, and HNO,
the conversion of which was determined to result mainly in the
production of NH," (although traces of N,O, a potential
intermediate for the formation of N,, was also observed).41 In
another study, by Ferri et al., on the oxidation of benzyl alcohol
over a Pd/Al,O; catalyst, selective blocking of adsorption sites
was carried out using bismuth and probed with CO.** Tt was
determined that open terraces favor product decomposition. The
group of Baiker have also carried out extensive in situ studies of
chiral catalysis in liquid phase.*® For instance, regarding the
enantioselective hydrogenation of 4-methoxy-6-methyl-2-pyrone
promoted by Pd/TiO, powder catalysts modified by cinch-
onidine, they were able to establish that carboxylate species are
formed on the titania surface via alcoholysis of the lactone, which
is obtained by a second hydrogenation step, and that the
adsorption of those carboxylates follow different kinetics than
adsorption of the primary hydrogenation product.* In one last
example, the catalytic esterification of 1-octanol and hexanoic
acid in either cumene or n-decane solvents was tested in situ
using a Nafion/silica catalyst in an open reflux configuration at
atmospheric pressure.** One interesting result in that case was
the detection of Si—O—R bonds during reaction, presumably
associated with the covalent bonding of octanol to the silica
surface.

To conclude this subsection, it is worth mentioning the early
extensive ATR-IR characterization work performed on surfaces
of interest to the microelectronics industry. Those have taken
advantage of the fact that the most common materials used for
the optical prism in ATR-IR are silicon, germanium, and other
semiconductor elements, the same components used in micro-
electronics fabrication, so the investigation in those cases can be
performed directly on the naked optical element. Much has been
learned this way about the surface chemistry of etching of
the native silicon dioxide layer that grows on silicon wafers,
which is typically carried out by using aqueous HF or NH,F
solutions.**® IR spectra has been used to follow and characterize
the disappearance of the oxide, the formation of new single and
geminal Si—H bonds, and the formation of silicic acid associated
with hydrogen-bonded water molecules. More recent studies by
Chabal et al. have established that the SiO,/Si(100) interface
that is revealed as the overlying oxide is stripﬁed away is
structurally distinct from the rest of the SiO, film.

2.2. Reflection—Absorption Infrared Spectroscopy (RAIRS)
Another common arrangement for the performance of infra-
red absorption spectroscopy studies on liquid/solid interfaces is in
single reflection mode. In that type of setup, the IR beam is
directed through the liquid onto a mirror-finished surface, and
collected after reflection. The catch is that, because of the high
density and strong absorption in the IR region of most liquids, this
approach requires the use of thin liquid films, down to a few micro-
meters in thickness, to minimize the path length of the beam
through that media. This is commonly achieved by sandwiching the
liquid in between the solid surface being studied and the prism used
to guide the light in and out of the liquid/solid interface (Figure 1,
center). The advantage of using this setup is that it affords the
characterization of small (~1 cm”) flat surfaces, although the
technique requires that those are polished and highly reflective.
This single-reflection IR absorption spectroscopy approach is
typically referred to as either reflection—absorption infrared

spectroscopy (RAIRS) or infrared reflection—absorption spec-
troscopy (IRRAS). Because it requires a reflecting surface, it has
been most commonly used for systems involving metals. In fact,
the use of metals brings the added advantage that a surface
selection rule applies according to which onlg 2p—})olarized light
can be absorbed by the adsorbed species.”>****** By contrast,
light absorption by species in solution is isotropic, which means
that the contribution to the IR spectra from adsorbed species can
be separated via the subtraction or ratioing of the traces obtained
with p- versus s-polarized light. Several optical arrangements
have been developed to obtain such p/s ratio directly, the most
common of which is the use of a photoelastic modulator (PEM)
to modulate the polarization of the light.”**~>* The surface
selection rule can also be used to extract adsorption geometries,
as already mentioned in connection with ATR and as discussed in
more detail below.

By and large, the most common application of RAIRS has
been in the study of electrochemical systems involving metal
electrodes. Perhaps disappointedly, those have so far focused
mainly on the characterization of only a handful of simple
adsorbates.*> *® Quite extensive RAIRS work has been pub-
lished on the adsorption of carbon monoxide,*”*® from which
the pioneering work by Weaver’s group aimed at the identifica-
tion of the effects of electrode potential on the C—O stretching
frequencies and local adsorption geometries deserves special
mention.*”* Those were interpreted in terms of alterations in
both the local electrostatic field and the coordination of the
adsorbate on the surface, which are influenced in great part by the
solvent (via electrostatic interactions and because of competition for
adsorption sites). RAIRS characterization studies are also available
on other small molecules, including NO,61 and even on small
organics such as indols.”” In all these, the adsorbates have usually
been chosen because they exhibit at least one vibrational mode with
a large absorption cross section and a frequency in a relatively clean
region of the IR spectrum, ideally between approximately 1500 and
2200 cm . That makes their detection easier, given that the
sensitivity of RAIRS in liquid/solid is limited and the elimination
of contributions from the solvent in practice incomplete.

RAIRS has also been used extensively to follow the evolution
of the intermediates that may form on electrode surfaces during
electrocatalysis. Much of that work in recent years has been
directed to the study of fuel cell reactions, which are ideally suited
for this technique because they usually involve the simple, high
dynamic dipole, molecules (CO, carboxyl-containing organics,
alcohols) that best behave for RAIRS detection; many reports
have centered on the characterization of hydrogen oxidation/
evolution and oxygen reduction reactions and on the electroox-
idation of carbon monoxide, formic acid, and methanol.**** In
terms of the electrooxidation of alcohols in particular, a number of
surface intermediates have been repeatedly identified with RAIRS,
including CO, COH, HCOH, and H,COH, and two reaction
pathways have been confirmed, one involving the oxidation of
adsorbed CO and a second involving the formation of an organic
intermediate such as an aldehyde or an organic acid.*>*°

RAIRS studies of oxidation and reduction reactions under
electrochemical conditions can in principle be extended to other
types of systems. In polymer electrochemistry, for instance, the
redox processes of aminophenols on a platinum electrode in
aqueous acid solutions were shown to differ markedly depending
on the isomer used as reactant’” It was established that
while p-aminophenol undergoes hydrolysis to hydroquinone/
p-benzoquinone, m-aminophenol grows a blocking polymeric
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film; phenoxazine units are produced during the oxidation/reduction
of poly(o-aminophenol). Moreover, with poly(o-aminophenol),
the redox chemistry was determined to occurs via two consecutive
reactions involving a charged intermediate.*® In a different example,
with 2,5-dihydroxybenzyl mercaptan, electrochemical oxidation on
a gold electrode was determined to involve a quinone-type
moiety.”” One interesting side conclusion from this latter
work is the fact that the performance of RAIRS was found to
be quite similar to that of ATR. RAIRS studies with these types
of polymers are helped by the strong signals associated
with the breathing modes of their aromatic rings and the fact
that the corresponding vibrational frequencies appear in a
relatively clean spectral range (>1500 cm ™ ').

The identification of adsorbed species in electrochemical
systems can be enhanced by light polarization modulation, as
indicated above, but also by potential modulation, a technique
known as subtractively normalized interfacial Fourier transform
infrared spectroscopy (SNIFTIRS). For instance, SNIFTIRS
(and other potential-dependent IR techniques) have been used
to investigate the reaction mechanism of the electrooxidation of
ethanol on PtSn electrodes.”® Those studies have help determine
that the presence of tin on the surface allows ethanol to adsorb
dissociatively and to be activated via scission of its C—C bond at
lower potentials and with a higher selectivity than on pure Pt, to
form acetic acid. A potential modulation approach has also been
used to explain that the anomalous peaks seen in the cyclic
voltammetry of Pt(111) in sulfuric acid are associated with the
adsorption of bisulfate anions.”" In connection with the electro-
oxidation reactions seen in lithium batteries, SNIFTIRS has been
used to establish that, in general, the Li insertion processes
include the migration of Li ions through surface films but with
surface chemistry that is highly dependent on the solution used:
in LiAsFq, for instance, the chemistry is dominated by solvent
reduction, whereas in either 1—3-dioxolane or tetrahydrofuran
the products from salt anion reduction are the major constituents
in the surface films formed.”>”* In these battery related studies,
the most characteristic species, the easiest to identify by RAIRS,
are carbonates, although signals from other moieties such as
trifluoromethyls are also observable.

By using single crystals, RAIRS can also afford the identifica-
tion of structural factors in the chemistry of electrodes. For
example, in a study on the reduction of nitrate anions on a series
of single-crystal platinum electrodes in sulfuric and perchloric
acid solutions, it was found that there are noticeable differences
in reactivity among different exposed facets, but that those are
essentially controlled by other species (hydrogen, sulfate) inter-
acting strongly with the electrode surface, not by a structure-
sensitive nitrate adsorption, dissociation, or reduction.”* That
type of information may be lost if polycrystalline surfaces are
used instead, but in exchange, an enhancement in IR signal may
be gained. Indeed, a surface enhancement has been reported on
rough metal electrodes, mainly on coinage metals (Au, Ag, Cu),
and may occur on other late transition metals as well.”>”® This
phenomenon, which also applies to ATR setups, has been
explained by an electric field enhancement because of collective
electron resonances associated with the island nature of the thin
metal films.”””® In a recent example involving a Pt electrode/
Nafion interface in HCIO, aqueous solutions (a relevant system
in polymer electrolyte fuel cells), SO;~ groups were identified in
the ionomer membrane, with their geometrical orientation
driven by the electric field.”” It was inferred that the SO;~
groups act like counterions at the Pt/ionomer interface to form

Cd in CCl,/Pt RAIRS

Polarization Dependence

p polarization
!
A g spolarization
5% x "

IR beam
From FTIR

Micrometer

CaF, prism

p-polarized IR
(adsorbed+dissolved)

Transmittance

To MCT
detector

Oscilloscope s-polarized IR

: (dissolved)
Syringe ‘
o
+_,_N_ %9 00 00%° )
Constant-current p/s ratio
> oscillator (adsorbed)
Gpute 1200 1300 1400 1500

e
Wavenumber / cm!

Figure 3. Illustration of the use of RAIRS to characterize the adsorption
of molecules from solution onto metal surfaces.®' Left: Schematic
representation of the RAIRS setup used in this study. The cell consists
of a calcium fluoride prism and a manipulator for holding, moving, and
applying voltages to the platinum solid surface; the liquid samples are
pressed in the small volume between those two elements. Right: Spectra
obtained by using this instrument for the characterization of the
adsorption of cinchonidine, a chiral modifier, from a carbon tetrachlo-
ride solution onto the platinum surface. The data provided here illustrate
the use of a surface selection rule to discriminate between signals from
adsorbates on metals and species dissolved in solution: since the species
in solution absorb light isotropically, similar spectra are obtained with
s- and p-polarized light, whereas for the adsorbed molecules only the p
component is absorbed. Therefore, a ratio of the traces obtained with
p- versus s-polarized light (the two top traces) yields a spectrum due
exclusively to cinchonidine adsorbed on the platinum surface (bottom
trace). Reprinted from ref. 81 with permission. Copyright 2003 Amer-
ican Chemical Society.

the electric double layer. However, full acceptance and utilization
of this IR surface enhancement is yet to be reached.

More recently, the use of RAIRS has been extended to the
study of the adsorption of species involved in catalysis. For
instance, in a study by Baiker’s group, the selectivity of the liquid-
phase oxidation of benzyl alcohol to benzaldehyde on a Pd film
was contrasted between anaerobic conditions, where toluene was
the major side product, and aerobic conditions, where large
quantities of CO, and benzoic acid were also observed.*> CO
formation by decarbonylation of benzaldehyde was also observed
on a Pd(111) surface under anaerobic conditions, delayed with
respect to the formation of benzaldehyde. We in our laboratory
have worked extensively on the use of RAIRS to characterize the
adsorption of chiral molecules on metal surfaces, by using a
system derivative from those developed for electrochemical
studies (Figure 3, left).*"®* In catalysis-relevant RAIRS studies,
as in the electrochemical work, discrimination between adsorbed
species and species dissolved in solution can be achieved by using
polarized light (Figure 3, right),81 and geometrical information
can be extracted from polarization dependent measurements by
using the surface selection rule mentioned before.*> ¢ Particu-
larly noteworthy from the example illustrated in Figure 3 is the
correlation that was identified between the adsorption of cinch-
ona alkaloids with their aromatic ring flat on the surface, which
occurs at intermediate coverages and disappears at higher solu-
tion concentrations, and their ability to promote enantioselective
hydrogenations.*® It was also possible to establish in that work
the role that adsorbed gases®” and the nature of the solvent®® play
in the uptake of the cinchona, and to characterize the adsorption
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under competitive conditions® and measure adsorption equilib-
. 8s

rium constants.”” Unfortunately, examples such as these where

RAIRS has been used to study catalytic reactions at liquid/solid

interfaces are quite scarce.

2.3. Transmission

A much less common arrangement in the infrared absorption
spectroscopy study of liquid/solid interfaces is in transmission mode.
First, many solids are opaque to the infrared radiation, and that
renders them nonviable for the use of this setup. In addition, IR
signal intensity is easily lost in transmission because of absorption
by the solvent. In spite of those difficulties, however, there are a
few examples of the use of transmission IR absorption spectros-
copy for the characterization of the adsorption of molecules from
a liquid phase onto the surface of catalysts or nanoparticles. For
instance, if the solid samples are transparent, as in the case of
some thin-layer electrochemical cells, a simple transmission cell
can be easily devised.” Baiker’s group has published some
reports on the feasibility of an alternative design involving thin
liquid films, which they have used for the study of the hetero-
geneously catalyzed hydro%enation of ethyl pyruvate over Pt/
Al, O3 under high pressures. 'In their arrangement, however, the
surface chemistry is still followed by ATR; transmission IR
absorption spectroscopy is used for the simultaneous recording
of changes in the liquid phase. Another reported example of
the use of transmission IR in liquid/solid systems involves
the extraction of chemicals (i.e., CpMn(CO)) by a polymer
(polyethylene) in a CO, supercritical fluid.”

In our laboratory, we have adapted our RAIRS setup (Figure 3)
to be used in transmission mode by employing the back metal
surface as a mirror and by suspending the solid sample in a liquid
thin film trapped between the prism and the mirror. This arrange-
ment is shown schematically in the bottom panel of Figure 1. That
transmission IR setup has been used to investigate the adsorption of
carbon monoxide on dendrimer-encapsulated platinum nanoparti-
cles (Pt-DENSs) immersed in different solvents (Figure 4).” It was
found that while only limited, weak, and reversible adsorption is
possible in the gas phase, extensive and stronger adsorption occurs
in the liquid phase. It was speculated that the dendrimer structure
may collapse in the gas phase, blocking access to the Pt surface, but
may expand and open up in the presence of a proper solvent.

3. OTHER VIBRATIONAL SPECTROSCOPIES

Vibrational information can also be obtained by using visible
or ultraviolet light, via the detection of the Raman scattering or by
using nonlinear laser-based optical spectroscopies such as sum-
frequency generation (Figure S). Often, light in the visible and
ultraviolet ranges is absorbed less efficiently by condensed matter
than infrared radiation, and can therefore travel better through
thin liquid films. In addition, the high energy of visible and
ultraviolet photons affords their individual detection, a fact that
makes the associated spectroscopy quite sensitive. A third
advantage to the use of visible or UV radiation for vibrational
studies is that most of the spectroscopies in this category are such
that signals are detected on top of a zero (or negligible) back-
ground. On the negative side, vibrational information can only be
extracted from visible or UV excitation indirectly, by relying on
low-probability secondary or multiphoton processes. This means
that intense beams may be required to increase signal intensity,
leading to a high risk of sample damaging. The latter problem
is exacerbated by the possible promotion of decomposition
photoreactions by the visible or UV radiation. Also, high-beam
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Figure 4. IR absorption spectra for CO adsorbed on Pt dendrimer
encapsulated nanoparticles (Pt-DENs) dispersed on a sol—gel silica
support.”® This provides an example on how the setup in Figure 3 can be
used to characterize liquid/solid interfaces in transmission mode. Left:
Data for CO adsorption on three samples suspended in ethanol: the
Pt-DENSs by themselves (top); the Pt-DENs dispersed onto a high-
surface-area silica support, as prepared (center); and the same supported
Pt-DENs after calcination of the organic matter (bottom). Access of CO
to the Pt surface is virtually unhindered even before any pretreatment of
the catalyst on Pt-DENs where the dendrimer structure is still intact.
Right: Spectra for the silica-supported Pt-DENs suspended in three
different solvents (carbon tetrachloride, top; ethanol, center; and
2-propanol, bottom). CO adsorption is greatly affected by the nature
of the solvent. Reprinted from ref. 93 with permission. Copyright 2010
American Chemical Society.

intensity can in many instances be obtained only with specialized
high-power lasers, adding to the cost of the experiment, although
laser technology has progressed much in recent years so cheap
lasers are now available for many photon energies. In spite of
their limitations, vibrational spectroscopies based on the use of
visible or UV light have become quite popular, and have in some
instances been adapted to address issues associated with liquid/
solid interfaces.

3.1. Raman Scattering Spectroscopy

In Raman spectroscopy, the light scattered from the sample is
energy-analyzed to detect quantum gains or losses due to energy
excitations within the molecules being probed (Figure S, right).
This technique is widely used to obtain vibrational information
on many types of samples, not only liquid/solid interfaces. The
main shortcoming is the fact that the Raman scattering signals are
weak and difficult to separate from the much more intense signal
due to the elastically (Rayleigh) scattered photons and also from
any possible fluorescence that may emanate from the sample
upon laser excitation. This makes the general use of Raman
spectroscopy for the analysis of surfaces difficult. Some signal
augmentation can be achieved by resonantly exciting a particular
electronic transition of the sample being probed, but that
requires the use of tunable lasers, limits the range of accessible
vibrational modes, and increases the probability of sample
damage by the laser radiation. Instead, for the study of interfaces,
Raman spectroscopy is most commonly set to take advantage of
the signal enhancement that comes from excitation of surface
plasmons in rough surfaces.
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Figure 5. Schematic representation of the laser-based spectroscopies discussed in this review for the characterization of liquid/solid interfaces using
UV—vis light. Right: Surface-enhanced Raman scattering (SERS), a technique where the scattered light from a laser illuminating the liquid/solid
interface is analyzed for gains and/or losses in energy due to molecular vibrations. Left, Top: Sum frequency generation (SFG), where a tunable infrared
laser beam, used as the probe, is combined with a fixed-energy visible laser at the liquid/solid interface in order to up-convert and individually count the
reflected IR photons. A vibrational spectrum is obtained by recording the intensity of those versus the energy of the IR beam. Left, Bottom: In second
harmonic generation (SHG), two photons from the same laser are added at the liquid/solid interface, and detected. The intensity of the outgoing beam is
recorded as a function of the energy of the incident photons to follow changes in electronic properties at the interface.

Surface-enhanced Raman spectroscopy (SERS), as the tech-
nique is known, has long been employed to characterize a variety
of molecules, in particular organic species, on gold and silver
surfaces.”*”*® Those studies have afforded the determination of
chemical identities, structures, and adsorption orientation, and
also to follow chemical and electrochemical reactions of anions,
surfactants, environmental pollutants, biomolecules, and dye
molecules. Raman surface enhancement occurs mainly on silver
and gold substrates, a fact that makes its application somewhat
limited, but by electrodepositing other metals on top of gold
nanoparticles, it has been possible to extend the use of SERS to
other solid surfaces.””'*

To date, the main use of SERS has been for the characterization
of bulk samples, which are deposited on rough metal surfaces or on
metal nanoparticles only to take advantage of the signal enhance-
ment afforded by those.'”" Many particularly interesting develop-
ments have been reported on the analytical use of SERS for the
study of biomedical samples,' > '*” including live cells."”® "' It has
been possible, for instance, to detect self-assembled Au—imidazole
structures formed in vivo in tumor-bearing mice.""" Sensors have
also been developed in which target-specific SERS probes are
prepared by derivatizing appropriate metal surfaces or nanoparticles
with labels displaying a characteristic vibrational signature
(mercaptobenzoic acid, Rhodamine 6G) and specific binding sites
(biomolecules such as antibodies) for the corresponding target
molecule (proteins or a nucleic acid).'*

Analytical applications of SERS have also been advanced for
environmental uses such as for the detection of aqueous or
airborne contaminants.'”” One example in this category is the
SERS-based detection of perchlorate ions in groundwater.'"
Several studies have also focused on the detection and identification
of trace elements and compounds,'* in some instances in combina-
tion with electrochemistry to tune the cell potential for maximum
adsorption.""> More recently, SERS has been implemented as a
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detection tool in chromatography and in capillary electrophoresis
schemes.'® In one example, silica sol—gels were used for the dual
purpose of acting as the stationary phase in liquid chromatography
and of immobilizing the metal particles needed for SERS
detection.""” Another detection scheme combined SERS with
thin-layer chromatography, using silica-gel coupled with citrate-
reduced Ag colloids, to analyze the composition of natural dyes on
works of art."'® In a third case, SERS was used as the detection
method in a microflow, lab-on-a-chip, cell for the detection of
TNT.'™ In all these examples, however, the interest was to
selectively detect and quantify specific compounds in solution; no
attention was directed in any of those cases to the study of the
adsorption of the molecules probed on the surface of the solid.
Although less common, there are also reports on the use of
SERS for the characterization of liquid/solid interfacial
chemistry,"*® many of them related to electrochemistry.””'*"
One of the early examples of this use of SERS is that of
Pemberton and Buck, who combined the advantages of the
surface enhancement obtained by using silver rough surfaces with
the resonant effect afforded by tuning the excitation source to
obtain adsorption isotherms and determine adsorption geome-
tries during the uptake of diphenylthiocarbazon anions from an
alkaline aqueous solution onto a silver electrode at the potential
of maximum uptake.'** Another early example of the use of SERS
in electrochemistry is that of Shi et al., who followed the time
evolution of the oxidation of p-nitrobenzoic acid on a Ag
electrode.'?® In addition to three stable intermediates, p-nitro-
sobenzoate, hydroxylamine, and azoxy compounds, a transient
p-nitrosobenzoate free-radical anion intermediate was detected.
The voltage required to decompose methanol on platinum
electrodes could be followed by SERS as well; a strong depen-
dence on surface roughness was identified.”” In all those cases,
unique information has been extracted from SERS data about the
kinetics and thermodynamics of the adsorption processes and
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about the chemical and structural details of the adsorbates. Time-
resolved SERS has also afforded the measurement of the kinetics of
electrochemical processes upon either step changes in potential'**
or fast voltage ramping, as done in cyclic voltammetry.'**

Applications of SERS to other fields involving liquid/solid
interfaces are sparser. In those, SERS has typically been used to
provide molecular information on the interaction of adsorbates
with the solid surface, and also on adsorption geometry. For
instance, SERS was recently used to aid in the identification of
the mechanism by which iodine ions enhance the effect of
benzotriazole as an inhibitor in iron corrosion.”” It was con-
cluded that the electrostatic interaction induced by adsorbed I
facilitates the adsorption of a protonated version of benzotria-
zole, and that the resulting mixed layer can protect the iron
substrate from corroding agents. In an earlier study, SERS was
use to evaluate the effectiveness of self-assembled monolayers of
alkanethiols adsorbed on the surface of a polycrystalline bulk
copper against corrosion in an aerated Na,SO4 solution."*® It was
determined that the alkanethiols chemisorb via the formation of
strong bonds between Cu and S atoms following cleavage of the
S—H bond and form densely packed, water-repellent, mono-
layers on the surface. Other self-assembled monolayers, based on
benzenethiol, benzenemethanethiol, p-cyanobenzenemetha-
nethiol, diphenyl disulfide, and dibenzyl disulfide, were also
determined by SERS to adsorb dissociatively as thiolates on
rough gold electrodes.'”” The aromatic rings in those cases were
found to adopt a tilted geometry, but a reduction in surface
coverage was seen upon switching of the applied potential to
positive or negative extremes. In terms of the formation of
colloidal particles, pyrazinamide and 2-mercaptopyridine were
shown to form Ag colloid—adsorbate films at the interface
between the silver colloid aqueous and dichloromethane-adsor-
bate solutions, in contrast to 4-mercaptopyridine, which forms
Ag organosol aggregates via the transfer of adsorbate-covered Ag
colloidal particles from the aqueous to the organic phase.'>* The
differences between the two latter systems confirmed that the
formation of Ag colloid—adsorbate films is an adsorbate specific
process.

In a more complex study of biological relevance, a SERS
characterization of the uptake of cytochrome c (Cyt c) on self-
assembled monolayers of mercaptoalkanoic acids on colloidal silver
indicated that the adsorption is selective on negatively charged
surfaces, on a second layer on top of a SAM directly attached to the
Ag.'?® Previous SERS studies had indicated that adsorption of heme
proteins on aqueous silver sols occurs with formation of surface-
bound hemin p-oxo dimers, implying that the heme prosthetic
groups are extracted from their binding pockets in at least some of
the protein molecules, and that heme extraction is facilitated under
oxidizing conditions, perhaps via increased surface charge on the Ag
surface.”*® SERS has also been used to look into the adsorption of
aminoacids in silver colloidal solutions, to determine the geometry
and orientation of the adsorbates and to identify their specific
interactions with the surface.'>' In most instances, with 1-methio-
nine, L-glycine, L-leucine, L-phenylalanine, and r-proline as well as
with their homodipeptides, it was found that the majority of the
C—C bonds adopt an almost parallel orientation with respect to the
surface. In the case of L-cysteine, however, the SERS spectra
indicated a potential-induced reorientation of the molecules ad-
sorbed from a KCl solution onto a polycrystalline silver electrode,
from bonding with the protonated amino group pointing toward the
surface at positive potentials to the carboxylate group becoming
closer to the surface at negative potentials."*> Again, in these

examples, key information was extracted from SERS experiments
about adsorption affinity and adsorption geometry.

In materials chemistry, SERS can also be used to investigate
adsorption processes. A SERS study of the adsorption and
acidity of the highly fluorescent anthraquinone-based pigment
alizarin on Ag colloids, for instance, indicated that the order of
deprotonation of the two OH groups reverses on the metal in
comparison with the way it happens in the aqueous solution.'*?
Other SERS studies have been directed at the characterization of
interfaces between solids and nonaqueous liquids."** In some
instances SERS can be used to characterize photochemical
reactions, as in the case of methylviologen adsorbed on a
roughened silver electrode, which was determined to undergo
a reduction step at its cation radical position upon irradiation
with the blue spectral region of laser excitation light even at liquid
nitrogen temperature.'> It was also established in that study that
the dication form of methylviologen interacts more strongly with
the surface than the monocation. SERS can provide information
about the collective vibrational characteristics of solids as well.
For instance, SERS was used to map the phonon characteristics
of mixed CdS/CdSe layers on gold, a system with potential
applications in electronics.'*® A phonon band associated with
CdS was found to soften with increasing thickness because
of the crystallographic strain caused by expansion to match more
closely the adjacent CdSe layer. It has even been possible to
record SERS data from nanomaterials without the aid of any
signal-enhancing metals, as in the case of the study of the
adsorption of pyridine on InAs/GaAs quantum dots."*” It was
suggested, based on the SERS data, that adsorption occurs via
coordination of the lone-pair-electrons of the N atom to the
semiconductor surface. Only a few examples are available to date
on SERS applications to materials problems, but those illustrate
the range of both molecular and solid-state information that can
be extracted from such studies.

Next, a couple of examples are provided of applications of
SERS to problems of heterogeneous catalysis involving liquid/
solid interfaces. In one, Heck et al. looked into the time
dependence of the hydrodechlorination of 1,1-dichloroethene
in water catalyzed by Pd—Au nanoshells."*® They identified a
sequence of dechlorination and hydrogenation steps involving
several intermediates, including 7z and di-o bonded species,
vinylidene, and other oligomeric moieties (Figure 6). In another
report, from our laboratory, the adsorption of cinchonidine was
tested by SERS on a thin film of platinum deposited on a rough
gold surface.** Clear features could be identified in the SERS
spectra because of the adsorbed molecule, including the ring-
breathing mode at close to 1600 cm ', even if some interference
from the solvent could not be completely avoided (Figure 7), and
those could be used to establish a change in adsorption geometry
with the concentration of cinchonidine in solution. One impor-
tant conclusion from our work was that the information obtained
with SERS is complementary to that extracted from RAIRS
experiments because of the different selection rules that apply to
each technique, the different cross sections of the different
vibrational modes to both types of excitation, and the different
experimental setups needed.

New ideas have been advanced to attempt to improve on the
performance of Raman spectroscopy for the study of liquid/solid
interfaces. One approach is the use of high-energy visible or
ultraviolet light for the excitation, as a way to shift the Raman
signals out of the spectral range of the fluorescence of the solid
and also to increase signal intensity, since the Raman scattering
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Figure 6. Illustration of the use of SERS to probe liquid/solid interfaces, in this case to follow the kinetics of a hydrodechlorination catalytic process.
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Shown are time-resolved spectra for the reaction of 254 M 1,1-dichloroethane with 81.9 mM H, on a catalyst made of a palladium film deposited on
gold nanospheres and suspended in water. Also shown are individual scans obtained after 12, 30, 41, and 100 min of reaction (a, b, ¢, and d, respectively)
to highlight the changes that occur on the surface with time. Evidence is provided for the formation of a number of surface species, including the reactant
bonded in both 77 (1500—1600, 1220—1290, and 1000—1100 cmfl) and di-o (954, ~1160, 1430 cmfl) modes, and vinylidene (~1500, ~390,
230 cm ™ ') and other oligomeric intermediates (~1500 cm ™). Courtesy of Michael S. Wong. Reprinted from ref. 138 with permission. Copyright 2008

American Chemical Society.

intensity is proportional to the fourth power of the excitation
frequency. One problem with UV—vis excitation is that it can
lead to faster degradation of the sample. To date, only a couple of
examples are available on the use of UV—vis Raman on liquid/
solid interfaces. In one, a dye adsorbed on the surface of alumina
particles suspended in solution was used as an indicator of the pH
of the solution."*” In another, the adsorption of pyridine was
studied on silver films grown over nanospheres, modified by
subsequent deposition of alumina ultrathin films to improve their
thermal and solvent stability.'** These reports do not themselves
add much insight into the chemistry of the systems studied, but
do point to the potential of UV—vis Raman for the study of
liquid/solid systems.

Another possibility for enhancing signal intensity in Raman
spectroscopy is to use coherent anti-Stokes Raman scattering
(CARS), a third-order nonlinear optical process where a pump
beam (w,,), the generated stokes photon (w,= @, — W), and a
third photon from a second probe laser (w,,), are combined
to generate a coherent optical signal at the antistoke frequency
(W45 = Wy — g+ Wy, = Wy, + Wyip,). The CARS signal is orders of
magnitude stronger than spontaneous Raman emission, but the
experiment requires two tunable lasers, so it is significantly more
complex and difficult to set up. Very few examples can be cited on
the use of CARS for the study of chemistry at liquid/solid
interfaces. In one recent case in analytical chemistry, CARS
was used to detect specific analytes in a microfluidic chip.'*' The
wavenumber difference between the pump and Stokes lasers was
tuned to the C—D stretching vibration of deuterated toluene,
and the signal imaged throughout the cross section of the chip to
obtain a chemical contrast map of the flow of that specific solvent.
In another report, on a CARS imaging experiment of a biological
sample, chemical sensitivity was attained by tuning to the
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aliphatic CH, stretching vibrational band present in most organic
matter.'* In a third study, of the in vivo behavior of cancer cells
in mice exposed to an excess of lipids in the bloodstream, CARS
imaging revealed intracellular lipid accumulation induced by
excess free fatty acids leading to membrane phase separation, a
reduction in cell—cell contact, an increases in surface adhesion,
and a promotion of tissue invasion.'* In all these examples,
however, the goal was to obtain spatial images of particular
molecules within the samples of interest, not to characterize any
chemistry occurring at the liquid/solid interface.

The potential of using surface-enhanced CARS (SE-CARS) as
a way to probe liquid/solid interfaces was recently tested in the
case of the adsorption of pyridine on silver colloidal particles."**
Disappointingly, while conventional SERS experiments were
shown to display enhancement factors of up to 4 orders of
magnitude compared to regular Raman spectroscopy, an enhance-
ment of only a factor of 10 was seen for the SE-CARS signal, even
though the technique requires a complex setup with three laser
beams. Nevertheless, other advantages, including temporal resolu-
tion, may make SE-CARS useful for specific applications in liquid/

solid interface characterization in the future.

3.2. Sum Frequency Generation

Another spectroscopy that has received significant attention in
recent years in connection with the vibrational characterization
of solid surfaces is sum frequency generation (SFG). In this
nonlinear optical technique, two photons are added at a surface,
an infrared photon from a tunable IR laser, used to excite the
vibrational modes of the interface, and a second photon in the
visible region, from a second (frequency-fixed) laser, used to
energy up-convert the IR photons (Figure S, left, top). Vibra-
tional transitions in SFG are identified by an increase in signal
of the resulting outgoing photon because of the resonant
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Figure 7. Comparison of the use of RAIRS vs SERS in the character-
ization of adsorption at liquid/solid interfaces.** The SERS data
correspond to the uptake of cinchonidine from ethanol solutions onto
a sample prepared by electrochemical deposition of platinum on an
electrochemically roughened gold electrode, whereas the RAIRS spectra
were obtained by using a carbon tetrachloride solution and an electro-
chemically cleaned platinum foil. The RAIRS and SERS data, which
are here reported for two different concentrations to highlight the
changes in adsorption geometry with surface coverage, are complemen-
tary. The SERS data appear to be less rich in information and contain
many interfering peaks from the solvent (882, 1051, 1095, 1276, and
1456 cm 1), but similar interferences were observed in RAIRS experiments
with ethanol. Interestingly, the most prominent peak in the SERS traces is that
at 1357 cm™ ', which is assigned to a quinoline ring-stretching mode of
cinchonidine adsorbed on Pt; that feature is quite weak in RAIRS. Reprinted
from ref. 84 with permission. Copyright 2003 American Chemical Society.

component of the second order susceptibility, P 145196 The
uniqueness of SFG is the fact that y 2 , a third rank tensor,
becomes zero in centrosymmetric media, and that SFG intensity
is only generated from noncentrosymmetric media, which means
that interfaces can be probed selectively in the presence of
isotropic media such as the bulk of liquids and solids. The up-
conversion of the IR photons to the visible range also affords the
use of single-photon counting, which greatly increases sensitivity.
On the negative side, SFG is an expensive and difficult-to-
implement technique (only one commercial company offers
SEG instrumentation at present),'*” and the data analysis, which
requires the separation of the resonant and nonresonant com-
ponents of X(z , is not trivial. Moreover, SFG experiments can
only cover the range of frequencies available from the tunable IR
laser used, typically around 3000 cm ™" (to probe C—H stretching
frequencies). SFG experiments are most often carried out on flat,
reflecting surfaces, to facilitate the collection of the SFG photons,
and that usually limits its use to small model surface systems such as
single crystals and polished films. Nevertheless, experiments with
colloidal particles can also be designed, as discussed below. Finally,
high laser intensities are needed, and that can lead to surface damage.

SEG, like IR absorption spectroscopy, can be used to char-
acterize many types of liquid/solid interfaces. The vibrational
information extracted by using SFG can be used to identify
specific adsorbates on those interfaces. In addition, SFG follows a
set of selection rules that, although complex, can be used to
extract molecular geometry information by employing different

combinations of polarizations of the incoming IR and visible light
beams. An example of the use of this approach is provided in a
recent report on the behavior of hydrocarbon chains covalently
anchored to alumina via silane linkers in different environments.'**
The authors of that work found that, in general, tethered alkanes
and cycloalkanes align at liquid/solid interfaces with the hydro-
carbon backbone parallel to the surface, in contrast to their
behavior at vapor/solid interfaces, where they adopt a tilted
orientation. On the basis of the SFG data in the C—H stretching
region, they also observed an increase in ordering of the alkyl tails
of 1-hexanol in mixtures with cyclohexane over alumina surfaces
with increasing surface coverage, and a correlated orientational
change of the cyclohexane solvent from flat to tilted.'*

In the early years of SFG, the technique was used extensively
to study the interaction of water molecules with solid surfaces by
focusing on the information that could be extracted from the
behavior of the O—H stretching signals. In one study on fused
quartz, it was seen that all the dangling OH bonds of the silica
surface are eliminated upon the addition of water because of an
hydrophilic interaction at the interface, and that the other OH
bonds that are present in disordered and ordered water structures
undergo changes in their interfacial structure with pH."** In a
second study it was reported that, on sapphire, the water dipoles
at the liquid/solid interface flip by 180° when the pH of the
aqueous solution crosses the isoelectric point of the surface.">"
The structure of water molecules at water/electrode surfaces was
found to also depend on the electrode potential: variations were
seen in the relative SFG intensities for the symmetric O—H
stretching bands associated with tetrahedrally coordinated, that
is, strongly hydrogen-bonded “ice-like”, water, versus water mol-
ecules in a more random arrangement, that is, weakly hydrogen-
bonded “liquid-like” water."*> Significant perturbations of the inter-
facial water structure were reported on silica upon the addition of
small amounts of NaCl, because the cations electrostatically interact
with the surface and perturb the hydrogen—bond network of water
molecules at the water/silica interface.">> A couple of recent reviews
nicely summarize the knowledge extracted from SFG experiments
on the ordering of water molecules at solid surfaces in terms of
the main contributing factors, namely, hydrogen-bonding, electro-
static and djspolar interactions, and specific interactions with the
surface."*'** Studies on the adsorption of surfactants and carboxy-
lates on fluorite (CaF,) have shown behavior similar to that
reported for water on quartz."®

SFG reports are also available on liquid/solid interfaces
involving neat liquids other than water. For instance, an early
SFG study on the interaction of acetonitrile with zirconia
suggested the formation of dimers and clusters on the surface,"*”
and a more recent SFG (and theory) investigation with silica
indicated an interfacial acetonitrile structure reminiscent of a
lipid bilayer, with an ordering that persists for tens of angstroms
into the bulk liquid."*® An interesting aspect of the first study is its
use of a low-frequency IR laser, covering a frequency range
between approximately 2210 and 2270 cm™ ', to access the
information about the C=N stretching vibrational mode. Fol-
lowing a slightly different approach, by focusing on the behavior
of the solid surface rather than the adsorbate (the changes in O—H
stretching frequencies of surface hydroxide groups), another study
reported estimates for the interaction energies of sapphire with
several polar and nonpolar liquids and polymers.'*® It was deter-
mined that molecular rearrangements at the sapphire interface to
maximize bonding of the acid—base groups play a dominant role in
these interfacial interactions.
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Figure 8. Evolution of the SFG spectra of CO on a platinum electrode during an electrochemical sweep at 0.5 mV/s toward more positive potentials.'®>
Several pieces of information can be extracted from this in situ spectroscopy study. First, the trends seen in the SFG data correlate well with results from
CO striping current measurements, which indicate that oxidation peaks at 0.684 V and stops by 0.690 V. Second, shifts in C—O stretching frequency are
observed as a function of applied potential: for potentials below 0.50 V a vibrational Stark effect is seen, with the C—O stretching frequency increasing at
a rate of about 30 cm ™' /V, but at higher potentials a red shift is seen due to a decrease in CO coverage. Courtesy of Gabor A. Somorjai. Reproduced

from ref. 162 with permission. Copyright 2003 Elsevier.

SFG is quite suitable for the characterization of electrochemi-
cal systems. For instance, Tadjeddine et al. have reported on
the adsorption behavior of CN™ on silver electrodes, on the
identification of intermediates from the dissociative adsorption of
methanol on Pt-HCIO,, and on the sensitivity of the deposition of
hydrogen from acid media on the structure of the platinum surface.'*
Bozzini et al. have recently identified an acetate intermediate using
SEG in situ during the electrooxidation of ethanol on Pt-black
supported on tungsten carbide.'®" Somorjai and co-workers have
shown how acetonitrile reorients on a Pt(111) surface as a function of
applied potential, and how the C—O stretching SFG peak can be
used to follow the oxidation and stripping of CO from platinum
electrodes (Figure 8).!

A related application of SFG is in the study of corrosion. For
instance, an SFG study by Leygraf and co-workers designed to
establish the mechanism of the corrosion of Cu and Zn with
acetic acid in a humid environment afforded the detection of
the metal acetate species believed to initiate the oxidation of
the surface.'®® SFG data were used in a second example to
show that the corrosion of gold by cyanide ions starts with the
formation of linearly bound cyanide but evolves over time to
generate higher-coordinated gold-cyanide complexes.'** Re-
garding the adsorption of the corrosion-inhibitor benzotria-
zole in the presence of acidic solutions, ordered adsorbate
layers with the benzotriazole anion either coordinated to the
surface only or to both the surface and metal ions in solution,
were observed on Cu(100) surfaces at all potentials probed and on
Cu(111) at positive potentials (a disordered layer forms at
negative potentials).'® The examples in the last two paragraphs
illustrate the type of chemical, structural, kinetic, and mechanistic
information that can be obtained by SFG in electrochemical
systems. Details about the nature and geometry can be easily
extracted in situ as a function of electrode potential, the nature

and acidity of the solvent, and the concentration of the solute and
other agents.

Some interest has arisen recently on the characterization of the
interfaces between electrodes and ionic liquids, and SFG has
provided a convenient way to fulfill that need. In one case, a
clever methodology was developed by which surface potentials
were measured via the observation of vibrational Stark shifts in
coadsorbed carbon monoxide, a molecule used as a probe. Since
those measurements rely on the behavior of the SFG C—O
stretching frequency in coadsorbed CO, however, a laser that can
reach frequencies as low as 1900 cm ™' was required. It was
determined by using this approach that the ions in ionic liquids
organize in a Helmholtz-like layer at the interface, with a
potential drop extending 3—5 A from the metal surface.'*>'®’
The authors of those studies also found that the structure of the
ion-liquid layer depends on the applied potential: with 1-butyl-3-
methylimidazolium tetrafluoroborate on platinum, for instance,
the anions adsorb on the surface and the imidazolium rings orient
normal to the surface at positive potentials, but the same anions
are repelled from the surface, and the rings adopt a more parallel
configuration, at negative potentials. A double layer of the ions
has been identified by SFG with 1-butyl-3-methylimidazolium
trifluoromethanesulfonate, a similar ion liquid, in a adsorption/
desorption process that displays significant hysteresis."**'%

Several examples are available for the use of SFG in the
characterization of the adsorption of polymers and surfactants,
typically to establish adsorption geometries and their changes
upon variations of parameters such as the nature of the solvent,
the pH of the solution, the addition of ionic species, or the
application of electrical potentials to the surface, or even to follow
the formation of self-assembled bilayers in aqueous solution. For
instance, the group of Shenhave has shown that saturated
monolayers of octadecyltrichlorosilane adsorb on fused silica
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with the alkane chains normal to the surface regardless of the
nature of the solvent.'” In contrast, the same group proved that,
in dioctadecyldimethyl ammonium chloride adsorbed at liquid/
quartz interfaces, the hydrocarbon chains can assume different
conformations depending on the solvent used: an all-trans config-
uration in alkanes with chains of similar length, a bent form with
significant trans—gauche defects in CCly, CDCl;, or short-chain
alkanes, and a highly contracted form in water or alcohol.'”*
Cremer’s research team has shown similar ordering and chain
alignment changes with polydiallyldimethylammonium chloride at
the water/quartz interface as a function of pH.'"”” Ion-induced
interfacial structural changes in Langmuir—Blodgett films of stearic
acid on hydrophilic (fused quartz or Au) solid substrates have been
reported as well.'”®> Somorjai and co-workers have provided SFG
results on the changes in wettability of (16-mercapto)hexadecanoic
acid self-assembled on Au(111) in response to an electrical
potential, presumably because of conformational transitions be-
tween hydrophilic and moderately hydrophobic states.'”*

As mentioned at the beginning of this subsection, some SFG
studies have been carried out to characterize chemistry on the
surface of colloidal particles. This requires a change in both the
experimental setup and the data processing'”> because, due to
the nature of the surfaces involved, scattered rather than reflected
light needs to be collected. The signals in this case are weaker,
and the data analysis rather complex, especially if adsorption
geometry is to be extracted. As a consequence, not many SFG
studies have been reported in this area to date. In one of the few
examples available, the calcium-induced ordering of phospholipids
was shown to depend on surface pressure.'”® In another, where
stearyl molecules were used to coat silica particles dispersed in
CCly, the high ratio observed of the CH, symmetric versus the
CHj; symmetric stretching amplitudes was used to conclude that
the surface displays a large amount of disorder.'””"”®

SFG has recently proven quite powerful for the identification
of interfacial chemistry associated with biological systems, to
establish bonding modes and adsorption geometries on biomi-
micking solids. An SFG study of the adsorption of aminoacids
from water solutions onto titania surfaces, for instance, has
shown that aspartic acid and glutamic acid both form ordered
layers, the first by bonding via both carboxylic groups, whereas
other amino acids with nonacidic side chains exhibit little affinity
toward TiO,.'”® In another instance, Chen et al. used SFG to
distinguish among different secondary structures of proteins and
peptides adsorbed from liquids onto polystyrene surfaces."** In a
third case, SFG data were used to demonstrate that the anti-
microbial peptide Cecropin P1 chemically immobilized on a
polymer adopts a more ordered orientation than when physically
adsorbed on the surface.'® On the basis of the observation of
prominent SEFG C—H resonances, the adsorption of LK14 (a 14-
amino acid amphiphilic peptide) was shown in a fourth study to
occur via the hydrophobic (nonpolar) leucine side chains on
hydrophobic polystyrene surfaces; electrostatic bonding via the
lysine (charged) groups was suggested on hydrophilic silica
because of the sole detection of N—H stretching modes instead
(Figure 9).'82183 Eyrther correlations between the orientation of
the leucine side chains of LK14 on polystyrene and its dynamic
trends, observed by solid-state NMR, were derived by combining
SEG with selectively isotope labeling of individual isopropyl
groups.'®* Recently, chiral SFG vibrational spectra were obtained
for fibrinogen bonded on a calcium fluoride surface by using a
novel method based on the interference between normal achiral
and chiral data; it was found that the chiral SFG signal originated
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Figure 9. Example of the application of SFG to the study of biology-
relevant systems. In this case, the adsorption of a 14-aminoacid
amphiphilic peptide, LK14, which is composed of leucine (L, nonpolar)
and lysine (K, charged) units, was contrasted on hydrophobic polystyr-
ene versus hydrophilic silica surfaces.'®> Adsorption was probed in situ
from a pH 7.4 phosphate-buffered saline solution. The spectra indicate a
different ordering on the two surfaces. On the hydrophobic surface, the
data are dominated by C—H resonances, 2869 (V¢ cu3), 2895 (CH or
CH, Fermi resonance), and 2935 (CH; Fermi resonance) cm Y all
corresponding to the hydrophobic leucine side chains, suggesting strong
adsorption mediated by the hydrophobic (leucine) side of the peptide.
On the hydrophilic substrate, on the other hand, only the N—H
stretching modes from lysine (3294 cm ) are observed, and a different,
and weaker, surface bonding is operative. Courtesy of Gabor A.
Somorjai. Reprinted from ref. 182 with permission. Copyright 2006
American Chemical Society.

mainly from the S-sheet structure, which adsorbs with its tachy-
plesin I peptide in an ordered fashion."® It is worth pointing out
that, in the two last examples, special experimental approaches
(selective isotope labeling, an interference enhancement method)
were added to the SFG studies to collect specific and hard-to-
obtain molecular information (regiospecific binding, chirality).

An additional advantage of SFG (and other laser-based
spectroscopies) is that the pulsed nature of the lasers can be
used to add a temporal dimension to these experiments, to follow
the kinetics or dynamics of the systems being studied."®® In one
example, the lifetime of the C—N stretching excitation in CN ™
was found to increase from a few picoseconds on platinum to
tens of picoseconds on silver, an effect that was determined
to correlate with the onset of interband transitions in those
metals."”” The authors of that work also proved that this
vibrational lifetime can be controlled by tuning the Fermi level,
by changing the applied potential in the electrochemical cell. In a
second example, it was determined that water molecules ex-
change vibrational energy at the liquid/glass interface on a
subpicosecond time scale."®® A more recent example on the
use of SFG for the study of dynamics is that of the incoherent
transfer of heat, generated via infrared-laser excitation near the
interface, between membrane-bound water and a lipid mono-
layer; energy transfers both from the excited CH, groups to the
terminal CH; moieties within the lipid molecules and between
water and lipids were also found to occur within 1 ps.'®
Particularly noteworthy in the latter study is the selective study
of energy transfer from specific vibrational modes, a possibi-
lity afforded by the tunability of the SFG signal. In a slower
time frame, kinetic parameters have been measured by SFG
on the exchange of CO ligands within an oxo-centered
triruthenium cluster attached to a self-assembled mono-
layer on the surface of a gold electrode in both aqueous and
nonaqueous solutions."'”’
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4. OTHER UV—VIS AND ACOUSTIC TECHNIQUES

Because of the relatively large depths that ultraviolet and
visible (UV—vis) light can penetrate into liquids, spectroscopies
based directly on absorption, scattering, or reflectance of such
light should in principle be suitable for the characterization of
liquid/solid interfaces. The large mean-free-path of UV—vis
photons through liquids is certainly one of the advantages of
Raman and SFG spectroscopies when applied to the study of
liquid/solid interfaces, as mentioned above. The simplest con-
ceivable way to use UV—vis light for the characterization of
liquid/solid interfaces is via the acquisition of absorption spectra,
to obtain information about the electronic structure of the
relevant species at the interface. Other optical spectroscopies
in this family include fluorescence emission spectroscopy, which
does require the use of flourophores, and second harmonic
generation (SHG), a nonlinear spectroscopy based on a simpli-
fied version of SFG involving only one excitation source.
Techniques based on wave propagations and/or optical transdu-
cers such as surface plasmon resonance (SPR) and ellipsometry
are also popular in some fields involving liquid/solid interfaces,
and equivalent approaches based on acoustic resonators, quartz
crystal microbalances (QCM) in particular, have proven fairly
insightful as well. Most of these techniques lack the molecular-
level information available from IR absorption, Raman, or SFG
spectroscopies, but are nevertheless quite useful to follow
electronic changes and also adsorption kinetics in liquid/solid
interfaces. A brief discussion of these is provided next.

4.1. UV—vis Absorption Spectroscopy

UV —vis radiation covers energies on the order of a few electro-
nvolts, a range typically associated with the excitation of electrons
from valence bands or shallow molecular electronic levels into
the conduction bands or unoccupied orbitals of solids or
molecules. Accordingly, UV—vis absorption spectroscopy typi-
cally probes those electronic transitions. Multiple absorption
bands may be observed within the signal associated with excita-
tion between a given pair of electronic levels, because those may
be coupled with the vibrational motions of the solid or molecule
being probed. Detection of such vibronic bands could add much
detailed molecular information about the system being studied,
but, unfortunately, they can usually be well resolved into separate
sharp peaks only in the spectra of gas-phase molecules, and tend to
broaden and merge into a single broad and structureless feature in
condensed phases. In spite of the loss of vibrational information due
to this broadening of vibronic peaks, UV—vis absorption spectros-
copy is still used extensively to study chemistry in solutions. In
contrast, and perhaps surprisingly, it is not commonly employed for
the study of liquid/solid interfaces. One possible reason for this may
be that weak UV—vis absorption signals from species at liquid/solid
interfaces are easily obscured by the much more intense broad bands
due to the liquid phase. To bypass this limitation, many studies of
adsorption kinetics using UV—vis absorption spectroscopy rely on
the indirect measurement of the concentration of the adsorbate
molecules in solution before versus after the uptake. There are
also many reports where UV —vis absorption spectroscopy has
been used to characterize solids ex-situ after exposure to given
solutions. Only in a few instances UV —vis absorption spectros-
copy has proven viable as a way to characterize adsorption
processes in situ, usually with systems where strong chromo-
phores or where high surface-area solids are involved.

One area where UV—vis absorption spectroscopy has been
often used is to follow the kinetics of layer-by-layer organic film

growth at liquid/solid interfaces. For instance, in one study, the
alternating adsorption of monolayers of anionic and cationic
polyelectrolytes, of polystyrenesulfonate and poly-4-vinylbenzyl-
(N,N-diethyl-N-methyl-)-ammonium iodide, on charged sur-
faces (the native surface of a silicon wafer) were monitored
by measuring the optical absorbance of the phenyl chromo-
phores at 225 nm."”" A similar approach was also used to follow
the kinetics of adsorption of poly(o-methoxyaniline) on hydro-
philized glass, tetrafluorethylenepropylene, and indium tin oxide
substrates.'”> This example is particularly interesting in that it
shows how UV—vis absorption spectroscopy can be used to
unravel complex kinetics: adsorption was shown to occur in two
stages, an initial first-order uptake followed by a second stage
with much longer characteristic times and an exponential beha-
vior typical of diffusion-controlled processes involving the small
domains formed during the first. Layer-by-layer growth has also
been established during self-assembly of colloidal systems, as in
the case of a hydrogen-bonding-based assembly of CdSe
nanoparticles.'”> More recently, UV—vis absorption spectros-
copy has been employed to obtain adsorption kinetics on the
layer-by-layer buildup of protein layers on electrodes for biosen-
sing applications.'”*'*> For instance, linear film growth was
established in studies on the alternate adsorption of negatively
charged clay platelets (from aqueous dispersions) and positively
charged hemoglobin (from pH 4.5 buffers) based on the fact that
the Soret absorbance at 412 nm increases linearly with increasing
number of protein layers."”* In contrast, no significant shifts in
that Soret absorbance were observed upon adsorption of the
related cytochrome P450,,y, indicating that the colloidal clay
particles exert no influence on its heme or secondary structure.'*®

It has been established that, with many chromophores, their
adsorption on solid surfaces leads to red shifts in their energy of
maximum UV—vis absorption. One example of this, from a study
aimed to understand the incorporation of nitroaromatic com-
pounds (fertilizers, explosives) in soils, is the 10 nm red shift of
the 1—sr* band of the aromatic ring that occurs upon the uptake
of 1,3,5-trinitrobenzene on K- and Cs™-hectorite clays, indica-
tive of an electron donor—acceptor adsorption mechanism."”” In
a separate study, the adsorption of tetramethylpyridylporphyrin
onto Laponite was shown to lead to a ~30 nm red shift in the
UV —vis absorption maximum for molecules on the outside surfaces
and to a ~60 nm shift in the dyes trapped in the interlamellar
galleries.'”® Past reports had justified those shifts in terms of
diprotonation of the porphyrin, but in this work an additional
contribution from sterically induced hindrance was highlighted.
Perhaps even more interesting is the work by Gautier and Buirgi on
the protection of §old nanoparticles with adsorbed chiral N-
isobutyryl-cysteine."” They found that those systems display
absorption spectra with well-quantized electronic structures, the
onset of which is controlled by the metal core of the particle, and
that the adsorption of thiols modifies the frontier orbitals and leads
to considerable deformation of that core. In yet another case, in
connection with the recent interest in the development of solar cell,
the red shifts seen in the UV—vis absorption spectra from several
ruthenium colored complexes adsorbed on titania films have been
interpreted as due to covalent anchoring of the dye via its
carboxylate group.”°**°" The resulting ester linkage is presumed
to lead to the desired increase in photoenergy conversion efficiency.
Similar red shifts associated with stron§er bonding to titania surfaces
have also been seen with porphyrins.”*

UV —vis absorption spectroscopy can also be used to obtain
more detailed kinetics, or even fast dynamic, information.
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For, this, the absorption of light of a fixed energy, often from a
pulsed laser, is followed as a function of time; the use of
picosecond lasers affords the study of the dynamics of fast
electronic transitions this way. In an example involving photo-
active systems, the time constant of the forward electron transfer
in 9-anthracenecarboxylic acid bound to titania nanoparticles was
determined to be less than 350 fs, whereas the reverse electron
transfer in absolute ethanol solutions was measured to occur on a
33 £ 2 ps time scale.”® Interestingly, it was also observed that
the addition of small amounts of water to the TiO,/ethanol
solutions leads to a red shift in the absorbance spectrum and
increases the overall rate of back electron transfer. The authors
attributed that behavior to the reoxidation of the Ti(III) oxygen
vacancy defect sites originally present at the surface of the titania
nanoparticles.

4.2. Fluorescence Emission Spectroscopy

A closely related technique to UV—vis absorption is fluores-
cence emission spectroscopy. In this case, what is followed is not
the direct absorption of the incoming photons but rather the
emitted light emanating from the sample as it returns from the
excited state to its ground electronic state. The detected fluor-
escence (or phosphorescence) is usually proportional to the
concentration of the fluorophore being probed, a relationship
that can be used to quantitatively measure concentrations at
liquid/solid interfaces. The most common uses of fluorescence
emission spectroscopy are for the detection of adsorption and for
kinetic measurements of adsorption processes. One advantage of
the use of fluorescence emission is that, since those photons are
emitted in all directions, they can be detected away from the
incident excitation beam to help minimize the background signal.
They can also display specific energy and/or angular patterns, a
fact that can be used to discriminate the fluorescence originating
from specific chromophores against other sources of light.
Nevertheless, these advantages are not always sufficient to
selectively obtain information on adsorbates in liquid/solid
interfaces. Moreover, fluorescence emission spectroscopy is
limited to the characterization of fluorescent molecules, other-
wise a fluorescent dye needs to be added to the system. All
together, it can be said that, like UV—vis absorption spectros-
copy, fluorescence emission spectroscopy has not been widely
used for the study of specific chemistry at liquid/solid interfaces. In
the next paragraphs a few examples are provided to illustrate the
range of information that has been acquired with this technique.

Fluorescence emission spectroscopy has been particularly
useful to probe the size, polarity, viscosity, and aggregation
number of surfactant assemblies such as micelles, reverse mi-
celles, and colloids.>®* It has also been used to characterize the
interaction of micelles and other membrane-like systems with
proteins, drugs, and other biologically relevant molecules. One
example of this is provided by the study of the aggregation and
adsorption of sodium dodecyl sulfate in water-acetamide mix-
tures, where thermodynamic parameters were estimated as
function of the composition of the liquid phase: a switch from
ionic to nonionic behavior was observed in the surfactant as the
percentage of acetamide was increased beyond 30% in the liquid
media.>” In another study, the role of electrostatics on the
adsorption of proteins to both negatively charged and neutral
small unilamellar vesicles was monitored as a function of the pH
of the solution.?’® In that case, the fluorescence emission of
positively charged proteins was found to increase after adsorp-
tion on negatively charged vesicles, and neutralization of the

charge of the vesicles was determined to be the controlling factor
in the adsorption. In a third case, the arrangement of the local
anesthetic tetracaine within unilamellar vesicles was determined,
by measuring the saturating blue shifts of fluorescence emission
at high lipid:tetracaine ratio as a way to estimate depth of
penetration, to involve the tertiary amine of the drug near the
phosphate of the headgroup of the vesicles, its ester bond in the
region of the lipids, and the aromatic moiety near the fatty acyl
carbons labeled 2 to 5.2°7 A fourth, even more biologically
relevant, example is that where fluorescence emission was used
to determine that bacterial rproSP-Bac, a model for the human
SP-B protein required to maintain the lungs open after birth, is
properly folded (after which it can be dissolved in buffers, the
way it was detected) and interacts strongly with zwitterionic
or anionic phospholipids vesicles, as required to produced
mature SP-B.**

Fluorescence detection has also become popular as a way to
detect large molecules anchored or adsorbed on solid surfaces,
many of them of biological relevance. The detection of fluores-
cence emission can be used to quantify specific binding to
surfaces, assess surface homo§eneity at the micrometer scale,
or detect protein aggregation.”” Most applications follow the
same format described above, where the intensity of the fluor-
escence signal is used to quantify the concentration of the
fluorophores at the interface and that information then used
to acquire uptake kinetics. This is also true in the examples
provided in the previous paragraphs; the complex conclusions
reported there on other aspects of the interfacial chemistry of
interest were reached by combining clever experimental designs
with some degree of speculation. However, fluorescence lifetime
and anisotropy measurements within short time scales can
provide additional information on molecular dynamics, and,
with that, knowledge on the direction and specificity of protein
adsorption onto solid surfaces.*'® In one example, fluorescent
probes were attached to different areas of the surface of the
protein human carbonic anhydrase II to resolve the direction in
which it binds to negatively charged silica nanoparticles: it was
shown that the adsorption of the native protein is specific to
limited regions of the external N-terminal domain of the protein,
and that the adsorption direction is strongly pH-dependent.”"
Many recent setups of fluorescence emission spectroscopy have
also been designed for the detection of single molecules, and are
often used in microscopy mode; a few examples of fluorescence-
based microscopy will be provided later in Section 7.1.

Time-resolve fluorescence emission spectroscopy studies can
be used to extract information about the photophysical behavior
of the system.*'® One of the earlier and best know fluorophores
developed for time-resolved studies of biological systems is the
green fluorescent grotein (GFP) derived from the jellyfish
Aequorea victoria.”'>*"* In a study involving aerated aqueous
polymer gels, it was determined that excitation of the anchored
protein with 488-nm light leads to repeated cycles of fluorescent
emission on a time scale of several seconds until reaching a long-
lasting dark state, from which the protein can be switched back to
the original emissive state by irradiation at 405 nm.*'* This
behavior has been extensively exploited since by using GFP as a
fluorescent marker for time-dependent cell processes.

Fluorescence emission spectroscopy is also ideal to probe
photophysical properties of polymers and other solids in materi-
als science problems such as those associated with the making of
electro-luminescent optoelectronic devices. In one case, the
behavior of para-phenylene vinylene and para-phenylene
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ethynylene luminescent polymers was contrasted in solid thin
films on fused silica substrates versus dissolved in liquid
tetrahydrofuran.”"® It was found that the absorption spectra
peaks are red-shifted and broadened in the solid compared to
those obtained in THF solution, and that the film absorption
spectra are more structured in the long-wavelength region. In
another example, connected to the development of solid-state
tunable lasers using molecular dopants, the spontaneous-emis-
sion (fluorescence) cross section of Eu** ions embedded into a
silica gel matrix was shown to increase by several orders of
magnitude via chelation.”*® In general, though, the focus in these
studies has been on detailing the luminescence properties of
materials, not on following their interfacial chemistry. One
fluorescence spectroscopy study in which chemical information
was extracted is that where the conformational behavior of
pyrene-labeled poly(maleic acid-co-propylene) was character-
ized at an alumina surface: the degree of coiling on the surface
was determined to change to a more stretched conformation
upon adsorption at low pHs.*'” A fluorescence emission spec-
troscopy study of liquid crystals, specifically of tetraphenylpyr-
ene, highlights the difficulties of predicting the self-organization
of building blocks in liquid-crystalline fluorescent columns:
structure forming prmc1ples such as microsegregation were
found not to apply.*'® In connection with electrochemistry,
fluorescence emission spectroscopy was used, for instance, to
determine that the adsorption/desorption and oxidation of
vitamin B6 at a polycrystalline gold electrode in the presence
of an aqueous KOH solution is accompanied by a strong
electrogenerated fluorescence emission peaking at 443 nm when
excited at 360 nm.”"” That observation helped established that
the adsorption and desorption of the oxidation product occur in
the double layer region.

Another useful application of fluorescence emission has been
as a detection method in chromatography. In most cases fluores-
cence has been used as a way to detect and quantify different
molecules as they are eluted from the chromatographic column,
but in some instances the adsorption/desorption process itself
has been investigated with this technique. For instance, mole-
cularly imprinted polymers have been evaluated as potential
solid-phase adsorbents for the quantitative enrichment of
polycyclic aromatic hydrocarbons in coastal sediments, atmo-
spheric particulates, and industrial effluents.”** Hemimicelle-
capped carbon nanotubes have also been tested with the help of
fluorescence emission spectroscopy as solid-phase extraction
adsorbents in environmental analysis, specifically for the detec-
tion of low concentration of arsenic in water samples.*>" A third
example is a study on the mechanism of unfolding of calcium-
depleted bovine a-lactalbumin adsorbed on methyl- and ethyl-
polyether phases bonded to porous silica, which were used as
weakly hydrophobic chromatographic surfaces: a slow change
in emission maximum from 330 to 350 nm and a 4-fold increase
in intensity were seen for the protein adsorbed on the two
supports.”” In all these examples fluorescence emission spec-
troscopy has provided a convenient way to assess and quantify
adsorption on the stationary phase of the chromatographic
columns but not much insight on the actual chemistry of
adsorption. It should also be said that in these examples the
systems studied do not always display significant interactions at
the liquid/solid interfaces.

Applications of fluorescence emission spectroscopy to other
fields are scarcer. In one interesting application, Nile red was used
for the visualization of the adsorption behavior of two immiscible

liquid fluids within a pore network containing a homogeneous
array of pillars in silicon oxide surfaces, one that wets and another
that does not.”** Taking advantage of the fact that the fluores-
cence emission spectra are sensitive to the solvent environment,
the two phases could be distinguished by the color of the
fluorescence emission band: a network of obstacles defining a
tortuous flow path for the nonwetting phase was observed.

Fluorescence emission experiments can be set up in total
internal reflection (TIRF) mode, in an arrangement where the
evanescent wave generated by the total reflection of the incident
light off a liquid/solid interface is used to selectively illuminate
fluorophores up to the intrinsic penetration depth of the wave.
This approach is similar to that used in ATR IR absorption
spectroscopy, only the penetration depth with visible or UV
light is on the order of a hundred nanometers. The advantage of
TIRF over the regular fluorescence emission spectroscopy
experiments is that the light does not need to travel through
the liquid phase, a fact that tends to attenuate the total signal. On
the other hand, a more complex optical setup is required.
Although TIRF is not as commonly used as the direct arrange-
ment, it is similarly viable for the in situ study of protein
adsorption and time-dependent protein reorientations at li-
quid/solid interfaces, and can also be set up in microscopy mode.
Most of the examples available in the literature on the use of
TIRF for the characterization of liquid/solid interfaces involve
biological systems. In one example, TIRF measurements of the
adsorption kinetics of fibrinogen onto unmodified and amino-
propylsilane-modified quartz glass surfaces indicated only simple
first-order kinetics at low initial concentrations of the protein but
two first-order kinetic regimes at higher concentrations.”** In
another study, the reversible adsorption kinetics of a cationic dye
molecule at a silica surface modified with a C-18 self-assembled
layer was measured by using a fluorescence correlation spectros-
copy experiment.”** In that case, the rate at which spontaneous
fluctuations in the population of dye molecules within the
interfacial volume occurs was used to establish the rate of
transport of molecules to the interface and their adsorption
kinetics. Regarding correlations of adsorption and reorientation
kinetics, a TIRF study on the uptake of the chicken egg lysozyme
on silica surfaces identified a two-stage adsorption process, the
first involving a reorientation to optimize lysozyme interaction
with the charged surface and reduce lateral repulsions between
adsorbed protein molecules, and a second of slow restructuring
as the adsorbed layer approaches saturation via the filling of the
surface vacancies made accessible by the first reorientation.**°

Fluorescence emission can also be detected and analyzed
simultaneously during Raman spectroscopy experiments, in
particular when using UV or visible excitation sources. In an
UV—Raman (4 = 244 nm) spectroscopy investigation of the
host—guest interactions of benzene molecules adsorbed within
the pores of MFI zeolites, for instance, the fluorescence spectra
displayed well-resolved vibronic benzene bands, suggesting that
the adsorbed molecules are not clustered.”

4.3. Second Harmonic Generation (SHG)

Second harmonic generation (SHG) is a two-photon process
where both photons are provided by the same laser (Figure S,
left, bottom). It is a simplified version of SFG, and shares many of
the properties of that technique, 1nclud1ng its dependence on the
second order susceptibility X ) that makes the technique
sensitive to noncentrosymmetrical interfaces (the reason why
both SFG and SHG are well-suited to probe liquid/solid
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Figure 10. Example of the use of in situ SHG to study adsorption at liquid/solid interfaces.”®* Top, Left: Experimental setup. This instrument was
used to acquire the thermodynamic and kinetics data on the adsorption of chromate ions at the water/fused quartz interface shown in the rest of the
figure. Bottom, Left: SHG spectra versus wavelength for clean (blue circles) and chromate-covered (red circles) quartz samples, reflecting the absorption
spectrum of the adsorbed Cr(VI) ions. The maximum in absorption at A = 290 nm was used for further characterization. Top, Right: Adsorption
isotherm for Cr(VI) on the water/quartz interface as a function of concentration in solution, showing Langmuir behavior. Bottom, Right: Kinetics of
adsorption, indicating monolayer saturation and full reversibility. Courtesy of Franz M. Geiger. Reprinted from ref. 982 with permission. Copyright 2003

American Chemical Society.

interfaces).”*® However, because the excitation light used in
SHG is typically in the visible range, most of the information
extracted from the data is related to electronic (rather than
vibrational) properties of the system. Additional knowledge
can usually be extracted from results of SHG experiments on
related properties such as adsorbate coverages and adsorption
geometries (by using polarized light). Like SFG, expensive
lasers (one in this case) and optics may be required, and the
use of flat surfaces may be preferred, to collect the signal in
reflectance mode.

Similarly to UV—vis absorption and fluorescence emission
spectroscopies, SHG is most often used as a way to follow the
kinetics of uptake of adsorbates at liquid/solid interfaces. One
example is provided by the data from the group of Geiger
reported in Figure 10, which shows kinetic and isothermal data
on the u}z)take of chromates on alkyl-esters-derivatized quartz
surfaces.””” The results proved the good chelating properties of
the anchored ester groups for the removal of Cr(VI) species from
solution. Similar adsorption isotherms have also been measured
with SHG for the uptake of Ca, Zn, and Cd ions from water onto
a fused quartz interface,”** and for zinc ions on silica-anchored
glucose; adsorption in the latter case proved stronger than with
carbohydrates in solution.”"

In some instances, SHG data can be used to draw inferences
on the chemical changes induced by adsorption at liquid/solid
interfaces. This was the case, for example, in the study of the
reductive desorption of self-assembled monolayers dispersed on
a Au(111)/mica film into a KOH solution as a function of the
length of the aliphatic spacer chain and of the preparation

temperature.”** Sandwich dimerization and in-plane association
have also been reported, based on SHG data, on Rhodamine dyes
upon adsorption at hydrophobized silica/water interfaces.”>> A
phase shift in the SHG signals from the thiol and nitroaniline
ends during the uptake of p-nitroanilino-dodecane thiol onto a
polycrystalline gold film was explained by repulsive intermole-
cular interaction.”

SHG has been used to evaluate the acidity of oxides and
derivatized surfaces immersed in solution. For instance, in one
study, the acidity of organic acid-functionalized silica surfaces in
water was followed by SHG versus the pH of the solution to
obtain a titration curve from which K, constants were
extracted.”** SHG has also been used to determine the extent
of protonation on titania (110) single-crystal surfaces immersed
in water.”*® Related electrical properties can be extracted from
SHG measurements too: the electrostatic surface charge has
been estimated this way on single-crystal surfaces of alumina,**’
the pH and ionic strength dependence of the point of zero charge
of the interface between a corundum flat surface (a prism) and
water has also been determined by SHG,>*® and the dielectric
constants of trans-4-[4-(dibutylamino)styryl]-1-methylpyridinium
iodide and trans-4-[4-(dibutylamino)styryl]-1-(3-sulfopropyl)
pyridinium has been measured with SHG at a acetonitrile/silica
interface as a function of interfacial density.”*

In electrochemistry, structural information may be obtained
about the surface of the electrode, as in the early SHG study that
focused on the formation and lifting of a surface reconstruction in
Au(111) single-crystal electrodes as a function of applied poten-
tial and the adsorption of ions or small organic molecules.”****"
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In terms of electrochemical reactions, correlations have been
identified between SHG signals and the catalytic performance of
molybdenum®* and platinum®* electrodes for the production
of hydrogen, presumably because of free electron-mediated
changes in surface conditions. The structure sensitivity of the
anodic oxidation of carbon monoxide has been investigated by
contrasting the voltage dependence of its coverage on Pt(111)
versus Pt(997) single-crystal electrodes in a CO-saturated
HCIO, electrolyte.”**

One use for which SHG is particularly appropriate is to
characterize the effect of localized interactions of solvents on
the electronic structure and polarizability of adsorbates in liquid/
solid interfaces. For instance, it has been shown that the first
allowed electronic transition for N-methyl-p-methoxyaniline
adsorbed on silica surfaces remains almost constant in non-
hydrogen-bonding solvents regardless of solvent polarity but
shifts to longer wavelengths in hydrogen-bond-accepting sol-
vents such as dimethylsulfoxide and to shorter wavelengths in
hydrogen-bond-donating solvents such as water.”** In another
case, resonance-enhanced SHG was used to study the effect of
solvent polarity on the adsorption of 4-aminobenzophenone, a
chromophore, onto a hydrophilic silica surface: weakly associat-
ing systems consisting of polar substrates and nonpolar solvents
were found to be more polar than bulk solutions.*** In a third
investigation on interfacial polarity, the SHG signal of p-nitroa-
nisole showed a dependence on solvent structure, in contrast to
indoline, which proved insensitive to solvent identity and reliant
on the hydrogen-bond donating properties of the polar silica
substrate instead.**’

The anisotropy of the SHG signal can be used to obtain
geometrical information from liquid/solid interfaces involving
crystalline solids. This is commonly achieved by choosing
appropriate combinations of linear polarizations for the incident
and outgoing beams. In one of the first examples of the
application of SHG to the study of liquid/solid interfaces, the
group of Shen already contrasted the average arrangement and
orientation of p-nitrobenzoic acid adsorbed at air-silica versus
ethanol-silica interfaces.*** More recently, the increase in SHG
signal to certain orientations was used to follow the removal of
the native amorphous silicon oxide layer present on Si(111)
single-crystal electrodes.”*” In a n-GaAs electrode in a sulfuric
acid solution, the rotational anisotropy in the nonlinear response
of the second harmonic signal using a p-in/p-out polarization
configuration was found to depend both on the doping level and
the applied potential and to be closely relate to the population of
surface states.”*” Perhaps a more interesting version of this
approach is the use of differential SHG detection from right
and left circularly polarized incident light to extract chiral
information from the surface. This scheme has been used to
study the adsorption of cytochrome c at the interface between a
liquid and various self-assembled mono- and bilayers,”" and to
follow the enantioselective adsorption of chiral naphtols on lipid
bilayers.”*****> Another chiral SHG study, on the adsorption of
bovine serum albumin at aqueous/silica interfaces, indicated
slow conformational changes within the protein layer after
adsorption consistent with protein denaturation.*>*

SHG has also been implemented to probe nonflat surfaces,
especially nano- and microparticles.”*® The scattered, rather than
the reflected, SHG light is collected in these cases, a change that
typically results in much weaker signals. This problem has been
addressed in some instances by relying on the use of a dye
molecule with strong hyperpolarizability such as malachite

green. Experiments with aqueous colloidal particles consisting
of malachite green adsorbed on spherical polystyrene beads have
been useful to better understand the angular dependence of the
second harmonic generation,256 and additional studies on similar
systems have added knowledge on the effect of particle size and
concentration on adsorption.”*” Studies contrasting the uptake
of malachite green on chemically homogeneous plain polystyr-
ene beads versus more heterogeneous carboxylated and hydro-
xylated polystyrene surfaces identified only one single type of
adsorgtion site on the former but multiple adsorption sites on the
latter.”>® On carbon black microparticles in aqueous solution,
results from the monitoring of the SHG signal of adsorbed
malachite green were used to establish that there is a strong
correlation between the uptake of the dye and the oxygen-to-
carbon ratio of the surfaces, with particle surfaces with higher
0/C ratios appearing to be more hydrophilic.”* Similar adsorption
uptake SHG experiments have been carried out for malachite green
on gold nanoparticles.260 Note, however, that the results obtained
with malachite green are not always extendable to other more
relevant systems, a serious limitation of this approach.

SHG studies are sometimes viable without requiring the use of
particular dyes in systems involving nonflat surfaces. In a
chemically relevant study, for instance, SHG was used to measure
the pK, for the protonation of the carboxyl functional groups at
the surface of polystyrene carboxylate microspheres dispersed in
aqueous medium: a decrease in the acidity at the interface
compared to that of the same carboxylate groups in bulk aqueous
solution was observed.”®" In work with metal nanoparticles,
much effort has been place on using SHG to understand the
effect of electrolytes on the electronic properties of the colloidal
metal nanoparticles themselves.”>> For instance, with gold, it
was found that the concentration of the electrolyte in solution
affects the aggregation of the colloids and leads to the
formation of a noncentrosymmetric entity that enhances the
SHG intensity.”*> Another issue amenable to studies using
SHG is how the size and structure of the particles affect their
interfacial properties. In an interesting contrasting study, SHG
data as a function of pH in aqueous media showed two distinct
pK, values on flat silica surfaces but only one discernible type
of silanol site on silica nanoparticles.”*® In another investiga-
tion, SHG was used to selectively follow the uptake of 4-(2-
pyridylazo)resorcinol onto the edges, but not the basal planes,
of disk-shaped montmorillonite clay particles.”** Regarding
adsorption energetics, the free energy of the adsorption of
catechol on colloidal TiO, was extracted from SHG data,”®
and the adsorption of poly L-lysine from an aqueous solution
onto biopolymers terminated with negatively charged sulfo-
nate groups and attached to the surface of micrometer-size
polystyrene particles was determined to occur with only a
small difference in adsorption free energies as a function of
chain length and in a relatively flat conformation under acidic
conditions.”®®

Finally, SHG can also be used to measure time-dependent
phenomena, both on flat surfaces and in nanoparticles or self-
assembled layers. For instance, time-resolved SHG studies have
been carried out to follow the dynamics of solvation of the flat
and polished surface of a silica prism in the picosecond time
domain.®”” In electrochemistry, isotropic and one-fold SHG
transients have been used to measure the dynamics of surface
charge and surface reconstruction, respectively, upon repetitive
step voltage application during metal electrodeposition on gold
or platinum (111) single-crystal electrodes (in the millisecond
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Figure 11. Schematic diagrams of the setups used for surface plasmon
resonance (SPR) and ellipsometry. Top: In SPR, a laser beam is used to
excite the surface plasmons of a thin gold (or another metal) film
deposited on the outer surface of a prism, where adsorption from the
liquid phase is to be probed. The exit angle of the reflected beam
depends on the plasmon frequency, and that frequency is affected by the
adsorption process. Bottom: In ellipsometry, a linearly polarized beam is
reflected off the liquid/solid interface, and the elliptical polarization that
results from interaction with the film at the interface is analyzed to
extract information about its thickness.

range in this case).”®® A time-resolved SHG study of the
photochemistry of azobenzene at the interface between an alkane
solvent and a pyridinium-modified glass surface highlighted the
electrostatic interactions between azobenzene and viologen at
the solid/liquid interface.”*

One problem that has been well studied using time-resolved
SHG is the crossing of molecules through liposome bilayers,
which has been followed by the flipping in orientation expected
upon the switch in adsorption from the outer to the inner surfaces
of the liposome. The idea was initially tested with malachite green,
in a study that showed that diffusion across the bilayer is relatively
fast, taking place in less than one second.*”® However, another
study with a neutral styryl dye and a neutral dioleoylphosphati-
dylcholine liposome showed that the diffusion there takes place
over a period of hours.””" It has been suggested that the difference
between the two cases may be accounted by the different charges
involved or the differences in size of the liposome; other szfstems
have display intermediate time ranges for this diffusion.””> The
dynamics of adsorption has also been probed for surfactants by
following their displacement of dye molecules on solid surfaces, in
particular for a methacrylate polymeric surfactant on latex and talc
particles in an aqueous solution,””® and the dynamics of the
formation of reverse micelles in oil/surfactant/water interface
system has been reported as well.””* Time-resolved SHG studies
involving small particles usually required the use of monodispersed
samples, but have been recently extended to polydispersed
colloidal particles as well.””®

4.4. Surface Plasmon Resonance (SPR)

An alternative way of following adsorption processes on
surfaces using optical methods is by measuring the accompany-
ing changes in refractive index at the liquid/solid interface. The
most common techniques that rely on this approach are surface
plasmon resonance (SPR) and ellipsometry (Figure 11). In SPR,
the conditions for maximum (resonant) excitation of surface
plasmons are followed as a function of wavelength and/or
incident angle. A typical SPR setup involves a glass prism with

a surface covered or in close contact with a thin film of the metal
to be probed, typically gold or silver (because they can support
surface plasmons) but sometimes other metals such as copper,
titanium, or chromium. The light is totally reflected off the inner
surface of the prism, and the outward evanescent wave at the
interface used to excite the plasmon of the metal. For resonance
excitation the change in momentum of the incoming beam has to
match that of the surface plasmon, and the SPR technique is
based on the fact that adsorbing molecules change the local index
of refraction and with that the resonance conditions of the
surface plasmon waves. SPR experiments are commonly carried
out in one of three modes: (1) by using light of a fixed wavelength
and measuring the angle of minimum reflection (maximum
absorption), which can change by approximately 0.1° during
thin film adsorption (Figure 11, top); (2) by following the
changes in absorption wavelength with adsorption; or (3) in
imaging mode. Additional new modalities have been developed
in recent years, including, for instance, surface plasmon fluores-
cence spectroscopy.”’®

The need to use a film of a metal that can support surface
plasmons does represent a limitation in terms of the types of
liquid/solid interfaces that can be studied with SPR. Also, the
surfaces need to be flat, or at least able to make good contact
with the prism; they need to be placed within the penetration
depth of the evanescent wave, typically less than one micrometer.
Finally, only limited information, and not much molecular detail,
can be extracted from the data. On the positive side, SPR is
reasonably easy to implement, and it is quite sensitive to small
changes at the liquid/solid interface. SPR is sensitive to nano-
meter changes in thickness, density fluctuations, or molecular
adsorption on the metal film, and has typically been used to
measure uptakes from liquid solutions onto solid surfaces.

One use of SPR is for the characterization of the chemistry of
Langmuir—Blodgett and other self-assembled films in coexis-
tence with a liquid phase, mainly to determine their thicknesses.
SPR data from such systems may also be used to estimate
adsorption geometries, although that requires comparison with
appropriate modeling (to match measured film thicknesses with
the number of monolayers present at the liquid/solid interface).
An early illustration of this use is given by a study where a
molecular tilt angle of 26° was deduced for monolayers of
behenic acid deposited on a thin silver film.>”” In a second
report, SPR data were used to conclude that valinomycin
molecules in Langmuir—Blodgett films lie nearly parallel to the
silver substrate surface, and also that they can reversibly complex
with potassium ions when in the presence of stearic acid.*”®
Another systematic SPR study on the uptake of a series of
cationic and anionic polymer combinations into Langmuir—
Blodgett films showed linear adsorption uptake in terms of
thickness versus number of layers, except were deviation oc-
curred because of poorly charged initial layers.”””

As it pertains to liquid/solid interfaces, SPR has been used
mostly in connection with the development of biosensors and
bioassays based on probing the interactions between an analyte
in solution and a biomolecular recognition element immobilized
on the surface of the SPR element.”****" In bioassays, thin
organic or biopolymer films are prepared in a spatially resolved
manner at the metal interface, and interrogated either by
rastering of the beam used for SPR or by optically imaging
the full surface.”®> SPR sensor architectures have been used for
the characterization of supported lipid bilayer films, for moni-
toring antibody—antigen interactions at surfaces, and for the
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study of DNA hybridization adsorption and protein—DNA
interactions.”*"***~ 2% This field has grown considerably with-
in the last decades, and many commercial biosensors have been
developed based on this technologgl. A full survey of that work is
outside the scope of our review,”>’** and only a few repre-
sentative examples are provided below to illustrate the range of
the information obtained by SPR in these applications.

In terms of the development of the binding-specificity knowl-
edge needed for the design of simple sensors, much work has
focused on the specific interaction of either peptides or proteins
with receptor sites at the self-assembled layers used to mimic
membranes.””>**' One early report showed specific recognition
reactions between either streptavidin or a biotinylated mono-
clonal antibody and interfaces functionalized with different types
of receptors, self-assembled biotinylated alkane thiols or ad-
sorbed streptavidin monolayers.”* It was found that, in general,
the binding properties are inversely related to the packing density
of the receptors: good accessibility is only possible with diluted
surface coverages of the receptors. Binding specificity has also
been proven for recombinant proteins tagged with the stretch of
the six histidines commonly used to simplify their purification,
where preferential adsorption occurs via interaction of the
histidines with the two vacant sites on Ni(II) ions chelated to
the surface nitrilotriacetic acid group of a thiol self-assembled
monolayer but not to a second thiol terminated with a tri-
(ethylene glycol) group.””* Selective uptake on specific surface
groups can be easily assessed by SPR within mixed self-assembled
layers as well. For instance, SPR helped determine that the
amount of RNase A, lysozyme, fibrinogen, or pyruvate kinase
that adsorbs on mixed self-assembled monolayers of gold-
supported alkanethiolates terminated in methyl and hexa-
(ethylene glycol) correlate well with the molar fraction of the
methyl-terminated thiolates on the surface.””* Similar resistance
to adsorption on the hydrophilic glycol groups has been reported
with a number of other surfactants.*

As mentioned above, bioassays can be designed in imaging mode.
For instance, Corn and co-workers have developed sensors based on
two-dimensional surface arrays made of covalently bonded thiol-
DNA strands on gold surfaces, and have used SPR imaging to follow
hybridization adsorption of unlabeled DNA and RNA oligonucleo-
tides, relying on the fact that the changes in reflectivity measured by
SPR depend linearly on the surface coverage of the adsorbed DNA
oligonucleotide (Figure 12).2%* In another application, SPR in
imaging mode has been combined with microfluidic device design
to provide easy spatial patterns for antibody capturing.””’ More
sophisticated SPR sensors have also been designed to rely on the
multiplexing of sensing channels to acquire full spectroscopic
information for each spatial position as a function of wavelength
or angular spread.”® Interferometry to detect the phase of a beam
reflected under SPR has been incorporated to bio and chemical
sensing to increase sensitivity and spatial resolution at the micro-
meter scale as well?® In all these cases, however, the basic
information extracted from SPRis still the same, usually quantitative
knowledge on coverages or film thicknesses in a selective way for
particular chemical interactions at the liquid/solid interface.

SPR can also be used in time-resolved mode to follow the
kinetics of adsorption and desorption at liquid/solid interfaces.**
In one example, the use of SPR led to the finding that the total
uptake of thiolated dextrans from solution onto a gold surface
increases with decreasing molecular weight and degree of thiol
substitution even if the rate of adsorption appears to be similar in
all cases.*®" A kinetic approach has also been used to study the

Protein Antibody
Aptamer Protein
Aptamer
= UJ hs m
Thrombin RNA Thrombin RNA Thrombin DNA VEGF RNA
Aptamer R Aptamer R, Aptamer D, Aptamer R,

Figure 12. Design of bioassays based on SPR imaging. In this example,
measurements are shown for the formation of surface aptamer—
protein—antibody sandwich structures.”®* Four different aptamers were
first anchored on the surface, the structures of which are shown
schematically in the bottom half of the figure: R;, an RNA aptamer for
human thrombin; R,, an RNA aptamer that was selected for bovine
thrombin but can also bind to human thrombin; D;, a DNA aptamer for
human thrombin; and Ry, an RNA aptamer for human vascular
endothelial growth factor. These aptamers were made into a bioassay
by distributing them in rectangular patches as indicated in the images on
the top. The images correspond to the SPR signals obtained after
sequential exposure of the bioassay to (Left) human thrombin (hTh), a
serine protease commonly used to enhance clot formation in blood
samples; and (Right) a monoclonal antibody for hTh. The intensity of
the signals in these images indicate that all three thrombin aptamers
showed some binding affinity to hTh, with the D; aptamer being the
highest, but that the antibody can only bind to the hTh-R, aptamer
surface complex. Courtesy of Robert M. Corn. Reprinted from ref. 983
with permission. Copyright 2007 American Chemical Society.

relative affinities of proteins to different terminal groups within
anchored self-assembled monolayers.**>****** For instance, the
nonspecific binding of human immunoglobulin G and bovine
serum albumin on gold surfaces modified by self-assembled alkyl
thiol monolayers with different terminal groups was found to
exhibit a complex kinetic behavior that could only be explained in
terms of multiple adsorption sites involving different hydrophobic,
electrostatic, and hydrogen-bond protein—surface interactions as
well as additional lateral interactions due to unfolding of the
adsorbed proteins.”®* Another SPR investigation, on the kinetics
of the binding reaction between fibrinogen and purified human
platelet glycoprotein IIb—IIla immobilized on the surface of a
sensor, led to the identification of the early formation of a reversible
low-affinity complex before the development of a second more
stable pair.**

Interestingly, SPR has, to date, not been used nearly as widely
in other fields involving liquid/solid interfaces. In terms of self-
assembly processes, the kinetics of formation of thiol films onto
gold surfaces has been followed as a function of chain length and
concentration.>*® Complex behavior has sometimes been seen, as
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in the case of ethanol, for which at least three distinct kinetics
steps were identified, the first and third following Langmuir
behavior and the second a zeroth order process that depends on
alkanethiol chain length, concentration, and partial film
thickness.*®” With polymers, SPR has been helpful mainly in
following the kinetics of their adsorption on solid surfaces, but in
some instances it has also been used to characterize their
reactivity in the presence of a liquid phase. One illustration here
is the study of the hydration of a series of polyurethanes with
poly(ethylene oxide)/poly(propylene oxide) soft segments.>*®
The data proved that as the poly(ethylene oxide) content of the
polymer, and with that its hydrophilicity, increases, the extent of
polymer hydration increases. SPR has also been applied to
systems of tribological interest, in one case to determine the
uptake kinetics of the perfluoropolyether lubricant Fomblin
ZDOL onto a silver surface.’® In electrocatalysis, the alternated
electrostatic layer-by-layer assembly of negatively charged ci-
trate-stabilized platinum nanoparticles and positively charged
[tetrakis(N-methylpyridyl )porphyrinato] cobalt on a 4-amino-
benzoic acid-modified glassy carbon electrode was studied
with SPR.*' In all these examples the main information
derived from the SPR experiments is kinetic data on adsorp-
tion uptake.

Finally, SPR has also been used in some instances to directly
explore chemistry at the liquid/solid interface of metal nanopar-
ticles, for which those need to be deposited on top of the outside
surface of the optical element (prism). One example is provided
by the study of the effect of exposing silver colloidal nanoparticles
to either iodine or iodide solutions, where SPR data were used to
conclude that, in the range of small concentrations, surface
oxidation leads not to the formation of bulk Agl but rather a
new Ang_ surface structure.>'' However, the use of SPR with
nanoparticles has by and large concentrated on sensing, as with
the more common thin-film SPR arrangement. In one report, a
general discussion is provided on the effect of the morphology of
metal nanoparticles on their sensing response.'® In a more
specific application, an SPR nanosensor based on Ag nano-
triangles was used to follow the interaction between amyloid
p-derived diffusible ligands and their antibody, a chemistry of
relevance to the development of Alzheimer’s disease.>'> Another
study proved the usefulness of recoding scattered SPR signals
from gold nanoparticles in imaging mode as a way to develop
biosensors in living whole cells.>"> In that case, the specific
binding of gold nanoparticles conjugated to monoclonal anti-
epidermal growth factor receptor antibodies to the surface of
malignant epithelial cell lines in cell cultures was used to provide
anatomic labeling information on cancer type cells. To note is the
fact that in most of these uses of SPR, the nanoparticles used are
mainly made out of gold or silver, the preferred metals for
plasmon excitation.

4.5. Ellipsometry

Like SPR, ellipsometry monitors the refractive index at the
liquid/solid interface. In this case, though, what is followed is the
change of polarization of the light reflected off the sample
(Figure 11, bottom). The most common use of ellipsometry is
to measure film thickness, the same as SPR, which in this case can
be followed in a range from a few angstroms to several micro-
meters. Nevertheless, the complex refractive index measured by
ellipsometry can sometimes be related to other sample proper-
ties, including morphology, crystal quality, chemical composi-
tion, and electrical conductivity. Because of its lack of chemical

specificity, however, ellipsometry cannot typically differentiate
among contributions from different adsorbates. In addition,
proper analysis of the raw ellipsometry data requires some
knowledge of the optical properties of the samples being studied.
In terms of the experimental setup, ellipsometry can be con-
sidered complementary to SPR (and QCM, see Section 4.6)."*
It does not require the use of gold or silver films, like SPR does
(although a reflective surface is still needed), but it does need for
the beam of light to travel through the liquid phase, which can
attenuate its intensity or even interfere with the polarization
measurements.”*

Much of the work regarding liquid/solid interfaces using
ellipsometry has been directed at systems of biological interest,
as with SPR.>'*3'® Although more data are available in this area
from SPR studies than from ellipsometry work, the conclusions
derived from both are closely related. Early ellipsometry studies
focused on the detection and quantitation of protein adsorption
patterns on self-assembled alkanethiolate monolayers, to extract
information about specific binding of antibodies to surfaces. For
instance, in studies on antifibrinogen binding to adsorbed
fibrinogen, it was shown that in simple cases the deposited
amount of antibodies correlates well to the true amount of
adsorbed antigen but that when proteins are adsorbed from
serum, plasma, or other complex solutions, that relationship may
be compromised.*"* In experiments involving complement acti-
vation on mercapto-glycerol/gold surfaces, it was found that
immunoglobulins from human serum bind extensively to the
surface but that the ellipsometrically measured thickness de-
creases with time.>"” Another early example illustrates the use of
ellipsometry in the determination of dissociation constants for
the adsorption of prothrombin from a buffer solution onto the
different binding sites of phosphatidylserine layers stacked on
chromium slides.>*® More recently, an ellipsometry study on the
adsorption and formation of DNA and cationic surfactant
complexes at aqueous/silica interfaces indicated no uptake on
negatively charged hydrophilic surfaces for DNA but measurable
adsorption when there is an excess of cationic surfactant, just
below the point of phase separation.’™® In an ellipsometry
investigation of the structure of salivary films in conditions
similar to those found in the oral cavity, two sublayer structures
were identified in which an inner dense layer is decorated by large
aggregates; it was concluded that large mucins may be respon-
sible for the increased resistance of those films on hydrophobic
substrates and may protect the intraoral surfaces against surface-
active components present in oral health care products.**

In terms of nonbiological applications related to liquid/solid
interfaces, ellipsometry is perhaps more commonly used than
SPR, in particular for the characterization of self-assembled
monolayers.””*** One classic report identified distinct differ-
ences in structure between long- and short-chain n-alkyl thiol
monolayers when assembled on gold surfaces, with only the long-
chain thiols forming densely packed, crystalline-like assemblies
with fully extended alkyl chains.*** Another ellipsometry study,
on the removal of ferrocenylalkanethiol self-assembled mono-
layers deposited from perchloric and sulfuric acid solutions onto
a gold electrode by anodic oxidation, showed an increase in
thickness at potentials lower than that required for oxide forma-
tion, presumably because of oxidation of the ferrocenyl tail group
to a ferricinium cation and the simultaneous uptake of anions
from the electrolyte.*** It should be pointed out, though, that in
these and many other examples, the use of ellipsometry has been
complemented with that of other techniques to reach some of the
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molecular-level descriptions associated with the conclusions,
since the information derived from the ellipsometry character-
ization alone is often limited to film thicknesses.

Another use of ellipsometry has been in the study of liquid
crystals, to obtain information about ordering, phase transitions,
and film thicknesses, both in static and kinetic modes.*> In one
case, it was shown that the ellipsometry signal from liquid-crystal
films can in some instances follow characteristic oscillations as a
function of temperature, a reflection of different temperature-
dependent behavior of each component in mixed anticlinic and
azimuthal-helix layers.**® In another example, ellipsometry was
used to identify a wall-induced orientational ordering of a liquid
crystal in its isotropic phase.®*” An interesting feature of this work
is the fact that it was carried out by using an attenuated total
reflection absorption optical setup analogous to those more
commonly used in IR absorption spectroscopy or SPR. In a
third study, the thickness, dielectric constants, and tilt angle of
the principal dielectric axis of the molecularly oriented upper
layer of rubbed polyimide films in liquid crystal display devices
could be determined by analyzing the anisotropic polarization of
the reflected light.>**

Less common but still useful is the application of ellipsometry
to the characterization of the deposition of chemical layers via
covalent bond-forming reactions on simple surfaces, oxides in
particular. One illustration in this category is an investigation on
the deposition of thin films of nonfunctional silane layers on
aluminum, where modeling of the ellipsometry signals led to the
conclusion that the film thickness was not uniform across the
solid surface.**”*** That case highlights one of the main limita-
tions of ellipsometry, that it relies on the proper analysis of the
raw measurements, but also points to the possibility of extracting
additional information beyond average film thickness from the
data. Another example is the ellipsometry kinetic study of the
chemistry of a cyclopentadienone ruthenium complex grafted
onto a self-assembled primer layer on a native silicon dioxide/
silicon substrate, where a similarity in the rates of uptake of
tertiary phosphines between the anchored and solution com-
plexes was interpreted as due to the inaccessibility of the metal
center and to preferential bonding to the cyclopentadienone
site.*!

In electrochemistry, rapid scanning spectroscopic ellipsome-
try with optical multichannel detection was developed to moni-
tor the electropolymerization of pyrrole on a gold electrode.
Monolayer adsorption and Au interface reordering was observed
in the first 10 A, followed by sequential two-dimensional
nucleation, coalescence, and gradual densification and layer-by-
layer growth.**> This example illustrates one common character-
istic of electrochemistry studies that ellipsometry shares with
other techniques, that is, the ability to use cell potential as an
additional parameter to extract chemical information out of
nonchemical-specific data such as film thickness. In corrosion,
an in situ ellipsometry study showed that pure iron and zinc
surfaces become easily covered with 6—15 nm thick native
(hydr)oxide films in near-neutral sodium chloride solutions,
and that further deposition can occur upon the addition of
rare-earth metal salts, presumably via precipitation induced by
cation hydrolysis proximal to the substrate-solution interface
driven by increased interfacial pH resulting from cathodic oxygen
reduction.**?

Ellipsometry, like SPR, can also be used in imaging mode.
Most imaging experiments rely on the scanning of millimeter-
sized light beams, which can provide lateral resolution down to

S0 um. Alternatively, a large diameter beam can be combined
with CCD cameras to acquire full images at once; resolutions
down to ~5 um are possible this way. The feasibility of both
approaches has been illustrated in antigen—antibody binding
studies for the development of biosensors.>>***> The use of
ellipsometry has also been extended to the characterization of
molecular structures at the solid/liquid interface.**® It should be
noted, however, that in those cases structural information is
extracted from angle-resolved ellipsometry measurements only
after significant modeling; the information is quite limited, and
heavily reliant on the validity of the theoretical analysis.

Another important new development in ellipsometry has been
the use of infrared rather than visible light to be able to acquire,
noninvasively, structural, and chemical information simulta-
neously at the liquid/solid interface, the latter by recording
vibrational information.**” In an in situ infrared spectroscopic
ellipsometry with mixed polyelectrolyte brushes, for instance,
measurements using the intense carboxyl group and carboxylate
ion absorptions at 1718 and 1565 cm ™!, respectively, afforded an
assessment of the ionization of the thin film as a function of
pH.**® In another example, the pH-dependent adhesion of mucin
to a bovine submaxillary mucin/poly(acrylic acid-block-methyl
methacrylate) copolymer surface was determined to involve
hydrogen bonding preferentially via its carboxyl group; no
evidence was obtained that the amide groups of the mucin
participate in that bonding.**” The use of IR light can also
address one of the main drawbacks of ellipsometry, that it is
applicable only to interfaces in which there is a step or gradation
in the refractive index.

4.6. Quartz Crystal Microbalance (QCM)

An alternative way to follow changes in surfaces during the
uptake of adsorbates is by using a quartz crystal microbalance
(QCM). QCM is a member of a wider class of sensing instru-
ments based on acoustic waves at surfaces, mass-sensitive
resonators based on piezoelectric sensors. These are well-know
devices, but their use has been extended to the characterization of
liquid/solid interfaces only recently. The main limitation has
been the need to develop high-gain oscillator circuits to over-
come the viscous damping of the shear oscillation under liquid
loading.***~>** The performance of QCM and SPR in adsorp-
tion uptake measurements are comparable, and can be com-
plementary.****** The key differences to note are the fact that
the starting surface in QCM is that of the quartz crystal (although
that can be modified to accommodate the particular application
of interest), and that what is followed in QCM are changes in
mass, not optical properties. The detection of weight changes in
particular can be quite useful in determining absolute uptakes if
the molecular weight of the adsorbate is known. Mass differences
can sometimes also be used to differentiate among different
adsorbates, a way to add some chemical specificity to QCM
measurements.

QCM has often been used to follow biomolecular recognition
processes such as antigen—antibody binding or ligand —receptor
interactions.”** The approach in these applications has been
similar to that followed in SPR and ellipsometry studies, namely,
either the ligands or the receptors are immobilized on the quartz
surface, and the corresponding counterpart is offered from
solution. Also like with SPR and ellipsometry, many examples
of the use of QCM include studies of the interaction of DNA or
RNA with complementary strands, specific recognition of pro-
tein ligands by immobilized receptors, detection of virus capsids,
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bacteria and mammalian cells, and the development of complete
immunosensors.>*>** In one report, QCM was used to quantify
associated coagulation of human blood plasma on four surfaces,
those of Heparin (an active inhibitor of clot formation), titanium
(known to activate the intrinsic pathway), polystyrene, and
poly(urethane urea).>*” A peculiar initial plasma-protein inter-
action phenomenon was identified on the titanium surfaces by an
early and rapid change in both frequency shift and viscoelastic
properties of the coagulating plasma. QCM has also been used to
monitor the binding of estrogen receptor a to specific and
nonspecific DNA; the complexes formed were found to adopt
amore compact conformation (the uptake to be more extensive)
in the case of the specific DNA.*** In a third case, QCM was used
to show that laminin forms a highly hydrated protein layer with
different characteristics depending on the underlying substrate: a
higher amount of laminin was found to adsorb on a thicker layer
of a lower effective density in nanopatches compared to equiva-
lent homogeneous surfaces.>* In a QCM study on the binding
behavior of the cyclic peptide STB1 and its linear version LSTB1
on TiO, and SiO, surfaces, LSTB1 was determined to bind in a
similar fashion on both surfaces, whereas STBI, in spite of its
weaker affinity, was found to be able to distinguish between the
two.>*° In all these cases, the QCM data on mass changes over
time during adsorption, derived from changes in oscillator
frequency and damping, have been used to infer some specific
chemical behavior in the systems studied.

For biosensor applications of QCM, biointerfaces need to be
designed to reduce nonspecific binding and to suppress dena-
turation of the immobilizing proteins, if those are the detecting
elements.>>" Those interfaces are typically prepared via self-
assembly or by using polymers. One example is a piezoelectric
sensor developed for the detection of genetically modified
organisms using single-stranded DNA probes immobilized on
the surface of a QCM.**? Designs have also been advanced for
the fabrication of immunosensors for the detection of
pesticides,®** such as the QCM-based immunosensor developed
for the determination of the insecticide carbaryl and 3,5,6-
trichloro-2-pyridinol (TCP), the main metabolite of the insecti-
cide chlorpyrifos and of the herbicide triclopyr, based on a
competitive conjugate-immobilized immunoassay format using
monoclonal antibodies.>** Other QCM sensors have been
designed to detect bacteria. For instance, Bacillus anthracis spores
can be selectively detected by utilizing monoclonal antibodies
anchored on the surface of the electrode via self-assembled
monolayers.>>* In sensing applications QCM provides quantitative
measurements of mass uptake, but chemical specificity originates
from the design of the bioorganic layer deposited on the surface of
the sensor. A few examples exist for nonprotein based sensing
elements as well. For instance, a model sensor was constructed by
the immobilization of cobalt(II) phthalocyanine and glucose oxidase
onto a gold-quartz electrode for the detection of glucose.**® Analysis
of frequency and dissipation plots indicated covalent attachment of
glucose oxidase onto the metallophthalocyanine layer.

QCM has also been used for the characterization of micellar
systems and self-assembling monolayers. In a straightforward
early application, the rates of adsorption and desorption of
several long-chain alkyl thiols on gold electrodes were measured
this way. Differences were observed as a function of the solvent
used: while in acetonitrile an initial multilayer was seen to form
and then slowly evolve into a stable self-assembled monolayer, no
multilayer growth at all was seen in dimethylformamide.**” In
another project, pK, values were measured with QCM for

carboxylic acid-terminated self-assembled monolayers by quan-
tifying the shifts in resonance frequency as a function of the pH of
the solution.**® Those pK, proved quite different, with transition
region widths significantly greater, than the values for the same
carboxylic acids in solution, a difference that was justified in terms
of an increase in tensile stress with increasing pH. The role that
the counterion plays in the adsorption—desorption process of
self-assembled monolayers of alkanethiols and mercaptoalkanoic
acids on gold was also examined in various alkaline solutions and
supporting electrolytes with this technique.”** More recently, in
a study on the use of amphipathic viral peptides to create lipid
bilayer on gold and TiO, solid substrates, the results from
changes in QCM resonant frequency and dissipation as a
function of time led to the conclusions that the peptide desta-
bilized the vesicles (via electrostatic interactions) in the first
stages of adsorption.*® By following the uptake kinetics, the
surface bilayers formed via the rupture of such vesicles was also
shown to incorporate measurable amounts of water.****** Ad-
sorption of surfactants using QCM have been reported as well 33

In tribology, QCM can be used to study the uptake of liquid
lubricants on solid surfaces. For instance, a QCM characteriza-
tion of the adsorption of soybean oil and methyl oleate from an
hexadecane solvent onto a steel surface indicated that, at full
surface coverage, both substances form rigid films.>** An inter-
esting extension in this work is that, by assuming uniform and
rigid film formation, additional information was extracted about
film thicknesses: it was inferred that the soybean oil adsorbs
nearly perpendicular to the surface, whereas the methyl oleate
adopts an adsorbate geometry nearly parallel to the surface.

In some instances, QCM has also been used to characterizing
the film properties of electroactive polymer films.**® For in-
stance, the deposition of poly(aniline) by electrochemical oxida-
tion from phosphoric acid has been monitored by QCM to
determine the optimal concentration for most effective electro-
polymerization.**® In situ electrochemical studies are possible
with QCM as well.**” In one report, the electrochemical resistant
of methanofullerene films toward dissolution into an acetonitrile
solution was found to be associated with the length of the alkyl
chains introduced into the Cgg cage, and to be strongly depen-
dent on the nature of the cation of the supporting electrolyte.*%®
In research relevant to the design of batteries, a QCM study on
the proton intercalation performance of thin Ni(OH), films, the
redox mechanisms were shown to differ in whether H" or OH ™ is
transferred, the reactants and/or products are hydrated, and if
cations from the solution take part in the reaction.*® Co>* and
Fe®" were also shown to replace Ni sites in the hydrous oxide
lattice, thereby forming dense structures with higher stability. A
QCM study of a different electrochemical system showed that, in
weakly acidic media, nickel electrodissolution and nickel passiva-
tion occur simultaneously.*”®

Lastly, QCM studies have on occasion been extended to cover
properties other than mass changes, such as viscoelasticity,
hydrophobicity, or surface roughness; the additional information
has been useful to infer physical and structural information about
biological layers immobilized at sensor surfaces such as film
thickness, shear viscosity, and elastic modulus.>”?7* These new
approaches have been used to investigate the adhesion of cells,
liposomes, and proteins onto surfaces, to determine the morpho-
logical changes of cells in response to biologically relevant or
pharmacological substances, and even to distinguish DNA mol-
ecules with the same molecular mass but different structures.***”>
In one example, the resonance frequency decreases and energy
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Figure 13. Example of the use of a quartz crystal microbalance (QCM) for the study of adsorption at liquid/solid interfaces.’”® Left, Top: Schematic
illustration of the QCM setup, designed to follow both resonance frequencies (F) and energy dissipation (D) by frequency sweep measurements. Left,
Bottom: When an elastic mass is added to the piezoelectric crystal oscillator, via molecular adsorption, the frequency of resonance shifts from F, to Fy,
and when additional viscous mass (from the liquid) is added, the peak also broadens from (F, — F,), to (F, — F;),. Right: Examples of measurements
carried out with this instrument for the study of the capture of different biologically relevant molecules by the NeutrAvidin protein immobilized on the
quartz surface of the QCM. Changes in both AF, ., and AD,,, were followed versus time for the binding of biotinylated bovine serum albumin (BSA,
top), biotinylated ssDNA (center), and biotinylated pullulan (bottom) from buffer solutions (20 °C, 10 mM Tris, 200 mM NaCl). Particularly
noteworthy is the minimum energy dissipation (AD,,,,) seen in the first case. Courtesy of Yoshio Okahata. Reprinted from ref. 373 with permission.

Copyright 2006 American Chemical Society.

dissipation increases observed during binding of biotinylated
bovine serum albumin, biotinylated ssDNA, biotinylated dsDNA,
and biotinylated pullulan to an immobilized NeutrAvidin layer
suggested that protein energy dissipation is mainly caused by
hydration (Figure 13).*”

5. X-RAY- AND NEUTRON-BASED TECHNIQUES

With the advent of synchrotron facilities all over the world, the
use of intense and tunable X-rays for the characterization of
chemical and biological systems has become quite feasible.
Several spectroscopy- and diffraction-based techniques have
been developed as a result, from which the best known include
X-ray absorption (XAS) and X-ray emission (XES) spectro-
scopies, X-ray reflectivity (XRR), grazing-incidence small-angle
(GISAXS), and resonant inelastic (RIXS) X-ray scattering, X-ray
standing-wave measurements, surface (grazing—incidence) X-ray
diffraction (SXRD, GIXD), and coherent diffraction imaging
(CDI) (Figure 14). All these are relatively new techniques. One
great advantage of the use of X-rays as probes is that they can
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penetrate deep into liquid, and even solid, phases, and can there-
fore easily reach buried interfaces. On the other hand, most X-ray-
based techniques are not intrinsically surface sensitive, and special
schemes are typically required to discriminate between the signals
originating from interfaces and the much more intense signals due
to the bulk phases. In most X-ray absorption experiments, this is
accomplished either by using high-surface-area solids or by taking
advantage of unique compositions or chemical features at the
interface, whereas in diffraction experiments the experimental
geometry may be used for selective surface probing. In any case,
because high-intensity and focused X-ray beams are required, these
techniques are difficult to implement: synchrotron sources may be
required, and provisions may need to be made to avoid sample
damage. Not much research is available in the literature on the use
of techniques based on tunable X-rays at present, especially in
connection with systems involving liquid/solid interfaces, but
pioneering work already points to their potential. Some examples
of how these have been applied to problems involving liquid/solid
interfaces are discussed below.
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Figure 14. Schematic diagrams of the typical setups used for surface-
sensitive X-ray-based experiments. Left: X-ray absorption spectroscopies
(XAS), including X-ray absorption near-edge spectroscopy (XANES,
NEXAFS, red trace), where excitation from an atomic core level to the
molecular or solid empty states is detected, and extended X-ray
absorption fine structure (EXAFS, blue trace), which originates from
interference with the waves reflected from neighboring atoms and
provides local structural information. Right: Most common surface
X-ray scattering and diffraction techniques, X-ray reflectivity (XRR),
grazing-incidence small-angle X-ray scattering (GISAXS), and grazing-
incidence X-ray diffraction (GIXD, SXRD).

5.1. X-ray Absorption (XAS) and Emission (XES) Spectroscopies

X-ray absorption spectroscopy has become a commonly used
technique for the characterization of materials.””*~>"® Spectra
from measurements of absorption of X-ray radiation by the
material being studied versus photon energy around the excita-
tion energy of a specific core level of a particular atom can provide
information about the electronic properties of that atom. This
technique is known as X-ray absorption near-edge spectroscopy
(XANES), near-edge X-ray absorption fine structure (NEXAFS),
or X-ray absorption fine structure (XAFS). In addition, intensity
oscillations are seen farther away from the absorption edge due
interference of the forward-propagating waves with electron
backscattered from neighboring elements, the so-called ex-
tended X-ray absorption fine structure (EXAFS), and Fourier-
transform analysis of those oscillations can yield information
about the local structure around the element being probed in
the form of bond distances and average coordination numbers.
Data for both techniques can be collected in one single
experiment (Figure 14, left panel). Measurement of the absorp-
tion of the X-rays is typically done in transmission mode, by
comparing the intensities of the beam before versus after traveling
through the sample,>””*”® but other arrangements are possible,
including some where X-ray absorption is measured indirectly via
the detection of the induced X-ray fluorescence®””** or the
reflected beam.*®’

XAS, in both XANES and EXAFS modalities, is already fairly
popular in studies to follow the progress of catalytic processes
in situ, mostly in cases where the reactants and products are in the
gas phase but in some instances also to look at liquid/solid
interfaces. In terms of XANES studies, an early example for the
latter is the study of the oxidation state and structural properties
of Al,O3-supported PdCu bimetallic catalysts during the reduc-
tion of KNOj3 in aqueous solution; the X-ray absorption data
were instrumental in determining that only the copper becomes
partially oxidized under reaction conditions.’®* In situ XAS
experiments were also used to corroborate that the silver in the

supported catalysts used for the selective liquid-phase oxidation
of benzyl alcohol remains mainly in its metallic state during
reaction.”® In XAS experiments with supported catalysts made
out of gold and an oxide of a second metal for the selective
oxidation of 1-phenylethanol (dissolved in toluene) with molecular
oxygen, metallic gold was shown to be the main active species.”™
Similar in situ XAS experiments on the catalytic oxidation of alcohols
were carried out earlier with Pd catalysts.**>*** In all these examples,
the XANES data provided key electronic information on specific
metals within the catalysts that was then correlated with catalytic
performance assessed by separate means.

Structural information on catalytic systems can also be ob-
tained in situ at liquid/solid interfaces, via the analysis of the
EXAFS data. An EXAFS study on the selective aerobic oxidation
of cinnamyl alcohol promoted by a Pd/C catalyst, for instance,
indicated a small degree of particle growth that correlated with a
large drop in catalytic activity.”® Another in situ EXAFS study,
on the performance of a Rh—Sn/SiO, bimetallic catalysts during
the liquid-phase hydrogenation of citral, showed that the selec-
tive production of unsaturated alcohols starts only after an
induction period during which the catalyst surface restructures
and tin oxide patches form on the surface of the rhodium
particles.’®® Time-resolved EXAFS studies on a Heck-type
C—C coupling reaction between phenyl bromide and styrene
on a supported palladium catalysts indicated the rapid formation
of soluble Pd sgecies at temperatures above 150 °C, in the form
of colloidal Pd® clusters with a size of ~2 nm.>®’

The use of XAS in catalysis involving liquid/solid interfaces is
particularly common with electrocatalytic systems, specifically
with fuel cells.*®® Knowledge on the oxidation states of platinum
or palladium electrodes both during reaction and upon alloying is
critical to the understanding of the redox chemistry of such cells,
and XANES is one of the few techniques available to get at that
information in situ during electrochemical reactions. In one
example, in situ XANES spectra at the Pt edge, obtained for
different platinum-based catalysts, indicated that the changes in
electronic structure induced by alloying with a second metal
leads to an inhibition of the adsorption and dissociation of
methanol.>® In another case, in a study on the oxidation of
ethanol on carbon-supported Pt, PtRu, and PtSn anodes, it was
found that such oxidation correlates with the formation of O and
OH species on the surface, which was also found to depend
on the potential applied and to vary with the nature of the
surface.””**' One key element of that study was the careful
analysis of differential XANES spectra obtained by comparing
with reference systems to extract information about the nature
and configuration of intermediates, oxygen containing species in
particular. A third example is a study on the reduction of oxygen
on carbon-supported Pd;Fe nanoparticles in HCIO, solutions,
where the downshift observed in the d-band center of the Pd
overlayer was suggested to lead to a weaker interaction between
the Pd surface and the oxygen-containing species and therefore
to an enhancement in activity.”” Finally, regarding the tolerance
of Pt-based proton-exchange membranes in fuel cell anodes to
CO poisoning, XANES results showed an increase in the Pt 5d-
band vacancies upon the addition of a second metal, leading to a
weakening of the Pt—CO bond.**?

Like with other types of catalysts, EXAFS can also be used in
electrocatalysis to extract structural information around indivi-
dual atoms of specific elements. For instance, based on the
different Pt—O bond lengths measured by EXAFS, several
oxygen-containing species, including OHH and/or OH groups,
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have been identified on platinum nanoparticles at potentials
around 1.4 V (referenced to the reversible hydrogen electrode),
all of them converting over time into adsorbed atomic oxygen
and then into platinum oxide.*** In another study, EXAFS was
used to follow structural and compositional changes in PtRu
catalysts for methanol fuel cells by measuring average coordina-
tion numbers: those catalysts were determined to restructure
into a core—shell distribution, with the size of the Pt core
increasing via reduction of its oxide.*”®

In other electrochemical systems, XANES has been useful to
follow the oxidation state of key ions at the liquid/solid interface.
In one case, the group of Salmeron has developed a convenient
electrochemical cell for the simultaneous XAS characterization of
the surface in situ during cyclic voltammetry experiments, and
demonstrated its performance by following the corrosion beha-
vior of copper in aqueous NaHCOj versus applied potential.**® A
similar time-dependent in situ XAS experiment involving the
monitoring of the solution/surface interface of corroded copper
in a sodium sesquicarbonate solution identified a local atomic
environments for the copper in solution similar to that on the
surface, indicating that chlorine-containing corrosion products
are released into the solution and that a thin cuprite layer is left on
the original metal surface.*®” Another recent in situ XANES set of
experiments indicated that the manganese ions in the electrodes
of MnO,-nH,O supercapacitors with a potassium polyacrylate
gel electrolyte are present in a higher oxidation state and are
subjected to greater valence variations upon charging/dischar-
ging over the same potential range than those in the liquid
electrolyte counterpart.’*® XAS data also helped in concluding
that hydrogen permeation leads to the reduction of oxide films
grown on iron electrodes, stabilizing the iron surface at a
potential close to that required for hydrogen evolution.”” In
terms of structural studies, recent XAS work on the characteriza-
tion of nickel batteries indicated that the Ni(OH), layers in a
brucite structure undergo a contraction during oxidation to
NiOOH.**® In another report, average coordination-numbers
extracted from EXAFS data were used to follow the growth of
electrochemically deposited copper nanoparticles on p-GaAs-
(100) from a H,SO, solution.**® Complementary XANES
spectra showed that a metallic state is retained throughout the
electrochemical deposition.

XAS has in a few instances been used to study the chemistry of
mineral surfaces immersed in liquids.*”' For instance, it was
determined by in situ EXAFS experiments that, on water/a-
FeOOH(goethite) interfaces, selenate ions form a weakly
bonded outer-sphere complex with hydration sphere retention,
whereas selenite ions form a strongly bonded, inner-sphere biden-
tate complex.***** The stability of Fe,O; films in corrosive
environments has been characterized as well*** One great advan-
tage of X-ray based spectroscopies is that they can be used in situ to
study samples under extreme conditions such as the high tempera-
tures and pressures often encountered in geological systems. For
example, a study aimed at the in situ XAS mapping of antimony
speciation and partitioning in the Sb,O;—H,0—NaCl—
HCI system at 673 K and 270—300 bar, conditions typical in
magma, reported that hydroxy-chloride complexes are dominant
both in the vapor and liquid phases in this salt-water system under
acidic conditions.*** The monitoring of the behavior of fayalite (an
iron silicate) and of siderite (an iron carbonate) under temperatures
between 323 and 370 K and pressures of 30 MPa pointed to an
enhancement in dissolution rate with acetate versus HCI buffered
solutions, a result that was explained by ion solvation and

nucleophilic attack at the silicate surface.**>**® An XAS study of
the reductive dissolution of MnO, by Fe(Il) under conditions
simulating acid mine drainage suggested that the reaction mecha-
nism changes as MnO, is reduced, with Fe(Ill) precipitating,
primarily as ferrihydrite, and an additional passivating phase,
jacobsite (MnFe,0,), forming.*””

In terms of the growth of nanoparticles, XAS can be used to
both characterize chemical environments and determine average
coordination numbers around individual atoms, fundamental
parameters to follow the initial stages of nucleation in these
systems. For instance, the photodeposition of Rh metal nano-
particles from a RhCl; aqueous solution onto a TiO, photo-
catalyst in the presence of methanol as a sacrificial oxidant has
been followed by in situ time-resolved energy-dispersive X-ray
absorption fine structure studies, by calculating the fractions of
Rh metal particles and of the Rh** precursor via deconvolution of
the XANES spectra using reference traces for Rh® and Rh**.*%®
The coordination number for the metallic rhodium was also
evaluated, by EXAFS, and was found to increase linearly with
photoirradiation time until reaching a constant value of ten. In
another case, Salmeron’s group has used a combination of XAS,
XES, and RIXS to study the electronic structure of cobalt
nanocrystals suspended in liquid as a function of size.*”® They
found that in the initial stages of growth the strongest interac-
tions of the nanocrystals are with the C4H4Cl, solvent, whereas
interactions with the oleic acid surfactant dominate at the later
stages of growth. A XANES structural characterization of SiO,/
ZrO, nanosol particles indicated that the Zr ions are stabilized in
an octahedral symmetry, with each Zr atom initially coordinated
to six oxygen atoms, two forming Si—O—Zr linkages and four
from water molecules.*'® The number of bridging oxygen atoms
increases as the condensation reaction proceeds, suggesting a
gelating model based on octahedrally coordinated but distorted
zirconium species bonding on the SiO, sol surface. Another
EXAFS study, on the growth of MnO3 nanofibers, failed to detect
any intermediates, and led to the conclusion that the growth
must be solution, not surface, mediated.*'' An EXAFS analysis
of iridium nanoparticles made by reduction of [Ir(1,5-cyclo-
octadiene)Cl], dissolved in 1-n-butyl-3-methyl tetrafluorobo-
rate, hexafluorophosphate and trifluoromethane sulfonate ionic
liquids highlighted coordination to the iridium atoms at distances
too short to correspond to Ir—Ir bonds, implying interactions of
the ionic liquid with the metal surface because of the formation
of an ionic—lic%uid protective layer surrounding the iridium
nanoparticles.*'” Finally, in an example related to environmental
remediation, based on a XANES study on the sorption and
reduction of aqueous Cr(VI), it was determined that clays
containing Fe(Il) can remove soluble Cr(VI) efficiently from
solution and reduce it to Cr(IIl), immobilizing the Cr at the
water/clay interface.*"

One limitation of XAS is that light elements such as carbon,
nitrogen, and oxygen, the prevailing elements in organic adsor-
bates, require soft X-rays (E < 600 eV) for the excitation of even
their deepest core electronic levels. Because most other elements
absorb in that energy range, they interfere significantly with XAS
measurements in liquid/solid interfaces. In this, XAS of light
element faces similar limitations to those seen in XPS and other
UHV-based surface-sensitive techniques (see Sections 6.1 and
10) and requires similar solutions: design of experiments to be
carried out under vacuum, with only a thin layer of the liquid on
top of the solid. There are a few examples where these technical
difficulties have been dealt with and the behavior of compounds
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with light elements has been characterized at the liquid/solid
interface with XAS. In the study of the melting of ice reported by
Salmeron et al,, for instance, the thickness of the liquid-like layer
present on top was followed as a function of temperature by
integration of the signal at 535.0 eV due to an electronic
transition from the O 1s orbital of unsaturated donor H-bonds,
which increase with the solid-to-liquid conversion durin§
melting, to the 4al molecular orbital of water (Figure 15).*!
It was determined from those experiments that liquid water
forms on the surface several degrees before reaching the bulk
ice melting point.

A technique related to XAS is resonant inelastic X-ray
scattering (RIXS) spectroscopy, used to investigate the electro-
nic structure of molecules and materials. In RIXS, high-energy
X-ray photons are inelastically scattered oft matter, and both the
energy and the momentum change of the scattered photon, due
to losses to intrinsic excitations of the material under study, are
measured. The energy of the incident photon is matched to
resonate with one of the atomic X-ray absorption edges of the
system to enhance the scattering cross section. The RIXS signal
provides convoluted information about both occupied and
empty electronic states, also perturbed by the core-hole potential
in the intermediate state created by excitation of the core level
with which the X-ray resonates. As a source of electronic
information, RIXS is sometimes used in conjunction with XAS.

RIXS has been applied to liquid/solid interfaces only in a
handful of cases, mostly in connection with corrosion-related
processes. In one example, the combined results from a XAS and
RIXS characterization of the corrosion of oxidized copper
surfaces promoted by Cl~, SO,*>~, and HCO;~ ions in aqueous
solutions indicated that the main parameters that affect the rate
of corrosion are pH and the concentration of CI™.*"* In another
combined XAS-RIXS study, on the chemistry of oxidized poly-
crystalline copper surfaces during exposure to sodium sulfate
aqueous solutions, an apparent contradiction was observed
between the XAS spectra, which showed that sodium sulfide
effectively reduces Cu(II) oxide to Cu(I) compounds, and RIXS
data, which resembled those of Cu,0.**¢ This pointed to the
possibility of the formation of a more complex compound
containing both oxygen and sulfur.

5.2. X-ray Reflectivity and Scattering

Surface sensitivity with X-ray-based techniques can be ob-
tained by using grazing incidence. Several approaches are avail-
able depending on the direction of detection: if looking in the
forward direction, changes in reflectivity (in plane) and scattering
(out of plane) of the original X-ray beam can be followed,
whereas analysis of the interference patterns away from the plane
of the incident and reflected beams provides diffraction informa-
tion. These are the basis for X-ray reflection (XRR), grazing-
incidence small-angle X-ray scattering (GISAXS), and grazing-
incidence X-ray diffraction (GIXD, SXRD) studies, respectively.
All these techniques share the common need of an intense and
focused X-ray beam, almost always from a synchrotron source,
and are often combined in a single experiment (Figure 14, right
panel). The main type of information extracted is structural, as in
studies on bulk samples but about the surface of the solid in
contact with the liquid and also on any monolayers adsorbed at
the interface. In the case of XRR (also known as X-ray specular
reflectivity or X-ray reflectometry), a beam of X-rays is bounced
off a flat liquid/solid interface and the intensity of the reflected
beam in the specular direction measured; deviations from
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Figure 15. Example of the use of XAS for the characterization of liquid/
solid systems, in this case to follow the surface melting of ice. The
thickness of the liquid-like layer on ice was followed as a function of
temperature by integration of the signal at 535.0 eV due to an electronic
transition from the O 1s orbital to the 4a; molecular orbital of water, the
peak highlighted in the spectrum shown in the inset.*'* This feature is
due to unsaturated H-bonds, the number of which increases with the
solid-to-liquid transition during melting. The thickness of the liquid-like
layer was calculated using a mean free path of the collected electrons (at
500 eV) of 2.3 nm according to the formula provided. The key
observation here is that liquid water forms on the surface several degrees
before reaching the melting point of bulk ice. Courtesy of Robert
Schlogl. Adapted from ref. 414 with permission. Copyright 2008 Elsevier.

Fresnel’s law of reflectivity are analyzed in terms of the presence
of imperfections at that interface to obtain a density profile of the
interface normal to the surface. In GISAXS, the scattering of
X-rays is analyzed at small angles (<1°) in all directions around
the beam reflected from the surface: the data reflect inhomo-
geneities at or near an interface on the same scales, approximately
1 to 100 nm, as those in structures probed by their SAXS bulk
counterpart, and provide morphological information in those
length scales.*"”

The advantages of these X-ray-based techniques include the
fact that they are nondestructive (provided that the sample can
withstand the high intensity of the X-rays used), that the probed
depth can be varied by varying the incident angle of the radiation,
and that the chemical contrast of a given element can be
enhanced by using radiation of an energy close to that of an
absorption edge of that element; for instance, elemental sensi-
tivity can be attained by techniques based on resonant reflectivity
or the detection of X-ray fluorescence.*'® The use of synchrotron
radiation offers the additional advantage of wavelength tunability,
the same as in X-ray absorption spectroscopy experiments.4 §
Among the main disadvantages is the fact that synchrotron-based
techniques are difficult to set up, and require samples sturdy
enough to withstand the high-intensity X-rays used. Also, like most
diffraction and scattering techniques, the structural information is
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in reciprocal space and has to be translated into real coordinates,
which requires certain assumptions in terms of phase information.
Because of the need to use glancing angles, to enhance the signal
from the interface being investigated, they have limited sensitivity.
Reflectivity measurements also require the use of highly reflective
surfaces, single crystals in many instances, and diffraction techni-
ques require long-range order. Finally, complications may arise
during the study of organic materials and other low-Z films when
the incident angle is below the critical angle for total reflection, in
which case scattering from the reflected beam can give rise to a
doubling of scattering features in the perpendicular direction. Over
all, these X-ray-based scattering and diffraction techniques are still
in their infancy and have been used only in a limited number of
cases, very few when considering liquid/solid interfaces.

XRR and GISAXS have already been successfully used in
several instances to characterize the ordering of organic self-
assembled monolayers as they form on liquid/solid interfaces.*'?
For instance, GISAXS has been employed to characterize the
growth of ordered mesoporous organosilica thin films via co-
condensation of tetraethylorthosilicate and organotriethoxysi-
lane in the presence of cetyltrimethylammonium bromide as a
structure directing agent under acidic conditions.*** It was
shown that the introduction of chloropropyl groups strongly
affects the structure of those films, whereas cyanopropyl groups
weakly perturb it. A second XRR and GISAXS study, with liquid
octamethylcyclotetrasiloxane films confined in between two flat
silicon substrates, showed that the size of the gap between the
two surfaces cannot be changed continuously with changing
pressure; that gap is quantized due to ordering effects of the
surfactant molecules.**' A combination of XRR and GISAXS has
also been used to characterize the structure of Langmuir films of
gold nanoparticles stabilized with carboxylic-acid-terminated
alkylthiols as a function of area and type of particle on the water
surface.*” The reflectivity data showed an initial particle aggre-
gation into two-dimensional short-ranged hexagonally packed
monolayer domains followed by the formation of a laterally
homogeneous monolayer near the onset of the monolayer/
bilayer coexistence plateau. XRR data obtained in situ at the
liquid/solid interface was also useful in showing the periodicity
obtained during the decoration of layer-by-layer structures by
heavy metal ions.*** These self-assembly systems are ideal for
X-ray scattering studies because they display the long-range order
needed to extract structural information from the XRR and
GISAXS data.

XRR and GISAXS techniques have been used in biomimetics
as well, to look into the structural properties of lipid bilayers.***
In one example, in a study on highly charged lamellar phases of
didodecyldimethylammonium halides, the bilayers were shown
to align on a flat solid surface into periodicities going from a few
nanometers up to several tens of nanometers in size by means of
direct immersion in the osmotic stressor reservoir.**> The
structures of similar supported monolayers in bulk water were
characterized with a combination of XRR and small- and wide-
angle X-ray scattering.*****” The wide-angle patterns in parti-
cular reflected a distorted chain—chain correlation.*”” In another
XRR and GISAXS study, on the influence of LiCl solutions on
lipid bilayers supported on silicon wafers, none of the investi-
gated samples displayed the osmotically stressed liquid-
crystalline phase typical of liposomal dispersions.**® It was concluded
that low to medium concentrations of Li" ions partially screen
the attractive van der Waals forces that are typical between
adjacent membrane layers. An X-ray scattering study of the

conformation of the antimicrobial fungal peptide alamethicin
in highly aligned stacks of model lipid membranes yielded results
that were explained by assuming a wide distribution of helix tilt
angles with respect to the membrane normal and a partial
insertion of the N-terminus into the membrane.*”

Additional structural information can also be extracted from
XRR and GISAXS studies about the effect of the adsorption of
proteins and other biological molecules onto lipid bilayers. For
instance, an XRR study on the adsorption of monodispersed
double-stranded DNA molecules on a positively charged surface
based on a layer of N-(2-aminoethyl) dodecanamide deposited
on a Si(111) wafer showed that the uptake involves the embed-
ment of the DNA into the soft monolayer, which is deformed in
the process.®® An X-ray scattering study of the association
between the amyloid-f peptide related to Alzheimer’s disease
and lipid monolayers have shown an induced crystalline ordering
with anionic lipid surfaces, suggesting an in vivo mechanism of
templatinig and aggregation to drive the pathogenesis of the
disease.”" A dynamic XRR study on the adsorption of strepta-
vidin and avidin bound to biotinylated lipid bilayers showed a
reduction in lipid mobility due to a small fraction of immobilized
lipids bound to the protein layer, and also that a water layer
separating the protein layer from the bilayer allows the latter to
retain its fluidity and stability.***

The scattering and reflectivity of X-rays has also been used for
the structural characterization of the interfaces formed between
water or aqueous solutions and mineral surfaces. For instance,
ordering in both vertical and lateral directions has been observed
within the water placed at the interface next to several solid
oxides (quartz, ruthenium oxide, rutile, calcite, barite, fluorapa-
tite, muskovite, orthoclase), extending one to a few layers in
thickness in the vertical direction.*** A comparative study using
different crystallographic facets of hematite and corundum high-
lighted the key role that the structure of the surface of the solid
plays in defining the ordering adopted by water at such
interfaces.*** In another investigation, the protonation constant
of a Ti(110) single-crystal surface in the presence of water was
measured by XRR.**® Structural information has also been
reported from in situ XRR and X-ray standing-wave measure-
ments on the adsorgtion of many small cations (Na*, Rb”, Ca™,
Sr**, Zn**, Y>*, Nd**) on the (110) surface of rutile-TiO, **° All
those ions were found to bond as “inner sphere” species directly
to surface oxygen atoms, but with specific binding geometries
and stoichiometries that depend on their ionic radius. In alkaline
electrolytes, the polar ZnO(0001) surface was shown by XRR to
be covered with a defect-containing hydroxide/oxygen adlayer at
hep hollow sites and a water film that is ordered within the first
few layers but not in an ice-like structure.**” Additional informa-
tion on ion adsorption at liquid/solid interfaces has been
extracted by using resonant anomalous X-ray reflectivity.*** In
a few cases, interactions at liquid/solid interfaces have been
studied with liquids other than water. For instance, ordering of
liquid squalane near a SiO,/Si(100) surface has been identified
by XRR.**” In a somewhat different type of system, XRR was
used to show strong interfacial layering in the adsorption of ionic
liquids in contact with a charged sapphire substrate.**’

Some applications of X-ray scattering techniques have in-
volved electrochemical systems, to determine the roughness of
electrode surfaces and their potential relaxation or reconstruc-
tion with changing conditions, to characterize the adsorption and
desorption at electrode surfaces, including the deposition of
metals, oxides, and other compounds, to obtain structural details
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about the electrochemical double layer, and to follow the kinetics
and mechanisms of charge-transfer, corrosion, and electrocatalytic
reactions.>*>**! For instance, in one XRR study, a lifting of Pt
atoms off the surface layer was seen upon electrochemical oxida-
tion, indicating a place-exchange mechanism.*** Similar experi-
ments were designed to address the submonolayer-level oxidation/
reduction of ruthenium dioxide single crystals: the surface structure
of the (100) facet was found to display significant changes with
applied potential. ™ During the growth and reduction of passive
films on copper from borate buffer solutions, X-ray reflectivity
measurements showed intensity variations that correlated well with
the peaks seen in voltammetry, indicating changes in both Cu layer
thickness and roughness.**> XRR measurements as a function of
dissolution pulses during the formation of anodic porous silicon
indicated the formation of a steady-state interfacial region about
300 A in thickness displaying a gradual density gradient.**
Ordered structures have been documented by in situ surface
X-ray scattering for CO adsorbed from aqueous electrolytes onto
Pt(111) electrodes.">****> On gold single-crystal electrodes, CO
was found to stabilize surface reconstructions over a wide range of
potentials.**°

X-ray-scattering-based techniques also afford the investigation
of dynamic processes.*'® In one example, the use of partial
coherence in GISAXS was used to follow fluctuations in the
height of lipid bilayers, which can be related to membrane
tension and rigidity.*'® In another, a time-resolved GISAXS
in situ characterization of the self-assembly of cetyltrimethylam-
monium bromide onto a homogeneous silica surface identified
the formation of a highly ordered surfactant-templated mesos-
tructure, a two-dimensional hexagonal thin-film mesophase with
cylinder axes oriented parallel to the substrate surface which
forms from an incipient lamellar mesophase by going through a
correlated micellar intermediate.**’ In terms of the influence of
relative humidity on the self-assembly of amphiphilic molecules
from an ethanol/hydrochloric acid solution onto Si(100), a
number of transformations were observed with GISAXS over
the time of the uptake, including an initial transition from
disorder to a 2-D hexagonal network and then to a cubic fhase
(induced by penetration of water into the thin film).*"” In a
fourth example, involving the growth of gold nanoparticles via a
reduction reaction at a toluene/water interface, the formation of
three-layer clusters 12 A in diameter was observed, with an
electa%l density profile as a function of depth that evolves with
time.

5.3. X-ray Diffraction

Surface X-ray diffraction (SXRD, GIXD) can also be used to
provide structural information on buried interfaces. Typically,
the data obtained with these techniques are analyzed in a way
analogous to that used in 3-D X-ray diffraction studies, but with
the goal of extracting structural information about the topmost
layers of the solid, to a depth on the order of a few nanometers.
For that, GIXD relies on the use of small incident angles. Since
below the critical angle of the surface material studied an
exponentially damped evanescent wave is established for a short
distance, Bragg reflections originate from the surface structure
exclusively. An advantage of GIXD is that the electric field at the
critical angle is amplified locally by a factor of 4, making the signal
stronger. Diffraction information can also be obtained by using a
standing wave technique. This is a sensitive method based on the
interference between the incident and the Bragg diffracted beams
from a perfect crystal: the nodal and antinodal planes of the

standing waves are parallel to the planes in the crystal and move
as the angle of incidence of the beam is changed, so the
fluorescence emission yield from atoms in an overlayer above
the crystal are modulated in a way dependent on its structural
details. Among the main disadvantages of these standing wave
experiments is the fact that they require the use of perfect single-
crystal samples and that the periods of the standing wave
generated from that single crystal are too short to investigate
structures extending far beyond the interface.>®

Diffraction studies with X-rays, to determine structural in-
formation at liquid/solid interfaces, have been applied most often
to characterize self-assembled and biological (membrane) layers.
It has been shown that GIXD allows for the determination of
both in-plane and vertical structures in such monolayers with a
resolution approaching the atomic level. GIXD has also been
successfully applied to the elucidation of the structure of crystal-
line aggregates of amphiphilic molecules such as alcohols,
carboxylic acids and their salts, aminoacids, and phospholipids
at the water surface, and to monitor the growth and dissolution of
the crystalline self-aggregates as well as structural changes asso-
ciated with phase transitions.**”**° In one example, GIXD experi-
ments with mixtures of phytosterol and sphingomyelin highlighted
the nonideal mixing between those lipids in the resulting mono-
layers, and also the existence of strong interactions between them,
with the sterol incorporated into sphingolipid film helping con-
dense the monolayer and order their chains.**" In another GIXD
study, with mixed tetramyristoyl cardiolipin and dipalmitoylpho-
sphatidylcholine Langmuir monolayers, it was found that initially
the molecules of the first compound are in a liquid-condensed
phase whereas those of the second appear disordered, but that, as
the surface pressure is increased, the cardiolipins rearrange into a
solid phase with their aliphatic chains perpendicular to the inter-
face and the dipalmitoylphosphatidylcholine into a liquid-
condensed phase.**> In these examples, structural information
was obtained for the adsorbed monolayers. Complementary,
GIXD may also be used to provide information on the structure
of the attached solvent or solute ionic layers.**

In bilayer systems involving peptide/lipid and protein/lipid
interactions, details on both their thermally induced structural
disorder and the folding of membrane proteins have been
obtained by X-ray-based techniques.****** In one project invol-
ving GIDX, the discrimination of lipid monolayers by the ovine
antimicrobial peptide SMAP-29 versus the human LL-37 peptide
were compared by following the changes in the phospholipid
structure after injection of peptide under the monolayer.**> The
data showed that SMAP-29 discriminates against negatively
charged phospholipids in a similar way to LL-37, but that, despite
the higher concentration and greater charge of SMAP-29 near
the monolayer, the amount of SMAP-29 required to observe
monolayer disruption was around three and a half times the
number of molecules of LL-37 used to see similar changes. In
another example, a GIXD study on the structural changes of
phospholipid monolayers indicated changes in phase sequences,
from oblique to rectangular and to hexagonal, upon binding
of human serum albumin: for instance, with L-a-dipalmitoyl-
phosphatidyl-L-serine and zwitterionic L-a-distearoyl-phosphati-
dylcholine, the oblique-to-rectangular phase transition disap-
pears and the rectangular-to-hexagonal phase transition shifts
to a lower surface pressure.**® Importantly, all these studies rely
on the detection of some degree of ordering in the liquid/
solid interface, the same as in X-ray reflectivity and scattering
experiments.
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GIXD has also been applied to electrochemical systems,
mostly in connection with the behavior of batteries. GIXD data
have been used to show surface and bulk structural changes in
LiNig §C00,0, during electrochemical reactions, confirming
lithium diffusion through the (110) surface, which is perpendi-
cular to the 2-D edges of the layered structure.*” In addition,
contact with the liquid electrolyte was seen to cause an abrupt
deformation of the surface crystal lattice, followed by restructur-
ing upon application of a cell voltage. In another X-ray diffraction
study, on the electrochemical delithiation of LiCoMPO, (M =
Mn, Fe, Ni), the oxidation—reduction of 3d elements was
determined to proceed via a two-phase mechanism leading to
two-phase regions, corresponding to the Co/Co and M/M
reactions, while preserving the olivine-like structure of the
cathode characteristic of this type of materials.**® Separate
projects have addressed the structural changes in layered LiCoO,
positive electrodes upon battery charging and the effect of
cointercalation of ionic liquids into the graphite negative
electrode.*® In situ GIDX experiments have also been per-
formed to follow the electrochemically driven alloying and
dealloying of Au substrates with Li ions from organic
electrolytes,**® and also the intercalation of ions into graphite
from acetonitrile- and propylene carbonate-based supercapacitor
electrolytes.**" In connection with other electrochemical sys-
tems, one GIXD study showed thata p(1 X 1) adlayer of chloride
ions on a Cu(100) surface serves as a structural template for the
coadsorption of monovalent potassium and hydronium cations
from the acidified supporting electrolyte, and that a layer of
interfacial water is formed as a part of the remaining solvation
shell of potassium cations in the outer Helmholtz layer.**> A
comparative in situ surface X-ray scattering study of Cu under-
potential depositions on Au(111) versus Pt(111) surfaces in the
presence of bromide anions established that two different
ordered structures form on Au(111), whereas no ordered adlayer
grow on Pt(111).*3

Other uses of GIXD are much less common. GIXD has been
used in a few instances to investigate the structure and orienta-
tion of liquid crystals. Planar alignment with the liquid crystalline
columns parallel to the substrate has typically been found, but it
has also been shown that, upon specific thermal processes,
homeotropic anchoring with the columns normal to the interface
may be stabilized.*** GIXD has also been used to find the thin-
film morphology of an extended molecule with an irregular
alternating fluorene—thiophene structure, which has a room-
temperature nematic glassy phase and is uniaxially aligned in the
plane of the film.**> Two distinct intermolecular separations
were identified, showing that the molecules are lamellar but with
stacks exhibiting only local order; the two short axes of the
lamellae showed no preferred orientation at the surface or bulk of
the film. Another application of GIXD has been to follow the
crystallization of calcite templated by calix[4]arene monolayers,
in which case uniform (012)-oriented CaCO (calcite) single
crystals were seen to grow underneath the monolayers at low
compressions, and more randomly oriented single crystals at
higher surface pressures.**® The GIXD data provided no indica-
tion of any two-dimensional lattices of the alkyl chain of the
calix[4]arene, ruling out any possible epitaxial correlations with
the growing calcite. A surface X-ray diffraction determination of
the structure of the liquid/Si(111) interface during etching using
diluted aqueous potassium hydroxide and ammonium fluoride
indicated that the crystal surface is hydrogen terminated and
is not reconstructed at open circuit potential, and that a
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Figure 16. Results from in situ X-ray diffraction experiments designed
to probe the changes induced on the surface of a solid electrode, a
Pt3Sn(111) single c?rstal, immersedin a 0.5 M H,SO, liquid solution, by
the applied voltage.*”® Data from X-ray intensity measurements at the
(1,0,3.7) and (1,0,4.3) reciprocal lattice point as a function of the
electrode potential, shown in the bottom panel, are contrasted with
cyclic voltammograms for both the Pt/Sn alloy (solid red line) and a
reference pure Pt(111) single crystal (dashed gray line), shown at the
top. Potential-dependent integrated charges for the adsorption of
bisulfate anions on the Pt;Sn(111) surface are represented by the circles
in the top panel. On the basis of these data, the tetrahedral bisulfate
anions (triangles in the schematic model on the right, center) are
proposed to adsorb on Pt atoms (gray circles), but not on Sn atoms
(black circles), via the three oxygen atoms. A structural change is also
observed in the p(2 X 2) unit cell of the alloy upon adsorption of the
bisulfate ions, a contraction of the interatomic d, , distance (see black
and white model on the left, bottom). Courtesy of Nenad M. Markovié
and Philip N. Ross. Reprinted from ref. 470 with permission. Copyright
2003 American Chemical Society.

two-monolayers-thick partially ordered liquid film forms, be-
cause of a weak interaction with the hydrophobic, hydrogen-
terminated surface.*®’

An interesting application of GIXD is in dynamic measure-
ments, where the scattered X-ray intensity is measured at a
particular reciprocal lattice position as the system is cycled
through a particular perturbation.*® A time-resolved in situ
X-ray surface diffraction study on the electrochemical dissolution
of Au(001) in a Cl-containing solution indicated that Au etching
proceeds via a layer-by-layer mechanism.** Electrochemical
systems are particularly amenable to dynamic studies induced
by changes in the applied potential, in a technique known as
X-ray voltammetry. Figure 16 shows data from one example
where an expansion of the lattice of a Pt;Sn(111) electrode was
detected because of sulfate adsorption upon an increase in the
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applied potential.*’® In situ time-resolved energy dispersive X-ray
diffraction was also applied to investigate the effect of hydration
on the structure of 1,2-dioleoyl-3-trimethylammonium-propane
oriented membranes in terms of the evolution of the lamellar
spacing, the membrane thickness, and the size of the interbilayer
water region.*”" The data provided important information on the
central role of free water molecules on the structure and fluidity
of the lipid bilayer.

Finally, when using high-surface-area (porous) solids, struc-
tural information on the liquid/solid interfaces may be extracted
from experiments using regular X-ray diffraction setups. In one
example, the X-ray and neutron diffraction characterization of
water in mesoporous silica showed that the local order of
confined water molecules in the region between 3 and 6 A on
top of the sol—gel network of the solid is significantly different
from that of the bulk water, and also different when in hydro-
philic versus hydrophobic environments.*’*

5.4. Neutron Scattering and Diffraction

Neutron reflectivity and scattering measurements can in
principle also be used to characterize buried interfaces, but those
experiments are quite difficult to carry out: there are only a
limited number of neutron sources available in the world, and the
experimental setups are complex and the data analysis often not
straightforward. In addition, it is not trivial to conceive experi-
ments where the scattering can be made specifically sensitive to
liquid/solid interfaces. Because collimation of neutrons is more
or less impossible, the sample volume must be relatively large, and,
compared to the intensity of X-rays, the neutron flux is very low
even at the best neutron sources. For all these reasons, only a
handful of experimental groups are capable of performing this type
of experiments at present.*'>*”>~”> On the positive side, because
the scattering process occurs at the atomic nuclej, light elements,
including hydrogen, can be detected. Also, since the scattering
power of neighboring elements differs significantly, neutron-based
techniques are sensitive to isotopic substitutions. The low absorp-
tion of neutrons by most elements means that using neutron-based
techniques only minimally perturb the sample being studied, and
that they afford the in situ investigation of samples in special
environments such as autoclaves, cryostats, or pressure cells.

To date, there are only a few examples of the use of neutron-
based techniques for the characterization of liquid/solid interfaces,
mostly based on measurements of neutron reflectivity (NR). In NR
experiments, the intensity of the specular reflection is measured as a
function of the angle of incidence, which relates in a cosine way to
the wave vector transfer perpendicular to the reflecting surface. That
reflectivity can then be related to the Fourier transform of the
scattering length density across an interface. The two relationships
combined show that there is a direct relation between reflectivity
and structure. Analysis of the data is typically done by the so-called
optical matrix method, where the measured data are compared with
calculated reflectivity profiles using different model density
profiles.*” The input parameters include the film thickness and
roughness, which can be specified as a function of film depth.

Much NR characterization work of liquid/solid interfaces has
involved self-assembled layers, some in connection with the
behavior of surfactants.*'>****33477478 15 an early example, a
NR study of the adsorption of nonionic surfactants from aqueous
solution onto a self-assembled monolayer highlighted the for-
mation of a new layer with the molecules tilted by about 60° away
from the surface normal and some penetration of the alkyl chains
of the surfactants into the self-assembled structure.*’® In a second

study, involving contrast-variation NR experiments, the structure
of an adsorbed layer of hexaoxyethylene glycol monododecyl
ether on quartz was found to consist of a bilayer with the ethylene
oxide chains forming the layers adjacent to the quartz and the
bulk solution.*** In a third case, stable adsorbed layered struc-
tures of the N,N-didodecyl-N,N-dimethylammonium bromide
surfactant and the corresponding diundecyl compound at the
water/silicon interface were determined to display a high sensi-
tivity to temperature, with the repeat spacing decreasing approxi-
mately reversiblgy by about 50% with an increase of temperature
of about 40 K.**" A pronounced off-specular scattering was also
seen in that case indicative of a degree of lateral structure or
dynamic fluctuation and consistent with two to four correlated
layers, which could arise from adsorbed monodispersed unila-
mellar vesicles, a lamellar phase, or a structured bicontinuous
phase. In another report, an ordering of the surfactant mem-
branes of cetylpyridiniumchloride—hexanol in heavy brine
sponge phase solutions in the proximity of a quartz surface was
identified by a combination of NR and GISANS experiments.**>
The reflectivity results indicated a surface ordering that decays
exponentially with distance away from the liquid/solid interface.
Neutron-based techniques have been useful in some instances for
the study of other types of membranes and polymers as well.*”
Additional examples of the use of NR to characterize liquid/
solid interfaces involve lipid assemblies, used as models of
biomembranes to understand hydrocarbon chain packing, struc-
tural changes due to headgroup modification, and water
penetration.*”* A NR study on the stability of oligolamellar lipid
coatings on silicon surfaces against an aqueous liquid phase as a
function of applied pressure and temperature indicated a transi-
tion in the lamellar structure upon reducing the applied pressure
from 90 to 45 MPa, as manifested by detachment from the
support, presumably because of a transition from a gel-like to a
liquid-like phase.*® NR was also used to probe the structure of
supported lipid bilayers in situ at the liquid/solid interface during
the early stages of UV-induced oxidative degradation.*** It was
found that interrupted exposures of the membranes to the light
lead to a substantial decrease in membrane coverage but to the
preservation of its total thickness, indicating that the initial phase of
the UV-induced membrane degradation involves the formation of
hydrophilic channels whereas continuous illumination produced a
graded interface of continuously varied scattering length density
extending into the liquid phase. An advantage of neutron reflecto-
metry in this type of applications is that it allows for the variation of
the refractive index of the specific sample by isotope exchange, a
method that has been shown to afford the visualization of the
adsorption of phospholipid layers to different liquid/solid inter-
faces and to resolve structural details at the molecular level.**®
Recent NR projects have also focused on the structural
characterization of the response of model biological membranes
to exposure to adsorbates or other external stimuli.**® An in situ
NR study of the uptake of DNA on cholesterol-based bilayers
showed the formation of a compact DNA sublayer, beneath the
cholesterol monolayer, indicating that the adsorbed DNA pene-
trates into the headgroup region of the charged lipids.**” Another
NR study, on the interactions of lipid-based cubic liquid crystal-
line nanoparticles (dispersed in glycerol monooleate and stabi-
lized by a nonionic block copolymer) with surface-supported
dioleylphosphatidylcholine membranes, showed that the process
is dynamic, with the nanoparticles initially adsorbing at the
bilayer surface and undergoing interfacial lipid exchange.**®
The attractive interaction between the cubic nanoparticles and
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the lipid bilayer proved to be unstable: a subsequent release of the
adsorbates could be triggered by an increase in solution con-
centration. NR has also helped in the evaluation of the effect of
applied electrical fields on surface coverage, thickness, roughness,
and the relative positions of the aggre§ates of organic surfactant
molecules at liquid/solid interfaces.*®

Neutron reflectivity is also useful in studies of systems involv-
ing mass transport. For instance, NR measurements on the
foaming properties of water-soluble complexes of pectin high-
lighted that, although the foam stability is improved in samples
containing soluble complexes, no effect is seen on the foam film
thickness.*”® A time-resolved NR study on the penetration of
water into thin sulfonated polyphenylene ionomer films pointed
to a nonuniform distribution of the water molecules at the
air—polymer interface and an excess of water at the polymer—
silicon interface.*”’ In an example related to tribology, a NR
study on Si(100) surfaces in contact with flowing hexadecane
identified density depletion of the liquid at the interface.*”*
Significantly, the data also showed that while a shear load alters
the structure of the depletion layer above the bare Si substrate,
no effect of shear is observed upon coating with octadecyl-
trichlorosilane. In a final example, high-resolution neutron radio-
graphy was used to image an operating proton-exchange membrane
in a fuel cell in situ, and to quantify the cross-sectional liquid water
profile of the cell as a function of cell temperature, current density,
and anode and cathode gas-feed flow rates.**

A rare example of the application of NR to problems of
materials chemistry is the in situ characterization of the composi-
tion and structure of the interfaces between a single-crystal
sapphire surface and liquid Sn—V alloys at high temperature: a
thin (10—25 nm) AIV,0, layer was detected at the liquid/solid
interface at 900 °C, with possibly a vanadium-richer thinner layer
adjacent to the liquid to promote wetting.*** An earlier similar
study had been reported with Sn—Ti alloys.*® In situ neutron
reflectivity measurements have also provided some insights into
the nanometer-scale composition profile of photoresist layers in
nanolithography applications.*”®

Most of the studies discussed above are based on neutron
reflectivity measurements, but neutron scattering and diffraction
techniques have been employed in some instances as well. Again,
the majority of the reported work here has been in relation to self-
assembled systems. In a grazing-incidence small-angle neutron
scattering (GISANS) study of the crystallization of spherical
polymer micelles in the vicinity of a flat solid interface, a face-
centered close-packed structure with a random orientation per-
pendicular to the normal of the interface was identified for an
attractive surface potential, whereas suppression of crystallization
was determined for a repulsive potential.*”” Time-resolved neu-
tron diffraction has also been used to follow the dynamic of the
hydrothermal synthesis of many solids from solution, including
zeolites and layered calcium silicate hydrates.*”® " A small-angle
neutron scattering (SANS) characterization of the interactions of
benzene with a porous silica glass showed that benzene condenses
within the pores upon a sudden increase in P/Ps from 0.74 to 0.84,
in fair agreement with the prediction of the Kelvin equation for
open-ended cylindrical pores with a nominal diameter of 77 A.%%*

6. OTHER SPECTROSCOPIES

6.1. X-ray Photoelectron Spectroscopy (XPS)
As mentioned in the introduction, many modern surface-
sensitive techniques are not well suited to probe buried interfaces,

liquid/solid interfaces in particular. This is mainly because the
particles used as probes, electrons, ions or atoms, interact strongly
with matter and therefore cannot easily travel through liquids or
solids. As an example, X-ray photoelectron spectroscopy (XPS), a
technique routinely used for the characterization of the surfaces of
many solid samples, relies on the detection of the photoelectrons
ejected upon X-ray excitation, and therefore is typically operated
under ultrahigh vacuum (UHV) conditions. XPS is quite often
used to identify the atomic composition of solid surfaces (via the
detection of signals for the appropriate photoelectrons) and to
characterize their local chemical environment, in particular their
oxidation state (based on the specific binding energies measured
for a particular type of photoelectron).”**® By varying the detec-
tion angle, or, if in a synchrotron, the initial photon excitation
energy, a compositional profile can also be developed as a function
of depth from the interface. A few UHV surface-sensitive instru-
mental setups have been adapted recently to investigate surface
systems under nonvacuum conditions,***** but most of that
research has, to date, addressed gas/solid interfaces.*'"* The
interrogation of liquid/solid interfaces using these techniques
require clever arrangements, and those have not yet been devel-
oped except for a very few special cases.

Perhaps the first attempts to use XPS to investigate chemistry
at liquid/solid interfaces in situ were those directed at the
development of a better understanding of electrochemical sys-
tems. An electrode emersion technique was developed for this
purpose, a quasi in situ approach where the electrochemical cell is
removed from the electrolyte in the ideally polarizable region, to
preserve the double layer intact, and then transferred to the
XPS instrument for analysis.*****” Proof was provided early on
that the double layer does stay intact during the transfer and
immersion in vacuum of the sample, a key assumption for this
procedure to work.’® On the basis of such an approach,
systematic XPS binding energy shifts have been correlated with
electrode potential due to the so-called electrochemical shift,
an apparent shift in binding energy because of the potential drop
in the electric double layer.’® The initial studies have been
performed ex situ, but this electrochemical shift was recently
confirmed by true in situ XPS analysis of an electrochemical
system consisting of a platinum electrode and 1-ethyl-3-methy-
limidazolium tetrafluoroborate, an ionic liquid.5 1911 an alternative
approach, the liquid layer above the solid may be prepared ex-situ
and cryogenically frozen prior to introduction to the XPS
chamber. This methodology has been used in the study of the
adsorption of Na* and CI~ ions from an aqueous solution onto
asingle crystal of TiO, in which the electrolyte ions were found
to be distributed within at least two to three monolayers above
the solid.>"!

XPS and other UHV-based techniques can also be used to
study systems involving a liquid phase as long as that liquid
exhibits alow vapor pressure. For instance, the melting of AgNO;
was followed in situ by XPS by heating the substrate to
temperatures slightly above its melting goint, to follow any
possible decomposition to silver oxide.”'” A similar approach
was used to follow the behavior of tin on an aluminum-alloy
powder surface during heating above its melting point, in which
case alumina reduction by the manganese was observed,”'* and
also the freezing of Ga—Bi alloys, where the thickness of the
liquid films were estimated based on the relative composition
changes that occur upon melting.>'*

Ionic liquids, a family of compounds that have garnered some
interest in recent years, are fit for this type of studies as well.>'>*'¢
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With respect to the adsorption of ionic liquids on solid surfaces,
only physisorption has been detected in some instances, with no
significant features visible in the XPS spectra that may be
identified with the interaction of the liquid and solid phases at
the interface.>'” However, in several other cases, chemisorption
and strong interactions have been evidenced by XPS data. In a
study on the formation of thin films of 1-ethyl-3-methylimida-
zolium bis(trifluoromethylsulfonyl)imide on a glass substrate, for
instance, in situ XPS data were used to demonstrate that the first
layer grows in a two-dimensional bilayer structure with the
imidazolium cation in contact with the surface and the imide
anion pointing toward the vacuum side, and that subsequent
layers grow in three-dimensional fashion.>'® Similar ordering of
the first layer at the liquid/solid interface of ionic liquids has been
seen in other systems.>'® In those cases, the exponential attenua-
tion of XPS signals with respect to the depth of the atoms probed
from the interface was used to estimate the compositional profile
of the layers.

New instrumental designs have also been implemented to
study the chemistry of ionic liquids in electrochemical systems by
XPS, in particular to follow charge transfer processes as a
function of applied potential.>'*** In addition to the example
provided a few paragraphs back, the voltammetric characteristics
of polycrystalline Au and W electrodes immersed in a AlCl;/
1-ethyl-3-methylimidazolium chloride melt were characterized
under UHV (by using a different design).**' The underpotential
and bulk deposition of Al on Au were found to be very similar to
those reported under 1 atm of an inert gas in a glovebox, whereas
with W surfaces new voltammetric features ascribed to the
stripping of underpotential-deposited Al were observed. In a
study on the pseudocapacitive characteristics of manganese oxide
in the aprotic butylmethylpyrrolidinium dicyanamide ionic
liquid, it was confirmed by in situ XPS studies that the dicyana-
mide anion rather than the bigger butylmethylpyrrolidinium
cations is the working species that compensate the Mn valent
state variation upon charging and discharging of the electrode.>**
XPS has been used to follow charge transfers from self-assembled
ionic liquid layers adsorbed on electrodes as well. In one case,
XPS data were used to follow selective electron transfers toward
positively- or negatively charged redox species in boron-doped
diamond electrodes modified with an imidazolium-based ionic
liquid.>** Other self-assembled layers with ionic liquids that exhibit
selective electron-transfer toward redox-probe molecules accord-
ing to in situ XPS include 1-alkyl-3-(3-silylpropyl)imidazolium
ion-terminated monolayers on Si/SiO, surfaces (to control
wettability) *** and thiol-functionalized ionic liquids layers on gold
electrodes.>* Not all XPS studies of ionic liquids on electrodes
relate to charge transfer determinations: in one study, the diffusion
coefficient of Cu” ions generated electrochemically across the
surface of the ionic liquid was estimated in situ by XPS.%*

Some in situ XPS studies have been carried out to identify the
nature of the interaction of ionic liquids with the surfaces of
nanoparticles.””” In fact, nanoparticles of the ionic liquids
themselves have been seen to precipitate on solid surfaces, and
their composition as a function of size estimated from XPS
data.>*® In the case of iridium nanoparticles immersed in 1-ethyl-
3-methylimidazolium ethylsulfate, for instance, the formation of
a N-heterocyclic carbene species derived from the imidazolium
cation was identified, suggesting a basic behavior for the ethyl-
sulfate anion.”*” In a more complex study, in situ XPS was used to
characterize the interaction of ionic liquids with a model catalytic
system consisting of small palladium nanoparticles dispersed on a

thin alumina film.>*° It was determined that the ionic liquids
adsorb molecularly on both Pd and AL, O; surfaces at room
temperature, but that while molecular desorption from the latter
can be easily promoted upon heating of the substrate, surface
decomposition, mostly from the cation moiety, occurs on the
palladium instead. Another intriguing article reports on the use of
XPS to prove the addition of metal nanoparticles stabilized by
functionalized ionic liquids on carbon nanotubes.**! Other cases
where immobilization of ionic liquids onto solid surfaces has
been determined by XPS include the anchoring of a metal-triflate
ionic liquid onto a mesoporous MS41 material (a new and
efficient catalysts for N-acylation),*** the modification of carbon
nanotubes with ionic liquids (to switch solubility between
aqueous and organic solvents),*** and the synthesis of ionic-
liquid-functionalized, gold-nanoparticle-decorated, carbon nano-
tubes (for oxygen reduction by electrocatalysis).>>*

Another way to keep a thin liquid layer on top of a solid under
the conditions required to acquire XPS data is to adjust the vapor
pressure to values close to condensation. This does require an
arrangement where reasonably high pressures can be maintained
right above the sample, but instruments for such experiments are
now available in a couple of synchrotron facilities."'* As an
example of the potential of this approach, data are shown in
Figure 17 from an in situ XPS study on the dissolution of an ionic
salt in water: a thin water film was deposited on a KBr crystal by
increasing the water pressure until reaching the deliquescence
point, at which point an enhancement in the concentration of the
Br~ anions was detected.**®

A final approach is based on the collection of the photoelec-
trons from X-ray excitation as current between two electrodes to
which a variable potential is applied, in an arrangement known as
spectrally resolved internal photoemission (IPE) spectroscopy.”
This setup was used to characterize the photochemical attachment
of 10-amino-dec-1-ene molecules protected with a trifluoroacetic
acid group on hydrogen-terminated diamond surfaces, a reaction
that was found to occur upon photoexcitation below the optical gap
of diamond because of a negative electron affinity.

6.2. Nuclear Magnetic Resonance (NMR)

NMR is one of the most versatile and useful spectroscopies
available to chemists. It provides much chemical and structural
information, and can be used with a wide variety of atomic nuclei.
Since NMR is a well-known technique,*”*** no details of its
general principle or its common applications need to be provided
here. Unfortunately, a number of factors have kept this technique
from becoming widely use in surface science, in particular for the
characterization of liquid/solid interfaces.>> First, NMR signals
are weak, which means that large samples are required. Moreover,
NMR is not intrinsically surface sensitive, and in the case of studies
of liquid/solid interfaces, discrimination of the surface species
against those in the bulk liquid and solid phases is necessary. This
limits the use of NMR in surface-related systems to samples with
high surface areas, typically involving porous or nanostructured
materials. Moreover, the lack of molecular mobility in solids means
that the acquisition of NMR spectra for samples involving solids
require the use of magic angle spinning (MAS), in order to average
out possible spatial anisotropies, and the resolution in MAS NMR
is typically not as good as in regular NMR. Other experimental
difficulties may arise in connection with sample handling. Finally,
some NMR signal is lost with increasing temperature.

There have nevertheless been a few interesting applications of
NMR to the study of liquid/solid interfaces. For one, surface
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Figure 17. Example of the use of X-ray photoelectron spectroscopy
(XPS) for the study of liquid/solid interfaces.*** Top: Br 3d (blue
traces) and K 3p (red traces) core-level photoemission spectra acquired
in situ for a KBr solid exposed to an environment with a relative humidity
of 5% (left) and at the deliquescence point (right). The photon energy
use for excitation was adjusted so that both peaks correspond to the same
kinetic energy, 160 eV, and the count rate was normalized by the
incident photon flux and photoemission cross section for each element.
Bottom: Br/K ratios estimated from spectra like those shown at the top
as a function of water-vapor relative humidity. That ratio is approxi-
mately 1:1, the value expected from the stoichiometry of the solid, at all
values of relative humidity up to the deliquescence point, at which point it
more than doubles because of a significant enrichment in Br™ ions at the
surface. Reproduced from ref. 535 with permission. Copyright 2005 AAAS.

discrimination may be obtained if the nucleus probed is only
present in species present at the interface. Taking advantage
of this idea, Pt NMR was used to follow the deposition
of platinum from H,PtCls solutions onto alumina surfaces, in
which case adsorbed [PtClg]*~ and [PtCls(OH)]*™ species
were identified.>*® The platinum nucleus was also used in
another investigation to follow the extraction of mixed halide
complexes of Pt(IV) bj a diethylenetriamine-modified silica-
based anion exchanger.>*" In a biological application, binding and
mobility were quantified in situ by using one-dimensional and
pulsed-field-gradient '°F and "H multinuclear solution NMR for
the anticancer drug S-fluorouracil on the large unilamellar
vesicles of egg phosphatidylcholine.*** It was shown that the
mobility of the drug is slowed down by almost 2 orders of
magnitude upon binding to the membrane, to values similar to
those of the lipids in the membrane around room temperature
but somewhat larger at 313 K because of a looser binding.
Surprisingly, though, there are not many examples for the use
of this approach to study interfacial chemistry.

The use of regular liquid-phase NMR is also suitable for the
study of systems where interfaces are prevalent, and some NMR
experiments have been reported on systems where neat liquids
interact or coexist with high-surface-area solid surfaces. In terms

of physical phenomena such as phase changes, the freezing of
water was followed in one instance in hydrated powders by taking
advantage of the broadening (and disappearance) of the narrow
"H NMR peaks due to water upon the formation of ice.”*> The
thickness of the nonfreezing layer of water could be followed by
quantifying the intensity of the liquid water signal in the "H NMR
spectra during the freezing and thawing processes. More recent
experiments have identify additional dynamic phenomena asso-
ciated with water inside the pores of solids,*** and NMR
measurements of the depression in melting point of confined
liquids has been used to determine pore size distributions in
porous media.>** There have also been reports of in situ char-
acterization of simple adsorption processes on minerals, as in the
case of the study of the interaction of cements with water to
determine the areas of the surface available for adsorption and the
thickness of the resulting adsorbed layers.**® Another common
nucleus probed in cases where organic matter is involved is ">C.
Wang et al,, for instance, used both liquid and solid-state "*C
NMR to follow the adsorsption of humic acid and phenanthrene
on clay mineral surfaces.”*” They found evidence for fractiona-
tion during adsorption, with preferential adsorption of the
aliphatic compounds at the expense of the aromatic fractions,
which are left in the solution. The hydration of aluminate
cements have been followed by recording the NMR signal of
% AL>*® One interesting application of this liquid NMR approach
to the study of adsorbates in liquid/solid interfaces is in connec-
tion with the characterization of immobilized stationary phases in
liquid chromatography, to evaluate the effects of ligand morphol-
ogy and mobile-phase composition and temperature on alkyl-
chain mobility and conformation.>**>%°

NMR can also be used to obtain atomic-level information on
molecules adsorbed on nanoparticles. Indeed, in situ liquid-phase
NMR studies have contributed much knowledge to the under-
standing of the interaction of the organic surfactants used to
make colloidal particles with the underlying solid surface.”*"
Examples here include the characterization of the stabilizers used
to grow cadmium sulfide and cadmium selenide quantum dots, as
in the case of thiophenol, which was found, by following
transverse and longitudinal relaxation times versus particle size
and versus temperature, to bind on top of a single Cd atom.>**
With 2-ethylhexanoate ions, two-dimensional "H NMR was used
to establish that the long hexyl chain spreads over the surface of
the nanoparticles while the short ethyl end is primarily sur-
rounded by the DMSO solvent.>>> With n-butanethiolate, a
catalytic dimerization to n-butyl disulfide was observed.”>* In a
more recent example, on the growth of tin oxide nanoparticles
using 2-carboxyethanephosphonic acid, 'H MAS and '"H-to-*'P
cross-polarization NMR experiments indicated the loss of the
protons upon binding of the organic acid to the solid surface,
presumably because of the formation of covalent P—O—Sn
bonds.>>® Even characterization of organic ligands on a para-
magnetic solids such as Fe,O; nanoparticles has been possible
with regular liquid "H NMR; oleic acid was found to lose its allyl
and vinyl NMR peaks during nanocrystal synthesis, suggesting
the reduction of its double bond.>*®

Changes in peak shape, broadening in particular, can be used
to establish changes in the freedom of motion of specific moieties
within organic chains (in surfactants, for instance), which can in
turn be associated with adsorption or other type of self-assembly
into solid-like structures. For instance, in one article, the broad-
ening of specific "H NMR peaks was used to infer that dendritic-
linear amphiphilic block copolymers self-assemble into micelles
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in aqueous solution and incorporate as templates to prepare
dispersed silver nanoparticles in water; that peak broadening
presumablz indicates the dendrimer chains adopting a solid-like
structure.”” In the case of the formation of alkanethiol-stabilized
gold clusters, high-resolution NMR spectra of solutions of the
clusters displayed well-defined resonances except for the methy-
lenes nearest the gold interface, a behavior that was attributed to
a combination of broadening mechanisms based on the discon-
tinuous change in magnetic susceptibility at the metal-hydrocarbon
interface and residual dipolar interactions.”® On the basis of the line
broadening seen in temperature-dependent solid-state *C NMR
studies of those systems, a cooperative chain melting process in the
alkylated metal colloids was proposed.’

The dynamics of surfactants bonded to nanoParticles can be
followed by NMR as well. For example, specific C labeling has
been combined with variable-temperature solid-state ">°C NMR
spectroscopy to follow the structural and dynamical behavior of
alkanethiols of different chain lengths adsorbed onto gold
nanoparticles.ss0 For long-chain thiols, it was found that, in
solution, they loose the extended all-trans conformation they
acquire in the solid state and display large-amplitude motions
about their long axes, but a significant increase in conformational
order was also observed, because of hydrogen bonding, upon the
addition carboxylic acid terminal groups.”" Magnetically none-
quivalent sites were identified, and their rate of exchange
measured, by "*C NMR on gold nanoparticles as a function of
their charge.’®> In octanethiol-protected gold nanoparticles, it
was found that the '*C NMR signal on the first carbon of the
chain downshifts, the spin—spin relaxation time increases, and
the spin—lattice relaxation time decreases with increasing metal
core size, presumably because of changes in the electronic
properties of the gold nanoparticles.**> NMR has also been used
to follow chemical reactions on such colloidal nanoparticles. For
instance, derivatization of the 11-bromo-1-undecanethiol surfac-
tants used to grow gold nanoparticles by triazole formation via a
1,3-dipolar “click” cycloaddition with a series of alkynyl-deriva-
tized small molecules in nonpolar solutions was confirmed by
solution "H NMR.***

NMR experiments can be carried out under high pressures. In
one high-pressure NMR spectroscopy investigation of micro-
emulsions of water in supercritical carbon dioxide using a family
of anionic perfluoropolyether ammonium carboxylate surfac-
tants, micelles formation was observed even in the absence of
mechanical stirring.**® A highly specific negative nuclear Over-
hauser effect (NOE) indicated an ordered arrangement where
the PFs~ and carboxylate anions are close to one another,
suggesting that those may be concentrated within the electric
double layer that forms at the micellar interface. In another in situ
high-pressure "H NMR relaxation and diffusion study on water-
in-CO, microemulsion systems, in this case formed with phos-
phorus fluorosurfactants, it was found that although there is rapid
exchange of water between the bulk CO, and the microemulsion
droplets, the entrapped water displays restricted motion. *®

One limitation in the regular liquid-NMR characterization of
nanoparticle surfaces in situ is that those particles need to be
soluble in the solution being used, and that is in many systems
not the case. Also, when bonded to solid particles, individual
molecules may not be able to tumble rapidly enough to average
spatial anisotropies and give sharp NMR signals. In those cases,
the magic angle spinning (MAS) typically used in solid-state
NMR studies may be required. The limitations identified above
are not unique to nanoparticles, and may also apply to other

adsorbates on other solids. For instance, some of those issues
have been identified in studies related to catalysis, in the
characterization of the adsorption of small molecules such as
hydrocarbons on high surface-area solids such as zeolites and
other aluminosilicates. NMR studies of those types of systems
have, to date, been done only with gas/solid interfaces, 7 but
there are no strong reasons why such work cannot be extended to
liquid/solid interfaces, apart perhaps from some technical diffi-
culties with the handling of the sample in the rotors used in MAS
NMR. This may be an area where future growth is warranted.

Some in situ MAS NMR studies have been developed to
follow the formation of the different solid-state structures
(polymorphs) produced during the crystallization of solids from
the liquid phase. In the case of the solid formation of glycine from
water, for instance, a 'H-to-">C cross-polarization scheme was
designed to follow the growth of the solid particles without
interference from the liquid phase.**® A one-dimensional 'H and
*'P and multidimensional MAS NMR spectroscopy study of the
structural properties of the phase of the molecular glass triphenyl
phosphite resulting from annealing the supercooled liquid indi-
cated the formation of a nano- or microcrystalline material at T' >
223 K, from the homogeneous and disordered phase present at
lower temperatures.*® If kinetic experiments are to be carried out,
suitable NMR nuclei with good sensitivity must be present in the
sample, and even then the rates need to be reasonably slow, on the
order of minutes to hours, to allow for the proper acquisition of
NMR spectra. For this reason, most of the crystallization experi-
ments have focused on zeolites and other alumino-silicates,>”* 73
alumino phosphates,””* or silico-alumino phosphates.®”®

A number of MAS NMR experiments have also been designed
to obtain information on structural and conformational changes
in proteins upon binding to high-affinity receptors within lipid
layers. A particular additional limitation needs to be consider in
such systems, the relative size of the signal from the ligand
compared to that from the background from all the organic
matter present in the system, a problem particularly significant in
C NMR experiments because of the ~1% of "*C naturally
present in carbon-containing samples. Special techniques such as
double-quantum filtering have been advanced to afford the
analysis of samples beyond this limit, though. In one example,
the binding of the high-affinity peptide agonist (neurotensin) to
its G protein-coupled receptor (which mediates the perception
of smell, light, taste, and pain) was characterized in buffer/
protein solutions by two-dimensional solid-state *C MAS
NMR.*”® It was found that the peptide remains largely unstruc-
tured in the absence of the receptor, but that it adopts a -strand
arrangement when in complex with its receptor. Rotational-echo
double-resonance solid-state MAS NMR was also recently used to
identify and characterize the binding sites for amantadine in the
proton channels of the M2 protein of influenza A viruses and in
lipid bilayers.>”” These are fairly sophisticated examples on how
NMR may be used to provide detailed structural information on
the ligand and adsorbate sites, even if the interfaces discussed may
not be strictly between liquids and solids.

One way to use MAS NMR to characterize liquid/solid
interfaces is by maintaining a certain amount of liquid with the
solid samples as they are placed in the rotor in order to retain a
local “wet” environment around the solid surfaces. One example
that illustrates the effect of the addition of the solvent in such
experiments is a study designed to mimic the degradation of the
polymer electrolyte membranes in fuel cells caused by the cross-
leakage of H, and 0,578 In that case, a comparative solid-state

2954 dx.doi.org/10.1021/cr2002068 |Chem. Rev. 2012, 112, 2920-2986



Chemical Reviews

'"F NMR study produced spectra with sharper peaks with wet
samples (as compared to similar dry ones), suggesting more
rotational and configurational freedom of the hydrocarbon
chains in the former case. Another interesting example of the
use of MAS NMR in the presence of some added liquid to look
into liquid/solid interfaces, in this case for a system of biological
relevance, is the recent characterization of the structure and
binding of the indoline quinonoid intermediate that forms during
the enzymatic activity of tryptophan synthetase.>”” In that report,
solid-state NMR experiments were carried out with the enzyme
in microcrystal solid form but exposed to the mother liquid, a
solution of L-serine in a triethanolamine buffer, in order to retain
its catalytic activity. Various charge and protonation states were
identified for the substrate and nearby catalytic residues as a
function of time by the NMR chemical shifts seen at specifically
13C- and "*N-labeled positions on the substrate (Figure 18).

An interesting extension of the use of NMR in liquid/solid
systems is by taking advantage of its imaging capability. For
example, Lysova et al. have used magnetic resonance imaging
(MRI) to follow the impregnation of alumina pellets with either
Ni** or (NH,)sMo,0,, in solution as a function of time.”* They
also reviewed the dynamics of redistribution of the liquid phase in a
single catalyst pellet during an ignition event triggered by the
exothermic hydrogenation of a-methylstyrene to cumene on a Pt/
alumina catalyst, and a similar liquid-phase distribution study in
Pd/AlL,O; catalyst beads was carried out during 1-octene hydro-
genation. NMR imaging has also been used to study the flow of
liquids in problems associated with membrane filtrations.>®!

6.3. Electron Spin Resonance (ESR, EPR)

A less common technique related to magnetic resonance
measurements, electron spin resonance (ESR, also known as
electron paramagnetic spectroscopy, EPR), probes the spin of
the electrons instead of the nuclei (as done in NMR).**>*** ESR
spectra are typically generated by varying the magnetic field
applied to the sample, used to split the spin states of the unpaired
electrons, to match the fixed photon frequency used for the
excitation from the lower energy to the higher energy level
resulting from that split. The magnitude of the field needed for
resonant excitation depends linearly on the electron magnetic
dipole moment, which in turn depends on the chemical environ-
ment surrounding the electron, in a similar way as the nuclear
magnetic dipole moment depends on its surrounding and is
probed by NMR. The one significant difference between ESR
and NMR from the experimental point of view is that because the
magnetic moment of an electron is substantially larger than the
corresponding quantity for any nucleus, a much higher electro-
magnetic frequency is needed to bring about a spin resonance
with an electron than with a nucleus at identical magnetic field
strengths.

ESR suffers from the same limitations discussed for NMR.
Like NMR, the signals are weak, which means that only abundant
species are detectable. Also, ESR is not intrinsically surface
sensitive; discrimination of signals from liquid/solid interfaces
needs to be accomplished by other means, either by studying
species only present at those interfaces and/or by using high
surface-area samples. One additional limitation unique to ESR is
that it is a technique only suitable for the characterization of
paramagnetic species with one or more unpaired electrons;
because most stable molecules have all their electrons paired,
only a handful of examples are available on the use of ESR for the
interrogation of liquid/solid interfaces. On the other hand, the
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Figure 18. Example of the use of NMR as a way to follow specific
reactions in situ at liquid/solid interfaces in biological systems.>”” Left:
BC solid-state cross-polarization magic-angle-spinning (CPMAS)
NMR spectra of trypto;)han synthase microcrystals in contact with a
solution of either 2,3-"*C-labeled (red spectrum) or unlabeled (blue
spectrum) L-serine mixed with indoline. The signals from the specific
labeled carbon atoms within the indoline and L-serine molecules are
indicated by the (up and down) red triangles and (filled and open)
purple circles, respectively. Right: Time dependence of the evolution of
the "*C NMR signals for the "*C-enriched positions indicated above in
the bound solid state (top) and mother liquid (bottom). The changes in
relative intensities in the signals for the & and [ carbon atoms in the
indoline indicate a change in binding with time of reaction. Courtesy of
Leonard J. Mueller. Reprinted from ref. 579 with permission. Copyright
2011 American Chemical Society.

same requirement makes the technique very sensitive to the
paramagnetic centers. In many ESR-based studies, a spin labeling
group, often a nitroxide free radical, is added purposely to follow
specific localized chemistry.

The spin-labeling method has been used in several occasions
for the study of polymers at liquid/solid interfaces. The effects of
varying polymer architecture, solid surface, and solvent on the
structure of polymers have been studied in some detail this way.
For instance, an early study proved that ESR measurements of
the bound fractions of poly(vinyl pyrrolidone) on pyrogenic
silica adsorbed from two solvents, water and 1,4-dioxane, is a
reliable way to determine the amount of polymer in trains, that is,
in close contact with the surface of the solid and therefore less
mobile than the original random-coil polymers in solution.>**>%
The differences in mobility cause a difference in the magnetic
relaxation time of atoms attached to the backbone of the
polymer, and that is reflected in differences in the ESR spectra.
More recently, in a study on the deposition of random copoly-
mers of dimethylacrylamide and glycidyl acrylate from chloro-
form onto silica, the different chains were shown by ESR to
interact strongly, repelling each other and extending into the
solution, so the cross-linking freezes the whole structure without
major changes.586 In both cases, the polymer needed to be
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derivatized with a paramagnetic label, 4-isothiocyanato-2,2,6,6-
tetramethylpiperidinoox in the first case (one label per five
polymer units) and 4-amino tempo in the second. Studies were
carried out using other techniques to ensure that this modifica-
tion does not affect the chemistry of the polymer.>*”%*

Some articles in the literature report on the use of ESR for the
characterization of liquid crystal systems. In one case, the
intracolumnar order in bis(phthalocyaninato)lutetium, esti-
mated from the line widths of the ESR signals, was shown to
determine the dependence of conductivity on frequency.”® In a
study with a different type of system, a discotic liquid crystal
radical was found to display an enantiotropic ordered hexagonal
columnar mesophase above room temperature with magnetic
interactions among molecular spins.**® In this example, changes
in effective magnetic moment were seen to correlate with the
phase transitions observed as a function of decreasing tempera-
ture because of the collective effect of the alignment of the spins,
going from liquid to a glassy solid state and then to an
antiferromagnetic phase. The samples in these two cases were
intrinsically magnetic, and therefore ideal for ESR studies: no
paramagnetic labeling was required in either case.

Molecular dynamics, structural information, and phase states
of self-organized bilayers and micelles systems can also be probed
with ESR, typically by coadsorbing a paramagnetic probe within
the structure of the self-assembled layer. This is in fact the field
that has perhaps taken the most advantage of the use of ESR as a
characterization technique. Here we reference the work of Zhang
et al, who looked into the structural changes of sodium dodeczl
sulfate during its uptake on the surface of an alumina solid.***
They chose to follow the splitting and shape of the ESR signal
from nitroxide spin labels coadsorbed with the surfactant on the
alumina surface to identify clustering, aggregation, and other
phenomena. A second ESR study on micellar systems concluded
that the local mobility of cationic long-chain detergents vary little
as the length of a chain is increased, but that the order parameter
increases noticeably and a phase change takes place from solid to
a micellar state.””" 5-Doxylstearic acid and 16-doxylstearic acid,
which have low solubility in water and tend to be localized in the
hydrophobic parts of complex systems, were used there as spin
probes; those molecules build themselves into the micellar
system so that their paramagnetic fragment is located in the
hydrocarbon core of the micelle at a fixed distance from the
interface and their motion is correlated with that of the surround-
ing surfactant molecules. In a third example, in a study of model
membranes based on phospholipid multilamellar vesicles con-
taining oxidized n-doxylstearoyl spin-labeled lecithin species, the
degree of mixing and the rigidity of different bilayers could be
assessed in a similar way.>”* It was concluded that the addition of
carboxyacyl lecithins to the vesicles tends to disrupt their structure,
whereas conjugated dienes lecithins are more likely to affect the
physical properties of the bilayer. In a fourth study, related to
the performance of stationary phases in liquid chromatography,
the structure of an octadecyl chain layer attached to a silica surface
was seen to change with the composition of binary solvents
(acetonitrile/water; methanol/water): it was determined that high
concentrations of acetonitrile help the chains adopt a highly ordered
structure, whereas with water or ethanol a poorly ordered interface is
the norm.*” 4-hydroxy-tempo was used in the mobile phase to
provide the paramagnetic label for ESR.

In connection with biological systems, several dynamic ESR
studies have been reported on systems mimicking the behavior of
membranes. For instance, membranes made from binary mixtures

of egg sphingomyelin and cholesterol were investigated using
conventional and saturation-recovery ESR to estimate the effects
that the cholesterol exert on membrane order and oxygen trans-
port, specifically the bimolecular collision rate of molecular oxygen
with the 5-doxylstearic acid nitroxide spin label.*** Discrimination
was possible among the liquid-ordered, liquid-disordered, and
solid-ordered phases, a fact that helped establish that the addition
of cholesterol causes a selective large decrease in the oxygen
transport parameter around the nitroxide moiety in the liquid-
ordered phase. In another case, a water-soluble lipophilic oligo-
nucleotide, tagged with the spin label group oxyl-2,2,5,5,-tetra-
methylpyrroline-3-carboxylate, was found to be isotropically
mobile not only as a free molecule but also when inserting into
vesicular lipid membranes: an increase in the correlation time of
motion for the spin label was seen, indicating that the membrane-
bound oligonucleotide is still quite mobile at that stage.>”

Self-assembly has also been studied with ESR in cases related
to the preparation of solids with particular structures, specifically
mesoporous oxides. For instance, the formation mechanism of a
cubic mesoporous KIT-6 solid using Pluronic P123 as a templat-
ing agent was followed with ESR by using a series of specially
spin-labeled Pluronic molecules. Five main stages were resolved:
(1) condensation of the silica oligomers at the water/micellar
interface, which reduces the mobility of the ends of the Pluronic
chains located at the water/corona interface, (2) a transition
from spheroidal to threadlike micelles, (3) their aggregation,
precipitation and reorganization, (4) formation of a hexagonal
phase through accelerated condensation of silica oligomers in the
corona, and () formation of the cubic phase.S% The mechanism
of formation of aluminum-containing silicas using alkyltrimethy-
lammonium bromides as a template was also investigated by
in situ ESR, by using 4-alkyldimethylammonium-2,2,6,6-tetra-
methyl-piperidine-1-oxyl as the probe.>®” It was found that the
kinetics of the silicoalumina formation is strongly dependent on
the surfactant chain length, larger micelles inducing a faster
growth, and that the fraction of the probe interacting with the
polar sites on the silica surface increases with increasing chain
length. The motional heterogeneity of organic—inorganic nano-
composite gels comprising poly(ethyleneoxide) chains grafted
between silica particles was investigated as a function of gelation
and of drying by paramagnetic probes dissolved in the organic
phase or grafted onto the inorganic nodes.””® The organic phase
exhibited marked variations in dynamic behavior, with the liquid-
like mobility of the polymer chains strongly hindered at the silica
nodes. Like in the examples in the previous paragraphs, extensive
knowledge on the dynamics of the systems studied was derived in
these cases from the ESR spectra. Those do display multiple lines
with splittings and line shapes that are quite sensitive to the local
environment of the paramagnetic probe, but some degree of
modeling and/or speculation is often also required to associate
particular peaks or group of peaks with the states described in the
conclusions.

ESR spectroscopy has proven to also be a versatile tool for the
online monitoring of catalytic reactions that include paramag-
netic species either within the catalyst, as, for instance, in the case
of transition metal ions or defects in oxides, or among reaction
intermediate radicals.>*” In one example, in a study of the use of
titania hollow nanotubes in photocatalysis, ESR was used to
identify the formation of the hydroxyl radical species that
presumably participate in the catalytic degradation of a textile
azo dye, acid orange 7, upon UV excitation.®” Also, because
stable free radicals such as nitroxides may be good catalysts,
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several groups have attempted to immobilize those on solid
surfaces. An ESR characterization study based on measurements
of rotational correlation times indicated that the radicals an-
chored to silica surfaces retain their properties even after several
months, and that polar solvents induce a fast motion of the spin-
label. !

Finally, a couple of examples for the use of ESR in the
characterization of other systems are provided. In terms of the
liquid/solid chemistry associated with minerals, the potential for
the release of free radicals from iron-containing particulate in
asbestos fibers, iron-exchanged zeolites, and iron oxides was
measured by using S,5'-dimethyl-1-pirroline-N-oxide as a spin
trap in aqueous suspensions of the solids.’”> In another study,
restrictions in mobility of aqua complexes of transition metal ions
in aqueous solutions by solid surfaces or narrow pores were
assessed by ESR.°®® Hydroxyl and carboxylate radicals have been
used to model by ESR the potential for hydrogen abstraction in
biological compartments and for the formation of hydrogen
peroxide in the phagosome during phagocytosis as well. In a
materials science project connected with biological applications,
ESR was utilized to evaluate the feasibility of surface radical
chemistry in y-sterilized orthopedic materials, including ultrahigh
molecular weight polyethylene and the hybrid diurethane di-
methacrylate-based RHAKOSS.** The failure of those materials
to competitively chelate catalytic ferrous ions or readily reduce
ferric ions directly was used as an indication of lack of cytotoxicity.

7. MICROSCORPIES. A. OPTICAL

In addition to following adsorption from the liquid phase or
characterizing the changes in the chemical and structural details
of the solids and adsorbates, some experiments have been
designed to obtain spatial resolution during processes occurring
at liquid/solid interfaces. Several microscopies have been devel-
oped for this purpose based on either optical arrangements or
scanning probes. Their adaptation to the study of liquid/solid
buried interfaces is briefly surveyed next.

The simplest way to obtain spatial resolution when using
optical techniques is via the use of conventional optical micro-
scopes. However, the spatial resolution in such arrangements is
limited to dimensions on the order of the wavelength of the light
used, micrometers for infrared spectroscopy and hundreds of
nanometers for visible light. Those dimensions are several orders
of magnitude larger than what is required for the determination
of molecular details. Another consideration when implementing
microscopy to optical studies of liquid/solid interfaces is that the
thickness of the sample must be smaller than the depth of field of
the objective of the microscope, typically less than ~1 um,
otherwise there may be some interference from molecules within
the liquid or solid bulk phases.

In spite of these limitations, optical microsco6pies have been
extensively used to study liquid/solid interfaces.®>> Some exam-
ples have in fact been provided already in previous sections on
the use of microscopy in conjunction with several optical
spectroscopies to add spatial resolution to the characterization
of liquid/solid interfaces. Specifically, studies were discussed
above in connection with SPR (Figure 12) and with fluorescence
emission spectroscopy. In many of those examples, however, the
imaging capabilities are used mainly as a secondary tool to
facilitate detection, as in the case of the design of bioassays; no
additional chemical information on the liquid/solid interface is
acquired by the added spatial resolution capabilities.

7.1. Fluorescence Microscopies

In terms of more specific chemical studies concerning liquid/
solid interfaces, fluorescence microscopy is perhaps the most
common approach used. In fluorescence microscopy, a fluoro-
phore is added to the system and used as a probe to identify
specific spatial locations on the system or to highlight the sites
where specific chemistry takes place.”'***® Much of the use of
conventional fluorescence microscopy has been aimed at map-
ping specific chemical environments in biological systems such as
defined intracellular and organellar pHs or threshold concentra-
tions of reactive oxygen species or certain ions within living
cells.2%%%%7608 1 those cases, again, no specific knowledge has
been developed on the chemistry that takes place at liquid/solid
interfaces. Nevertheless, there are a few fluorescence microscopy
studies where chemical interactions have been investigated at the
molecular level.

Many fluorescence microscopies studies can be carried out by
using regular optical microscopes. In a study of the interactions of
annexin Al with a zwitterionic phospholipid monolayer, for
instance, a vibrationally isolated microscope was used to show
a strong dependence on the domain structure of the lipid
bilayer.”® It was also shown that annexin Al forms networks
in the presence of the domain structures; interesting fluorescence
patterns were detected with features of dimensions on the order
of a few micrometers and fluctuating times on the order of
minutes. In a second study, it was shown that adsorption of
single-stranded DNA to an interface laden with octadecyltri-
methylammonium bromide, a surfactant, modifies its interfacial
structure via a reorientation from homeotropic (nontilted)
alignment to an intermediate tilt angle, and that exposure of
the resulting DNA/surfactant complex to its DNA complement
induces additional nucleation, growth, and coalescence of lateral
regions.®’® The spatial resolution of the microscopy, which in this
case focused on the observation of birefringment domains (using
polarized light), showed that the uptake of the DNA complement
was localized in the same regions as the homeotropic domains.

Confocal microscopes can be used in fluorescence microscopy
to add control over the depth of imaging, to afford the selective
collection of signal from the liquid/solid interface while reducing
background fluorescence originating from sections away from
the focal plane. Confocal fluorescence microscopy has been
used to study the same sort of systems investigated by regular
fluorescence microscopy. For instance, a comparative confocal
laser scanning fluorescence microscopy study of the adsorption
of a number of proteins and enzymes, including albumin,
immunoglobulin G, C3a, interleukin-1/3, interleukin-6, human
neutrophil elastase, and tumor necrosis factor a, on three
membranes (cellulose triacetate, polymethylmethacrylate, and
polyacrylonitrile) revealed marked differences that pointed to the
importance of membrane biocompatibility in the blood levels of
those proteins.”'" In a second example, involving human ovarian
carcinoma cells expressing a cyan fluorescent protein-tagged
ATP7B, confocal fluorescence microscopy revealed that cisplatin
interacts directly with ATP7B to trigger its relocalization and that
ATP7B mediates resistance to cisplatin by sequestering it into
vesicles of the secretory pathway for export from the cell.®"
Similar colocalization was identified in studies on the interaction
between the fluorescent yellow- and fluorescent cyan-tagged
protein y-aminobutyric acidA receptor interacting factor-1 and
the kinesin-1 family member KIFSC.°" It should be indicated
that the depth resolution obtained in the images reported in these
examples was in the submicrometer range, a range ideal for
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biological samples but too large for molecular level chemical
studies.

A third setup for fluorescence microscopy is in total internal
reflection mode, in ATR arrangements similar to those used in IR
absorption spectroscopy or SPR. Because of the exponential
decay of the intensity of the evanescent wave as a function of the
distance away from the prism in ATR, this arrangement is
particularly suited to quantify the separation distance between
the surface of that optical element, which can be bioderivatize at
will, and cells and other biological samples supplied from
solution.™*"%*° In one example, total internal reflection fluo-
rescence microscopy was used to determine that the initial
adhesion of cells on self-assembled monolayers of alkanethiols
depends on the surface functionalities of the latter.*" Specifi-
cally, selective adherence was observed on COOH- and NH,-
terminated monolayers, whereas almost null adhesion was seen
on CHj3- and OH-terminated monolayers. In a separate study, on
the ligand—receptor interactions between pentameric cholera toxin
B subunits and the corresponding membrane ligand ganglioside
GM,, it was determined that binding weakened with increasing
GM, surface density, presumably because of clustering,®**

Fluorescence imaging can also be achieved by using near-
infrared (NIR) multiphoton microscopy.®>*%** Similar fluoro-
phores and detection schemes as those in regular fluorescence
microscopy experiments are used here; only the mode in which
the fluorophore is excited changes. One major drawback of this
techniques is that its nonlinear nature, where two or three
photons are required to match the photon energy of excitation
of the fluorophore, implies the need to use high-power lasers, a
fact that adds significant complexity to the experimental
setups.®>° It could be thought that the use of high-power lasers
may lead to increased damage of the sample as well, in particular
in biological applications, but in fact the opposite is usually the
case: the wavelength range used in NIR multiphoton fluores-
cence microscopy, between approximately 700 and 1100 nm, is
considered an “optical window” for cells and tissues, so radiation
can penetrate to a depth of several millimeters in most tissues.*
Thanks to this property, NIR multiphoton imaging has proven
particularly useful in experiments in vivo with living organisms. In
one example, a direct correlation was reported between amyloid-
B deposits, the primary constituent of senile plaques in Alzhei-
mer’s disease, and free radical production in vivo in live trans-
genic mouse used as models for Alzheimer’s disease and in
analogous ex vivo experiments in human Alzheimer tissue.””” In
another case, two-photon emission imaging microscopy using
inert platinum complexes for the labeling of biological samples
revealed the preferential localization of the complexes in intra-
cellular nucleic acid structures, in particular the nucleoli.**®
Recently, several inorganic nanomaterials directly excitable by
near-infrared radiation, including semiconductor quantum dots,
single-walled carbon nanotubes, and up-conversion nanoparti-
cles, have been developed for imaging applications using single-
photon NIR processes.629

Several approaches have been developed to overcome the
resolution limit intrinsic to optical microscopy in order to follow
the behavior of individual molecules on liquid/solid interfaces.
One methodology that has become quite common in biological
studies is flow cytometry, a technique where the separation,
counting, and examination of individual elements within bio-
logical samples such as cells or chromosomes is done by tagging
them with specific fluorophores, suspending them in a stream of
fluid, and detecting (and sometimes separating) them as they

flow past one or several laser excitation sources.”*°~**° By using
multiple fluorophores with different characteristic fluorescence
patterns, it is possible to carry out multiparametric analysis of the
physical and/or chemical characteristics of up to thousands of
particles per second.®*” %" The use of microbeads derivatized
with the samples of interest has extended the use of flow
cytometry to systems other than cells and other self-sustained
particles.*” The key in all these experiments is the ability to
derivatize the desired functionalities in the membranes, cells, or
other biological samples with the appropriate fluorescent tags. It
should be said that it is the chemical specificity of the tagging
process that is used to separate the individual objects of the
sample by florescence detection, not the other way around. In
other words, no additional chemical information is learned from
the fluorescence measurements.

Perhaps a more straightforward way to isolate single chemical
events at liquid/solid interfaces is by lowering the density of the
reacting species at that interface to sufficiently low values to be
able to expect only one reacting site in the area being imaged. In
fact, by combining this single-molecule fluorescence microscopy
detection scheme with the use of pulsed lasers, time resolu-
tion can be added to chemical characterization studies. Single-
molecule time-resolved fluorescence microscopy has been used
repeatedly to characterize the chemistry of enzymes.®** In one
early example, enzymatic turnovers of single cholesterol oxidase
molecules were observed in real time by monitoring the emission
from the enzyme’s fluorescent active site, flavin adenine
dinucleotide.®** By probing the fluorescence lifetime of single
flavins, variations in flavin-tyrosine distance could be inferred
over time, and with that a mean force potential between the
flavin and the tyrosine could be extracted and used to estimate
conformational fluctuation at multiple time scales.®*® Similar
conformational dynamics in other immobilized enzymes®*®~%*
and DNA strands®*°~%” have been studied this way. Fluores-
cence lifetime images have also been reported in connection with
dynamic neurobiological applications.”*® In a nonbiological
application of this approach, the slip between deionized water
and a smooth glass surface was shown, by imaging the flow of
suspended submicrometer fluorescent particles, to be minimal at
low shear rates on hydrophilic surface but to increase as the shear
rate increases; surface hydrophobicity was determined to induce
a small slip velocity.®>

Time resolution is also commonly used in experiments based
on Forster (or fluorescence) resonance energy transfer (FRET)
and fluorescence lifetime imaging (FLIM). These approaches are
commonly used to follow details related to the activity of
proteins, including their conformational dynamics upon their
interaction with the associated enzymes.*®°** FRET in parti-
cular, where the excitation is transferred between two optical
centers, is used directly to quantify the proximity between
fluorophores (the efficiency of FRET is proportional to the
inverse of the sixth power of their distance), and can be helpful to
investigate cellular structure and function.’®® Many elegant
FRET-based experiments related to biological studies have been
published already where two functionalities are tagged with
complementary fluorophores and the FRET activity between
them measured versus time and/or imaged.6667668 As an exam-
ple, FRET studies on the size of lipid-dependent organization of
glycosyl-phosphatidylinositol-anchored proteins in live cells re-
vealed the extensive formation of monomers together with a
smaller fraction of nanoscaled (<5 nm) cholesterol-sensitive
clusters composed of at most four molecules.**”*”® In another
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study, the conformational changes in RNA caused by the binding
of the ribosomal protein S15 protein could be monitored in a
single assay by using three fluorophores.”” Yet another example
of the use of FRET in the characterization of biological responses
is that of the study of the conformational changes of the Ca**
regulatory site of the Nat—Ca** exchanger, a plasma membrane
protein expressed at high levels in cardiomyocytes, upon addition
of Ca®" ions.®”* In that case the FRET signal was obtained by
linking yellow and cyan fluorescent 2proteins to the NH,- and
COOH-termini of the exchanger Ca”" binding domain; expres-
sion of this construct in myocytes was found to generate changes
in FRET associated with contraction, suggesting that the ex-
changer is regulated by Ca®* on a beat-to-beat basis during
excitation-contraction coupling. A final example concerns the use
of FLIM for the imaging of the complexation between protein
kinase C a and the actin binding protein ezrin in MCF-7 breast
carcinoma cells believed to be involved in the control of cell
migration and cancer cell metastasis.””> The data from that study,
shown in Figure 19, point to a significant decrease in the donor
fluorescence lifetime, indicating appreciable FRET and therefore
protein—protein interaction, at the plasma membrane and cell
cortex beneath the membrane; the FRET interaction is a reflec-
tion of high cell motility. Note that, thanks to the sharp
dependence of FRET on distance, with significant signals being
observable for distances of a few nanometers at most, spatial
resolution information for chemical interactions can be extracted
in these experiments at a molecular level in spite of the much
poorer resolution of the optical microscopes used for fluores-
cence detection.

Although much less commonly, fluorescence microscopy has
also been applied to studies in materials science and catalysis.®”*
An interesting example of this is given in Figure 20, which shows
the quantitation of the kinetics of diffusion of bulky substrates
inside a mesoporous material.®”* Another elegant study on
diffusion combined time-resolved single-molecule fluorescence
microscopy images with transmission electron microscopy
(TEM) pictures of the material to establish diffusion patterns
in mesoporous materials.”’® Several fluorescence microscopy
studies have addressed the identification of catalytic sites as well.
For instance, Tachikawa et al. used fluorescence imaging to
locate sin7%le photocatalytically active sites on TiO, nano-
particles.”””*”® Roeffaers and co-workers reported spatially re-
solved images of catalysis where individual turnover events could
be counted, allowing them to establish a clear dependence of
activity on crystal face.””® Similar reaction site identification was
carried out by Shen et al. via single-molecule optical ima§ing of
single-walled carbon nanotubes during electrocatalysis.**" The
suitability of a time-resolved single-molecule approach has also
recently been proven for following catalytic and electrocatalytic
reactions with single-reaction temporal resolution on individual
nanoparticles and carbon nanotubes.*®"%%*

7.2. Raman Microscopy

Raman spectroscopy can be implemented in microscopy
mode as well. The signals in regular, nonenhanced Raman are
typically too weak to provide meaningful, vibrational-differen-
tiated, images, but a few examples can nevertheless been found of
experiments carried out this way.®***** In one example, photo-
micrographs based on intensities in binned frequency ranges
were obtained of a human osteogenic sarcoma cell in situ in its
medium, and full Raman spectra then taken at specific points for
the identification of the appropriate chemical compounds.®®®
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Figure 19. Example of the use of time resolution in Forster resonance
energy transfer (FRET) experiments for fluorescence lifetime imaging
microscopy (FLIM). Shown here are images from multiphoton FLIM
experiments with MCF-7 breast carcinoma cells transfected with both a
protein kinase C (PKC) a (aminoacids 1—337)-green fluorescence
protein (GFP) and an ezrin-vesicular stomatitis virus glycoprotein
construct stained with a Cy3-labeled antibody (IgG).673 Panels A an
B: Intensity images for the fluorescently labeled proteins PKCa-GFP
and ezrin-fluorophore Cy3-IgG, respectively. Panel C: GFP fluorescence
lifetime image. Panel D: Population map for the interacting species.
High levels of interaction, manifested by a decrease in the donor
fluorescence lifetime because of increase FRET, is seen at the plasma
membrane and cell cortex beneath the membrane. Reproduced from
ref. 673 with permission. Copyright 2004 Portland Press Limited.

Although the spatial resolution of the images were of the order of
one micrometer, it was sufficient to identify standard DNA in B
conformation from the nucleic acid, protein bands from the
cytoplasm, lipids and cholesterol from the cell membrane, and
the carotenoid compounds present in several bacterial strains. As
with the majority of the imaging examples presented in this
section, however, the emphasis in these studies was on mapping
the distribution of compounds and functionalities across the
samples being imaged, not on identifying any specific liquid/
solid chemistry.

More popular is the use of coherent anti-Stokes Raman
scattering (CARS) microscopy to obtain spatial resolution on
the vibrational information of solid samples, typically cells, other
biological systems, or self-assembled layers, immersed in liquid
media.®*>®*’ In this approach, a specific frequency can be used to
collect the spatial distribution of specific chemical groups. CARS
microscopy is different from CARS spectroscopy in that it uses
tightly focused beams in a collinear geometry to fulfill the phase-
matching condition; the tight focus reduces the excitation
volume and permits three-dimensional CARS imaging with
submicrometer resolution.®**®*® The main drawback of the
technique is that the signal of interest needs to be detected on
top of a nonresonant background, although that background may
be suppressed by using polarized light.*****° One example of this
use of CARS microscopy is the selective imaging reported for
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neutral lipid droplets in unstained live fibroblast cells used to
monitor the 3T3-L1 cell differentiation process, which relied on
the detection of the signal from aliphatic C—H vibrations.*"
That study revealed a clearance of lipid droplets at the early
stages of differentiation followed by an unsynchronized reaccu-
mulation in the cytoplasm. In another case, the resonant CARS
signals from the CH, and H,O stretch vibrations were used to
characterize the molecular organization inside myelin figures of
various surfactants, and light polarization was employed to
analyze the orientation of the CH, groups and the H,O
molecules.*”> The resulting CARS images suggested that the
myelin adopts a concentric lamellar structure with alternating
surfactant bilayers and partially ordered water layers, with no
sizable water core. CARS was also used to establish the ordered
orientation of the hydration water at the surface of phospholipid
bilayers with negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-L-serine and neutral 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine dispersed in deuterated dodecane, aligned
with the symmetry axis along the direction normal to the bilayer
and displaying less hydrogen-bonding than bulk water.**®

The signals from surfaces in either regular Raman or CARS
microscopies can be enhanced by using silver or gold in the form of
nanoparticles or other rough surfaces, taking advantage of the
same SERS effect discussed in Section 3.1. In one example, this
type of enhanced surface sensitivity was used to identify and
determine the oxidation state of the flavin components associated
with the envelope of the cells of different bacterial species.®”*
SERS-CARS microscopy has also been used to monitor biological
molecules such as deoxyguanosine monophosphate and deoxya-
denosine monophosphate at the single-molecule level.* Biocom-
patible and nontoxic nanoparticles based on either geglated
gold®* or single-wall carbon nanotubes nanoparticles®”*” have
been developed for in vivo SERS tumor targeting and detection.

Raman microscopy has been used occasionally to image
chemistry in nonbiological systems, in particular chemistry that
take place at the interface of nanoparticles suspended in liquids or
on self-assembly layers.”” For instance, the kinetics of the
chemical reactions on single, optically trapped, (3-aminopropyl)-
trimethoxysilane-primed silica microparticles in dimethylforma-
mide (used in solid-phase peptide synthesis) have been mea-
sured by following frequency- and time-resolved Raman spectra
(obtained using an inverted confocal Raman microscope).”*
Rates were quantified as the molecular species bind to or cleave
from the particle surface in the two sequential steps that
take place in this system, the fluorenylmethyloxycarbonyl-
phenylalanine addition to a propylamine-primed silica surface
and the deprotection of the phenylalanine by removal of the
fluorenylmethyloxycarbonyl group (Figure 21). SERS micro-
scopy, using the Raman peak of the hydroxyl bond of water,
has also been employed to follow temperature in situ during the
patterning of liquid-suspended gold nanoparticles using the same
laser beam employed for Raman to enhance aggregation.””" In an
application related to chromatography, the accumulation of organic
modifiers and the composition and solvation environment of a Cyg-
functionalized silica-microbead stationary phase was investigated
using confocal Raman microscopy, by tuning to the nitrile-stretching
frequency of acetonitrile.””* Three different acetonitrile environ-
ments were identified within a single chromatographic particle,
bonded to the interparticle mobile phase, attached to the C;g chain,
and present in the residual surface silanols. Other in situ investiga-
tions of the adsorption of surfactants on individual nanoparticles
have been carried out by using a SERS microprobe as well **”*
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Figure 20. Use of fluorescence microscopy to follow catalytic reactions
in situ on a mesoporous solid immerse in a liquid solution. The
epoxidation of phenylbutadienyl-substituted boron dipyrromethene
difluoride in n-butanol using tert-butyl hydroperoxide as the oxidant
was followed by the shift in fluorescence of the reactant from red to
yellow upon oxidation of one of the double bonds in the butadienyl
bridge.675 Left: Transmission image of three Ti-MCM-41 particles on
which the positions where reactions were observed over a time span of
140 s are highlighted by yellow marks. Right: Histogram of the number
of reaction events recorded versus depth of penetration into the
mesoporous material. The mean penetration depth before reaction
could be extracted from these results. Courtesy of Maarten B. J.
Roeffaers. Adapted from ref. 675 with permission. Copyright 2010 Elsevier.

Finally, Raman microscopy has been used to identify hetero-
geneities in electrodes. For instance, in situ images of the Raman
signal due to carbon taken for an industrial button battery cell
during cycling indicated that lithium does not intercalate into the
individual graphite particles in a homogeneous manner.”* Other
in situ Raman microscopy investigations in electrochemistry
include studies on the inhibition of iron corrosion by benzotriazole,
which was estimated to involve the cleavage of a N—H bond,”® and
on the electrooxidation of C; molecules on roughened Rh electrodes
(following C— O vibrational modes) 7% The spatial resolution of the
images in all these studies, about one micrometer, is orders of
magnitude away from molecular dimensions, but in many instances
comparable to the dimensions of the objects (nanoparticles, rough
electrodes) being studied. The power of Raman-based microscopy is
that the vibrational resolution of the images provides exquisite
chemical discrimination not available with other optical microscopies.

7.3. Other Nonlinear Optical Microscopies

Imaging of surfaces can also be accomplished by using other
nonlinear optical spectroscopies, sometimes in conjunction with
CARS.”””~71> As with CARS, such images can be obtained either
all at once by using regular microscopy optics or by rastering the
laser beam used for excitation. For instance, a recent report has
shown how the detection of SHG signals from membrane-bound
chromophores can be used to ima_ﬁe the spatial distribution of the
membrane potentials in neurons.”> Using the polarization sensi-
tivity of the SHG signal, a ~36° tilt angle of the chromophore to
the membrane normal was determined. This example also shows
how contrast can be enhanced and site specificity can be added in
SHG-based images of biological systems by immobilizing optically
active fluorophores such as quantum dots’** or porphyrins’*® on
the surfaces of interest. The simultaneous use of several nonlinear
optical imaging techniques (CARS, SHG, SFG) can also afford the
visualization of different structures in complex biological systems
at the same time.”'® As with the other imaging approaches
discussed in this section, though, the main use of these
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microscopies has been to characterize biological samples,

not the details of any specific liquid/solid chemistry.

Like with Raman, microscopy using SFG can add significant
chemical specificity, by selectively collecting the signal from a
specific vibrational energy.”*" A nice nonbiological example of
this approach can be seen in the study of the spatial distribution
of the corrosion of gold surfaces by cyanide, in which SFG images
for the distribution of individual cyanide adsorbates were re-
corded by using different IR laser wavelengths.'** It was found
that a linearly bound cyanide species forms on the gold surface
during the initial stages of adsorption but higher-coordinated
gold-cyanide complexes develop afterward. SFG microscopy can
also be used to investigate the structure and orientation of
adsorbates, as in the case of alkanethiolate monolayers on gold
surfaces, which were characterized by following the average
orientation of the terminal methyl groups.””* The presence of
film defects was also estimated in that case by measuring the
CH,/CHj; intensity ratios. In another example, SFG microscopy
was used to examine the spatial distribution of the composition of
mixed self-assembled alkanethiolate monolayers on a gold
substrate.”** SEG microscopy can even be set up to map chirality
(because chiral objects are noncentrosymmetric, as require for
SFG generation), as in the case of the reported optically active
images of chiral 1,1"-bi-2-naphthol solutions.”** No liquid/solid
interactions were identified in that case, but a glass spacer was
used to separate one enantiomer from a racemic mixture,
showing that unique chemistry could potentially be identified
at the corresponding interfaces in similar systems. SFG micro-
scopy is not yet a widely used technique; the examples of its use
for the characterization of liquid/solid interfaces in nonbiological
applications have to date come mostly from the Baldelli group.

7.4. Infrared and X-ray Microscopies

Most of the microscopies reviewed in the previous paragraphs
rely on the use of visible or UV light, but other ranges of the
electromagnetic spectrum can be used for this purpose as well. In
particular, infrared absorption spectroscopy can be imglemented
with spatial resolution by using the appropriate optics. 25726 Ope
powerful advantage of infrared microscopy is that images can be
recorded using the signal of specific vibrational features (like with
Raman or SFG), an approach that provides great chemical
selectivity at a molecular level.””” On the negative side, although
IR microscopy can in principle be carried out with conventional
IR spectrometers and light sources, tunable light sources with
high intensities in the infrared region, typically synchrotron
facilities, are usually needed to obtain high spatial and spectro-
scopic resolution simultaneously. Also, sample preparation is an
issue: many IR microscopy experiments have been geared to the
study of biological samples, and those often need to be carried
out by using frozen or partially dried tissues, or samples
embedded in a matrix’*®"%° (although conditions have been
used in some instances compatible with living organisms’>"). IR
microscopy can be hindered by extensive infrared absorption due
to the solvent (water in many cases). Finally, the spatial resolu-
tion of IR microscopy is quite poor, in the micrometer range at
best, and therefore the information extracted from such studies
does not often address specific issues related to chemistry at
liquid/solid interfaces but rather map out the spatial distribution
of the different components in cells and other biological systems.

There are not many examples of the in situ characterization of
liquid/solid interfaces with IR microscopy; only a couple will be
cited here. In one instance, the intracellular water concentration
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Figure 21. Example of the use of Raman microscopy for the study of
chemical reactions at the liquid/solid interface. In this case, individual
S um silica nanoparticles were optical trapped within the focused beam
of an inverted confocal Raman microscope in order to characterize their
chemical conversion as a function of time.”” The silica nanoparticles had
been previously derivatized via the sequential attachment of (3-aminopro-
pyl)trimethoxysilane and fluorenylmethyloxycarbonyl (FMOC)-phenyla-
lanine. The deprotection of the phenylalanine by removal of the FMOC
group using piperidine, the reaction indicated at the top, was followed. The
time-dependent Raman spectra at the bottom show that while the aromatic
C=C in-plane stretching mode of the FMOC group at 1609 cm '
decreases with time, an indication of his removal from the surface, the
intensity of the symmetric ring-breathing mode of phenylalanine at 1007 cm ™"
remains constant throughout the reaction, showing that there is no loss of that
group from the silica surface. Courtesy of Joel M. Harris. Reprinted from
ref. 700 with permission. Copyright 2002 American Chemical Society.

in living liver cells was quantitatively imaged by following the
water IR absorption bands using a diode laser tunable within the
1530—1570 nm range.”** In another case, the spatial distribution
of the composition of a living Micrasterias sp. algal cell was
imaged in situ in the presence of a flowing liquid by mapping the
IR signal for different frequency ranges corresponding to specific
organic groups: CH,, phospholipids, amide, and carbohydrates
(Figure 22).”** In a nonbiological application, near-infrared
microscopy of fluid inclusions hosted by ore minerals that are
opaque to visible light (pyrite, enargite, and quartz) was used to
obtain compositional information such as Cs/(Na + K) and
Cu/(Na + K) ratios on ore-precipitating fluids.”** In a study on the
effect of solid surfaces on the thermal toughening mechanism of
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Figure 22. Insitu visible (left) and mid-infrared images of a Micrasterias sp.
cell in a flow chamber.”** The infrared images were obtained by integration
of the indicated frequency ranges to map out the distribution of different
chemical groups within the cell: (g) 2961—2824 cm ™", corresponding to
the stretching frequencies on CH,, groups; (h) 1758—1695 cm ™", for the
detection of phospholipids; (i) 1767—1723 cm ™, a range associated with
the so-called amide II band; and (j) 1122—980 eam, to image carbohy-
drates. Courtesy of Carol J. Hirschmug], reproduced from ref. 733 with
permission. Copyright 2009 The Society for Applied Spectroscopy.

dehydrated castor oil films, infrared absorption line scans taken
across the depth of a thermally oxidized oil-on-steel film identified a
new toughening mechanism in the layers closer to the steel surface
based on cross-linking reactions.”** Finally, the efficiency of inter-
granular esterification in waxy maize starch reacted with octenyl
succinic anhydride in a slurry was monitored by imaging the signal
for the carbonyl band at 1723 ecm ™73

At the other end of the spectrum, images of systems that include
liquid/solid interfaces can be obtained using X-rays.”*””*® Typical
radiology images are common in medical analysis but are rarely used
to look into specific chemical issues at liquid/solid interfaces.
Chemical information can be obtained by using specific radio-
isotopically labeled compounds; the visualization of the incorpora-
tion of those labels into living organisms, predominantly cells, is
the basis of the so-called radioautography technique.”** However,
molecular-level X-ray microscopy studies in chemistry and biology
require higher spatial resolution, and are commonly performed
using tunable X-rays from synchrotron sources. The need to use
focused X-rays does add significant complexity to those experi-
ments; high-resolution X-ray microscopy is often achieved by using
zone plates, circular transmission gratings with radially increasing
line density, as X-ray optics.”* Interference from the solvent is in
general less of an obstacle than with other types of radiation,”*' ~7**
but X-ray-induced damage of the sample can be a problem, in
particular in biological systems; cryo-treatments are often used to
help preserve the sample during X-ray exposures.”**

Chemical contrast enhancement agents are often required to
better view the distribution of specific sites such as cellular
structures.”**7* However, natural contrast may also be optimized
by taking advantage of the tunability of the X-ray energy in
synchrotron sources. For instance, by utilizing the natural absorption
contrast between protein and water at photon energies of about
0.52 keV, cell structures as small as 25 nm in size could be resolved
in X-ray microscope images.””’ In a different example, metal 2p
absorption edge signals were used to obtain spatially resolved images
of metal speciation in microbial biofilms cultivated from river water,

and comparisons made with biochemical characterization of the
same gpatial region using images recorded at the C 1s and O 1Is
edges.”"

Only a few examples are available for the use of X-ray
microscopy in the characterization of the chemistry of liquid/solid
interfaces in materials science. In one case, X-ray microscopy was
used to observe in situ and in real-time the changes in the shape of
the liquid/solid interface induced by either particles or void spaces
during melting of metallic systems.”*® The images in that work
were of relatively poor resolution, showing features of dimensions
close to one millimeter. In a more recent study, scanning
transmission X-ray microscopy was used to image the results from
the noncovalent assembly of lyotropic chromonic liquid crystals
into aggregates and to show the ensuing orientational and posi-
tional ordering and the segregation of the components into
nontrivial morphologies coexisting with the isotropic melt.”*’
Elemental discrimination was added to the images by tuning the
excitation source to specific NEXAFS features in the sample. An
in situ investigation of an operating fuel cell using synchrotron
X-ray radiography has been used to identify and follow the time
evolution of the primary spots of liquid water formation.”*”*" In
all these examples, the lateral resolution of the images was only in
the submillimeter range. A different setup was used for scanning
transmission X-ray microscopy in situ studies on the morpholo-
gical changes induced by water uptake and release in mixed
ammonium sulfate-adipic acid nanoparticles.”>* Although not
strictly a liquid/solid system, layers of adsorbed water could be
built up on those hygroscopic nanoparticles by increasing the
relative humidity, at which point it was found that adipic acid forms
a separate phase of complex morphology partially enclosed by the
ammonium sulfate solution. X-ray microscopy images have also
been obtained for the uptake of water on other h;rsgroscopic
samples via similar control of the relative humidity.”>*”>* Resolu-
tions below the 100 nm range were demonstrated, and chemical
sensitivity added by NEXAFS measurements.

8. MICROSCOPIES. B. SCANNING

To obtain images of liquid/solid interfaces with atomic
resolution, the most promising approach is the use of scanning
microscopies (Figure 23). A sharp solid tip is rastered across the
interface in a controlled fashion, in subnanometer steps, by using
piezoelectric drivers. In scanning tunneling microscopy (STM), a
map of the electronic structure of the interface at a given energy is
obtained by biasing the tip with respect to the surface and
recording the tunneling7 current as a function of the position of
the tip (Figure 23, left). 33756 STM is typically carried out in one
of two modalities, in constant height mode, where the tunneling
current is recorded as the tip is rastered at a fix distance from the
interface, or in constant current mode, in which case the tip
position is adjusted to keep the tunneling current constant and
recorded in topographic maps. A serious limitation of STM is
that in does not image atoms directly, only their associated
electronic structure, a distinction that is often forgotten in the
literature. Moreover, STM does not provide chemical informa-
tion in the way as other spectroscopy do. Additional local
electronic and vibrational information can in principle be ob-
tained by scanning the bias voltage at specific points on the
interface,””” but this is not done often, and has virtually not been
applied to liquid/solid interfaces to date.

In atomic force microscopy (AFM), the interaction force
between the tip and the surface is followed instead, the changes
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Figure 23. Schematic diagrams of the typical experimental setups used in scanning microscopy. Left: arrangement for scanning tunneling microscopy
(STM), where a sharp tip is rastered across the liquid/solid interface using piezoelectrics as its height is either kept constant, in which case the tunneling
current is mapped versus position, or adjusted to keep the current constant. Center: Analogous arrangement for atomic force microscopy (AFM), a
technique where topographic images are obtained by following the deformation of the cantilever that supports the probing tip, typically by following the
deflection of a laser beam off the top of the lever. Right: Setup for scanning electrochemical microscopy (SECM), where electrochemical reactions can be

carried out and recorded locally by using the tip as an electrode.

of which are measured by following the deflection of a laser spot
reflected from the top surface of the cantilever (used to support
the tip) with an array of photodiodes (Figure 23, center). Like
STM, AFM can be performed in two general modalities, constant
height or constant force, and also used to quantify the interacting
forces. For constant force imaging, AFM is typically operated in
static (also called contact) mode, where the force between the tip
and the surface is kept constant during scanning by maintaining a
constant deflection and a topographic image of the surface is
recorded. A variety of dynamic (noncontact) modes, where the
cantilever is vibrated, are used to obtain additional information
on the forces at play, and is usually preferred because of the lower
risk of damaging the sample. As is the case with STM, AFM does
not image chemical structures directly, but can in some instances
provide information on atomic-level forces.”*®

The use of scanning microscopies has blossomed over the last
couple of decades.”*®””® They have the advantage of not requiring
a vacuum environment to operate (as oppose to electron micro-
scopies); that makes them ideally suited for gas/solid and liquid/
solid interface characterization. On the other hand, these scanning
microscopies typically require the use of flat samples. Also, atomic
resolution in liquid/solid interfaces is difficult to achieve, in
particular in AFM. STM also requires the use of a conducting
surface, and preferably nonpolar liquids, since the currents originat-
ing from the flow of polar molecules or dissolved ions can be large
enough to prevent detection of the tunneling current. The latter
effect may be minimized by coating the tip with an insulating
material, a common practice in electrochemical STM studies.

8.1. Scanning Tunneling Microscopy (STM)

STM has long been used to probe in situ the structural details
of the layers formed by physisorption of organic molecules at
liquid/solid interfaces, typically on graphite, gold, or molybde-
num disulfide substrates. In the early years, extensive work was
dedicated to the study of the ordering adopted by liquid crystals
upon interaction with the solid. Those studies often showed an
increase in order with respect to the bulk g)hases and strong
conformity to the structure of the surface.”**”%* In situ STM
studies on the physisorption of long-chain hydrocarbons at
liquid/solid interfaces have provided similar interesting informa-
tion in connection with surface—adsorbate interactions and the

effect of both the chemical nature of the solvent and the under-
lying structure of the solid surface on the rearrangement and
bonding of adsorbates.”*®~7® Already in the first study of this
type, on the adsorption of n-alkane layers at the liquid/graphite
interface, it was determined that the resulting layers possess a
high degree of two-dimensional ordering and that the atomic
structure of the images is dominated by features associated with
the substrate.”®” Additional in situ STM studies on the adsorp-
tion of long-chain alkanes, alcohols, fatty acids, and dialkylben-
zene from organic solutions onto the basal plane of graphite
revealed a high degree of organization in lamellae. However, it
was shown that whereas the extended alkyl chains of those
molecules are always oriented parallel to a lattice axis within
the basal plane of graphite, the planes of the carbon skeletons can
be oriented either perpendicular or parallel to the substrate
plane.””® The growth of a second layer, rotated by 60° with
respect to the first layer, was identified at the interface between a
solution of hexatriacontane in decane and the basal plane of
graphite.””" Phase separation was observed on a graphite surface
upon adsorption of triacontane/triacontanol mixtures from solu-
tion, and significant differences were identified in those phases in
terms of the mobility and sticking probability of the molecules on
the surface depending on the nature of the solvent.””> Similar
conclusions have been reached from studies on the adsorption of
fatty acids and cholesterol,””*””* thiols,***””* and porphyrins.””®
Considerable attention has been focused recently on the study
of the formation of molecular and supramolecular networks on
surfaces via self-assembly. However, most of the STM work in
this area has been carried out under UHV conditions, and little is
known about the effect of the solvent in helping create the
organized molecular patterns ultimately formed on the solid
surface.””””7® It has become clear, though, that both the nature of
the solvent used and the concentration of solutes in the liquid
phase play defining roles.””””** In one report, for instance, the
two-dimensional pattern formed by physisorbed dehydroben-
zoannulene molecules on a graphite surface were shown to
transition from linear to honeycomb polymorphs with their con-
centration in solution.”®' Another in situ STM study showed that
up to five two-dimensional networks of rhombic-shaped fused
dehydrobenzo[ 12 ]annulenes can be formed at the 1,2,4-trichloro-
benzene/graphite interface depending on the alkyl-chain length
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and the solute concentration.”* Similarly, independent alteration
of the concentrations of two different carboxylic acids, benzene-
tribenzoic acid and trimesic acid, in binary solutions in two
different solvents, heptanoic and nonanoic acid, resulted in six
packed monolayer phases with different structures and stoichio-
metries on the same graphite surface, all stabilized by intermole-
cular hgdrogen bonding between the carboxylic acid functional
groups.”*® Multiple crystalline phases at the liquid/solid interface
were also observed with an amide amphiphile containing a C;g
alkyl chain, formed via noncovalent interactions.”** The formation
of these multiple phases has been explained as the result of a
balance between kinetic and thermodynamic forces.”*®

More complex self-assembled patterns have also been imaged
in situ by STM on liquid/solid interfaces by adding specific guest
molecules to the porous supramolecular structures discussed
above. One example of this can be seen in the case of the addition
of coronene molecules to the two-dimensional molecular tem-
plate of 1,3,5-benzenetricarboxylic acid that forms on a highly
oriented pyrolytic graphite surface upon adsorption, in which
case the guest molecules were seen to rotate inside their mole-
cular bearing,”* In a related study, coronene was shown capable
of inducing the formation of a hydrogen-bonded isophthalic acid
supramolecular macrocycle; the resulting heterocluster then
forces an alkoxylated dehydrobenzo[12]annulene to form a
van-der-Waals-stabilized honeycomb lattice to finally yield a
three-component two-dimensional crystal containing nine mol-
ecules in the unit cell.”®” Even four-component self-assembled
layers can be built this way.”** Figure 24 shows another case in
which Cg was seen to adsorb inside the cavity exposed by
calix[8]arene molecules self-assembled on Au(111).”%° The
selective accommodation of fullerenes in a two-dimensional
hydrogen-bonded porous network formed by an azobenzene
derivative, which contained two different types of cavities, was
shown to be driven by the relative size of the void spaces in the
host and guest molecules.””® Either chemical markers within the
molecules being self-assembled””" or small probe molecules’*>
can also be used as “flags” for the identification of interfacial
structures, to determine, for example, the absolute chirality of
optically active molecules self-assembled on solid surfaces.””>”**
Another possibility is to obtain spin-contrasted STM signals from
the paramagnetic and diamagnetic parts of molecules, as demon-
strated in a study on the self-assembly of 2-( 14-carboxytetradecyl)-
2-ethyl-4,4-dimethyl-3-oxazolidinyloxy adsorbed from a l—gheny—
loctane solution onto a highly ordered pyrolytic graphite.””®

In situ STM imaging can also be used to follow the dynamics
of self-assembly and of adsorption on the resulting surface supras-
tructures. In general terms, it has been shown that the presence of
the solvent helps with the reversible transition among the different
two-dimensional phases that may form at the interface.””> For
instance, in one study, STM was used to document the reversible
assembly and reassembly of two ordered supramolecular guanine
motifs at a liquid water/graphite interface.””® The kinetics of
Ostwald ripening, that is, the coarsening of surface nanocrystals in
two dimensions, was also observed in situ by STM for alkylated
anthraquinone and oligothiophene.”” Reversible phase transitions
have been reported between different self-assembled structures of
1,3,5-tris(4-carboxyphenyl)benzene at the carboxylic acid/graphite
interface.””® In cases of adsorption of guest molecules on templates
of host suprastructures, time-resolved STM experiments have been
used to reveal that diffusion of the guest may proceed through
thermally activated channeling or hoping between individual
hosts.”””*® In most of these examples, the dynamic processes

OBOCMCS Calix[8]arene
from 0.1M HCIO, on Au(111)

OBOCMCS Calix[8]arene+Cg,
from 0.1M HCIO, on Au(111)

Figure 24. Illustration of the use of STM to characterize chemical
processes in liquid/solid interfaces, in this case with monolayers of
OBOCMCS, a calix[8]arene derivative, adsorbed from 0.1 M HCIO,
solutions onto a Au(111) surface.”®’ Images are shown for adsorption of
the calix[8]arene alone (left) and mixed with Cgo (right). Schematic
representations of the corresponding ordered arrays are shown at the
bottom. The images suggest that the Cgy buckyballs insert themselves
into the calyx structure of OBOCMCS. Courtesy of Li-Jun Wan and Ge-
Bo Pan. Reproduced from ref. 789 with permission. Copyright 2003
Wiley-VCH, Verlag GmbH & Co. KGaA.

described were identified by recording full images on a sector of the
surface, and therefore could only be followed in a time scale in the
order of seconds.

Some reports can also be found on the use of STM to
characterize electrochemical processes. Indeed, such application of
STM has more than a decade of history already, and has yielded
information on the structures of adsorbed anions, the adsorption of
organic molecules, the electrochemical dissolution of metals and
semiconductors, and even the energetics of formation of adsorbed
layers.**" 5% The majority of the studies in this area have focused
on the characterization of the deposition of halide on the surface of
single-crystal electrode surfaces, where complex ordered Ia&ers are
often observed, sometimes changing with applied voltage.*** It has
also been shown that the ordered halide overlayers can be used as
templates for the ordered deposition of a second layer of metallo-
supramolecular cations.*®® In a case involving nonhalide anions,
Taranovskyy et al. quantified the diffusion of sulfur atoms on a
Cu(100) single-crystal electrode surface immersed in an HCI
solution by recording the statistics of pairwise distances between
adsorbates, and from that calculated the appropriate pairwise
potentials.**® An in situ STM study on the initial stages of oxidation
of a Cu(111) surface in a basic solution showed that Cu,O
formation starts reversibly and preferentially at the upper-terrace
side of step edges, with oxygen adsorption leading to a decrease in
the mobility of the Cu atoms along the step edges.””’ In connection
with cases of corrosion, an in situ STM study of Cu(100) electrode
surfaces revealed that the initial stages of anodic Cu dissolution is
accompanied by strong fluctuations in the step positions and an
increase in step roughness in H,SO, but involves step stabilization
by ac(2 x 2) Cladlayer and copper dissolution in complete atomic
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rows with HCL**® Complex step dynamics under electrochemical
conditions has been found to be common, and key in understanding
the behavior of those surfaces.*”*!!

STM has also been used to look at the interfaces between
solids and ionic liquids under electrochemical conditions. For
instance, in situ STM images have highlighted the formation of
ordered PFs  adsorbed layers from a 1-butyl-3-methylimidazo-
lium hexaﬂuoroghosphate ionic liquid onto an electrified Au-
(111) interface.”"> Another in situ STM study showed that the
electrodeposition of Ga on Au(111) from GaCl; in the ionic
liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)-
amide is initiated by the formation of islands.*"® Another in situ
STM study has proven that ionic liquids may induce surface
reconstruction in gold electrodes when an electric potential is
applied.*"*~*” A final, more unique, example here is the report of
the use of 1-butyl-3-methylimidazolium hexafluorophosphate as an
electrochemical gate in a STM configuration.*"®

In situ studies of the liquid/solid interfaces in catalysis using
STM are quite scarce. One interesting example is that where
single-molecule real-time imaging was performed on a manga-
nese porphyrin oxidation catalysts adsorbed from a n-tetradecane
liquid phase onto a Au(111) single-crystal.*'***° It was deter-
mined that the oxygen atoms from molecular O, bind to adjacent
porphyrin adsorbates on the surface before they react with the
alkene substrate. In another report, the corrosion of platinum
deposited onto a graphite surface, a model catalyst for the
catalytic oxidation of L-sorbose to 2-keto-L-gulonic acid, in a
neutral aqueous solution was shown by STM to occur within a
few hours.**' To note here is the fact that the conclusions in these
examples were derived indirectly via imaging of the evolution of
the surface during catalysis; we are not aware of any report of
in situ STM studies of actual catalytic processes involving liquid/
solid interfaces to date.

The tip in STM instruments can also be used to manipulate
adsorbates and trigger specific surface chemistry, and a few examples
of such operation in liquid/solid interfaces are already available in
the literature. For instance, a C4y molecule has been transferred
between adjacent cavities in the two-dimensional architecture built
out of trimesic acid molecules adsorbed on a graphite substrate this
way.** In another case, the group of Weiss recently reported on the
manipulation and grafting of double-decker porphyrin molecules
on graphite submerged under a 1-phenyloctane solvent.*** Single
“sandwich” naphthalocyanine-letetium-octaethylporphyrin - mol-
ecules were adsorbed on the graphene and then decomposed with
voltage pulses from the STM tip; afterward, the top octaethylpor-
phyrin ligand was removed, so the bottom naphthalocyanine ligand
was left on the surface. This approach allows for the nanopatterning
of surfaces (Figure 25). The STM tip can be used to initiate
polymerization reactions on solid surfaces as well.*** For instance,
it has been shown that chain polymerizations of the topmost surface
layers from substituted diacetylene multilayer films deposited from
phenyloctane solutions onto graphite substrates can be initiated
by applying a pulsed voltage between the STM tip and the
substrate.*>**® In a more detailed study on the STM-tip-induced
chain polymerization of 10,12-tricosadiynoic acid in a self-organized
monolayer at the interface between a solution of the monomer and a
highly oriented pyrolytic graphite, it was shown that oligomers could
be produced by applying a short voltage pulse between the STM tip
and the sample, with a probability that depends on the length of the
applied pulse.*”” In that study, it was also proven that the polym-
erization could be confined to well-defined nanometer-sized areas
by using molecular “corrals”.

8.2. Scanning Electrochemical Microscopy (SECM)

The tip used in STM can also be used as an electrode to carry
out scanning electrochemical microscopy (SECM), to add
reactivity to the study of electrochemical systems (Figure 23,
right panel). This technique was introduced bg Bard in the late
1980s to investigate biological processes.**®~**° The small size of
the tip adds a number of advantages in terms of the electro-
chemical studies, in particular the fact that those minimize the
charging current, uncompensated resistance, and convection
effects typically seen with conventional electrodes.*>"*** On
the other hand, the electrochemical currents may interfere with
the tunneling currents used in STM. In general, the tip in SECM
is coated except for the very end in order to minimize contact
with the liquid phase.

New advances in the use of SECM include the study of charge
transport in thin films and membranes, electrocatalytic activity,
the mapping of the local properties and reactivity of metals,
insulators, and semiconductors, and the characterization of
biological systems such as ion transport across channels in single
cells and cellular and enzymatic activity.****** In terms of
problems related to energy generation, this technique has been
used to study the deposition of metal nanoparticles, the chemical
reactivity of noble metal nanoparticles for hydrogen and oxygen
evolution, and electrocatalytic processes driven by enzymes for
uses in biofuel cells.****3* In the next couple of paragraphs, we
cite a few selected examples of the use of SECM to problems in
different areas of chemistry, materials science, and biology.

In research related to corrosion, SECM has helped character-
ize the early stages of localized corrosion, the electroactive defect
sites in passive films, the local initiation of pits, and the degrada-
tion of coating properties on steels.®* For instance, in situ SCEM
images of 304 stainless steel in a chloride solution at the open-
circuit corrosion potential were used to locate the sites for the
oxidation of Fe*" emanating from metastable pits.*” SECM was
also used to identify localized electron-transfer activity at aluminum
surfaces covered by their native oxide film in acetonitrile solutions,
using the nitrobenzene/nitrobenzene-radical-anion couple as redox
mediator.®*® In conjunction with AFM, SECM studies showed the
superior properties of a newly developed Al—Mn—Si—Zr alloy for
use as fin or tube material in heat exchangers for automobiles; that
alloy displayed lower corrosion activity and smaller tunnel-like pits
than the well-known EN AW-3003 material.**”

In biological applications, SECM has been used to image
individual cells on the basis of their activity in photosynthesis,
respiration, electron transfer, single vesicular exocytosis, and
membrane transport.***~** In-vivo SECM images of the oxygen
evolution above single stomata in Brassica juncea showed a clear
pore structure for the oxygen produced, and a decreased oxygen
evolution in response to cadmium addition attributed to a lower
photosynthetic yield.*** Figure 26 shows images from a similar
experiment with PC12 cells, a model cell type for studying
neuronal function; a topographic image was correlated with an
electrochemical image for oxygen reduction, obtained at a probe
potential of —0.50 V versus a Ag/AgCl reference electrode, and
the spatial distribution of the SECM signals was used, in
conjunction with diffusion theory, to estimate the respiration
rate of the PC12 cell.*** SECM has also been employed to probe
the redox properties of individual mammalian cells by measuring
the rate of mediator regeneration by the cell, and to evaluate the
several factors that determine the rates of the different steps of
the process, including intracellular concentration of redox cen-
ters, mixed redox potential inside the cell, and the rate of
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Figure 25. Example of the use of STM for the manipulation of molecules adsorbed at liquid/solid interfaces.*** Left: Schematic representation of the
nanografting procedure followed for the preparation of mixed layers of octakis(octyloxy)phthalocyanine (OctOPc) and naphtalocyanine-lutetium-
octaethylporphyrin (Nc-Lu-OEP) onto a graphite surface from a 1-phenyloctane solution. Right: Resulting STM images. The smother surfaces seen on
the sides correspond to the Nc-Lu-OEP double-decker molecules initially deposited on the surface, whereas the more corrugated center strip is
associated with the bottom naphthalocyanine species that remains after removal of the top octaethylporphyrin ligand by applying voltage pulses with the
STM tip. Courtesy of Paul S. Weiss, Tomohide Takami, Jianzhuang Jiang, and Bala Krishna Pathem. Reprinted from ref. 823 with permission. Copyright

2010 American Chemical Society.

membrane permeation by mediator species.*** In a SECM study
with living PC12 cells, six biocompatible redox mediators were
identified and used for 1mag1ng of the cells before and after
exposure to nerve growth factor.*** In an example of studies of
transport across membranes, the cytotoxicity of menadione on
hepatocytes was studied with SECM by detecting the menadione-
S-glutathione conjugate (thiodione) that is formed during the
cellular detoxication process and is exported from the cell by an
ATP-dependent pump.**” Visualization of immobilized antibodies
can also be achieved with SECM, since the tip current reflects the
density of active binding sites in the immobilized antibody layer.***
Other heterogeneous systems amenable to studies by SECM
include self-assembled layers, thin films, sensors, conductive
polymers, modified electrodes, batteries, and electrocatalysts.**’
In one example, scanning probes were used to show that
enantiopure metallo-supramolecular rhombs self-assemble from
solution onto a Cu(100) electrode surface precovered by a
tetragonal pattern of chloride anions through coordination of
bispyridyl-substituted ligands.**° In a study involving polymers,
SECM has been used to image the ejection of Os(bpy)s>
counterions from Nafion coatings on electrodes during their
electrochemical oxidation to Os(bpy);”*.**! In another study, on
the electrochemical reactivity of a Cu(lOO) single-crystal electrode
surface covered with a free-base porphyrin, the formation of a
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well-ordered self-assembled layer of the reduced porphyrin after the
first two-electron reduction step was revealed, and also the dissolu-
tion of copper starting at step edges coincidentally with the
preferential oxidation of reduced porphyrin species at the same
sites.®? In a case associated with corrosion, a scanning vibrating
electrode technique was added to SECM to investigate micro-
scopic aspects of the electrochemistry of the iron—zinc galvanic
couple immersed in aqueous sodium chloride solution to obtain
information on the distribution of ionic currents arising from the
metal surface, adding to the SECM measurements of the concen-
tration of chemical species relevant to the corrosion processes.*> In
electrocatalysis, SECM has been used for the characterization of thin
film combinatorial libraries for fuel cell electrode applications.**
SECM is ideal for measuring the kinetics of char rge transfer
locally at specific sites within liquid/solid interfaces.™ Indeed,
SECM has been used to measure rates of electron transfer across
a variety of self-assembled molecular monolayers, to estimate rates
for the direct transfer through the film, for transfers in bimolecular
reactions between attached and dissolved redox species, and for
electron transfers mediated by monolayer-attached redox moieties.
Examples include cases as diverse as ferrocene/ alkanethiol pairs,
Ru(NH;)** through alkanethiol molecules,**® and cytochrome ¢
electrostatically immobilized onto a COOH-terminated alkanethiol
self-assembled monolayer,*” all supported on gold electrodes,
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Figure 26. Example of the use of SCEM to correlate topographic informa-
tion with specific electrochemical activity. In this case, images are provided for a
single PC12 cell in aqueous solution.*** Topographic (a) and electrochemical
(b) two-dimensional contour maps are provided, the latter by using a probe
potential of —0.50 V versus a Ag/AgCl reference electrode to promote
reduction to O,. Height and current profiles are also shown, in panels (c) and
(d), for the two cross sections indicated by the white lines in the images above.
Clear enhanced oxygen production activity is seen at the center of the cell, and
an oxygen profile defined by diffusion of the product to the exterior of the cell.
These data were used to estimate the respiration rate of the cell. Reprinted
from ref. 844 with permission. Copyright 2006 American Chemical Society.

Cd** adsorbed on w-mercaptoalkanoic acid self-assembled mono-
layers,”® ferrocenyl-functionalized poly(propylenimine) dendri-
mers immobilized at monolayers of 3-cyclodextrin on glass,*** gold
nanoparticles supported on a silanized glass substrate®® or on
polymer multilayers,**' and glucose dehydrogenase immobilized on
a hydrophobic surface,*> to mention a few.

8.3. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is complementary to STM in
that it is also useful to spatially image properties in liquid/solid
interfaces.”>**% The difference is that, in AFM, forces instead of
tunneling currents are used to obtain topographic views of solid
surfaces (Figure 23, center panel). It has been, in general, much
more difficult to obtain atomic resolution with AFM than with
STM, but that is starting to change thanks to new developments
such as the introduction of tapping and intermittent contact
modes and of frequency-modulation AFM, which reduces the
magnitude of interfering lateral forces.*****® A number of
complications do need to be addressed when dealing with
liquid/solid interfaces beyond those intrinsic to all AFM experi-
ments, including the softness of the interface, the presence of new
van der Waals interactions, and the addition of capillary forces.**
Another limitation is the low quality factor of the cantilever
resonance in liquid environments, which leads to high noise
levels and poor resolution; this problem can be minimized by
using stiff cantilevers and/or reducing the amplitude of the
oscillations.*” %73 On the positive side, AFM can be used not
only to obtain topographic images, but also to measure forces
down to the magnitude of individual molecular interactions.®”*

AFM has been extensively used to investigate systems of
biological interest.*”>~*”® In terms of imaging, AFM affords the
detailing of specific features within isolated cell membranes
adsorbed onto flat supports with subnanometer resolution, and
spatial resolution on the order of 10 nm on corrugated cell surfaces
is possible as well. Much work is available in the literature on the
use of AFM in situ for the imaging of live cells,®”® starting with the
first reported AFM image, that of a plant cell imaged in water.*** In
the early years there was some fear that AFM would not be viable
for the study of living cells because of the potential to rupture the
delicate membranes, but in fact many images were soon obtained
of living cells even in contact mode.®®' "% In one case, AFM was
used to reveal that the rhodopsin in mouse disk membranes forms
paracrystalline arrays of dimers.**® Most of the early work on AEM
imaging of cells focused on mammalian cells, mainly because those
generally adhere well to surfaces and are therefore not easily
removed by the scanning tip, but smaller bacterial and yeast cells
can now be immobilized on surfaces before imaging by various
techniques such as entrapment in membrane filters™’*** and
tethering via surface modifications.****”" AFM is also becoming a
useful tool to image viruses,*”> and to study systems of pharma-
cological interest such as drug delivery.*”>

AFM imaging has been often used to identify changes in living
systems, either intrinsic or generated upon the application of
external stimuli. An interesting example from such AFM studies
is the identification of 14 subunits arranged in a cylindrical ring in
the turbine of ATP synthase from leaf chloroplasts, the smallest
rotary motor in biology.*** In another study, AFM images of
individual tubulin protofilaments showed that taxol stabilizes
microtubules, which exist in dynamic equilibrium growing and
shrinking by the addition or loss of tubulin dimers from the ends
of the protofilaments, by straightening the guanosine diphos-
phate protofilament and slowing down the transition of proto-
filaments from straight to a curved configuration.**® There is also
a report of AFM images of the cytoplasmic domains of the gap
junction surface form a hexameric pore protruding from the
membrane bilayer, which were shown to have significant intrinsic
flexibility and to undergo a reversible conformational change
upon injection of Ca** ions into the buffer solution.**® AFM of
freshly isolated outer mitochondrial membranes were used to
demonstrate the existence of voltage-dependent anion channels
in several forms, from monomers to hexamers and higher
oligomers.*”” AFM has also provided some insight into the
evolution of photosynthetic membranes of a bacterium in response
to light, indicating that the local environment of core complexes
remains unaltered while specialized paracrystalline Iight—harvesting
antenna domains grow under low-light conditions.®

AFM can be used not only to image cells but also to measure
forces within specific regions of those cells. In an early report,
adhesive interaction forces measured in Madin—Darby canine
kidney and RS cells by AFM were attributed to either the rupture
of individual hydrogen bonds or interaction with ordered water
layers near the surface.*”” In a subsequent study, an AFM mapping
of the relative elasticity of mouse F9 embryonic carcinoma cells
showed a correlation with magnetometer measurements that
suggested promotion of cell adhesion by vinculin.”® The turgor
pressure of magnetotactic bacteria of the species Magnetospirillum
was qouantiﬁed with AFM by measuring the deformability of the
wall”™®" AFM in force-mapping mode was used to track the
dynamic changes in the stiffness of the cortex of adherent cultured
cells associated with cell division, to show that cortical stiffening
occurs over the equatorial region before any furrow appears, that the
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stiffening increases as the furrow starts, and that polar relaxation of
cells does not seem to be required for cell division to occur.””

AFM has also been used to measure the interaction forces
between pairs of biomolecules, by functionalizing the AFM tip
appropriately with one of the molecules of interest. Several
examples of this use address interactions between DNA strands.
In one report, by first attaching the oligonucleotides covalently to
both a spherical probe and a flat surface, those forces were
measured and correlated with the number of base pairs involved
in the interchain interactions.”” In another study, using self-
assembled purines and pyrimidines on planar gold surfaces and
on gold-coated AFM tips under water, directional hydrogen-
bonding interaction between the tip molecules and the surface
molecules could be detected and measured only when opposite
base-pair coatings were used.””* The AFM tip functionalization
approach has also been used to probe receptor—ligand binding.
For instance, specific and discrete forces have been identified
using AFM between biotin, attached to the cantilever, and either
avidin or streptavidin, anchored to the flat surface.””>”%® Another
elegant example is that of the use of a chiral acylated phenylglycine-
coated tip to distinguish between the two enantiomers of
mandelic acid arrayed on a surface through differences in both
the adhesion and the frictional forces measured by the probe.”®”
A third example involving selective AFM probing on whole cells
is the case of the imaging of the affinity of red blood cells to an
AFM tip functionalized with Helix pomatia lectin as a way to
differentiate between A and O types: the high specificity of the
lectin for the N-acetylgalactosamine-terminated glycolipids pre-
sent in the membrane of group A red blood cells afforded the
discrimination between the two cell populations (Figure 27).”%
Measurements have been carried out on the forces required to
unrave] certain biomolecules as well. Examples of this include the
unfolding of individual Titin®* or tenascin’'® immunoglobulin
domains, and the unzipping of an entire bacterial pore from an
isolated membrane surface of Deinococcus radiodurans.”™"

Some reports are also available on the use of AFM to image
liquid/solid interfaces in situ in nonbiological systems. In con-
nection with the behavior of mineral surfaces, one of the earliest
reports focused on the structure of freshly cleaved calcite under
water.”'? Later, high-resolution in situ AFM of calcite surfaces
showed low kink density and weak step edge fluctuations, a result
that contradicts the classical terrace-ledge-kink model of crystal
growth used to interpret mineral formation.”"* AFM has also
been used to measure the force of interaction between a SiO,
glass sphere and a TiO, crystal in an aqueous medium as a
function of pH.”** In a problem of electrochemistry, an in situ
electrochemical AFM study proved that the inhibition of copper
corrosion by linear sodium heptanoate is due to the formation of
a layer of copper heptanoate, the morphology of which changes
as a function of several electrochemical parameters.”'®

Liquid/solid AFM has also had some impact in colloid and
polymer sciences.”'® For instance, AFM images of an asymmetric
cationic Gemini surfactant adsorbed from an aqueous solution
onto a mica surface indicate the formation of complete micelles
with a hexagonal structure.””’ In more general terms, the different
AFM images obtained for quaternary ammonium surfactant aggre-
gates formed from aqueous solutions onto different solids indicate
the balance that must exist between the natural free curvature as
defined by intermolecular interactions and the constraints imposed
by specific surfactant-surface interactions.”"® AFM has been used to
prove phase separation in Langmuir—Blodgett films,”* and also to
directly measure the interaction forces between colloidal particles as
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Figure 27. Tllustration of the use of AFM in situ in a liquid environment to
obtain a spatial mapping of specific chemical groups. In this case, a mixture of
groups A and O red blood cells were probed with AFM by using a lectin-
funtionalized tip, to take advantage of the selective affinity to lectin by the
sugar moieties at the A (but not the O) cells.”® Left: Typical force curve
recorded on group A cells, showing the three main events in these
experiments: (a) the approach of the tip into contact with the cell surface;
(b) the stretching of the lectin as the AFM tip is moved away, because of its
binding to the cell; and (c) the rupture of the lectin-sugar molecular bridge.
Right: Superimposed topographic (light gray) and adhesion (sharper
contrast, highly pixelated) images of mixed layer of group A and O red
blood cells spread on a polylysine-coated glass surface. The adhesion forces at
each image pixel were calculated from the last rupture peak of the retract curve
(step c), whereas the height image was calculated from the piezo elongation at
the contact point (step a). The selective chemistry between the lectin and
sugar species was used here to discriminate between the two red blood cell
groups: the bright regions in this image correspond to the group A cells.
Adapted from ref. 908 with permission. Copyright 2000 SAGE Publications.

a function of surface separation.””® In an AFM study on the
adsorption of charged latex particles onto a mica substrate, a high
degree of short-range order was found when the surface coverage
approached saturation, and a reduction in the range of ordering due
to double-layer screening of interparticle repulsions was also
observed.”' AFM studies with different surfactants have shown
how they adsorb and self-assemble at liquid/solid interfaces, and
how mixtures of surface-active materials can show synergistic inter-
actions that can be manifested as enhanced surface activity, spread-
ing, foaming, and detergency.”* Even the contact line tension of a
solid (perfluorinated alkylsilane-covered glass)—liquid (water)—
vapor (air) three-phase system could be determined from the liquid
surface topography data obtained with scanning force micro-
scopy.”” Finally, in connection with polymer science, an in situ
AFM study of the conformations of poly(2-vinylpyridine) at the
liquid/solid interface as a function of pH indicated that the highly
protonated poly(2-vinylpyridine) chains adopt a two-dimensional
equilibrated random coil conformation, whereas at low degree of
protonation they exist as strongly compressed three-dimensional
coils.”* Another report showed that the “reptational” movements of
isolated isotactic poly(methylmethacrylate) polymer chains on a
mica substrate can be accelerated by the addition of water.”*
Progress during the redox-driven cycle of individual neutral and
oxidized poly ferrocenyldimethylsilane macromolecules was fol-
lowed by AFM, where reversible motion could be controlled
in situ by adjusting the electrochemical potential.”>

9. MICROSCOPIES. C. OPTICAL SCANNING

Close to atomic resolution in microscopy can also be obtained
by optical means by placing the probe, typically a microscopic tip,
very close to the liquid/solid interface in order to go beyond the
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resolution limit imposed by the wavelength of the light. This
approach is known as scanning near-field optical microscopy
(SNOM, or NSOM).”*”?® In this case, the measurement of
optical properties relies on the evanescent waves generated
between the tip and the surface, and the resolution of the image
is limited by the size of the detector aperture and the distance
between the probe and the surface, which can be as small as a few
nanometers, not by the wavelength of the illuminating light. To
obtain spatial images of the sample, the tip is typically scanned by
using piezoelectrics, in a similar way as in STM and AFM. Several
spectroscopic methods can be coupled with SNOM, from which
the most common is fluorescence detection. SNOM can be set
up in a number of modes, roughly grouped as aperture and
apertureless depending on the type of tip used, either a fiber
optic, to allow light to travel in or out of the area being probed, or
an opaque tip used as antenna for the collection and amplification
of light coming from an outside source.

The main advantage of SNOM is that spectroscopic informa-
tion can be added to the high spatial resolution possible with
scanning microscopies. Atomic resolution is near impossible in
this case, but resolution down to a few tens of nanometers has
been possible in some instances, sufficiently high to identify
single features in many biological systems. On the other hand,
SNOM faces the same limitations of other scanning spectro-
scopies. One of the most critical when liquid/solid interfaces are
involved is the ability to control the position of the tip, to avoid
damaging the surface.””””*' In addition, the optical signals are
typically weak, especially when using apertured optical fibers, and
that often leads to low signal-to-noise ratios, in particular if
specific chemical information is desired.”** Because of the need
to combine two sophisticated sets of techniques, optical spectro-
scopies and scanning microscopies, SNOM is also quite difficult
to implement. Nevertheless, many recent developments have
help overcome the limitations of SNOM and achieve increasingly
better spatial”>**** and temporal”>>** resolution in the imaging
of liquid/solid interfaces.

Most SNOM studies of liquid/solid interfaces up to date have
been directed at the characterization of biological systems and have
often relied on the apertured fluorescence approach (after cloning
appropriate fluorescent molecules to the cells to be studied). Even
in this area, though, the number of reports to date has been limited.
In one case, SNOM was used to determine that orange-emitting
fluorophores are not a major component in lipofuscin granules
isolated from human retinal pigment epithelium cells.””’ In
another study, the distribution of the N-methyl-p-aspartate recep-
tor channels in the membrane of a rat cortical neuron were
identified after tagging them with a carbocyanine dye through
the use of antibodies.””® SNOM images of a nuclear pore complex
(a supramolecular protein complex embedded in the double
membrane of a cell nucleus), labeled by using fluorescent-marked
antibodies against one of its nucleoporins, were obtained with
sufficient resolution to identify single nuclear pores in the nuclear
envelope with a nearest neighbor distance of ~120 nm.”* SNOM
was also used to directly visualize nanometric-sized domains of the
transmembrane protein DC-SIGN on the membrane of dendritic
cells in a liquid environment with a resolution of approximately
90 nm.”* In a final example, fluorescence SNOM was used to
image the orientation”*' and phase separation®*** of supported
phospholipid bilayers used as models for natural membranes. In all
these examples, SNOM was used mainly to image and locate
specific functions within the biological samples studied, not to
investigate chemistry occurring at the liquid/solid interface.

The use of other versions of SNOM, including infrared and
Raman-based spectroscopies and apertureless setups, for the
characterization of liquid/solid interfaces is still by and large in
the future.”** %" There are nevertheless some interesting re-
ports on these new directions of research already. For instance,
an interferometric SNOM setup was successfully tested for the
imaging of oil droplets on a mica support at a resolution of
10 A.>*® Midinfrared SNOM images of single motile fibroblasts
living cells could be obtained under water by using the Stanford
Free Electron Laser tuned to absorption peaks of both protein
and lipid molecules; strong absorption from lipid molecules was
seen in the motile fibroblasts.”*’ An apertureless IR version of SNOM
has been developed where an AFM probe is used as a temperature
sensor to measure the absorption of IR radiation,”* and an interesting
recent report has proven the applicability of this technique to map the
spatial distribution of specific chemical groups in living cells.”>' There
has also been some interest in the development of tip-enhanced
Raman spectroscopy (TERS) in recent years, > but to the best of our
knowledge, no applications of TERS to liquid/solid interfaces have
been reported yet. The effect of the liquid solvent on the electric fields
on which that technique relies for signal enhancement has not, as far
as we know, been tested; a theoretical study predicts not only a
reduction in signal enhancement of up to several orders of magnitude
but also the red shift of some signals.”>*

10. MICROSCOPIES. D. ELECTRON (SEM, TEM)

Electron microscopies, which rely on the use of electrons, are
typically operated under vacuum conditions and are therefore
not typically suitable for the study of liquid/solid interfaces. In
this respect, they share the same limitations of XPS and other
surface-sensitive techniques, as discussed in Section 6.1, although the
fact that electrons with much higher energies are used for
microscopy means that they can penetrate deeper through
condensed phases. The use of electron microscopy is certainly
pervasive in studies involving the imaging of biological
samples.”>* However, in most of those applications, the samples
are prepared to make them compatible with the vacuum envir-
onment, a process that often involves freezing or casting in a
matrix of an appropriate material. The main purpose in those
cases is to obtain images of the tissues under study, not to
investigate any particular interfacial chemistry. One advantage of
electron microscopy is that compositional analysis can be added
to the collection of images by using energy-dispersive X-ray
spectroscopy (EDX, EDAX, EDS) or electron energy loss
spectroscopy (EELS).

The same as with XPS, “environmental” electron microscopy
instrumentation has been developed recently to deal with non-
vacuum systems, mainly to look at gas/solid interfaces, but, in
some instances, at liquid/solid systems also. In fact, setups based
on closed cells were designed some time ago where confinement of
the nonvacuum environment is achieved by using electron-trans-
parent windows.”*>** The early designs were mostly operational
under gas atmospheres, but more recent cells afford in situ
transmission electron microscopy (TEM) imagéing of living organ-
isms and bioreactions in aqueous conditions.”’” One nonbiologi-
cal example of the use of this closed-cell TEM approach is that of
the dynamic recording of the nucleation and growth of nanoscale
copper clusters during electrodeposition.”*® A more recent in situ
TEM study, on the development of platinum nanocrystal in
colloidal solutions, showed that nanocrystals can grow by both
monomer attachment from solution and particle coalescence, and
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Figure 28. Example of the use of transmission electron microscopy
(TEM) for the in situ characterization of reactions involving liquid/
solid interfaces. The set of images in this figure corresponds to a time
sequence during the growth of two platinum nanoparticles from Pt-
(acetylacetonate), in a mixture of o-dichlorobenzene and oleylamine.”>®
The two rows illustrate two growth mechanisms, via the coalescence of
two smaller particles (top) and by stepwise growth one monomer at a
time (bottom). Recrystallization was also observed during the coales-
cence of particles, as indicated by the contrast changes highlighted by the
arrows. Courtesy of Paul Alivisatos and Haimei Zheng. Adapted from
ref. 959 with permission. Copyright 2009 AAAS.

that the combination of the two processes helps narrow down an
initially broad size distribution into a nearly monodisperse distribu-
tion (Figure 28).”* Similar enclosed cells have been developed for
use in scanning electron microscopy (SEM), mostly for biological
uses.”®%! In all these cases, though, it has become clear that a
couple of problems may limit the usefulness of closed-cell arrange-
ments: (1) the finite amount of liquid in the cell may skew the time
evolution of the chemistry in the samples as the reactants in solution
are consumed, and (2) bubbles may form via evaporation of the
liquid by the electron beam. To avoid those problems, liquids may
be introduced in electron microscopes via the use of microfluidic
flow cells instead.”*>*** Such arrangements are quite new, and their
usefulness for the study of liquid/solid interfaces is still to be proven.

TEM imaging can also be carried out in situ in cases where the
vapor pressure of the liquid is low such as with some melts.”*>** As
an example, atomic-resolution TEM has been used to follow the
melting of gold nanoparticles.”*”®® The impressive images from this
study have provided clear evidence for frequent twinning of the
crystalline nanoparticles at the onset of melting. High (15 ns) time
resolution TEM was also used to follow the rapid solidification
dynamics of 80 nm-thick Al thin films made by pulsed laser melting,
and to determine the moving speed of the liquid/solid front.”® In
one case, by using a zeptoliter-size pipet, the crystallization of
nanometer-sized fluid drops of Au-,Ge,g was seen to avoid nuclea-
tion in the interior and to proceed via an initial liquid-state surface
faceting instead.””®””" Another research group carried out similar
studies on the growth of Si and Ge nanowires promoted by Au—Si
and Au—Ge catalysts, respectively, showing the liquid nature of
the eutectic catalyst droplet; unexpected observations, including
surface facetin3g and diffusion of the catalyst during growth, were
reported.”’”>””> TEM studies on the growth of solid silicon from
liquid gold—silicon catalyst particles as a function of increasing silicon
supersaturation indicated that the nucleation is heterogeneous,
occurring consistentlgr at the edge of the AuSi droplets regardless
of particle size.””**”® Another report provided electron microscopy
evidence for the influence exerted by confined nanoscale geometries
on the physical transformations of some materials.””” It was shown
that capillary pressure pushes the melt formed from heating a
germanium nanowire attached to a gold nanocrystal into the
cylindrical neck of the nanowire, and that gold diffusion is several
orders of magnitude slower than in a bulk germanium crystal.
The elemental concentrations and redistributions of different

elements during crystals nucleation and growth with alloys has also
been monitored in a transmission electron microscope by using
energy-dispersive X-ray spectroscopy on partially molten Al—Si—
Cu-Mg alloy particles during in situ heating.””®

Finally, in situ TEM characterization of liquid/solid interfaces
may also be possible with ionic liquids. In one report, the
dimensions of the particles made during the synthesis of copper
nanoparticles in ionic liquids using plasma electrochemical
deposition were determined in situ by TEM.””” Another in situ
TEM study, on the structural evolution of the materials in a
lithium ion battery during dynamic operation, indicated limited
wetting of the ionic li%uid used as the electrolyte on the surface of
an SnO, electrode.”® TEM has been used in situ to detect the
nucleation of gold nanoparticles from tetrachloroauric acid
catalyzed by rutile particles dissolved in a N,N,N-trimetyl-N-
propylammonium-bis(trifluoromethanesulfonyl )imide ionic li-
quid upon radiation with UV light.”*"

11. CONCLUDING REMARKS

In this review, we have attempted to list and discuss the main
spectroscopic techniques that have been developed or adapted for
the study of the chemistry of liquid/solid interfaces at the molecular
level. Clearly, the study of such interfaces is quite difficult, certainly
more difficult that the characterization of vacuum/solid, or even
gas/solid, interfaces. The fact that the surfaces of interest are buried
in between two condensed, high-density, phases is an impediment
for the use of most of the surface-sensitive techniques developed in
the past decades, many of which rely on the use of particles such as
electrons, ions, or atoms. Only in a very few instances, such as in the
cases where special setups have been developed in conjunction with
XPS (Section 6.1) and electron microscopies (Section 10), this
difficulty has been circumvented.

The most promising alternative for probing liquid/solid
interfaces is the use of analytical techniques based on electro-
magnetic radiation (light). The main problem with those is that
most of them are not intrinsically surface-sensitive, and that it is
therefore not easy to extract the signals due to the few atoms at the
interface from those originating from the much more abundant
bulk phases. This is perhaps the main reason why optical spectro-
scopies have not, until recently, been used much for the character-
ization of chemistry at any interfaces. Nevertheless, a good number
of approaches have now been developed for the spectroscopic
study of liquid/solid interfaces that take advantage of special
spectroscopy rules only applicable to surfaces or rely on the
uniqueness of the chemistry that occurs at the interface. In this
review, we have surveyed the multiple ways in which infrared,
visible, UV, and X-ray radiation is being used to probe liquid/solid
interfaces. Some techniques, such as SHG, SPR, and ellipsometry,
only provide average information on the properties of the surface
and can be used mainly to follow surface coverages and film
thicknesses, but other do provide detailed molecular knowledge:
infrared absorption spectroscopy, SERS, and SFG yield valuable
vibrational details, and X-ray absorption and scattering techniques
can be used to extract both electronic and structural data from
these systems. The microscopies surveyed in Sections 7—10 also
provide spatial information on heterogeneous interfaces. Taking
all these techniques together, it can be said that a reasonable tool
set is already available to interrogate liquid/solid interfaces. On the
other hand, there is much room for improvement still.

Several considerations need to be taken into account when
selecting the appropriate technique for the study of a particular
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liquid/solid interface. It should be noted, for one, that several of
the techniques mentioned in this review are expensive or difficult
to implement. X-ray absorption, scattering, and diffraction
techniques, for instance, require the use of synchrotron radiation,
neutron sources are even more difficult to come by, and even
Raman, SFG, and SHG demand the use of lasers and complex
optics. In addition, many techniques have often proven particu-
larly apt for the study of very specific systems. To provide just one
example, SPR, ellipsometry, and QCM have all been used mainly
to follow the uptake of large molecules, surfactants and biologi-
cally relevant species (DNA, proteins). This compartmentaliza-
tion of the use of a given technique for a specific family of systems
is in some instances the result of a lack of communication
between different fields of science, though. For instance, RAIRS
was long ago adapted for the study of liquid/solid interfaces by
the electrochemistry community but has not been used much in
the characterization of other liquid/solid systems. SPR and QCM
have been particularly popular in the design of bioassays but are
not as commonly employed in other areas where adsorption
isotherms and kinetics are relevant. Most of the STM work
published to date involving liquid/solid interfaces focuses on
supramolecular self-assembled monolayers. X-ray absorption
spectroscopies have been mainly used to characterize the chem-
istry of catalysts, mineral samples, and nanoparticles, whereas
X-ray scattering and diffraction techniques, which require similar
synchrotron sources, have been employed mostly for studies in
self-assembly and biological systems. Some of these preferences
may be justified in terms of the specific information required in
each case, but it is still curious that there is such minimal cross-
use of spectroscopies among different fields of science. In this
respect, we hope that our review helps break such barriers by
providing a broad overview of the different options available to
interrogate liquid/solid interfaces.

Beyond any biases originating from historical practices in
particular fields of chemistry, materials science, or biology, the
selection of the appropriate technique to be used to address a
specific issue involving liquid/solid interfaces requires a few
additional basic considerations. First and foremost, that selection
is heavily dependent on the type of information being sought. For
instance, vibrational spectroscopies provide very specific molecular-
level knowledge and are typically used to learn something about
the chemistry of adsorbates, and sometimes also about molecular
orientations at the liquid/solid interface. Spectroscopies based
on the use of UV—vis and X-ray radiation, by contrast, probe
electronic properties, and may in many instances be used to
probe not only adsorbates but also the solid surface. Many of the
techniques discussed above, including ellipsometry and QCM,
provide average information about the interface, and are not
particularly helpful in unraveling chemical details but are rather
useful to follow overall interface coverages. X-ray scattering and
X-ray diffraction experiments require some degree of long-range
ordering, and are used to extract structural information. Less
common is the characterization of the liquid phase just above the
liquid/solid interface even if that is of great importance in studies
in electrochemistry and phase changes (to mention a couple of
examples), but that can also be accomplished with some optical
spectroscopies, as illustrated throughout our review.

There are also more practical issues to consider. Evidently,
cost and availability are significant decision-making factors, as
mentioned above. Many techniques are quite specialized, and are
not commercially available; their development is in itself the
central objective of many research efforts. Moreover, the nature

of the sample may limit the use of some techniques. For instance,
techniques with poor signals or large nonzero backgrounds
originating from the bulk phases are mainly suitable for the
characterization of samples with high interfacial areas such as
nanoparticles, porous materials, and micelles and other self-
assemblies. Examples here include not only NMR and ESR but
also some vibrational spectroscopies. One way to compensate for
poor signals is to use intense light sources, but that risks
damaging the sample, in particular with biological systems; only
robust solids are amenable to some X-ray based studies. At the
other end, scanning microscopies and some optical spectro-
scopies requiring reflective surfaces typically operate on flat
surfaces, and are therefore not useful for the study of systems
where the topography of the interface is rough or difficult to
control. Some spectroscopies also involve special sample pre-
paration: surface-enhanced Raman often requires rough silver or
gold surfaces, SPR relies on the excitation of the plasmons in gold
substrates, ESR only works with paramagnetic samples, and
fluorescence emission spectroscopies demand the addition of
appropriate fluorophores.

Another consideration is the potential need to obtain informa-
tion on the spatial distribution of the different chemistries that
may take place within the liquid/solid interface of a given system.
Most spectroscopies provide only an average of those, or at best
an indication of the presence of all without any spatial informa-
tion of their distribution. This issue may be addressed by using
any of the microscopies discussed above, but in that case the level
of spatial resolution required becomes an additional deciding
factor. As explained above, regular optical microscopies offer
resolution much lower that what is need to address chemical
issues in liquid/solid interfaces at the molecular level unless
additional arrangements are made to operate in “single-molecule”
mode, for instance by diluting the sample or by using separation
techniques such as flow cytometry. Even in those cases, it may be
possible to follow individual chemical events but still not obtain
atomic-level information. To achieve imaging at the molecular
level, scanning microscopies are the best alternative available to
date, but there the limitations are in the type of samples amenable
for those studies, typically flat substrates. Also, most scanning
microscopies offer only limited chemical information, and often
require quantum mechanics simulations or much speculation for
their interpretation. Of course, there are possible ways to address
these limitations, most notably the use of scanning tunneling
spectroscopy in STM to extract more chemical information on
specific features imaged at the interface. It would also be desirable
to be able to carry out electron microscopy experiments to
investigate liquid/solid interfaces, but that, by and large, is not yet
feasible.

One nice feature of the optical spectroscopies available for
liquid/solid interface characterization that rely on the use of
lasers or synchrotron sources is that they provide the opportunity
to add a temporal dimension to most experiments if required.
Pulsed lasers are particularly suitable for the study of dynamics
with time resolution down to the picosecond, or even femtose-
cond, time domain. Synchrotron radiation is also intrinsically
pulsed, although not much control can be exercised there in
terms of pulse length or frequency. For kinetic studies in longer
timeframes, for events occurring in milliseconds or longer times,
most techniques described above can be used; the issue becomes
one of signal-to-noise levels, as signal averaging is given up for the
sake of time resolution. Fast-scan and step-scan FTIR instru-
ments are certainly available for such kinetic studies, but have
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seldom been used in studies of liquid/solid interfaces to date. Phase
shifts and other more sophisticated approaches can also be used with
many optical spectroscopies to extract temporal information.

Overall, it is worth reiterating that, although there is a battery
of techniques available already for the investigation of liquid/
solid interfaces, once the specific considerations discussed above
are taken into consideration, many limitations remain. Some
future directions can be suggested to improve on this situation.
First, some techniques that are well-known in many other fields
of research have not yet been exploited to their fullest potential
when it comes to their use for the characterization of liquid/solid
problems. The particular example of NMR comes to mind.
Second, some spectroscopies are already reasonably well devel-
oped for the characterization of liquid/solid interfaces, yet have
not been fully exploited for the study of chemistry at those
interfaces. SERS in particular has been repeatedly used to ana-
lyze bulk samples, using the surface only as a way to enhance the
Raman surface, but has seldom been applied to characterize the
chemical nature of species at the liquid/solid interface itself.
Third, techniques commonly used to study liquid/solid inter-
faces in one particular field of research have not been exploited
for studies in other areas. There is a particularly deep divide
between the way studies of biological versus nonbiological
liquid/solid interfaces are approached. Finally, there is clearly
plenty of room to adapt existing surface-sensitive techniques or
develop new ones to operate at liquid/solid interfaces. The initial
advances seen in this direction with XPS and electron micro-
scopy should be continued, and extended to other techniques. It
is our hope that this review may entice expert spectroscopists not
working with liquid/solid interfaces to adapt their techniques for
such uses. The research areas that require the characterization of
liquid/solid interfaces have made much progress already, but
there is much room for growth yet.
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