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I. Introduction

The primary focus of studies of the electrode—solution
interface using in situ methods is the characterization
at the molecular level of adsorbed species, species in the
electrical double layer, and species in the reaction-
diffusion layer near the electrode surface. Additionally,
the results of the very sensitive electron spectroscopic,
electron diffraction, and imaging techniques for the
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metal-high-vacuum and metal-ultrahigh-vacuum sys-
tems have provided detailed information regarding
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those systems. These techniques include low-energy
electron diffraction spectroscopy (LEED), Auger elec-
tron spectroscopy (AES), electron energy loss spec-
troscopy (EELS), ultraviolet photoelectron spectroscopy
(UPS), ion-scattering spectroscopy, scanning electron
spectroscopy, inelastic electron tunneling (IETS),
transmission electron diffraction microscopy, reflection
high-energy electron diffraction (RHEED), X-ray
photoelectron spectroscopy (XPS), and secondary ion
mass spectroscopy (SIMS). While these techniques
have recently been applied to problems of electro-
chemical interest,!”® the spectroscopy must be per-
formed external to the electrochemical experiment.
Typically, adsorption of a species or surface modifica-
tion is accomplished by an electrochemical technique
at a metal substrate, and the modified surface is
transported from the reaction solution to a high-vacuum
probe for analysis. The question of preservation of the
adsorbate structure when a transfer between such rad-
ically different environments is made has not been to-
tally resolved. At room temperature, high-vacuum ex-
periments are best suited to the study of strongly ad-
sorbed (chemisorbed) species. In situ interfacial probes,
including the Raman spectroscopies, infrared spec-
troscopy, infrared reflection—absorption spectroscopy,
UV-visible techniques, Méssbauer spectroscopy, SEX-
AFS, and X-ray diffraction, can also provide informa-
tion on weakly adsorbed species. With these tech-
niques, we seek information regarding the energetics
and identification of species in the interface, as well as
determination of long- and short-range order. The
methods are limited, however, to absorption, diffraction,
or scattering of only a few types of fundamental par-
ticles. Infrared spectroelectrochemical techniques, in-
cluding polarization modulation techniques, have been
developed to such a level that it is now possible to ob-
serve surface energetic changes spectroscopically as a
function of the reaction driving force. Vibrational
spectroscopy is particularly well suited to these studies
since it becomes possible to obtain both speciation in-
formation and information regarding the environment
around the species of interest. Inferences can be made
regarding adsorbate orientation, identification of in-
termediates and products, catalytic and other reaction
mechanisms, and the influence of electromagnetic fields
on molecules.

Early efforts in electrochemical vibrational spec-
troscopy*® were based on the use of optically trans-
parent electrodes (OTEs). These were typically infrared
transparent germanium plate electrodes or thin metal
films deposited on an infrared transparent substrate
and were used as internal reflectance elements. These
experiments were limited in sensitivity, and the re-
stricted choice of infrared transparent electrode mate-
rials was also a disadvantage. Many of the problems
associated in obtaining vibrational spectra of surface
species are eliminated by the use of external reflection
cells. The first such experiments using them were for
obtaining Raman spectra of electrochemical systems’
(these efforts led to the discovery of surface-enhanced
Raman spectroscopy® (SERS)). It was demonstrated
by Bewick, Kunimatsu, and Pons? that the modulated
UV-visible specular reflectance technique'®'® could be
successfully adapted to infrared studies. Modulation
of the electrode potential and synchronous demodula-
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tion of the absorbance by phase-sensitive detection,
along with signal-averaging techniques, lead to detection
sensitivity good enough to observe submonolayer
quantities of adsorbates. The feasibility of such studies
without the use of an infrared laser source has been
questioned.!®

These first infrared reflectance spectroelectrochem-
ical experiments were made with a dispersive instru-
ment; this technique is known as electrochemically
modulated infrared spectroscopy!'’ (EMIRS); the ex-
tension to Fourier transform instrumentation is gen-
erally known as subtractively normalized interfacial
FTIR spectroscopy'® (SNIFTIRS). Another interfacial
infrared method, polarization modulated infrared re-
flection absorption spectroscopy (IRRAS), is also widely
used. Polarization modulation has been used to obtain
spectra of species on electrode surfaces!®? with both
dispersive?! and Fourier transform instruments.?223
Difference spectra are obtained with EMIRS and
SNIFTIRS: the spectrum measured is that due to the
difference in vibrational structure of species at the in-
terface at two electrode potentials. IRRAS spectra are
typically obtained at a single potential.

These methods have proven to be useful for studies
involving (a) the identification and reactions of ad-
sorbed and nonadsorbed electrochemical reaction in-
termediates, both neutral and ionic; (b) the surface
bonding, intermolecular interaction, and dynamics of
adsorbates and the effects on these properties of electric
fields; and (¢) monitoring the potential-dependent
concentrations of molecular and ionic species, both
adsorbed and in the electric double layer. Studies of
this kind have been made at many types of electrodes,
including well-defined single crystals, chemically mod-
ified surfaces, semiconductor electrodes, and a number
of polycrystalline metal electrodes.

In the following sections theoretical bases for the
techniques are outlined, and the results of a variety of
experiments are reviewed (q.v.%4).

11. Experimental Details

Spectrometers capable of measuring absorbances on
the order of 102~107° are required for the detection of
adsorbed and double- or diffusion-layer species. Two
major problems affect the sensitivity of the measure-
ments. The first is the large absorption of most of the
radiation by the bulk solvent; this is especially serious
if the solvent is water, which absorbs strongly
throughout most of the mid- and far-infrared regions.
Additionally, absorbance due to trace amounts of water,
which may be present in nonaqueous solvents, usually
interferes with absorbance of species being studied.
The second problem is, of course, that the number of
molecules under study is usually very small, oftentimes
less than a monolayer (a few tenths of a nanomole). In
the following sections some of the experimental meth-
ods that are used to overcome the problems of sensi-
tivity and solvent absorption are presented.

A. Cell Design

The problem of solvent absorption is minimized by
using a thin-layer cell (Figure 1). An infrared trans-
parent window is mounted at one end of the cell. The
working electrode, usually a flat polished metal disk,
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Figure 1. Reflectance arrangement for infrared spectroelectro-
chemistry employing a thin layer.

is positioned close to the window so that a thin layer
of solution (typically on the order of a few microns) is
trapped between the window and the electrode. Inci-
dent infrared radiation passing through the window and
thin layer of solution onto the mirror electrode surface
is reflected back out of the thin layer cell and is sub-
sequently focused onto the detector.

The choice of window material depends on the
spectral region of interest and on the solvent. Examples
of infrared window materials for the mid-infrared region
include calcium fluoride, silicon, and zinc selenide, each
of which may be used with a variety of aqueous and
nonaqueous electrolytes. For the far-infrared region
polyethylene is usually employed.

The electrode mounting procedure involves affixing
a polished mirror disk of the electrode material at the
end of a glass syringe plunger, with the back side of the
disk being electrically connected to a wire leading out
of the cell (Figure 2). A Luggin reference probe is
positioned about 1 mm from the edge of the working
electrode. The secondary electrode is typically a plat-
inum wire placed behind the working electrode in a
configuration that minimizes solution resistance and
provides as symmetric a current distribution pattern
to the working electrode as possible.

B. Acquisition of Spectra

The thin-layer cell arrangement still exhibits large
solvent and electrolyte absorption. Signal-to-noise en-
hancement is accomplished through the use of phase-
sensitive detection and/or signal-averaging techniques.
When a dispersive spectrometer is used, the potential
is modulated at a frequency dictated by the type of
detector used (1-10 Hz for Golay type detectors up to
about 1 kHz for cooled solid-state detectors such as a
mercury—cadmium-—tellurium type). Phase-sensitive
detection is used to synchronously demodulate the
measured reflectance at a fixed wavelength. The
wavelength is incrementally scanned over the desired
spectral region and the signal integrated at each
wavelength. Signal averaging of several spectra further
enhances the signal-to-noise ratio. With an FTIR in-
strument, the variation of reflectance with frequency
is monitored at constant potential. Usually a few
number of interferograms are obtained at two different
potentials, and the process is repeated until the desired
signal-to-noise ratio is obtained. The two single-beam
spectra are differenced and ratioed to the intensity at
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Figure 2. Design of the infrared spectroelectrochemical cell.

one potentia1 to obtain the final normalized spectrum.
The result in both cases is a difference spectrum with
magnitude AR/R

AR(v)  Ry(v) - Ry(v)
R = R

oy

R, and R, are the reflectances at the two electrode po-
tentials. For small values of AR/R, this quantity is
proportional to absorbance. Both positive and negative
bands may be observed. Positive bands are due to
absorbances from species present at the base potential
E,, while negative bands are due to absorbers prevalent
at the second potential E,. The measured spectrum
shows only changes in reflectance caused by changes in
potential. Since the spectra of the bulk solvent, at-
mosphere, and electrolyte generally do not change with
potential, they. are effectively nulled when ratioed.
A change in reflectance can result from a change in
potential for a number of reasons. These include
changes in the coverage of species adsorbed on the
electrode, changes in the nature of bonding of adsorbed
species, migration of ions into or out of the optical path,
and electron-transfer reactions that consume and/or
generate species in solution or on the electrode surface.
A change in band intensity or the appearance of new
bands may result. A band position may change due to
changes in the frequency of the oscillator as the strength
of bonding to the surface is changed with electrode
potential. In addition, the reflectivity of the electrode
material itself may change as a result of a potential step;
this is a manifestation of the electroreflectance effect.
However, in the infrared region, this effect may usually
be ignored since its contribution is small and usually
linear in wavelength across the entire infrared region.
Kunimatsu?®” has described how to obtain single-sided
EMIRS spectra by potential sweep techniques.
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Figure 3. EMIRS instrumentation.
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Figure 4. IRRAS instrumentation.

C. EMIRS

Experimental Details of the EMIRS technique have
been published.?” The EMIRS experimental apparatus
is shown in Figure 3. A high-throughput dispersive
monochromator must be employed, and special optics
are employed to accommodate the spectroelectrochem-
ical cell. A Nernst filament operated at an abnormally
high temperature serves as the infrared source. Al-
though this reduces the source lifetime, the increased
intensity increases throughput significantly. A variety
of detectors have been used, including both solid-state
types and modified Golay detectors. A polarizer is
placed in the incident beam in order in order to elim-
inate s-polarized radiation. The cell compartment and
spectrometer are purged with dry nitrogen to eliminate
atmospheric carbon dioxide and water. A commercial
instrument is available.

D. IRRAS

In this technique, the infrared radiation is modulated
between parallel and perpendicularly polarized com-
ponents with a high-frequency photoelastic modulator.
The principle of the operation of this device has been
described.?® The technique is sensitive to species close
to the surface (vide infra). The detected ac signal is
then demodulated by a lock-in amplifier, and a spec-
trum is obtained. This technique has been applied to
the study of adsorbed molecules on metals in the gas
phase!®202% a5 well as electrochemical systems.?! The
IRRAS experimental setup is shown in Figure 4. IR-
RAS is used with both dispersive spectrometers and
Fourier transform instruments.?* In Fourier transform
infrared reflection absorption spectroscopy® (FT-IR-
RAS) the detector signal is divided into two channels
for signal normalization. One signal is processed nor-
mally, and the interferogram, which is equivalent to the
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Figure 5. SNIFTIRS instrumentation.

integrated beam intensity in time (I, + I;), is stored.
The other signal is demodulated at the photoelastic
modulator frequency, giving an interferogram propor-
tional to (I, - I,), which is in turn stored in the in-
strument computer. These stored interferograms are
then Fourier transformed and ratioed to give a nor-
malized intensity (I, - I,)/(I, + I,), which is propor-
tional to absorbance. Sum and difference interfero-
grams are alternately sampled during the same inter-
ferometer mirror scan. The normalized ratio calculation
allows for cancellation of the source wavelength de-
pendence, detector response, and absorption of solution
species some distance from the electrode surface, since
I, and I, are attenuated equally throughout the beam
path {except near the electrode surface). Interferences
due to the solvent do exist, however, since s-polarized
light is insensitive to species some distance from the
electrode surface.’> Solvent absorbance may be re-
moved from the spectra by subtraction techniques. If
a dispersive infrared instrument is used for IRRAS, the
quantity (I, + I,) is obtained by chopping the incident
beam at a frequency f.. The difference signal (I, - I,)
is obtained by using the photoelastic modulator (op-
erated at a frequency f,,) in conjunction with a fixed
polarizer. The photoelastic modulator causes phase
retardation between +# and —r radians at f,,. Since a
retardation at +x radians is the same as that at -«
radians, the difference in intensities is modulated at
double the frequency of the photoelastic modulator, or
2fm. The modulation scheme then produces different
signal intensities at 2f,, and 2f,, + f., and demodulation
at 2f,, results in the desired spectrum.

E. SNIFTIRS

The instrumentation for this FTIR technique is
shown in Figure 5. The multiplex advantage of the
Fourier transform technique allows for very rapid
spectral acquisition times, but there is lower noise
discrimination per scan than in EMIRS. The time to
obtain spectra by each technique at the same sensitivity
is therefore approximately the same.

The sensitivity of the SNIFTIRS technique depends
on many factors. The use of high-intensity sources and
attention to careful optical design are important con-
siderations. Sensitivity can be increased by using
high-resolution A/D converters that increase dynamic
range. However, detectors are usually nonlinear in their
response with respect to high-intensity optical flux, so
care must be taken when this approach is used. The
natural form of the interferogram places extreme de-
mands on the instrument electronics. The intensity of
the center burst is high, but it contains relatively little
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Figure 6. Relative phase components of infrared radiation re-
flected from a metal surface. p-Polarized radiation is shifted about
90° upon reflection from the surface. s-Polarized radiation is
shifted approximately 180° for the incident (solid circle) and
reflected (open circle) electric field vectors.

spectral information; most of the desired spectral data
lie in the wings. The high amplitude of the center burst
may limit the dynamic range of the A/D converter, so
autoscaling A/D converters that automatically reduce
the gain in the region of the center burst may be em-
ployed, allowing a greater dynamic range in the wings
of the interferogram. Such gain-ranging techniques can
be supplemented by optical subtraction methods* that
null the center burst, plus all other signals that are
unrelated to the change in potential. Optical filters that
limit the energy range of radiation striking the detector
may also be used to decrease the amplitude of the
center burst, thereby increasing detector sensitivity and
decreasing spectral acquisition times.

Data accumulation may be accomplished by various
means. The simple potential step method described
above is the most common. This method has several
advantages. One is that electronic and mechanical drift
over long periods of time are canceled effectively.
Secondly, interferences from atmospheric absorbances
due to water and carbon dioxide may be easily elimi-
nated by cancellation in the ratioing of the spectra.
Next, since substantial product accumulation may occur
in some electrochemical systems over long time periods,
the measured difference signal could be decreased if the
potential is held at a fixed value for a long period of
time. Finally, free radicals and other reactive inter-
mediates that attack some infrared window materials
are not allowed to accumulate.

While SNIFTIRS has proven to be useful for ob-
taining vibrational spectra of interfacial species in the
mid-infrared region, it is the most convenient technique
for obtaining spectral information in the far-infrared
region. FTIR spectrometers that enable switching be-
tween beam splitters, optical filters, sources, chambers,
apertures, and detectors, all while the instrument re-
mains under vacuum, are very useful for measurements
in the far-infrared region. '

III. Interaction of Infrared Radiation with
Adsorbates

A. Surface Selection Rules

The special properties of reflection of electromagnetic
radiation from metal surfaces in the infrared region
make it possible to obtain information about the ori-
entation of molecular species at the interface. When
infrared light is reflected from a metal surface (Figure
6), s-polarized radiation (radiation whose electric field
vector component is polarized perpendicular to the
plane of incidence) undergoes a phase shift of nearly
180° at all angles of incidence. The incident and re-
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flected waves cancel at the surface, giving rise to a
standing wave that has a node near the surface.? p-
Polarized infrared radiation, or radiation whose electric
field vector component is polarized parallel to the in-
cidence plane, undergoes a phase shift that is a function
of the angle of incidence. A phase shift of about 90°
is attained at a glancing angle of incidence, and a
standing wave that has measurable amplitude near the
surface results from the interaction of incident and
reflected light. Amplitude and angle of incidence re-
lationships for interfaces with known optical parameters
may be obtained by solving Fresnel’s equations.?

Since p-polarized light is the only component of in-
frared radiation with appreciable field strength at the
electrode surface, it alone carries information on vi-
brations of interfacial species. Greenler? was the first
to propose that p-polarized infrared radiation carries
virtually all of the vibrational absorption information
of species adsorbed at a metallic reflecting surface. He
further showed that since the electric field intensity
increases sharply with angle of incidence up to near
grazing (for p-polarized radiation), the absorbance by
an oscillator could be expected to increase as well. He
showed that the absorption of radiation by an oscillator
varies as the square of the cosine of the angle between
the electric field vector of the radiation and the oscil-
lating dipole. Hence, optimal absorption is obtained
when the component of the dipole derivative with re-
spect to the normal coordinate of an absorbing species
is in the same direction as the incident p-polarized ra-
diation. If the infrared beam is incident at very
glancing angles, a sizable component of the electric field
will lie in a direction perpendicular to the electrode
surface. Oscillators with their dipole derivative com-
ponent more parallel to the surface will have a smaller
probability of infrared absorption. In this way the
relative intensities of infrared absorption bands can give
information regarding molecular orientations on the
electrode surface. This distinction between absorbances
due to oscillators oriented parallel and perpendicular
with respect to the surface is known as the surface se-
lection rule.

In practice, s-polarized radiation, which has virtually
no field strength at metal surfaces, is usually filtered,
since it contains no useful information for adsorbed
species. Distinction between adsorbed and dissolved
species may be facilitated by modulation of the polar-
ization and measuring a difference spectrum between
reflectances at both s- and p-polarizations. Randomly
oriented solution species, which can absorb both s- and
p-polarized light equally well, can be distinguished from
adsorbed species, which can absorb only p-polarized
radiation. If the difference spectrum is computed by
subtracting reflectances measured with each polariza-
tion, the resulting difference spectrum will be due to
only adsorbed species. Polarization modulation at a
fixed electrode potential is an important technique in
that it differentiates between adsorbed and dissolved
species. However, modulation of electrode potential
changes the field strength of the solution near the
electrode surface. This change can affect the vibrational
frequency of dissolved species through several mecha-
nisms (including ion pairing). This can lead to an er-
roneous assignment of a solution band to that of an
adsorbed species (changes in vibrational frequency with
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potential are usually considered to arise only from
surface-adsorbed species).

B. Electrochemical Stark Effect and Vibronic
Coupling

Spectra of adsorbed species on electrodes are often
characterized by changes in their vibrational frequencies
with potential. Two mechanisms have been proposed
in an effort to explain this shift in band position with
potential. One explanation involves molecular orbital
considerations, while the other is based on the effect
of the strong electric field across the double layer on
polarizable electrons of an adsorbed molecule. In the
chemical mechanism, electrons can be donated from
filled adsorbate orbitals of proper symmetry to empty
metal orbitals through o overlap. The metal can then
back-donate electrons from filled d orbitals to empty
#* adsorbate antibonding orbitals. The vibrational
frequency of an adsorbed molecule may either increase
or decrease with respect to an unadsorbed (solution)
species depending upon the relative contributions of o-
and r-bonding interactions. The frequency of absorp-
tion of an adsorbed moiety (with respect to solution
species) will decrease if the m-bonding interaction
dominates, while the frequency will decrease if the
s-bonding interaction is more important. When the
electrode potential is made more negative, the adsor-
bate—metal bond is weakened, owing to charge donation
from the metal into adsorbate =* orbitals. Thus the
band frequency shifts to lower wavenumber. Con-
versely, if the charge on the electrode is made more
positive, a shift to higher frequency results due to a
stregthening of the bond between the metal and ad-
sorbed species.

The electric field mechanism (sometimes called the
electrochemical Stark effect) involves coupling of highly
polarizable electrons of the adsorbate with the strong
electric field across the electrochemical double layer.
The Gouy—Chapman-Stern model®” predicts that, if the
electrolyte concentration is high (on the order of 1 M),
most of the potential drop will be approximately linear
with distance and will occur within a few angstroms of
the electrode surface. An adsorbed species can act as
a dielectric across which the largest portion of the po-
tential drop will occur. Very high electric fields (on the
order of 10° V m™!) are predicted exist in the double
layer. Interaction of this electric field with the dipole
moment of an adsorbed molecule can lead to changes
in the molecular vibrational frequency.

Intensities of certain adsorbate infrared-active modes
may be enhanced by altering the electric field across
the electrochemical double layer. Such electric field
effects may be significant for adsorbed species in which
large changes in the polarizability with bond distance
(da/dr) exist. The intensity of a vibrational transition
is given by
B = 272y T

ehc

where v is the frequency of the infrared transition, h
is Planck’s constant, c is the velocity of light, T is the
number of absorbing dipoles per cross-sectional area in
the light path, ¢, is the permittivity of free space, and
Pj; is the transition dipole matrix element. The dipole
moment operator may be expressed as

P2 (2)
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P= PO + Pind (3)

where
Pind = Ezazz (4)

Here, E, is the magnitude of the electric field normal
to the surface and «,, is the polarizability of the ad-
sorbate molecule in a direction normal to the electrode
surface. Taylor series expansion of the dipole moment
and the polarizability to second order gives the final
expression for the transition dipole moment:3®

d
P, = <¢f(€§)r¢i> + E<¢f(%)"¢i> (5)

An adsorbed species that has a component of the dipole
moment derivative normal to the electrode surface will
give rise to a normally infrared-active vibrational band.
If a sizable component of the polarizability derivative
lies in this direction, the absorption band may be en-
hanced if the electric field is increased in magnitude.
Furthermore, large values of the electric field can induce
a vibrational mode for an adsorbed species with large
values of the polarizability derivative.*® In this manner
molecules that are adsorbed flat on the electrode surface
can give rise to weak vibrational absorption spectra and
thereby apparently violate the surface selection rule.?®

Both molecular orbital arguments and electric field
considerations may be used to explain observed po-
tential-dependent shifts of absorption frequency of
adsorbed species, and complementary methods such as
SERS can be used to establish which mechanism is the
more important for a concerned system. Indeed, both
contributions may be important in some systems and,
furthermore, orientational changes may be induced by
changes in electrode potential.

1V. Applications

A variety of systems have been studied by electro-
chemical infrared spectroscopy. In the following sec-
tions, we discuss applications to electrocatalytic reac-
tions, molecular adsorption, double-layer studies, the
detection and identification of ion radicals, ion ad-
sorption, and the formation of solid phases on electrode
surfaces. Additionally, theoretical methods that are
used to analyze spectra of adsorbed species and quan-
titatively account for their potential-dependent fre-
quency shifts are described.

A. Studies of Electrocatalysis

In electrocatalytic reactions intermediates are fre-
quently chemisorbed species. Reaction rates and
mechanisms can vary from one electrode material to
another, for adsorbed intermediates at some surfaces
may in some instances poison the electrode surface and
impede electrocatalysis. For example, anodic oxidation
of small organic fuels such as methanol and form-
aldehyde leads to adsorbed intermediate species that
lower reaction efficiency at platinum electrodes. In
addition reactants and/or products may be chemi-
sorbed and the reaction rate affected. The nature of
adsorbate bonding to the surface, and interactions of
adsorbates with other adsorbed species and solution
species, may be conveniently studied by infrared
spectroelectrochemical techniques.
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Figure 7. Cyclic voltammetry of 0.10 M H,SO, at a platinum
electrode.

1. Adsorption of Hydrogen

A catalytic reaction of technological importance is the
evolution of hydrogen by cathodic proton reduction
from aqueous acid to give hydrogen. The mechanism
for hydrogen evolution involves adsorption of hydrogen
atoms. Figure 7 shows a typical cyclic voltammogram
of a solution of sulfuric acid at a platinum electrode.
The current at negative potentials is due first to proton
reduction, giving adsorbed hydrogen, of which there are
two types: weakly and strongly adsorbed. The weakly
adsorbed species, which is believed to bond to platinum
atoms above the metal surface and to hydrogen bond
to surrounding water molecules, gives rise to the current
peak observed at less positive potentials. The second
peak at more positive potentials is due to the oxidation
of hydrogen that is strongly adsorbed. The adsorption
of this species is believed to result in hydrogen atoms
that are buried just inside the platinum metal surface.
The peaks observed at very positive potentials are due
to platinum oxide formation.

Hydrogen adsorption on Pt** and Rh*! electrodes in
acid solutions has been studied by EMIRS. Potential
modulation between two limits in the double-layer re-
gion (the region between the oxidation of strongly ad-
sorbed hydrogen and platinum oxidation) gives rise to
a small base-line shift, which was attributed to the
electroreflectance effect. When the potential is modu-
lated between a potential in the double-layer region and
a potential negative that of the region where hydrogen
is strongly adsorbed, the base-line shifts become larger,
but no absorption bands appear in the spectrum. The
view that strongly adsorbed hydrogen is buried within
the metal and does not interact with surrounding water
molecules is consistent with these results; no bands due
to water reorganization were observed. Potential
modulation between a potential within the double-layer
region and a potential negative that of weakly adsorbed
hydrogen gives rise to absorption bands that correspond
to the vibrational modes of water. An increase in the
amount of water present in the double layer is suggested
by the sign of the absorption bands. Spectra obtained
in solutions of H,0, D,0, and HDO gave evidence that
weakly adsorbed hydrogen atoms exist in a layer im-
mediately above to the platinum surface. Evidence
showed that these hydrogen atom species were likely
bonded both to surface platinum atoms and to water
dimers (through hydrogen bonds) in the adjacent so-
lution.

Recent work?*! on polycrystalline Pt, Rh, Ir, and sin-
gle-crystal Pt(111) electrodes in acid solution has

Chemical Reviews, 1988, Vol. 88, No. 4 679

ARIR

~n

2200 2150 2100 2050 2000
WAVENUMBERS / cn -

Figure 8. SNIFTIRS spectra of Fe(CN)¢* oxidation at a Pt
electrode using the staircase potential modulation method. The
lowest trace was taken at 0.0 V, the next lowest trace was taken
at +0.10 V, and the subsequent traces were recorded at 0.05-V
increments up to +0.60 V (vs SCE). Base potential = +0.80 V.

identified a new type of adsorbed hydrogen. An ad-
sorption band at 2090 cm™ has been assigned to a hy-
drogen atom coordinated on top of the surface metal
atom. The authors conclude that this new species is the
intermediate in the hydrogen evolution reaction from
correlations between the potential dependence of the
band intensity and the rate of hydrogen formation.

2. Ocxidation of Organic Molecules That Form
Adsorbed CO*?-7°

While this class of reactions represents important
catalytic processes, we will discuss it in the section on
adsorbed neutral intermediates (section B.1).

3. The Ferrocyanide/Ferricyanide System

In aqueous systems, the ferrocyanide/ferricyanide
redox couple has been considered as a model system for
the study of heterogeneous electron-transfer reactions.
The oxidation/reduction reaction is thought to occur
through an outer-sphere electron-transfer mechanism.
It has recently been shown, however, that the reaction
is much more complex and involves adsorbed species.
The electron-transfer rate is also dependent on the
electrolyte composition,’*’2 and there is adsorption of
complex ions at the electrode surface.”®™ SERS and
SNIFTIRS have been employed in efforts to examine
the role of the electrode surface in this electron-transfer
process. Figure 8 shows the difference spectra due to
the oxidation of ferrocyanide as a function of potential.
Instead of the usual square wave potential modulation
program, a staircase potential program was used. One
hundred interferograms were collected at each potential
and were then ratioed to data taken at —-0.20 V (the base
potential). This technique prevents the loss of infor-
mation (through signal averaging) regarding species that
are irreversibly adsorbed to the electrode surface. The
band that appears at 2040 cm™ was assigned to a C=N
stretching mode of Fe(CN)4*, and the band direction
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Figure 9. Same as Figure 8 using Fe(CN)s*>~. Potentials vary
from +0.30 V (top) to —0.20 V (bottom).

indicates that this species is being depleted at higher
potentials. Adsorbed Fe(CN)® gives rise to the band
at 2114 cm™; the intensity of this band increases with
potential and reaches a maximum at a potential slightly
lower than the potential where the band due to Fe-
(CN)¢* reaches a maximum. Formation of the surface
species, followed by decomposition at higher potentials,
is suggested. Additional structure at 2092 and 2061
cm™ is observed; the lower wavenumber band has been
assigned to solution CN~ presumably formed from Fe-
(CN)¢* decomposition at high potentials.

The same experiment was performed with ferri-
cyanide as the substrate. Figure 9 shows the SNIF-
TIRS spectra of Fe(CN)¢® reduction using the staircase
potential program method. No evidence existed for the
production of a new adsorbed species following Fe-
(CN)¢* reduction. Furthermore, bands at 2092 and
2061 cm™ are absent, suggesting no desorption of ad-
sorbed species. The results indicated that the inter-
mediate species is adsorbed irreversibly at high positive
potentials. If the adsorption were not irreversible,
bands corresponding to the disappearance of adsorbed
species would appear. The conclusion was that Fe-
(CN)¢* is adsorbed irreversibly at the electrode surface,
and at high positive potentials this species decomposes
to form a new adsorbate and solution cyanide ion.
SERS experiments have suggested that both ferri-
cyanide and ferrocyanide are adsorbed during the
electrochemical reaction.”

4. SO, Oxidation

The oxidation of sulfur dioxide on metal electrodes
is of interest for its application in a variety of industrial
processes. Electrochemical oxidation of SO, results in
the formation of adsorbed poisons on the electrode
surface. An in situ infrared spectroscopic study of SO,
oxidation on Pt was undertaken in an effort to fully
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characterize the surface species partaking in the cata-
lytic process.?®”” SNIFTIRS spectra of this oxidation
at platinum confirmed electrochemical studies that
suggested that separate mechanisms operate when the
oxidation occurs on clean and oxide-covered platinum
surfaces. A major product of the oxidation is adsorbed
dithionate. Additionally, reduction of this adsorbed
product formed SO, and water, a process not previously
observed. The pertinent reactions were postulated to
be

2802 + 6H20 = 82062_ + 4H30+ + 2e”

when the reaction occurs on clean platinum at poten-
tials and

SO0,(ads) + PtO + 3H,0 =
8042_(ad5) + 2H30+ + Pt

when the reaction occurs in the presence of platinum
oxide. It was also concluded that sulfite intermediate
was not present in the mechanism.

B. Adsorption of Neutral Species
1. Adsorbed CO

Electrocatalytic reactions involving small organic
molecules such as methanol, formic acid, and form-
aldehyde are of interest in fuel cells.*?> Oxidation of
these species gives rise to strongly adsorbed interme-
diates that poison the electrode surface by blocking
reactive sites. CO, reduction yields similar interme-
diates. These reactions have been studied extensively
by conventional electrochemical methods.*** Coulo-
metric and radiometric experiments indicate that the
poison is either COH(ads)* or CO(ads).*”%° EMIRS
has been used to study the oxidation of methanol on
Pt,5-% formic acid on Pt, Rh, and Pd,? % and ethylene
glycol on Pt.5960 A series of strongly adsorbed carbon
monoxide species have been found to be present during
the oxidation of these molecules on all three metals.
Three distinct adsorbed CO species have been assigned
to the observed bands. A band at 2100 cm™ is attrib-
uted to a perpendicularly adsorbed molecule associated
with a single metal atom (“linear” adsorbed CQO: -C=
0). A C-O stretch near 1900 cm™ has been attributed
to CO adsorbed in a bridged site between two metal
atoms (“bridge-bonded” CO; >C=0), and a band in
the 1850-cm™! region has been assigned to a CO(ads)
species that interacts with three surface atoms (>C—O0).
Band assignments were made from gas-phase studies.®!
In these studies, the C-O stretching frequency of each
CO(ads) species increases with surface coverage. Sim-
ilar coverage-dependent spectra were obtained in the
in situ electrochemical experiments; spectral depen-
dence on the electrode potential and on the nature of
the metal was also observed. The number and relative
amounts of each CO(ads) species depend on factors
such as surface coverage and electrode history. Iden-
tification of specific CO(ads) species on metal surfaces
has been confirmed by in situ infrared spectroelectro-
chemical studies on the direct adsorption of CO from
solution. EMIRS®! and IRRAS?:?2836¢ have been em-
ployed to examine CO adsorption from CO dissolved
in aqueous acid solutions. The results from these
studies, which gave information regarding the behavior
of specific adsorbed CO species, have been used to
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Figure 10. FT-IRRAS spectra of CO adsorbed on Pt: (a) po-
tential = +0.40 V vs NHE; (b) potential = +0.05 V vs NHE.
Solution is 0.5 M H,S0,/H,0; the reference potential was +0.80
V.

identify the adsorbates present during the oxidation of
the organic molecules.

FT-IRRAS spectra of adsorbed CO (Figure 10) were
obtained from CO dissolved in 0.5 M sulfuric acid so-
lution.®* Figure 10a shows the behavior of adsorbed CO
at potentials in the double-layer region, while Figure
10b shows the behavior of CO(ads) at potentials where
adsorbed hydrogen is present. In the double-layer re-
gion, CO(ads) band intensity is constant at potentials
above +0.6 V, but intensity decreases markedly at
higher potentials due to oxidation of adsorbed CO to
CO,. When CO, is formed, the band due to linearly
adsorbed CO disappears. The bandwidth due to linear
CO(ads) is constant, and the band shifts with potential
in a linear manner (30 em™ V-1). This linear potential
shift is observed regardless of coverage, and this sort
of potential dependence has been ascribed to oxidation
at islands of adsorbed CO. Since the shift is linear with
potential change, the implication is that most of the
CO(ads) experiences a constant environment as the
potential changes. For systems where CO is coadsorbed
with hydrogen, oxidation occurs at less positive poten-
tials. The linear CO(ads) band intensity is constant up
to potentials where CO, oxidation occurs and then
sharply decreases. The increase in frequency with po-
tential is linear up to about +0.2 V, whereupon the
frequency begins to decrease. CQO coadsorption with
hydrogen has been suggested to occur randomly, rather
than along edges of “islands”. The early oxidation that
occurs at approximately +0.4 V has been attributed to
oxidation of a species formed by the reaction of CO(ads)
with H(ads). Additionally, the observed increase in line
width and decrease in band frequency are indicative of
a decrease in dipole—dipole coupling between adjacent
CO(ads) species. This view is consistent with the con-
tention that there is a random distribution of adsorbed
CO throughout the adsorbed hydrogen layer.

There have been several studies concerning the oxi-
dation of methanol and formic acid. Kunimatsu®
showed that an intermediate CO(ads) moiety is the
predominant surface species in methanol and formic
acid oxidation. A linearly bonded adsorbed CO species
is certainly present, but other surface species were also
observed. Hahn et al.?® examined the oxidation of
formic acid on Rh and observed a bridge-bonded CO-
(ads) and an adsorbed formate species, in addition to
linear CO(ads). Sun and co-workers®” proposed a
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mechanism for formic acid oxidation on Pt(100) and
Pt(111) surfaces, based on an EMIRS study. This work
supplemented voltammetric studies*® wherein the
presence of linear CO(ads) was found to be a function
of the Pt crystal orientation. Multiple internal reflec-
tance Fourier transform (MIRFTIR) methods have
recently been employed to examine intermediates in
methanol oxidation on Pt in basic solution.®® A primary
intermediate (CO{ads)) was found to poison the elec-
trode surface. The poison was found to be absent
during the oxidation of methanol to formate on Fe, and
methanol oxidation occurred at a lower potential than
on Pt. EMIRS studies on Pt adsorbates in the oxida-
tion of methanol in acid medium®*% show evidence for
at least three types of CO adsorbates. These include
both linear and bridge-bonded CO(ads), along with a
third species that is purported to have a carbonyl C=0
bond. Polarization-modulated IRRAS has also been
employed to study the potential dependence of CO(ads)
species resulting from CH;OH and HCOOH oxidation.%
In that work it was found that CO(ads) poisons the
surface well below 0.5 V, while above this potential
CH3;O0H and HCOOH can be electrooxidized much
more quickly than at lower potentials. This decrease
in catalytic activity below about 0.5 V was found to be
due mainly to poisoning by linear CO(ads).

Adsorbed intermediates from the oxidation of
ethylene glycol have been studied by EMIRS in both
acidic and basic media.?® It was found that linear CO-
(ads) predominated in strongly acidic solution, but both
linear and bridge-bonded CO(ads) were present in
highly alkaline media. It was suggested that other ad-
sorbed species may also be present.

Carbon dioxide reduction has been studied by the
EMIRS technique.’” Bands due to both linear and
bridge-bonded CO(ads) intermediates were detected,
and it was concluded that CO, reduction to adsorbed
CO takes place by reaction with adsorbed hydrogen.
Also, the bridged intermediate species was found to
form more readily by reduction from CO, than by direct
adsorption of carbon monoxide or formic acid under
conditions that exclude CO, formation.

The oxidation of formaldehyde on Pt in the presence
and absence of lead was studied by EMIRS.®8 It was
determined that deposition of submonolayer amounts
of lead onto the platinum electrode surface partially
blocked the formation of adsorbed poisons. The cov-
erage of linear CO(ads) was found to be reduced in the
presence of lead, as evidenced by a decrease in band
intensity and a shift in the CO band frequency.
Bridge-bonded CO(ads) species were not observed when
lead was deposited. Formaldehyde oxidation on Pt, Ir,

" and Rh in base has been examined by EMIRS,% and

the mechanism of oxidation has been proposed to be
similar on all three metals. An intermediate gem-diol
anion to give formate and adsorbed hydrogen was
suggested based partly on previous electrochemical
work.”

At constant coverage, the integrated band intensity
of adsorbed CO is potential independent.?® The band
positions of adsorbed CO are independent of coverage
(in the absence of coadsorbates) but depend on the
potential. Intensities of vibrational bands of highly
polarizable molecules, as previously noted, may vary
with potential, in addition to shifting in frequency. Ray
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and Anderson’ have modeled CO adsorption on Pt
using a technique that combines one-electron orbital
energies with atom—-atom repulsion energies. Increases
in C-0O vibrational frequencies with increases in po-
tential are predicted, together with a corresponding
decrease in the metal-carbon frequency. The results
were explained in terms of decreased mixing of Pt d
orbitals with #* orbitals on CO(ads) as the potential was
increased, thereby strengthening the C-O bond and
weakening the Pt—-C bond. Although donation of ¢
electrons to the metal by CO increases with increased
electrode potential, this interaction is too weak to
counter the reduced = overlap. Similar models have
been applied to the case of cyanide adsorbed on silver.”

The effect of the electric field on the occupancy of
the 27* orbital of CO(ads) on Pt has been discussed.®
It was suggested that the electric field shifts the energy
of the antibonding state, thereby affecting its occu-
pancy. The antibonding orbital occupancy was calcu-
lated as a function of the electrical potential, resulting
in a shift in the CO stretching frequency of 30 cm™/V.
Lambert®! has proposed a Stark-type mechanism
wherein the frequency shifts due to the interaction of
the electric field with polarizable electrons of the ad-
sorbed molecule. An expression for the Stark tuning
rate (the change in vibrational frequency with electric
field) was derived based on the total Hamiltonian for
an adsorbed molecule. The total energy of the system
is changed due to interaction of the dipole moment with
the external electric field, which is a function of the
Hamiltonian. A Stark tuning rate for CO adsorbed on
Ni(110) of 30 cm™/V was predicted. Korzeniewski et
al.8? derived a potential energy function describing the
interactions of CO(ads) on Pt(111), and a linear shift
of CO(ads) vibrational frequency as a function of
binding energy was computed. Additionally, the cal-
culated Stark tuning rate was in agreement with the
value predicted by Lambert.? This work provided
theoretical evidence that the observed linear frequency
shift with potential is due to a combination of chemical
bonding and electric field interactions.

Carbon monoxide adsorption on platinum surfaces
has been studied by infrared spectroscopy in the gas
phase on Pt(111) surfaces.®®® Two bands appear in the
spectrum under ultrahigh-vacuum conditions: one at
low coverage at about 2065 cm™, and another at 1850
cm™! at intermediate and high coverages; the assign-
ments were discussed above. The spectra of adsorbed
CO species have also been taken in aqueous media on
polycrystalline platinum surfaces.??26263 Under these
in situ conditions a band is observed at 2060 cm™, and
the band position shifts to higher wavenumber as the
electrode potential is made more positive. A linear shift
of 30 cm™/V (in agreement with theoretically predicted
and gas-phase Stark values®#?) is observed for satura-
tion coverage of CO(ads). FT-IRRAS spectra of CO-
(ads) on polycrystalline Pt are shown in Figure 10. The
spectra are recorded as a function of applied potential;
the base potential was +0.80 V vs SCE, where CO is
oxidized to CO; and is no longer adsorbed. The ob-
served frequency shift with potential has been proposed
to be due to CO adsorbed in islands on the pt surface.®?
CO, oxidation is believed to occur at the island edges.
The frequency of absorption due to adsorbed molecules
was attributed to coupling of adjacent CO(ads) species.
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This coverage-dependent shift is similar to that ob-
served for CO adsorbed onto Pt from vacuum.?

Severson et al.% studied the infrared spectra of CO-
(ads) on Pt at partial coverages in pure >CO and in
mixtures of 2CO and ®CO. A vibrational coupling
model was used to interpret the results. The effective
coupling in the adlayer was shown to be about twice as
large as that observed for CO(ads) on Pt{111) under
high-vacuum conditions. Furthermore, the coupling
was apparently unchanged with changes in potential.
Contributions of adsorbed hydrogen atoms were sug-
gested to cause changes in the infrared spectra of partial
coverage CO adlayers, with the implication being that
a change in the adlayer structure occurs.

Coverage and potential dependencies of CO adsor-
bates on Pt in perchloric acid media were studied by
using both UV and infrared probes in situ.!” Two
different adsorbed CO species were indicated, and the
distribution of these two types of adsorbates was de-
pendent on both potential and coverage. At low cov-
erage, CO(ads) was predominantly in the form of the
bridge-bonded species, while at high coverage, linear-
bonded COf(ads) was prevalent. CO adsorption on
platinum has been studied by FT-IRRAS® in the region
where hydrogen is adsorbed. It was found that the
bridge-bonded species oxidized prior to the linearly
adsorbed moiety and that CO oxidation occurred ran-
domly throughout the adlayer. The potential depen-
dence of linear CO(ads) was examined and the results
were interpreted in terms of an electrochemical Stark
effect,’189

Carbon monoxide adsorption has been studied in
alkali solutions.®® It was found that CO adsorption was
enhanced in alkaline media in comparison with ad-
sorption in acidic solutions. This enhanced adsorption
was assisted by hydroxide ions, but the nature of the
alkali metal ion had little effect. The potential de-
pendence of the C-O stretching frequency was also
linear. CO(ads) vibrational spectra have been recorded
on platinum electrodes in neutral electrolytes.” Several
differences in the CO(ads) spectra compared with the
spectra in acidic electrolytes were noted, including in-
creased predominance of bridge-bonded adsorbed CO
species at very low coverages. EMIRS spectra of CO
adsorbed on gold electrodes have been obtained in both
acidic and basic media,’® with comparisons in CO ad-
sorbates in both media being made. Also, CO(ads)
electrooxidation in both acid and base was examined.

IRRAS spectra of CO adsorbed on Pd and Pt have
been obtained in the presence of other adsorbates be-
sides H(ads).®® Frequency shifts in the band position
of bridged CO(ads) on Pd were explained in terms of
changes in dipole~dipole coupling between bridged CO
adsorbates along with shifts in the potential of zero
charge. On Pt, the band frequency and intensity of
linear CO(ads) changed with changes in concentration
of coadsorbates; however, on Pd, no such shifts were
observed for the linear CO(ads) species. Other workers
have examined the effects of coadsorbates on adsorbed
CO, in attempts to study dipole—dipole coupling phe-
nomena.

2. Adsorption of Difluorobenzene

Aromatic molecules, which can adsorb parallel to the
electrode surface, may interact with the metal surface
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Figure 11. SNIFTIRS spectrum of p-difluorobenzene at a
platinum electrode. The modulation potential was +0.20 to +0.40
V vs NHE. The solution was 5 mM in p-difluorobenzene in 1.0
M perchloric acid.

through = orbitals. This type of bonding interaction
would most likely involve o donation of electrons in =
orbitals of the adsorbed species into empty metal or-
bitals, with d—p 7 back-bonding from metal d orbitals
into empty adsorbate #* orbitals. Such an interaction
would weaken certain bonds in the adsorbed molecule
and shift their vibrational modes to lower wavenumber.
Imposition of a more positive potential would tend to
strengthen the o donation and weaken the d—=*
back-bonding.

The adsorption of difluorobenzene on Pt electrodes
was studied by SNIFTIRS.?* At low concentrations
(less than monolayer coverage) this molecule is pre-
dicted to be adsorbed flat on the electrode surface.?®
The SNIFTIRS spectrum of p-difluorobenzene is
shown in Figure 11. Positive AR/R bands are due to
solution-soluble p-difluorobenzene present at the base
potential (+0.20 V vs NHE). Negative bands are due
to adsorbed species at +0.40 V. The only observable
adsorbate bands occur at 495 and 811 em™, and these
were assigned to out-of-plane Bj, ring modes; these
bands are slightly shifted in frequency with respect to
solution bands. Bands due to in-plane modes are not
observed: this is evidence that the molecule is flatly
adsorbed at this concentration.

The behavior of the By, mode as the potential is
stepped from the base potential to increasingly positive
potentials is shown in Figure 12. The band position
of the adsorbed species shifts to lower wavenumber as
the potential is increased. Charge transfer from the
adsorbate to the metal can occur through overlap of =
orbitals of the adsorbate with metal orbitals of similar
symmetry. The bond order in the adsorbed molecule
is decreased by this interaction, so the vibrational fre-
quency shifts to lower wavenumber. The solution
species band is unaffected by changes in potential.

As the concentration of adsorbate is deliberately in-
creased, the band intensities due to B;, vibrational
modes of both adsorbate and solution species increase.

Chemical Reviews, 1988, Vol. 88, No. 4 683

AR/R ]

)
|
\
|
|
|
|
|
\

500 400
WAVEKUMBERS / cn-1

Figure 12, SNIFTIRS spectra of p-difluorobenzene in the region
of the By, ring bending mode as a function of the modulation
potential. Other parameters are the same as in Figure 11.
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Figure 13. EMIRS spectra of benzonitrile adsorbed on Au as
a function of potential. The solution was 20 mM in benzonitrile
in 0.10 M sulfuric acid. The potential modulation limits are shown
in the figure; the modulation frequency was 8.5 Hz. Base potential
was 0.0 V vs NHE.

This can be taken as evidence that the concentration
of adsorbate increases with increased solution p-di-
fluorobenzene concentration. Also, at high p-difluoro-
benzene concentrations, new bands appear due to in-
plane ring modes of adsorbed species. These bands are
due to skewed packing of the molecule on the surface;
the results agreed with those of Hubbard et al.% In that
work, configurations were determined by thin-layer
electrochemical techniques as a function of concentra-
tion and temperature.

3. Adsorbed Benzonitrile

EMIRS was used to study benzonitrile adsorption on
gold electrodes;® the effect of potential on the differ-
ence spectra in the C==N stretching region is shown in
Figure 13. The negative AR/R band at 2229-2264 cm™
shifts toward higher wavenumber and increases in in-
tensity as the stepped potential is made more positive,
except at very positive potentials, where the formation
of gold oxide inhibits benzonitrile adsorption. This
band has been attributed to the C==N stretching mode
of benzonitrile adsorbed perpendicular to the metal
surface, with bonding to the surface presumably oc-
curring through the nitrogen atom. Increased adsorp-
tion at higher potentials is suggested by the increase
in band intensity as the potential is increased. It was
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Figure 14. SNIFTIRS spectrum in the ring stretching region
for anthracene reduction on Pt. The potential was modulated
from -1.50 to -2.50 V vs Ag/Ag*.

argued that the nitrogen atom can ¢ donate electrons
to the metal through the lone-pair orbital. Since the
lone-pair orbital is slightly antibonding, electron do-
nation to the metal from that orbital can strengthen the

=N bond. In turn, back-donation of electron density
from the metal to =* adsorbate orbitals may occur.

Additional evidence for the perpendicular orientation
of benzonitrile on gold was determined from EMIRS
spectra taken in the region where in-plane benzonitrile
ring modes were expected to occur. Bands appeared
at 1480 and 1595 cm™, corresponding to A; ring modes.
If the molecule were adsorbed parallel to the surface,
these modes would not be observable unless a Stark-
type mechanism was applicable. If this were indeed the
case, the band intensity due to the C=N stretching
vibration would be expected to be much smaller due to
the low polarizability of the bond. Similar behavior of
the benzonitrile C~N stretch has been observed in
SNIFTIRS?” and SERS? experiments, giving further
evidence that the adsorption interaction is through the
CN group.

4. Adsorption of Anthracene and Pyrene

Symmetric vibrational modes have been activated for
molecules with a center of inversion.®*® The SNIF-
TIRS spectrum of adsorbed anthracene on platinum is
shown in Figure 14. The positive band has been as-
signed to the A, symmetric stretch of neutral anthra-
cene, while the negative band has been attributed to the

mode of the anion radical. The proposed mechanism
by which this mode is activated is through coupling of
the electric field in the double layer with the polarizable
electrons in the anthracene molecule.?®

Further evidence of the interaction of the strong
electric field in the double layer with polarizable elec-
trons of adsorbed molecules was obtained from studies
on adsorbed pyrene on Pt.3391%0 SNIFTIRS spectra
of pyrene at low concentration in acetonitrile are shown
in Figure 15 as a function of potential. It has been
shown that similar molecules at this concentration are
adsorbed parallel to the electrode surface.!! The po-
tential modulation limits were set between values where
no electrochemical reaction occurred; thus bands ap-
pearing in the difference spectra are due to the changing
electric field across the double layer. Raman spectra
of pyrene dissolved in solution were obtained, and
bands due to the totally symmetric (A,) stretching
mode!®? were observed at nearly identical wavenumber
as the band appearing in the difference spectra. Hence
this potential-dependent SNIFTIRS band has been
attributed to the A, vibrational mode of pyrene-induced
by the electric field.
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Figure 15. Difference spectra of pyrene on platinum obtained
via the SNIFTIRS technique. Solution is 0.5 mM pyrene in
CH;CN/0.10 M tetra-n-butylammonium tetrafluoroborate
(TBAF) supporting electrolyte. Potentials are vs the Ag/Ag*
reference.

5. Other Molecular Adsorbates

EMIRS studies on adsorbed acrylonitrile!® have
provided further evidence for field-induced absorption
by an adsorbed molecular species: Factors such as
nonlinear frequency shifts with changes in potential and
band intensities that were smaller than would be ex-
pected for perpendicularly adsorbed acrylonitrile con-
tributed to this conclusion. Investigations of this kind,
involving apparent violations of the surface selection
rule, are valuable for surface studies, for the molecular
adsorbate orientation may be established unequivocally
in many cases.

Solomun'®® examined NO adsorption on palladium
electrodes and obtained evidence for a “bent” adsorbed
nitrosyl species. A linear NO(ads) moiety was also
observed, but the bent adsorbate was observed for the
first time. Kumimatsu and Bewick'® obtained EMIRS
spectra of adsorbed water on gold in perchloric acid
solution. There is evidence for H,O(ads) with different
degrees of hydrogen bonding: adsorbed water mono-
mers, dimers, and polymers were suggested based on
bands occurring at different frequencies and having a
variance of bandwidths. The potential dependence of
these bands was interpreted in terms of the density of
each H,0(ads) species.

Beden et al. have investigated ethanol adsorption at
platinum electrodes by EMIRS.1% Various potential-
dependent bands were observed, with that for linear
CO(ads) predominant. There was also evidence for the
existence of other adsorbed species, including weakly
adsorbed ethanol, adsorbed ethoxy (CH;CH,0)", and
an adsorbed ethylate (CH;CO)™.

C. Adsorption of Ions
1. Adsorbed Cyanide

FT-IRRAS and EMIRS have been used to obtain
infrared spectra of cyanide adsorbed on silver and gold
surfaces.?36497,106,107 Thig gystem has also been studied
extensively by SERS methods.1%11® Combined studies
involving SERS with FT-IRRAS!!® and SNIFTIRSY



Infrared Spectroelectrochemistry

|

|

i

i

|

}

I

1

LA TR

2050 21580

Figure 16. FT-IRRAS spectra of CN™ adsorbed on Ag. Solution
contained 0.1 N KCN in 0.1 N K,SO,. Reference potential was
-1.5 V vs Ag/Ag™.

have also been reported. SERS studies on pseudohalide
ions have been published.!'%116

Difference spectra of CN™ on silver obtained by FT-
IRRAS methods are shown in Figure 16. The base
potential was chosen where no CN™ occurs; positive
bands are attributed to species present at the more
positive potential. The band appearing at 2080 cm™!
has been assigned to solution cyanide, while the band
appearing around 2100 c¢cm™ is assigned to linear
CN~(ads); the interaction with the metal surface is
through the carbon atom. The intensity of the solution
cyanide band (which is present whether s- or p-polar-
ized light is used) reaches a maximum at -1.2 V and
decreases thereafter as the potential is made more
positive. The intensity of the band attributed to ad-
sorbed cyanide (which is observed only if p-polarized
radiation is used) increases as the potential is made
more positive, indicating that adsorption is increased
at higher positive potentials. It is also observed that
the CN~(ads) band position shifts to higher wavenum-
ber by 30 cm™/V as the potential is made more positive.
The indication is that the mechanism of this poten-
tial-dependent shift is similar to that of adsorbed CO.

SERS spectra of this same system are shown in Fig-
ure 17. A band is observed at approximately 2100 cm™;
the intensity of this band increases as the potential is
made more positive, and the band position shifts with
potential by about 28 cm™/V. The bandwidth of the
SERS band exceeds that of the FT-IRRAS band at
2100 cm™ at all potentials and, at more negative po-
tentials, the intensity of the SERS band decreases more
rapidly than the band obtained in the infrared exper-
iments. At more positive potentials the SERS band-
width increases significantly and the band shape be-
comes more complex. It was concluded that the envi-
ronment of the SERS-active species may be different
from the environment of the infrared-active adsorbed
species, where there was no surface roughening. How-
ever, similarities in the spectra obtained by both
methods indicate that environmental differences are not
strong enough to perturb the C==N stretching frequency
nor the band potential dependence. The FT-IRRAS
spectra of CN~(ads) on gold were similar to those ob-
tained on silver.

Polarization modulation infrared spectroscopy of
adsorbed cyanide on silver was performed by using a
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Figure 17. SERS spectra of CN-(ads) on Ag in the same solution
as that described in Figure 16. Surface roughening was accom-
plished by a redox cycle from -1.0 to +0.5 V and back at a sweep
rate of 50 mV/s.

new technique!'” employing the Kretschmann ATR
prism configuration.!'® In this way it was possible to
effectively reduce absorption due to solution species.
The spectra due to CN~(ads) obtained in this manner
compared favorably with SERS results for adsorbed
cyanide ion.”1® Other studies have appeared where
an ATR configuration was employed.12%12

2. Thiocyanate Adsorption

Thiocyanate adsorption on electrode surfaces has
been studied by SERS®7119122128 gnd by SNIF-
TIRS.%97.123-125 QERS spectra of this system consist
of several bands: there is a predominant band at about
2120 em™, with less intense bands at 240, 295, 455, and
700 cm™. The band at 2120 ¢cm™ shifts to higher
wavenumber with increase in positive potential by
about 12 cm™/V; this band has been attributed to the
C=N stretching mode of SCN~ adsorbed through the
sulfur atom. The bands at 240, 455, and 700 cm™ are
assigned to Au-S stretching, N-C-S bending, and C-8
stretching modes, respectively. The band at 295 cm™,
attributed to an Au-N stretching mode, appears at
more negative potentials, where the 240-cm™ band is
reduced in intensity. This has been suggested to be due
to reorganization of the surface species, but there is no
evidence of this transition in the C=N stretching region
of the spectrum.

SNIFTIRS spectra were compared with SERS re-
sults; the spectra taken by both techniques were quite
similar. The SNIFTIRS spectra gave rise to a bipolar
band in the C=N stretching region; this was reported
to be due to thiocyanate adsorbed through the sulfur
atom. A shift in the band to higher wavenumber as the
potential is made more negative gives rise to the bipolar
nature of the band. As the potential is made more
positive, the negative band broadens and shifts to
higher wavenumber by 12 ecm™/V. Also, a large positive
AR/R band appears at 2065 cm™, due presumably to
the C=N stretch mode of solution thiocyanate. This
band is due to the disappearance of solution species at
the higher potentials to form SCN~(ads).

3. Other Ionic Adsorbates

Other ionic species studied by infrared spectroelec-
trochemical techniques include bisulfate,!?6 azide,?"12
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and cyanate.”'?> Recent investigations have indicated
that the adsorbate spectra are dependent on the nature
of the electrolyte species present in the solution, in
addition to being potential dependent.

D. Double-Layer Studies
1. Electrolyte Studies

SNIFTIRS has been employed to study changes in
the electrical double layer in acetonitrile solutions of
various types and concentrations of supporting elec-
trolytes.!?® SNIFTIRS spectra of tetra-n-butyl-
ammonium tetrafluoroborate (TBAF) in acetonitrile
were obtained as a function of applied potential, and

strong bands were observed in the 1100-, 1400-, 2350-, -

and 3000-cm™ regions. The band near 1100 cm™ was
assigned to the tetrafluoroborate anion. The intensity
of this band was found to change with potential, and
this was reported to be due to changes in the relative
concentration of the anion as the potential was changed.
An increase in potential in a positive direction resulted
in an increase in the absorbance due to anion species,
since as the potential is made more positive, a larger
number of anions are needed to balance the charge on
the electrode. The band observed at 2350 cm™ was
attributed to adsorbed acetonitrile, since the C=N
stretching frequency of the band was blue shifted with
respect to the frequency of this band due to solution
species. The intensity of this adsorbed solvent band
increased as the potential was made more positive; this
was rationalized in terms of increased adsorption of the
solvent molecule due to increased electrostatic forces
at the higher positive potentials.

Experiments were performed on the same solutions
with added water. Bands were observed due to water
molecules that were extensively hydrogen bonded. The
intensities of these bands were found to be potential
dependent and were thus attributed to water molecules
associated with the electrolyte anions. Other bands due
to water molecules not strongly perturbed by hydrogen
bonding were observed. These bands were shown to
arise from the formation of a water—acetonitrile com-
plex.!?® Spectra obtained in solutions containing lith-
ium perchlorate as the supporting electrolyte instead
of TBAF indicated that the behavior of the LiClO,
electrolyte system is similar to that of the TBAF sys-
tem.

Studies on electrochemical solvent/electrolyte
breakdown processes in TBAF /acetonitrile solutions
have been done by using infrared spectroelectrochem-
istry.1% It was found that electrolyte anodic breakdown
gave the adduct CH;CNBF; as the major product, while
cathodic breakdown gave the 3-aminocrotononitrile
anion as the major product in very dry solutions. The
formation of this product was a consequence of hy-
drogen dissolved in the metal electrode. If water is
present, cathodic breakdown occurs at much less neg-
ative potentials than in the absence of water, and ace-
tamide is formed in addition.

Infrared spectroelectrochemistry has been used to
examine the influence of ion migration on composition
changes in the double layer.!® The results indicated
that potential-dependent cation migration can con-
tribute to charge redistribution, but anion migration
predominates when specific anion adsorption is en-
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countered. Some general consequences of ion migration
on potential-dependent infrared spectra of adsorbed
species were noted.

E. Solutlon Species
1. Radical Ions and Dianions

There has been a great deal of interest in the elec-
trochemistry of organic radical cations and anions.#2132
Electrochemical techniques are useful for the study of
these species since organic radical ions can be conven-
iently formed in the electrochemical cell. The first
spectroelectrochemical experiments for the study of
organic radical ions were performed by UV-visible
techniques.!® Recently, infrared techniques have been
applied to the study of the behavior of these species in
the diffusion layer. Difference infrared spectra are
taken by modulating the potential between a base value
where only reactants are present and a value where the
product ions are formed. Use of a thin layer enables
bulk electrolysis of reactant species on the experimental
time scale, thereby enhancing the sensitivity of the
technique, for spectra collected at the stepped potential
are now due mainly to products.

(a) The Tetracyanoethylene System. The kinetics
and the behavior of the tetracyanoethylene (TCNE)
system under reductive conditions have been studied
in aprotic solvents in the presence of various electro-
lytes.%13¢-136 The radical anion is formed reversibly,
but the rate of dianion formation is dependent on the
nature of the supporting electrolyte. Cyclic voltam-
metry of TCNE in acetonitrile exhibits a reversible
wave near 0 V vs Ag/Ag*, regardless of the nature of
the supporting electrolyte. At more negative potentials
the dianion is formed. In solutions that contain tetra-
n-butylammonium tetrafluoroborate (TBAF) as sup-
porting electrolyte, the cyclic voltammetry of the an-
ion/dianion couple shows quasi-reversible behavior at
about -0.9 V. In solutions containing lithium per-
chlorate electrolyte, the potential at which this redox
couple occurs is less negative (approximately —0.7 V)
and the wave is more reversible. Several factors are
responsible for this behavior. These include complex-
ation of the radical anion, a comproportionation reac-
tion involving the dianion and neutral species, and
electrode poisoning due to product adsorption. SNIF-
TIRS has been used to study this system.%:136

SNIFTIRS spectra for the formation of TCNE™ and
TCNE?* are shown in Figure 18. The thin-layer
thickness was approximately 50 um. The bands were
observed regardless of the polarization of the infrared
radiation, indicating that the bands are due to dissolved
species. In the anion spectra (Figure 18A) bands appear
at 2187 and 2146 cm™; the position and intensity of the
bands are independent of the nature of the electrolyte.
Conversely, bands due to the dianion (Figure 18B) are
strongly dependent on the nature of the supporting
electrolyte. Bands appear at 2141 and 2075 cm™ when
TBATF is the electrolyte, and these bands shift to 2175
and 2101 cm™ when LiClO, is the electrolyte. Trans-
mission spectra of TCNE and TCNE" in acetonitrile
have been published.!¥” Bands appearing in the
transmission spectra of neutral species at 2265 and 2225
cm™ have been assigned to the B, and B,, C=N
stretching modes, respectively. Transmission spectra



Infrared Spectroslectrochemistry

A B

Ju
J
ATy Vf;}\/}

} AR/R
0.02
ooz] I
2400 2300 2200 200 2000 2400 2300 2200 2100 2000
WAVENUMBERS/cnil WAVENUMBERS/cm!

Figure 18. SNIFTIRS spectra for the reduction of TCNE on
platinum. Solutions were 5 mM in TCNE in CH,CN/0.10 M
LiClO, (top spectra) or 0.10 M TBAF (bottom spectra). (A)
Formation of the radical anion; pulse modulation +0.5 to ~0.5
V vs Ag/Ag*. (B) Formation of the dianion; pulse modulation
+0.5 to -1.2 V (top spectrum) and +0.5 to —2.0 V (bottom
spectrum). Thin-layer thickness approximately 50 um.

of radical anion generated by electrolysis give rise to
bands at 2225, 2185, and 2145 cm™; the 2225-cm™ band
is due to residual neutral species present in the optical
path.

The higher wavenumber TCNE™ band has been as-
signed to the B;, C=N stretch and the lower wave-
number band has been attributed to the By, mode.%
The significant red shifts of these bands were explained
as follows. The lowest unoccupied orbital of the neutral
species is antibonding, with nodes between the C=C
and C==N bonds. The C=N bond is weakened when
the anion is formed, thereby shifting the C=N modes
to lower energy. For analogous reasons, further bond
weakening results when the dianion is formed; hence,
even more pronounced red shifting of C==N stretching
bands occurs. However, the dianion bands are not as
strongly red shifted when LiClO, is present in com-
parison with the case when TBAF is in solution. Strong
ion pairing of TCNE? with Li* and weak ion pairing
with Bu,N* have been suggested to account for the
observed spectral differences. The Li* cation, which
is small and more polarizing, would tend to remove
electron density from the dianion, making the orbital
state less antibonding. This interaction would tend to
increase the energy of the C=N bonds, compared to the
case where ion-pairing interactions are weak (i.e., when
tetrabutylammonium cation is present) and TCNE? is
less stabilized.

A study was conducted in a thin-layer cell (about 1
um) containing approximately 1 nmol of TCNE.
SNIFTIRS spectra for the formation of TCNE- on Pt
are shown in Figure 19. Intense positive AR/R bands
are observed at about 1100 cm™ in both electrolytes;
these bands are attributed to the loss of the supporting
electrolyte anion (ClO,~ or BF,") as the electrode is
charged. In the spectrum obtained in LiClO, solutions,
bands appear at 1420 and 523 cm™!; these have been
assigned to the v5(A,) C=C and »,(A,) C==C stretching
modes, respectively. The 2187-cm™ solution band has
also been attributed to the »;(A;) C=N stretching vi-
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Figure 19. SNIFTIRS spectra obtained during the reduction
of TCNE to TCNE™ in acetonitrile. Supporting electrolyte was
(A) 0.10 M LiClO, and (B) 0.10 M TBAF. The potential was
modulated between +0.5 and 0.5 V vs Ag/Ag*; thin-layer
thickness approximately 1 um.

bration;’® bands at similar wavenumber have been ob-
served in resonance Raman spectra of TCNE™ in this
solvent.!® The infrared activity of these bands has been
attributed to a vibronic interaction wherein the =-
electron density, which is highly polarizable, is coupled
to the motion of neighboring atoms. This may occur
either by strong ion pairing of the electrolyte cation with
the radical anion or by dimerization of the monoanions.
The symmetric vibrational modes are then activated by
distortion of the polarizable anion #-electron cloud to
produce a dipole; interactions of this nature have been
observed for TCNE complexed with alkali metal cations
in the solid state.’®” Frequencies of the C=N and C=C
A, bands have been observed to shift to lower energies
as the electron affinity of the countercation is re-
duced.® However, no shift in the 2187-cm™! band oc-
curred in the difference spectra of TCNE™ when the
complexing cation was changed from Li* to Bu,N™; this
would rule out strong ion-pairing interactions between
supporting electrolyte cation and TCNE~. There is
evidence that the anion radical species exists as a dimer
in the solid state but is prevalent as a monomer in
solution.’*! Thus it appears that the 2187-cm™ band
is due to a normally infrared-active mode that has been
shifted to lower wavenumber as a result of these
bonding effects.

A new band appears at approximately 2080 cm™ in
the TCNE- difference spectrum in TBAF taken in a
1-um thin layer (Figure 19B) compared with the spec-
trum obtained in a much thicker layer (Figure 18A).
This band position is close to that of the dianion C=N
stretching frequency in the absence of ion pairing. Also,
bands at 1475 and 1325 cm™ appear in the spectrum
obtained from a very thin layer. The three new bands
have been assigned to modes of an adsorbed TCNE
molecule.™

SNIFTIRS spectra were studied as a function of
TCNE concentration (Figure 20). As expected, bands
due to solution species at 2145 and 2185 cm™ increase
in intensity with increases in TCNE concentration, but
the band at 2080 cm™ remains constant as the con-
centration of solution TCNE is increased. This is the
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Figure 20. SNIFTIRS spectra for the reduction of TCNE to
TCNE- as a function of the TCNE concentration. Solution
concentration of TCNE is (a) 1 mM, (b) 2 mM, and (c) 5 mM.
Potential modulation: +0.5 to —0.5 V vs Ag/Ag*. Solution: 0.1
M TBAF/CH,CN.
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Figure 21. SNIFTIRS spectra for the formation of TCNE™ from
TCNE as a function of the polarization of incident light. The
spectra were taken with (a) p-polarized radiation and (b) mixed
s- and p-polarized light.

expected result for an electrode at maximum equilib-
rium coverage. Difference spectra taken as a function
of the radiation polarization are shown in Figure 21. It
is observed that the solution band intensities are un-
changed with the light polarization, but the intensity
of the 2080-cm™ band is increased if only p-polarized
radiation is incident on the electrode surface. It was
also noted that the band positions of all spectral bands
attributed to surface species were potential dependent.
This is strong evidence that the TCNE anion is ad-
sorbed on the electrode surface. Furthermore, the
spectra indicate that the TCNE™ adsorbed species are
oriented flat on the surface, since bands due to non-
equivalent C=N stretching modes (which would arise
from TCNE- adsorbed edgewise) are absent.
Charge-transfer complex formation at the electrode
surface has been attributed to the appearance of bands
due to totally symmetric modes.”® Such interactions
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have been observed on Ni(111), where donation of
electrons from the metal to the adsorbed molecule re-
sults in a decrease in bond order and subsequent
shifting of the C=N and C==C stretching modes. In-
teraction of the polarizable anion with electrons in the
metal surface results in activation of these modes. In
turn, mode oscillation may cause changes in the mo-
lecular dipole moment derivative in a direction normal
to the electrode surface. Coupling of the strong electric
field to the highly polarizable adsorbate electrons could
also induce a dipole in a direction perpendicular to the
plane of the surface. It is reasonable to assume that
TCNE- can interact with a Pt surface in a manner
similar to its behavior on nickel.

Infrared spectra of tetracyanoquinodimethane
(TCNQ) dianions have also been found to be dependent
on the nature of the electrolyte.’® Upon reduction,
TCNQ™ was found to behave in a similar manner to
TCNE~.

(b) Benzophenone Ketyl Radical. The SNIFTIRS
technique has been used to obtain the difference
spectrum of the benzophenone ketyl radical'* in a 1-um
thin layer of solution. The spectrum of the ketyl anion
resembled spectra of this species obtained by other
means.'*> Bands appeared due to C=0 stretching
modes of the ketyl anion and neutral benzophenone
molecule. ESR data showed that the electron density
is highly localized in the carbonyl bond;!* this results
in a large red shift of the C==0 stretching mode for the
anion state. Other bands appeared in the difference
spectrum!#? that were not present in the previously
reported transmission spectrum.'*® The appearance of
these bands was suggested to be due to interactions
between adsorbed ketyl anion and adsorbed solvent
molecules.

2. Inorganic Ions

(a) Ferrocyanide Complexes. SNIFTIRS has been
used to investigate lithium, magnesium, and lanthanum
ferrocyanide complexes at platinum and gold interfac-
es.!# The data support the existence of complex ions
of the type M,,Fel'(CN)4s*™", where M pertains to the
lithium, magnesium, and lanthanum cations. It was
suggested that these complexes retain their octahedral
symmetry due to the labilities of the coordinated cat-
ions. No evidence was observed for the existence of
complex anions of the type M, Felll(CN) -,

F. Time-Resolved Studies

FTIR spectroscopy has recently been employed to
study the kinetics of electrode processes on a millise-
cond time scale.'*® In time-resolved SNIFTIRS, in-
terferograms are collected as usual, but the electro-
chemical experiment is delayed sequentially with re-
spect to the interferometer scan. The interferogram is
collected as a set of discrete points 1(4,,¢;), each corre-
sponding to the intensity of the interference pattern at
a specific mirror position and a specific point in time.
The electrochemical experiment is triggered at se-
quentially later times relative to the start of the in-
terferogram. Points of each collected interferogram are
then sorted and recombined to yield an interferogram
representing a single point in time. A set of interfero-
gram files are stored containing the points 1(5;t;).
These points are sorted and recombined to give inter-
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Figure 22. Time-resolved SNIFTIRS spectra of TCNE (ads) on
Pt. The bottom spectrum was obtained 0.001 s after the potential
step to 0.8 V; the base potential was +0.6 V vs Ag/Ag*. Suc-
ceeding spectra were taken at 0.001-s intervals.

ferograms that contain the points 1(8;t;), where i = j
for all values of j.!** Figure 22 shows time-resolved
spectra of the TCNE system from a potential modula-
tion between +0.6 and -0.8 V vs Ag/Ag*. Due to slow
charging of the electrode in this particular experiment,
TCNE reduction to TCNE dianion takes place only
relatively slowly as the migration of ions into the layer
develops the charge in the double layer. The upward-
pointing band at 2083 cm™ is due to the disappearance
of TCNE to form TCNE?, which gives rise to the
downward-pointing band at 2065 cm™. Time-resolved
SNIFTIRS studies have also been performed in the
far-infrared region at gold electrodes.” Studies in the
far-infrared region are of interest since in this wave-
length region it becomes possible to observe directly the
characteristics of metal-adsorbate bonds. In these in-
vestigations it was possible to observe the Au~Au fun-
damental stretch, showing that reflection FTIR spec-
troscopy may be used to directly observe metal atom
vibrations at surfaces. Additionally, lithium nucleation
and growth were studied by the time-resolved method,
with better than 5-us resolution. An Au-Li species!!’
and an Li-Li vibration!®® were detected.

It has been proposed that transient IRRAS experi-
ments may be possible.}¥ Such investigations may be
feasible through the use of a tunable infrared laser and
a thin-layer cell with well-defined optical properties and
a short RC time constant.

G. Surface-Coverage Studies

SNIFTIRS has been used to determine surface cov-
erages of a number of adsorbate species.!515¢ The
radiotracer method is used to calibrate infrared peak
areas to surface coverage. H;PO, adsorption on plati-
num and gold electrode surfaces has been studied as a
function of concentration and/or potential. On plati-
num, coverage was found to increase with potential to
a maximum value, whereas the coverage decreased with
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further increases in potential. The coverage was also
found to vary in a linear fashion with the logarithm of
the H;PO, concentration. A similar study was made
for trifluoromethanesulfonic acid adsorption on Pt.
Adsorption of CF3S0;s™ was found to be lower than that
of H;PO, and to vary less with potential. Thiourea
adsorption on iron electrodes was also studied, and good
agreement between surface coverages obtained by in-
frared and radiotracer methods was obtained over a
wide potential range.

H. Nonmetal Surfaces
1. Semiconductor Surfaces

Studies on adsorption on semiconductor surfaces
have been carried out on p-CdTe photoelectrodes!s5156
using SNIFTIRS. Spectra reportedly due to adsorbed
CO, were obtained under illumination in an aprotic
solvent saturated with carbon dioxide.

Other studies have been conducted at silicon/solution
interfaces using IRRAS.1%-1%0 Evidence in the near-
infrared region for the slow oxidation of the semicon-
ductor electrode surface was observed.’®” In addition,
the presence of nonequivalent adsorbate sites at the
interface was indicated. Investigations of the absorption
of surface states at the n-Si/electrolyte interface re-
sulted in the observation of two kinds of surface states
with distinct optical properties.'® The results were
compared with spectra obtained at the gold/solution
interface, which gave a potential-dependent electro-
modulation absorption in line with the predictions of
Harrick.’8! Measured optical cross sections were well
accounted for in terms of reorganizationless surface
states by using a modified version of the Lucovsky
model.’®? However, oxidation-induced surface states
gave rise to unexpected potential-dependent behavior
which could be explained by taking into account the
effects of reorganization (atomic relaxation) during
changes of population of the surface states. Silicon
surfaces exposed to methanol were characterized by
impedance and EMIRS techniques and also in a vacu-
um by Kelvin probe measurements.'® The EMIRS
data showed the attachment of methoxy and tri-
methylsiloxy groups on the Si surface. Further efforts
have been undertaken in characterizing specific ad-
sorbed species at the silicon/solution interface in the
presence of various solvents and electrolytes.'®® Nu-
merous adsorbed species were identified under a variety
of conditions, and conclusions regarding the locations
of surface states were made.

Raman scattering and FTIR reflectance spectrosco-
pies have been used to examine p-InP/oxide surfaces.!®®
Thin films grown in slightly acidic tartaric acid solutions
were found to be primarily indium dihydrogen phos-
phate. This layer was found to significantly reduce
band bending, a result similar to that obtained in
open-circuit photovoltage measurements. It was dem-
onstrated that the growth of anodic oxide on p-InP
introduces surface states that act as surface recombi-
nation centers.

2. Carbon Electrodes

A study of adsorption of species on glassy carbon
electrodes has been reported.’®¢ SNIFTIRS spectral
evidence for the adsorption of phosphate and sulfate
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ions was obtained at potentials of +1.0 V vs SCE, but
no evidence was found for the adsorption of perchlorate
ions under similar conditions. Infrared studies at car-
bon electrodes are generally difficult.

I. Films on Electrode Surfaces

IRRAS has been used to study the formation of films
on silver surfaces from electrochemical reactions of
cyanide,??%4114 and SNIFTIRS has been employed to
study films due to the electrochemical reaction of
cyanide and thiocyanate on platinum and silver elec-
trodes.?12¢ SNIFTIRS spectra obtained in the sil-
ver/cyanide system showed bands due to [Ag(CN),]"
and [Ag(CN);]* complexes!® in solution. At more
positive potentials [Ag(CN);]% is converted to [Ag(C-
N),]", and with continued increases in potential [Ag-
(CN),] is converted to AgCN, which was found to
precipitate onto the electrode surface. SNIFTIRS
studies of the silver/thiocyanate system at platinum
electrodes indicate that SCN~ is oxidized mainly to
thiocyanogen [(SCN),] in acetonitrile and to CO,, SO,
and NO,™ in aqueous solution. Silver, however, is ox-
idized at less positive potentials than is platinum, and
the oxidation products have been attributed to com-
plexation and/or precipitation of Ag* with CN™. The
behavior of this system has been studied extensively in
both aqueous and nonaqueous solvents.%®

Infrared reflection spectroscopy has been applied to
the study of adsorbed monolayer films of n-alkanoic
acids on oxidized aluminum substrates.'®® The results
indicated that close-packed assemblies are formed with
extended alky! tails oriented with their chain axes tilted
in a direction away from normal to the surface. The
spectra further showed that chemisorption occurs by

-proton dissociation to form carboxylate species. Ex-

aminations of line widths and peak positions of the
carboxylate stretching modes suggested a variety of
surface-binding geometries.

Reflection—adsorption infrared spectroscopy has been
applied to the characterization of platinum electrode
surfaces in perchloric acid solutions.!? In 1.0 M HCIO,,
adsorbed hydronium was found to be present on the
surface at negative potentials (vs Ag/AgCl); this ad-
sorbed hydronium species was reported to stabilize
water adsorption at the electrode surface. Adsorbed
hydronium also reduced CO adsorption and caused an
upward shift in the CO stretching frequency. CO(ads)
coverage was determined to be maximized in the po-
tential region between 0 and +0.4 V. At potentials
greater than 0.5 V it was found that OH was adsorbed
on the electrode surface, and this blocked CO adsorp-
tion. At more positive potentials (greater than +1.2 V)
anodic oxidation occurs, with the resulting formation
of a partially hydrated Pt(OH), surface layer; the
thickness of this surface film increased with further
increases in potential. Adsorbed species found to be
present in 1.0 M NaOH solutions were found to be
similar to those in adsorption of acids. However, anodic
nxidation in base gave rise to a different type of surface
film than that observed in acidic solution.

A method for measuring linear dichroism of polymer
films has been developed by combining FTIR and po-
larization modulation techniques.'$” The combination
of a polarizer and a photoelastic modulator was used
to describe the dichroic difference [AA = A(]]) — A(L)]

Ashley and Pons

fu:ﬁ_a"'b

il

Figure 23. Vectorial displacements & and b of atoms A and B
from their equilibrium positions.

in a single measurement. This method was shown to
provide an order of magnitude improvement in signal
to noise over FTIR methods using fixed polarization.

Fourier transform photothermal spectroscopy has
been used in conjunction with cyclic voltammetry to
characterize graphite electrodes modified by the de-
position of iron-containing films.'®® The results indicate
the presence of surface-bound Prussian blue, Berlin
green, and Everett’s salt, depending on the electrode
potential and the nature of the supporting electrolyte
cation. It has been shown by infrared reflection spec-
troscopy that Prussian blue is formed at platinum and
gold electrodes when ferrocyanide oxidation occurs at
high positive potentials.!®®

A new technique based on attenuated total reflec-
tance (ATR) allows depth profiling of films on electrode
surfaces.!”” The technique, called angle-resolved in-
frared spectroelectrochemistry (ARIRS), involves var-
ving the angle of incidence of the infrared beam. This
reportedly enables data sampling at various depths
from the electrode surface. The technique was used to
study the structure of electrochromic nickel oxide films.

V. Theoretical Methods

In this section a semiempirical theoretical method
developed to describe the effects of perturbations on
the vibrational spectra of adsorbed species is outlined.%
Other theoretical treatments have been presented based
on ab initio calculations for model®®!71172 adsorbates at
metal atom clusters. Conventional methods of normal
coordinate analysis are not well suited for the descrip-
tion of systems that are affected by external perturba-
tions. Hence, a method of analysis that considers the
effects of external perturbations (for example, an ex-
ternally applied electrode potential) on vibrational
spectra of adsorbed species is desired.

In the present method, Cartesian force constants are
obtained for the displacement of atoms from their
equilibrium positions, and a potential energy function
for the system is developed as the sum of pairwise po-
tentials operating between the bonded and nonbonded
atoms in the molecule. Perturbations are introduced
as additional pairwise terms. Force constants are de-
rived for the system by Taylor series expansion (to
second order) of the individual potential energy func-
tions. The Cartesian force constant matrix is trans-
formed to the normal coordinate force constant matrix,
and normal mode vibrational frequencies are obtained
directly. A full description of the Taylor expansion and
its applications have been outlined.”3'" In the anal-
ysis, one considers a scalar function

F(r) = Yy(F)[4!/2xg(r)] (6)

where Y,,,(7) are spherical harmonic functions. We
expand about two centers A and B separated by a
vectorial distance R; this is illustrated in Figure 23,
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where r = R — a + b. The Taylor series expansion
about the two centers is

FR-a+b)=2(1/n)aV +bV)'Fx) (7)

In this form the series is evaluated most easily in
Fourier transform space. Defining the Fourier trans-
form of F(r)

1
(2m)?
and substituting (8) into (6) with subsequent expansion
yields
FR-a+b)=
4m)2 3 (1/nl) é(g)a<n-s>(—b)s§[(zzl + 1)@, +

n=0
DI7Y2(1,1,00{10) (Iylomymo|lm) A, 1, As 1, Y1 m (B) Y, (R)
Inl(R) (9)
where (LL,M;M,LM) is a Clebsch-Gordon coeffi-

cient,}” (%) is the binomial coefficient, and A, is given
pyl7se

F(r) =

f &k fk) expl-(kD)]  ®)

Anl =
nl(2l + 1) " > 1 with ;
m-DMn+ i+ orn=twthnoleven
Ay=0 for n < 1withn -1 odd (10)

and I,,,(R) is expressed by

_ ™ 1(1 d )1(1 d )"-l
e = —mRl g w) g ) B® @

When the binomial and Clebsch-Gordon coefficients
are evaluated at first and second order, the expression
is simplified. The first-order term can be expressed in
a form useful for finding the optimum configuration of
the system: ' '

&R - a +b) = 42x[(a - b)-RUL(R)/R (12)

where I,,(R) = (1/47)"/? dg/dR. The second-order term
may be written

g&R-a+b)=(1/2(a-b)TK@-b (13)

where (a — b)T = vT, and T is the transpose of the
column vector v. Solving for the force constants yields
the Cartesian diagonal elements of the matrix K, which
are given by
ki = (1/3)(4m)/2[I(R) + (2X 2 - X AI5(R) /R
(14)
in which X is the ith Cartesian component (i = x, y,

2) of the vector R between the centers A and B. The
off-diagonal Cartesian elements are

kij = 420X, X;I5(R) /R (15)
and the radial quantities I,o(R) and I, (R) are given by
2 dg d%

In(R) = {}—2 =7 T (1/4m)1/2 (16)
and
d% 1 dg
I5(R) % R B (1/4m)1/2 am
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For a Morse potential the radial quantities I5; and Iy
are written

IM(R) = 2a*D expla(R, - R)}[2 expla(R, - R)} X
(1-{1/aR}) -1 + 2/aR] (18)

and

I,M(R) = 2a%D expla(R, - R)}[exp{a(R, - R)} X
(2 +{1/aR) -1 + 1/aR] (19)

In the limit of R — R, these quantities reduce to
Izo(R) = IQZ(R) = 2(1D2 (20)

For the case of a Lennard-Jones potential, the radial
quantities I,y and I,; are expressed

IoY(R) = %f(c /R¥[11(c/R)-5]  (21)

and

LY (R) = %(c/R)“W(c/R)6 - 4] (22)

In the limit of R — R, = ¢, we have
I5(R) = I(R) = 72¢/c? (23)

On inspection of eq 9, observe that there are two
kinds of second-order contributions to the force con-
stant matrix. The first arises when n = 2,s = 0, 2; these
are the only allowed values of s in this limit. The index
values contribute to the diagonal elements of the force
constant matrix. The Cartesian force constants corre-
spond to the oscillation of atom A in a static field. The
vector R connects bodies A and B, but the displacement
of atom B does not enter at this point. The complete
potential energy function is a sum of pairwise potentials
for each interaction, so for species A there is a sum of
contributions to the overall force constant from inter-
actions with all surrounding species. The second term
arises when n = s = 2; these values contribute to the
off-diagonal elements of the Cartesian force constant
matrix. The Cartesian displacements of body A are
coupled bilinearly with the displacements of body B.
Only two of these dynamical interactions exist for each
pair of atoms, and the summation is divided by !/, to
prevent double counting of terms.

The use of Cartesian force constants makes it possible
to account in a simple manner for environmental effects
on the vibrational analysis. The only requirement is
an appropriate form of the potential energy function
for which the quantities I,,(R) and I3 (R) may be ob-
tained. The method has been applied to the analysis
of the potential-dependent frequency shift of adsorbed
CO on a Pt(111) surface.?? The potential energy of the
system is developed as a sum of pairwise interactions
for contributions of the various atoms in the system;
ie.

Vit = Voo + Vs + Vos (24)

Here, Voo is the Morse potential representing the
bonding in a carbon monoxide molecule, which is ex-
pressed as

Voo = D expla(r®co — rco)liexpla(r®co — rco)] - 2
(25)
D, a, and r°¢g are the values for an isolated CO mole-

cule, and r¢q is the carbon—oxygen separation distance.
The potential function Vg describes the interaction of
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TABLE 1. Parameters Used for the Overall Potential
Energy Function

potential parameters
Veo D=1111eV,a = 2.31 A2, ro°g, = 1.13 A
Ves e=204eV,c=1814
VOS D’=0.13 eV, Y= 0.86 A_l, r°0i =46 A

the carbon atom with the metal surface. Using a Len-
nard-Jones potential to describe the interaction of the
carbon with each of the metal atoms of the Pt(111)
surface, we have that Vg is the sum of interactions

Vos = e2(e/re)®l(e/red)® 2] (26)

The radii r¢; are to the distances between the carbon
atom and each interactive platinum atom i. The surface
model used®? consisted of 14 Pt atoms in a (111) ar-
rangement. The term Vg represents the interaction
between the oxygen atom and the metal surface. Using
a sum of Morse potentials to express the potential due
to the interaction of the oxygen with the metal surface
atoms, we have

Vos = 2D’ exp[y(r°o; — ro) exp[y(r°o; — ro)] - 2}
(27)

where rg; are to the distances between the oxygen atom
and each ith platinum atom.

For the interaction potential, the parameters used are
listed in Table I. Vg parameters were chosen to be
those for CO in the gas phase. In Vg, the parameter
r°q; was chosen as a repulsive term. The remaining
parameters in Vg and Vg were optimized by a least-
squares fit to the experimental binding energies and the
C-0 and Pt-C vibrational frequencies obtained under
ultrahigh-vacuum conditions for both linear and
bridged CO(ads) sites. The Newton-Raphson method
was used to optimize C-O and Pt-C bond lengths; the
geometry was optimized with the CO molecule bound
normal to the metal surface with the carbon atom
nearest to the surface. The binding energy was com-
puted from the difference between the total energy (eq
24) and the dissociation energy of an isolated CO
molecule. Parameters in Vg and Vg potential con-
tributions were refined until calculated binding energies
and vibrational frequencies agreed with experimental
values.

It was shown®? that for linear changes in the binding
energies (D’and ¢), the CO vibrational frequency shifts
linearly. Also, an electric field perturbation was applied
to the system by introducing a quantity Vg to the in-
teraction potential, where Vg is given by

Vg = E,(du/dz2)(z° - 2) (28)

where E, is the electric field strength in the z direction
(normal to the electrode surface), du/dz is obtained
from expansion of the dipole moment function, and (z°
- 2) i8 the relative displacement from the equilibrium
position z°. This type of potential is consistent with
the Gouy-Chapman model of the electrochemical dou-
ble layer. The experimental value of du/dz for gas-
phase CO has been reported;'”® Lambert has deter-
mined that the value for adsorbed CO is about twice
that of the gas-phase species.®! With this observation,
a Stark tuning rate was calculated that was in excellent
agreement with Lambert’s value. The calculated CO
stretching frequency was also found to be linearly de-

Ashley and Pons

pendent on the electric field strength.®?

It should be pointed out that other potential energy
surfaces describing the interaction of adsorbed species
on metal surfaces have been derived by using other
potential energy functions.”®17%18 Tylly'®! has con-
structed potential energy surfaces for CO{ads) on Pt-
(111) for the purpose of studying gas-phase dynamics.

Since the electric field depends upon the accumula-
tion of charge on the electrode surface, it is difficult to
separate electric field perturbations from changes in
bonding between the adsorbate and the metal. It is
probable that experimentally observed spectral shifts
are due to a combination of chemical bonding and
electric field interactions.

The above model has also been applied to the analysis
of the vibrational frequencies of ferro- and ferricyanide
adsorbed on metal electrodes.!®? We know that the rate
of electron transfer of this redox couple is dependent
on the electrode material as well as the nature and
concentration of cation species in solution.!83!8 Several
models have been suggested in efforts to explain the
kinetic behavior at the electrode surface. Schleinitz et
al.!® proposed formation of a dimeric species in which
a cation bridge is formed between the reacting species.
Sohr and co-workers'® proposed a similar model, which
involved stabilization by the surface.

Many studies have indicated ferricyanide and ferro-
cyanide adsorption, including radiotracer methods,’ in
situ vibrational spectroscopic methods,’® and SERS
studies.”18

A potential energy function was constructed to de-
scribe the interactions of ferri- and ferrocyanide with
a metal electrode surface'® in a similar manrier to that
for CO adsorbed on platinum.®? Again, the vibrational
frequencies of the adsorbed iron species were calculated
by expansion of the potential function to second order
using the Cartesian form of the Taylor series. It was
determined that the vibrational frequencies are de-
pendent on the electrode-adsorbate orientation and
binding energy and that ion pairing with alkali metal
cations has only a minimal effect on the vibrational
frequencies. However, it was suggested that ion-pairing
interactions may be important in stabilizing adsor-
bate-surface orientations. Computed vibrational fre-
quencies for this system compared favorably with SERS
and in situ infrared spectra.

Calculations of surface metal atom and adsorbate
vibrations using cluster models have been successful in
describing the dynamics of many of these sys-
tems.3172.180.187 The far-infrared spectra of lithium
deposited on a gold electrode!® have been interpreted
by using a cluster model.!®® The model was used to
calculate Li surface atom vibrations, assuming central
forces between all atoms of the cluster. Using a Morse
potential energy function, the cluster model was used
to predict the far-infrared spectrum of lithium on Au-
(111). Excellent agreement with experiment was re-
ported for calculations involving one and two layers of
lithium on the gold surface.
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