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Molecules adsorbed on evaporated thin metal films exhibit enormously strong infrared absorption. The thin metal
films that exhibit the surface-enhanced infrared absorption (SEIRA) consist of metal particles much smaller than the
wavelength of light. Electric field associated with the incident infrared radiation is ‘enhanced via the excitation of
localized plasmon of the particles, yielding the absorption enhancement. Preferential orientation and the change in
absorption coefficient of molecules caused by chemisorption onto the metal surface provide additional enhancement. Most
characteristic observations in SEIRA experiments are well explained by a simple electromagnetic theory. The infrared
spectroscopy utilizing the SEIRA effect is promising as a new surface analytical tool. In particular, it is very useful
for in situ studies of electrode/electrolyte interfaces. By the combined use of the attenuated-total-reflection technique,
reactions and adsorption/desorption of molecules at the interfaces can be investigated at a high sensitivity without the
interference from the bulk solution. The high sensitivity of this technique.enables dynamic (or time-resolved) infrared
monitoring of reactions and other time-dependent phenomena at the electrochemical interface at time-resolutions ranging
from microseconds to milliseconds. Two-dimensional correlation analysis of time-resolved spectra highlights certain
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useful information that is not clearly seen in the usual one-dimensional spectra.

On certain rough metal surfaces, molecules show inter-
esting spectroscopic phenomena that cannot be explained
by classical theories. The most well-known phenomenon is
surface-enhanced Raman scattering (SERS).!—> Molecules
adsorbed on specially prepared metal surfaces show Raman
scattering 10*—10° times more intense than free molecules.
Related phenomena such as surface-enhanced second-har-
monic generation, four-wave mixing, absorption, and fluo-
rescence have also been observed in the visible region.!
Efforts to explain the surface-enhanced effects have led to
an increased understanding of phenomena associated with
the interaction of photon with adsorbates and metal sur-
faces. The surface-enhanced infrared absorption (SEIRA)
described in this article is one of such phenomena observed
in the infrared (IR) region.

In 1980, Hartstein et al.9 reported for the first time that-

IR absorption of organic thin films on Si substrate is remark-
ably enhanced by evaporating Ag or Au thin films onto the
organic films (metal-overlayer geometry). The enhancement
was observed also by forming organic films on very thin
metal films evaporated on Si (metal-underlayer geometry).
However, it is not very clear whether they really observed the
absorption enhancement because their measurements were
limited only to the high frequency region above 2800 cm ™.
They observed three bands at 2850, 2925, and 2960 cm ',

and assigned these bands to the CH stretching modes of
aromatic molecules used as samples. However, aromatic
molecules should exhibit CH stretching modes above 3000
cm™! and the observed bands are undoubtedly assigned to
the CH stretching modes of alkyl chains (probably, of hy-
drocarbon contaminants). Later on, Hatta et al.”® traced the
experiments and demonstrated very clearly, by the measure-
ments of the finger print region, that the enhancement is not
an artifact. Since the discovery, several research projects
directed toward the understanding of the nature and mecha-
nism of SEIRA were conducted in Japan in the 1980’s,>~17
which have been reviewed by Suétaka.'® Although consid-

erable progress was made, these pioneering works did not
" receive intense interest.

Recently, SEIRA has become to receive a renewed interest
due to the development of its applications. This mevement
was triggered by experimental and theoretical studies of the
enhancing mechanisms by Osawa et al,” " and by series
of works by Nishikawa et al.”>—2” on the application to trace
analysis of chemical compounds. The first symposium on
SEIRA was held at the 1997 Pittsburgh Conference (March,
Atlanta).

The IR spectroscopy using the SEIRA effect (SEIRAS) is
very promising as a tool to characterize adsorbed molecules
on metal surfaces. The so-called IR reflection-absorp-
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tion spectroscopy (IRAS) is the most well-known technique
for acquiring IR spectra of molecules adsorbed on metal
surfaces.’®?® SEIRAS has a sensitivity by a factor of 10—
"50 higher than IRAS.*'?? Since IRAS has a sensitivity high
enough to detect monolayer adsorbates, one might think that
the difference in sensitivity is not very important. However,
it must be noted that the signal-to-noise ratio of a spectrum
“is proportional to the square root of the coadded number of
interferograms in Fourier transform (FT) IR spectrometry.
In IRAS measurements of monolayer adsorbates, hundreds
‘to thousands of interferograms are required to be averaged to
enhance the signal-to-noise ratio of a spectrum. In SEIRAS
measurements, on the other hand, the same signal-to-noise
ration as IRAS is expected to be obtained without interfer-
ogram averaging or with averaging of a smaller number of
interferograms, on the basis of the simple calculation. In
this point of view, SEIRAS is suitable for time-resolved
monitoring of reaction processes at surfaces and interfaces.
Fortunately, recent developments of step-scan and rapid-scan
FT-IR instrumentation have enabled to study time-dependent
phenomena at time-resolutions ranging from nanoseconds to
milliseconds.>® By the combined use of SEIRAS and the
time-resolved FT-IR interferometry, significant progress has
been made in time-resolved in situ monitoring of electro-
chemical reactions.??

Recent research in electrochemistry has increasingly in-
volved the use of surface-sensitive analytical techniques in
combination with electrochemical techniques.**— The chief
reason for this development is that electrochemical tech-
niques inevitably measured the sum of all surface processes.
The results provide kinetic information primarily, such as
the rate of reaction and the influences of diffusion, concen-
tration, temperature, etc., on the rate. No structural informa-
tion is obtained regarding the interface and surface species
involved in reactions. On the other hand, newly developed
in situ techniques, including scanning tunneling microscopy
(STM), surface X-ray spectroscopy, IRAS, and SERS, pro-
vide detailed information on the structures of electrode sur-
faces and adsorbed molecules. The atomic and molecular
scale approach are reforming our image of the electrochem-
ical interface.*—39 :

Nevertheless, it is very important to point out that such
microscopic level measurements have been carried out sepa-
rately from electrochemical measurements in the most cases.
Namely, the former measurements are carried out under
static conditions (at static potentials), whereas electrochem-
ical measurements are usually carried out under potential
sweep or modulated conditions. For direct comparison of
the structural information obtained by the modern techniques
and the kinetic information obtained by conventional elec-
trochemical techniques, both measurements must be carried
out simultaneously at suitable time-resolutions. The time-
resolution required for electrochemistry is from nanoseconds
to milliseconds in most cases, since the response of the inter-
face for externally applied potential perturbations is limited
to this time-region by the responses of electrochemical equip-
ments or by the charging of the electric double-layer at the
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interface. The present time-resolved FT-IR interferometry
cover this time-region. ‘

This article is devoted to review recent developments in
the SEIRAS made in our own laboratory. The nature and
the mechanism of SEIRA is described in Part 1 and Part
2, respectively. In Part 3, the application of SEIRAS to
electrochemistry is described.. Studies on the adsorption
of molecules onto electrode surface, electrochemical reac-
tions, and the potential-dependent reorientation of water
molecules at the electrochemical interface are mentioned,
through which the utilities of SEIRAS are demonstrated.
Time-resolved measurements of reactions and dynamics are
highlighted. The application of two-dimensional IR tech-
nique, that is very useful to extract certain information from
time-resolved spectra, is also described.

1. The Nature of SEIRA

An example of SEIRA experiments is shown for p-nitro-
benzoic acid (PNBA) adsorbed on Ag. Figure 1a shows
transmission spectra of thin PNBA films formed on Ag films
of various thicknesses (dag) ranging from 0 to 14 nm. The
metal films were prepared by vacuum evaporation onto CaF,
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Fig. 1. Transmission infrared spectra of p-nitrobenzoic acid

(PNBA) films deposited on (a) Ag-coated and (b) bare CaF,
substrates. Mass thicknesses of the Ag films are shown in
the figure. The thickness of the organic films is 1.7 nm (a)
or 132.8 nm (b).
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(dmass) measured with a quartz crystal microbalance. The
organic films were formed by dropping an acetone solution
onto the metal surfaces and then by vaporizing the solvent.
The thickness of the PNBA film (dpnga), evaluated from
the concentration and the volume of the solution dropped on
the surface, is 1.7 nm for all the samples. The background
absorption of the metal films, acquired before the deposition
of the organic films, was subtracted from each spectrum. For
comparison, the spectrum of a thick PNBA film of dpxga =
132.8 nm formed on a bare CaF, substrate (without a metal
film) is shown in Fig. 1b. Relative band intensities in the
spectrum were the same as those in the spectrum of the
powder sample (not shown), implying that the molecules are
randomly oriented in the thick film deposited on the bare
substrate.

It is clearly seen from Fig. 1a that the absorption of the
molecule is remarkably enhanced in the presence of the Ag
underlayers. No bands are detectable for the very thin organic
film directly deposited onto the bare substrate (dag =0 nm).
As the thickness of Ag increase, two strong bands appear
at 1390 and 1350 cm~!, and grows in intensity. The 1390
cm™! band is missing in the reference spectrum (Fig. 1b)
and is assigned to the symmetric COO™ stretching (v) mode,
v;COO™, of carboxylato group of the molecule (PNBA™),
suggesting that the molecule is chemisorbed onto Ag via the

carboxyl group by dissociating its proton. The 1350 cm™!

band is assigned to the symmetric NO, stretching mode,
vsNO,, which is common for both PNBA and PNBA~. The
weak band at 1690 cm~! is assigned to the vC=0 mode of
the undissociated molecule (acid). The three negative-go-
ing bands around 2900 cm ™! are assigned to vCH modes of
hydrocarbon contaminants as described above. The contam-
inants are removed from the surface by the chemisorption of
PNBA, yielding negative sign. If we assume that the absorp-
tion coefficient of the v{NO, mode does not change upon
chemisorption, the enhancement factor is calculated to be
about 30 at day =4 nm and 500 at sz =10 nm from the com-
parison of the peak intensities in the enhanced and reference
spectra, by taking into account the difference in thickness of
the organic films.

The infrared absorption enhancement has been observed
for a variety of molecules and ions adsorbed onto vacuum
evaporated thin metal films such as Ag, Au, Cu, In, Pt, Pd,
Ni, Al, and Pb. In general, Ag and Au exhibit the most
intense enhancement. The nature of SEIRA observed so far
is summarized below.

(1) Island Structure of Thin Metal Films. It is well
known that very thin noble metal films evaporated on non-
metallic substrates are not continuous, but consist of small
islands (particles). The average dimensions of islands ob-
served by a scanning electron microscope (SEM) were about
30 nm in diameter and 10 nm in height for a 10 nm-thick
Ag film evaporated on Si. The islands grow with increasing
average thickness and eventually form a uniform film.

The enhancement factor changes greatly depending upon
the island structure of the metal film. Figure 1a shows that
the enhancement is a strong function of the thickness of the
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metal film. With increasing da,, band intensities increase,
reach maxima around 10 nm, and then sharply decrease.
SEM observations of the metal films revealed that metal
islands are well separated with each other at d,s<10 nm
and are contacting each other at dag =14 nm, suggesting
that the island structure plays an important role in SEIRA.
The total surface area of the islands, estimated from SEM
observations, was larger than the geometrical area of the
substrate by a factor of about three for dag =6 and 14 nm,
and by a factor of about five for dag =10 nm. The difference
in the surface area is much too small to explain the observed
strong dag-dependence of the enhancement. ' ,

The dag-dependence of the enhancement is greatly affected
by the deposition rate of the metal.*® In Fig. 2, the intensities
of the v{NO, band of PNBA on Ag films deposited at different
rates are shown as a function of dag. The optimal thickness
increases from 10 to 20 nm as the deposition rate decreases
from 0.1 to 0.001 nms~!. Slower deposition gives larger
enhancement. Temperature and surface properties of the
substrate also affect the enhancement.® As the substrate
temperature increases, the enhancement decreases. All these
findings were ascribed to differences in shapes and size of
islands.

(2) Surface Selection Rule.  In the spectrum of potas-
sium salt of PNBA (KBr pellet), the antisymmetric COO™
and NO, stretching modes are observed at 1590 and 1540
cm ™', respectively, as strong as the corresponding symmet-
ric modes.”? Nevertheless, these antisymmetric modes are
completely missing in the enhanced spectra shown in Fig. 1a.
The same spectral patterns are observed in the IRA spectrum
of the molecule chemisorbed onto a bulk Ag surface (smooth
surface).?” In IRAS, the standing electric field at the surface
formed via the interaction between the incident and reflected
beams is polarized along the surface normal, and therefore
only the molecular vibrations that have dipole changes nor-
mal to the surface give absorption.'® On the basis of the
surface selection rule, it is concluded that the molecule is
oriented with its molecular axis (C; axis) normal to the sur-
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Fig. 2. Peak intensity of the 1350 cm™' band of PNBA

adsorbed on evaporated Ag films as a function of the metal
thickness. The deposition rates of the Ag films are (a) 0.1,
(b) 0.05, and (c) 0.001 nm s~!. The substrate is BaF,. The
curves are drawn by eye guide.
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Fig. 3. Peak intensity of the 1390 and 1690 cm™' bands
(closed circles and squares, respectively) of PNBA adsorbed
on a 10 nm-thick Ag film evaporated on CaF; as a function
of the thickness of the organic layer. Open square is the
intensity of the 1690 cm™" band for the organic layer de-
posited on the bare substrate. The curves are drawn by eye
guide.

face. The spectra shown in Fig. 1a imply that SEIRAS has
the same surface selection rule as IRAS. However, the pres-
ence of the surface selection rule in SEIRAS seeims to be very
strange because metal films have island structures and molec-
ular orientation on island films is random at a macroscopic
scale even if molecules are preferentially oriented with re-
spect to the local surfaces of the metal islands. This puzzle is
explained if we assume that the electric field that excites the
adsorbate vibrations is normal to the local surfaces of metal
islands at any point.

(3) Spatial Range of the Enhancement. Inconventional
transmission measurements, band intensity linearly increases
as the thickness of a sample film increases (Lambert-Beer’s
law). In SEIRA experiments, on the other hand, intensity
is not a linear function of film thickness. In Fig. 3, the in-
tensities of the v;COO~ (closed circles) and vC=0O bands
(closed squares) of chemisorbed and physisorbed PNBA, re-
spectively, on a 10 nm-thick Ag film are plotted as a function
of dpnpa-'® The intensity of the v;COO~ band rises sharply
with increasing dpnga and saturates at about 3 nm, suggesting
that full monolayer coverage is reached. After the saturation
of the v;COO™ band, the vC=0 band appears and increases
in intensity with increasing film thickness. The gradient of
the intensity vs. dpnpa curve for the vC=0 band is relatively
large at dpnpa =3—8 and eventually approaches to that for
the same band of PNBA films deposited on a bare substrate
(open squares). The enhancement factor, estimated from the
ratio of the gradients with and without the metal film, is
20—30 at dpnga =3—8 nm. The data indicate that the en-
hancement is significant for the chemisorbed first layer and
decays as the distance from the surface increases. The dis-
tance-dependence was investigated in more detail by using
Langmuir~Blodgett (LB) monolayers as spacers, and it was
shown that the enhancement diminishes within about 5 nm
from the surface.!>373®

ACCOUNTS

(4) Incident Angle-Dependence of the Enhancement in
External and Internal Reflection Measurements.  The
enhanced absorption is observed in external reflection and
attenuated-total-reflection (ATR) geometry as well. In these
experiments, band intensities greatly change upon incident
angle and polarization of the incident IR radiation. Figure 4
shows a series of SEIRA spectra of PNBA adsorbed on a 5
nm-thick Ag film acquired with the external-reflection ge-
ometry. The substrate is BaF, (reflective index n=1.42).
For s-polarization, vibrations of the adsorbed molecule are
observed as negative-going bands (increase of reflectivity)
regardless of incident angle. For p-polarization, on the other
hand, absorption is negative at incident angles below 45°
and positive above 55°. The change in sign occurs near
the Brewster angle (s =tan~! (n) =54.8°). The enhance-
ment is the largest around 6 for p-polarization, but the

- signal-to-noise ratio of the spectrum is worse than at other

angles, since the reflectivity of the substrate is very low
around &g. The same results have been obtained on other
nonmetallic substrates such as glass, semiconductors, and
polymers.*” Enhancement is observed also by evaporating a
thin metal film onto a sample film. A very excellent SEIRA
spectrum of a LB monolayer transferred onto a slide glass
has been obtained with the metal-overlayer external reflec-
tion configuration.’ However, no enhancement is observed
when a LB film is formed on a metal mirror and then a thin
metal film is evaporated on it."”

_The incident angle-dependence of the enhancement in ATR
geometry is shown in Fig. 5, where the intensity of the v;NO,
band of PNBA adsorbed on Ag films is plotted as a function
of incident angle 8. A Ge hemicylindrical prism (n=4.0).
was used as the ATR element. For a 5.5 nm-thick Ag film (a),
the intensity is maximal at the critical angle of total reflection
(6. =sin~! (1/n) =14.18°) for s-polarization (open circles)
and decreases gradually as the incident angle increases. Al-
most the same angle-dependence is observed for p-polariza-
tion (closed circles), but note that the intensity decreases as
the angle approaches close to &.. For a 12 nm-thick Ag film
(b), on the other hand, the enhancement is observed only for
p-polarization and is maximal at a high incident angle around
80°.

(5) Background Absorption by Metal Films. The en-
hanced IR bands are superposed on a very broad and strong
background absorption by metal island films ranging from
the visible to IR regions.!” Figure 6 shows a series of trans- -
mission spectra of Ag films of various thicknesses evapo-
rated on CaF,, which are acquired by using the spectrum of
bare substrate as the reference. When dj, is very small, a
sharp band is observed around 500 nm. This band becomes
broader and shifts to the near-IR region as dag increases.
The tail of the absorption band is extending well into the
mid-IR region. The dashed curve in the figure represents the
transmittance of a hypothetical continuous Ag film (10-nm
in thickness) calculated with the Fresnel formula*® and the
dielectric function of bulk Ag. The observed background
spectra are markedly different from the calculation. The en-
hanced absorption of the adsorbed molecule is proportional
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Fig. 4. External reflection SEIRA spectra of a 4 nm-thick PNBA film deposited on a Ag coated BaF: for p- and s-polarization. Mass
thickness of the Ag film is 5-nm. Incident angle (&) of the infrared radiation is shown in the figure.
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Fig. 5. Peak intensity of the 1350 cm ™! band of PNBA adsorbed on Ag island films of dimass =5.5 and 12 nm (a and b, respectively)
measured with the ATR configuration as a function of incident angle () for p- and s-polarization (closed and open circles,
respectively). The solid lines represent the X-, Y-, or Z-components of the mean square electric field intensity within the metal
films. See text on the details.

to the background absorption in the mid-IR region.'” are good enhancers also for Raman scattering. The nature
. of SEIRA mentioned above is very similar to that of SERS

2. Mechanisms of SEIRA observed on island films,*” suggesting that the enhancing

Island films of coinage metals that exhibit intense SEIRA ~ mechanisms of SEIRA are similar to those of SERS. The
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Fig. 6. Transmission spectra of Ag island films evaporated
on CaF,. The spectrum of a bare substrate was used as the
reference. Mass thickness of Ag is shown in the figure. The
metal films are coated with 1.7 nm-thick PNBA films. The
dashed trace is the transmission spectrum of a hypothetical
parallel-sided continuous Ag film (10 nm in thickness) cal-
culated with the Fresnel formula and the dielectric function
of bulk Ag.

mechanisms of SERS have been investigated extensively;
they are well-documented in several review articles.'™ It
is well-established that the overlap of “electromagnetic” and
“chemical” mechanisms yields enhancement factors of 10*—
10® for SERS. The electromagnetic mechanism is that the
electric field associated with the incident laser radiation is
enhanced through the coupling with various plasmon modes
of the metal. The enhanced electric field can strongly ex-
cite the adsorbed molecules, yielding the enhanced Raman
scattering. Raman scattered radiation is also enhanced by
the coupling with such modes, which provides further net
enhancement. In other word, the metal surface functions as
an antenna which enhances both excitation light and Raman
scattered light. On the other hand, the chemical mecha-
nism is ascribed to the increase in polarizability of molecules
caused by chemisorption onto the metal surface. A kind of
resonance Raman scattering occurs associated with the pho-
toinduced charge transfer between the adsorbed molecules
and the metal.! 4243

2.1. Electromagnetic Mechanism for SEIRA. The
incident angle-dependence of the enhancement in the ATR
measurements (Fig. 5) is well-correlated with the intensity
of the electric field produced by the interference of light.*!9
The solid lines in Fig. 5 are the mean square electric field
intensity (MSEFI) within the metal film, |E|?, calculated by
means of the Fresnel equations under an assumption that the
metal film is a plane-parallel continuous film. To take into
account the island nature of the film, the dielectric function of
the hypothetical film, ggg, was calculated by the Bruggeman
effective medium approximation*?

&m — EBR &h — EBR
—_— 1 — PR
et 2emm +(1—F) 0, 1)

&+ 23BR -
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where g, is the dielectric constant of the host medium sur-
rounding the metal islands (= air), &, the dielectric function
of the bulk metal, and F the volume fraction of the metal in
the hypothetical film defined as the ratio of mass and optical
thicknesses of the film (dmass/dopt). The subscript X, Y, or Z
of E denotes the component along the X, Y, or Z axis, respec-
tively (see the coordination system in Fig. 5). p-Polarized
radiation gives X- and Z-components, whereas s-polariza-
tion gives Y-component only. For the comparison with the
experimental data, MSEFI was normalized to the incident
light, |Ep|?, and was also divided by cos 6 in order to take
into account the increase in the irradiated area (namely, the
number of molecules to be sampled) with increasing incident
angle 6.

The calculation shows that the Z-component is negligi-
ble and the field is essentially in the plane of the film, the
X-Y plane, regardless of the polarization of the light. The
observed angle-dependencies of the enhanced IR absorption
for p- and s-polarization are the same as those of the X- and
Y-components of the MSEFI, respectively. The intimate re-
lation between the enhancement and electric field intensity
strongly argues that a certain electromagnetic mechanism is
contributing to the IR enhancement. The MSEFI is similar
to or smaller than the incident electric field intensity, and
does not explain the enhancement. However, it is noted that
the value calculated here is the average field intensity within
the effective medium. Remembering that the enhancement
decays within a few monolayer distances from the surface
(Fig. 3), there exists a possibility that the electric field is
enhanced only in the very near vicinity of the islands. In
the visible region, a short-ranged strong electric field is pro-
duced around metal islands via the excitation of localized
plasmon (or collective electron resonance) of metal islands,
which dominantly contributes to the SERS on evaporated
metal films.'—**D By the analogy with SERS, the enhanced
local field around the islands is expected to play a role also
in SEIRA.

The strong absorption in the visible and near-IR regions
in the spectra shown in Fig. 6 is assigned to the excitation
of localized plasmon modes."™#? The broadening and red
shift of the peak associated with increase in dag has been
explained by dipole interactions between islands.**® Laor
and Schatz*® calculated the enhancement of the electric field
on rough Ag surfaces by modeling the rough surface as a
set of metal particles. Chew and Kerker*” calculated the
enhancement of electric field in small cavities within metal
films (mirror image of particles). These calculations showed
that the electric field is enhanced on rough metal surfaces
and in cavities by a factor of 10>~—10° in both the visible
and near-IR regions. The validity of these calculations has
been confirmed by the observation of SERS in the near-
IR region (with the 1.064 um excitation from a Nd: YAG
laser) as strong as in the visible region.*®**® Although the
calculations are limited to the visible and near-IR regions,
the electric field enhancement is expected also in the mid-IR
region, since the absorption of the metal islands is extending
well into the mid-IR region (Fig. 6).
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The localized plasmon model is very suitable to explain
several aspects of SEIRA.?*?Y Metal islands are polarized in
the incident radiation via the localized plasmon excitation.
Since the island dimension d is much smaller than the wave-
length 4, i.e., in the Rayleight limit 2nd < A, the dipole
moment p induced at the center of an island can be written
as3,50)

p=aVE, @

where a and V are the polarizability and the volume of the
metal island, respectively, and E is the amplitude of the
incident electric field. This dipole produces an electric field
around the island'—% and excites adsorbed molecules. The
intensity of the local electric field is written as*>*®

l Eiocal l2= 4p2/l6, 3)

where [ is the distance from the center of the island. This
equation indicates that the local electric field decays within a
short distance from the surface, which explains the observed
short-ranged enhancement (Fig. 3).

On the bases of SEM observations, an island film can
be modeled as a set, of rotating ellipsoids as illustrated in
Fig. 7. The rotating axis is normal to the substrate surface.
Note that the local electric field is normal to local surfaces of
the island.>® Thereby, only the molecular vibrations that give
dipole changes normal to local surfaces can be excited, yield-
ing the surface selection rule. Localized plasmon is excited
only along the major axis of the ellipsoids in the visible and
near IR regions™ (and probably also in the mid-IR region).
Since the major axis is parallel to the substrate surface, the
enhancement is observed in the transmission geometry (the
electric field is normal to the direction of propagation). In
the ATR geometry, the electric field parallel to the substrate
surface (the X- and Y-components of MSEFI) can give the
absorption enhancement (Fig. 5). It is also the case in the
external reflection geometry.*® When the substrate is highly
reflective, however, no enhancement is observed in the ex-
ternal reflection geometry'® because the electric field that
excites metal islands is polarized normal to the substrate

Infrared Radiation

Adsorbed Molecule
(€q)

Metal (£m)

Fig. 7. Polarization of metal islands by the incident IR radia-
tion and the electric field around the islands produced by the
polarization. The islands are modeled by rotating ellipsoids
with dielectric function of &,. The adsorbed molecule is
modeled by a thin layer with dielectric function of & cover-
ing the ellipsoids. The aspect ratio of the ellipsoid is defined
as =a/b.
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surface!'®?® (namely, along the semi-major axes of islands).
The vibrations of adsorbed molecules excited by the en-
hanced local field also polarize the metal island, resulting in
the perturbation of polarizability of the island at frequencies
of the molecular vibrations. The image dipole induced in the
island by oscillating dipoles of adsorbed molecules may also
contribute to the perturbation.’” The polarizability ¢ of an

island coated by a dielectric layer (adsorbed layer) is given
by20,21,52)

L=
{ (€a—&n)emL1+E5(1—L1)]+0(em— &g)[€a(1— L)+ L] }
[ealo+a(1—L)l[emLi+&a(1—L)+Q(ém—a)(ga— ) Lo(1=L2) J 1
“4)

where &y, &4, and g, are the dielectric functions of the metal,
adsorbed molecule, and host medium, respectively. Q is the
volume ratio of the core (1) and coated (2) particles (=V; / V),
through which the size of the island and the thickness of the
adsorbed layer are incorporated into the calculation. L; and
L, represent depolarization of the core and coated ellipsoids,
respectively, and are tabulated in Ref. 53 as a function of the
aspect ratio of the ellipsoid, #7 (= a/b; a and b are radii along
the major and semimajor axes of the ellipsoid, respectively.
See Fig. 7). The subscript ||,L of « refer to the applied field
being parallel (||) or perpendicular (L) to the substrate (the
depolarization factor is different for different directions of
the electric fields).

Since island dimensions are much smaller than the wave-
length of IR radiation, it may be reasonable to assume an
island film to be a parallel-sided continuous composite layer
consisting of metal particles, adsorbed molecules, and host
medium. If the spatially averaged (or effective) dielectric
function of the composite layer can be estimated, transmit-
tance and reflectance of the composite layer in trasmission,
ATR, and external reflection modes can be calculated by the
Fresnel equations.?12%3)

In the Maxwell-Garnett (MG) effective medium approxi-
mation theory,* the effective dielectric function of the com-
posite layer, &y, is related to the polarizability of a particle
by

3+2Fa>7 )

3-Fa
where F is the filling factor defined by dmass/dopt.-

The MG model includes interactions between the particles
only through the Lorentz field and provides a good descrip-
tion of physical properties of evaporated island films when
mass thickness is.small and islands are well separated. When
islands are densely crowded, dipole interactions between is-
lands become significant (see Fig. 6) and the Bruggeman
(BR) model gives a better approximation. In the BR model,
the effective dielectric function, &gg, is given by*?

3(1-F)+Fd

BEE—F) 2k ©

8MG=£h(

The metal particles are assumed to be embedded in an effec-
tive medium in this mode and the polarizability @' is given
by replacing g, in Eq. 4 by. egr. It is noted that Eq. 1 is
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obtained from Egs. 4 and 6 by taking O=1 and L;=L,=1/3
(sphere).

In the simulations of enhanced IR spectra shown below,
the dielectric constant of the host medium &, was taken to
be 1 (air). The Drude model’>*® was used to calculate the
dielectric function of the metal. The dielectric function of the
adsorbed molecule was simulated by the damped harmonic
oscillator approximation.> :

Figure 8a shows the calculated transmission spectra of a
model molecule adsorbed on a Ag island film of dyass = 5
nm (F = 0.5) on CaF, substrate (n =1.4).2" The effective di-
electric function was calculated with the MG model (Eq. 5).
The thickness of the molecular layer and the size of the metal
particles (2a) were assumed to be 1 nm (approximately one
monolayer thickness) and 25 nm, respectively. The back-
ground without a molecular layer was subtracted from each
spectra. For comparison, the simulation for the molecular
layer on bare CaF, (without a metal film) is shown in the
figure by a dashed trace. The calculation demonstrates that
the enhancement depends on the shape of the island (namely,
7). The intensity is as small as that without an island metal
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Fig. 8. Simulated transmission SEIRA spectra of a model

molecular layer (dmoi=1 nm) on a Ag island films of dmass=5
and 8 nm (a and b, respectively). The effective dielec-
tric function of the metal-molecule-air composite film was
calculated with Maxwell-Garnett (a) or Bruggeman (b) ef-
fective medium approximation. The dashed trace is the
spectrum without an island metal film. The substrate is
CaF,. 7 represents the aspect ratio of the metal ellipsoid.
See the text on the details of the calculation.
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film for 7 =1 (sphere), and increases as 7 increases. The
enhancement factor is 13 for 7 =3 determined by SEM. The
calculated enhancement factor is smaller than the experi-
mentally observed value (ca. 70) for chemisorbed PNBA on
a Ag film of dpyass = 5 nm. However, one should note that the
chemisorbed molecules are oriented with its molecular axis
normal to the surface, whereas the molecules are randomly
oriented in the film deposited on the bare substrate that is
used as the reference in the estimate of the enhancement fac-
tor. The preferential orientation should give an additional
enhancement for vibrational modes that have dipole changes
along the surface normal (e.g., the symmetric modes for
PNBA on Ag) by a factor of three compared with random
orientation. By taking the orientation effect into account, an
enhancement factor of about 40 (=13 x3) is expected.

Figure 8b shows the transmission spectra of the same
model molecule on a Ag island film of dpp,=8 nm (F = 0.7)
calculated with the BR model.?” The BR model gives a larger
intensity than the MG model. The enhancement factor is 140
for 7=3. Taking the orientation effect into account, an en-
hancement of about 400 is expected. These estimates are in
good quantitative agreement with experiments.’®

The calculations also quantitatively simulate the short-
ranged enhancement shown in Fig. 3°” and the linear relation
between the enhancement and the background absorption by
the island films. Note that the absorption calculated here is
essentially that of metal island films and the vibrational spec-
trum is ascribed to the change in the absorption of the metal
films at frequencies of adsorbate vibrations, from which the
linear relation between the enhancement and the background
absorption arises. The model calculations also well simulate
ATR and external reflection SEIRA spectra.?>

It is quite important to note that the model mentioned
above predicts enhancement on transition metals as strong as
on coinage metals.?” For the electric field enhancement via
localized plasmon, the real part of the dielectric function of
the metal, |[Re(&n)|, must be much larger than the imaginary
part, Im(&y,).""? Transition metals do not satisfy this require-
ment in the visible region and, hence, do not exhibit strong
SERS. In the IR region, on the other hand, most metals
satisfy the requirement. In fact, SEIRA has been observed
not only on Ag and Au, but also on Pt,'>'¥ Pd,' Ni,' Al
In,’ Cu,’%*” and Pb.® Al, In, and Cu exhibit relatively
small enhancement because the surfaces of the metals are
easily oxidized in the air (note that the enhancement is short-
ranged and, therefore, the enhanced electric field diminishes
within the oxide layer).

The ATR measurements of thin organic films by using
the prism/metal/air geometry (Kretschmann configuration)
or prism/air/metal geometry (Otto configuration) have been
extensively studied independently of SEIRA.*® The metal
films used in these experiments were continuous ones with
thicknesses of a few hundred nm. When p-polarized light is
incident at 6., photon and surface plasmon (of bulk metal)
can couple to produce surface electromagnetic wave (SEW).
SEW is nonradiative and propagates a few cm on the sur-
face in the IR region. Vibrational spectra of molecules ad-
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sorbed on the surface can be obtained by measuring the at-
tenuation of SEW. The absorption enhancement caused by
the enhanced electric field of SEW has been investigated
theoretically.®*) The sharp maximum at @, for p-polariza-
tion in Fig. 5b is ascribed to the excitation of SEW. However,
the IR enhancement by SEW is not expected on island films
because island dimensions are very much smaller than the
propagation length of SEW. In fact, the SEW theory does
not explain the experimental results described above.”

2.2. Chemical Models. There is a tendency for
chemisorbed molecules to exhibit larger enhancement than
physisorbed molecules, suggesting certain chemical contri-
butions to SEIRA. One of the chemical origins is the orien-
tation effect.'® Chemisorption aligns the surface molecules.
Preferentially oriented molecules give larger intensities than
randomly oriented molecules for vibrations that give dipole
changes normal to the surface due to the surface selec-
tion rule. The orientation effect functions destructively for
molecular vibrations that give dipole changes parallel to the
surface.

The increase in absorption coefficient (namely, dipole mo-
ment) of molecules upon chemisorption will also contribute
to the enhancement. The absorption coefficient of CO, for
example, increases by a factor of four by chemisorption on
Ag.® Badilescu et al.,¥ and Merklin and Griffiths®® sug-
gested that vibrations of strongly polarizable groups within a
molecule give larger enhancements than other groups, which
was explained by donor-acceptor interactions with the metal
surface.®? In general, the contribution of the chemical effects
seems to be much smaller than that of the electromagnetic
effect. However, there exists a possibility that certain vibra-
tional modes are significantly enhanced by chemisorption.
Devlin and Constani® suggested that IR absorption can be
enhanced through a vibronic coupling of vibrational modes
with the charge-transfer between the adsorbed molecule and
metal surface. The charge transfer enhancement has been
observed for tetracyanoethylene anion radical®® and thio-
cyanate'® adsorbed on metal electrode surfaces. Totally
symmetric modes that are originally IR-inactive for free
molecules have been observed in the surface spectra, which
has be ascribed to the vibronic coupling.5 Despite the sev-
eral intense studies, however, the chemical effect has not
been fully elucidated and further study is desired.

3. Application to Electrochemistry

3.1. ATR-SEIRAS. In situ IR spectroscopy has pro-
vided extraordinary insights into the electrochemical inter-
face, including the mechanisms of electrochemical reactions,
adsorption/desorption behavior of molecules and ions, and
double-layer structures.’” % The vast majority of in situ
electrochemical IR studies have been carried out by means
of IRAS. In the IRAS experiments, radiation from an IR
source is reflected at the interface by being passed through
the solution phase (Fig. 9a). - Crucial to the success of this
technique is the formation of a very thin (a few um) layer of
electrolyte solution between the IR window and the electrode
by pressing the electrode against the window. This approach
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Fig. 9. Electrochemical cells and optical arrangements used
for in situ characterization of electrode/electrolyte inter-
faces with IRAS and ATR-SEIRAS techniques (a and b,
respectively).

reduces the background absorption due to the bulk solution,
which is very large in the case of aqueous solutions. How-
ever, several serious disadvantages arise from this geometry.
Mass transport in and out of the thin layer is strongly re-
stricted, resulting in the change of the interface including the
local pH and concentrations. In addition, the time constant
of the cell is very long due to the high resistivity. Reactions
do not quickly respond to the externally applied potential
changes. Furthermore, reactions occur first at the edge of
the electrode and then gradually reach to the center of the
electrode. Therefore, time-resolved IR monitoring often be-
comes meaningless except for very slow reactions.

The solution layer confined between the cell window and
the electrode is very thin but is still much thicker than mono-
layer adsorbates, yielding the solution background several
orders of magnitude larger than the signals from the inter-
face. The so-called subtractively normalized interfacial FT-
IR spectroscopy (SNIFTIRS) technique®— is often used
to remove the solution background by minimizing the spec-
tral drift, which involves coadding sets of interferograms ac-
quired at a suitable pair of electrode potentials and alternating
the potential periodically. Nevertheless, since concentrations
of ionic species in the diffusion layer change associated with
potential changes, it is difficult to subtract the background
completely. The question always arises in this type of work
as to whether the observed bands are ascribed to adsorbed
species or solution species, unless the peak frequencies of
adsorbates bands and solution bands are well-separated. In
addition, the SNIFTIRS technique can be used only for re-
versible systems.
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One of the strategies to remove these problems is the use of
the so-called Kretschmann ATR configuration (Fig. 9b). IR
radiation is totally reflected at the interface by being passed
through the ATR prism and, therefore, the solution phase
is not necessary to be thin. - Conventional ATR technique
(without a metal film) has already been used at the begin-
ning of IR studies of electrochemical reactions in the 1960’s
and 1970°s.°~"® However, this technique has a disadvantage
that electrodes are limited only to conducting IR-transparent
materials such as Ge and doped Si, because the ATR element
serves as the working electrode. This problem can be solved
by evaporating a thin film electrode onto the ATR element.
The use of thin metal film provides an advantage to the ATR
technique. Since the evanescent wave that penetrates into the
solution phase is damped by the metal film,”” the solution
background is reduced significantly.

The application of the Kretschmann ATR-IR technique
to electrochemistry had been proposed in 1974 by Clarke
et al.,” but was realized by the development of FT-IR in-
strumentation. In some of the in situ Kretschmann ATR-
IR studies reported so far, relatively thick (a few hundreds
nm) metal films were used as the working electrodes.”*
If an island film is used as the electrode, IR absorption of
molecules in the very near vicinity of the electrode surface
can be greatly enhanced due to SEIRA.!®''?) The signals
from the interface and the solution background are compara-
ble in the Kretschmann ATR-IR using thin metal films,?” and
thus the solution background can be canceled out very easily
by taking a potential difference.®*> SNIFTIRS technique is
not necessary in taking a potential difference, which is favor-
able for studies of irreversible reactions.*®? The most impor-
tant advantage of the ATR-SEIRAS is that the strong surface
signal enables time-resolved spectral measurements.?'?

The spectra of anthraquinone-2-carboxylic acid (AQ-
COOH) adsorbed on Ag electrodes in 0.1 M (= mol dm™3)
NaClO,4 aqueous solution acquired with IRAS and ATR-
SEIRAS techniques are compared in Fig. 10 (spectra a and
b, respectively). The Ag electrode used in the IRAS mea-
surement was a bulk plate, whereas that used in the ATR-
SEIRAS measurement was a 20-nm thick film evaporated
on a Ge prism. Very slow deposition of the metal is crucial
to the success of this experiment (see Fig. 2). The conduc-
tivity of the evaporated metal film was good enough and no
problems were found in electrochemistry. The spectra are
shown in absorbance units defined as —log (R/Ry), where R
and Ry are the reflectivity at sample and reference poten-
tials, respectively. The sample and reference potentials used
in the measurements were —0.6 and —0.2 V, respectively,
versus a Ag/AgCl(saturated) reference electrode. The spec-
tra acquired with the two different techniques are essentially
identical and it is apparent that ATR-SEIRAS has a sensitiv-
ity about 50 times higher than IRAS. The difference in the
actual surface areas of the electrodes is only a factor of 2—3.
The spectral region below 1100 cm™! could not be observed
by IRAS because of the cut-off of the cell window (CaF;).

‘A clear difference is seen between the two spectra. The
vCl-O mode of the supporting anion (ClO47) is seen as a
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Fig. 10. Potential difference IRA (a) and ATR-SEIRA (b)

spectra of anthraquinone-2-carboxylic acid adsorbed on
bulk and evaporated Ag electrode surfaces, respectively,
in 0.1 M NaClO4. The spectra are shown in the absorbance
units defined as —log (R/Ry), where R and Ry are the re-
flectivity at —0.6 and —0.2 V (vs. Ag/AgCl), respectively.
Trace ¢ shows the transmission spectrum of the sodium salt
of the molecule (KBr pellet).

strong negative-going band at 1110 cm™! in the IRA spec-
trum. The anion concentration at the interface increases as
the applied potential is made more positive, yielding the neg-
ative-going anion band. On the other hand, the anion band is
completely missing in the SEIRA spectrum, indicating that
the very near vicinity of the surface is selectively monitored
without the interference from the bulk solution.

AQ-COOH shows a quinone-hydroquinone type two-elec-
tron redox at —0.58 V, which is located between the sample
and reference potentials. Therefore, the positive- and nega-
tive-going bands observed in the spectra are attributed to hy-
droquinone- and quinone-species, respectively. The strong
negative-going band at 1392 cm ™! is assigned to the v;COO™
mode, indicating that the molecule is adsorbed on the elec-
trode surface via the carboxyl group by releasing its proton.
All the other negative-going bands are assigned to the fun-
damental modes of the aromatic ring.”” The symmetries of
the vibrations are shown in the figure under an assumption of
Dy, symmetry by neglecting the carboxylato group. Com-
pared with the transmission spectrum of the sodium salt of
AQ-COOH (KBr pellet) shown in the figure (spectrum c),
it is seen that the v;COO~™ mode and by, modes of the ring
are selectively enhanced. The asymmetric COO™ stretch-
ing (v,sCOO™) and b3, modes (the CH out-of-plane bending
modes) of the ring are completely missing in the surface
spectra. On the basis of the surface selection rule, the result
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is interpreted that the molecule is oriented with the aromatic
ring perpendicular to the surface, as illustrated in Fig. 11a.
The vibrations classified into by, by, and b3, give dipole
changes along z, y, and x axes, respectively, where z and y
axes are in the molecular plane and the z axis is taken along
the two C=0O bonds attached to the ring. The x, y, and z
axes is inclined by 90°, 30°, and 60°, respectively, from the
surface normal for this orientation. Therefore, the b, modes
give the largest enhancement, while the by, modes give less
enhancement and the b3, modes no enhancement.

The reduced species, 9,10-dihydroxyanthracene-2-car-
boxylate, give only two weak positive-going bands at 780
and 757 cm~! assignable to the CH out-of-plane bending
modes, suggesting that the species is lying flat on the surface
(Fig. 11b).

3.2. Real-Time Monitoring of Irreversible Reactions.
The most frequently used electrochemical technique to study
reactions is voltammetry, in which the electrode potential is
swept linearly with time and current flow associated with
reactions is measured. In order to collect spectra at every 10
mV during a potential sweep at 100 mV s~!, for example,
one spectrum must be collected within 100 ms. The time-
resolution of a conventional FT-IR spectrometer is deter-
mined by the scan rate of the interferometer and millisecond

time-resolutions have been achieved by the development of

rapid scan FT-IR spectrometers. The maximum scan rate
is 37 scans/s at a spectral resolution of 8 cm™! for our FT-
IR spectrometer (Bio-Rad FTS-60A/869), yielding the time-
resolution of 27 ms.

Simultaneous IR and electrochemical measurements are
useful in interpreting complicated reaction systems.’® One
example is shown for the irreversible redox reactions of 1,1/-
diheptyl-4,4'-bipyridinium (better known as heptyl viologen;
HV?*) at a Ag electrode surface. It is known that HV?*
can exist in three redox forms, as a result of the following
equilibrium:

HV* +e =HV™

y (boy)

Fig. 11.  Orientation of anthraquinone-2-carboxylic acid ad-
sorbed on Ag electrode surface at potentials (a) positive
and (b) negative of the equilibrium potential. The arrows
indicate the directions of dipole changes associated with the
ring vibrations classified into b1y, by, and bs, symmetries
under an assumption of D, symmetry by neglecting the
carboxylato group.
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HV™*+e” =HV".

In nonaqueous solutions, this molecule shows two well-sep-
arated pairs of redox waves in the cyclic voltammogram cor-
responding to the two one-electron redox reactions. In aque-
ous solutions, on the other hand, the voltammetric behavior
is complicated, as shown in Fig. 12. The cyclic voltammo-
grams were recorded in 0.3 M KBr solution containing 1 mM
HV?* with an evaporated Ag electrode at a potential sweep
rate (v) of 10 mVs~!. The potential was measured against
a Ag/AgCl reference electrode. The radical cation, HV™*, -
formed by the first reduction precipitates on the electrode
surface at —0.52 V (wave a) as a blue-purple film due to
the association with the supporting anion (HV™*Br~). The
neutral molecule, HV?, is also insoluble in water and the
blue-purple color of the HV™ film turns to yellow at —0.8
V. Note that the second reduction wave splits into two peaks
(b and c). On the return positive scan, several oxidation
waves d, e, f, and g are observed. Relative intensities of
the peaks change with the sweep rate.?” Since the reaction
become less reversible as the sweep rate decreases, the com-
plicated voltammetric behavior was ascribed to the “aging”
(recrystallization or phase transition) of the deposited film.
However, details of the aging effect has not yet been under-
stood. :

Figure 13 shows a series of IR spectra of the reduction
products of HV?* collected simultaneously with the cyclic
voltammogram in Fig. 12. A spectrum acquired at —0.2
V, where the electrode surface is bare, was used as the ref-
erence. Each spectra were obtained without interferogram
coaddition. The acquisition time of one spectrum was about
0.6 s, which is short enough to monitor the redox reactions.
The dynamic spectra are different from the spectra acquired
by means of IRAS technique by holding the potential at con-
stant values,®**® because the products are aged during the
spectral measurement in the latter experiments.

For direct comparison of the spectral and electrochemical
data, the time-resolved spectra in Fig. 13 is shown in Fig. 14
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Fig. 12. Cyclic voltammograms of l mM HV?*in0.3 M KBr
aqueous solution recorded with a Ag electrode at a sweep
rates (v) of 10 mVs ™.
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Fig. 13.

A series of IR spectra for the HV?* reduction at a Ag electrode collected simultaneously with the cyclic voltammogram in

Fig. 12 (solid curve). Each spectrum was collected with a 0.6 s acquisition time.
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Fig. 14. A contour map of the time-resolved spectra in Fig. 13. The cyclic voltammogram is shown along the left side.

in a contour map and the cyclic voltammogram is shown at
the left side of the map. It is apparent that large spectral
changes occur around the potentials where redox waves ap-
pear in the voltammogram. The negative-going broad band
around 1650 cm™~! is assigned to the bending mode of water
(6HOH) removed from the interface by the deposition of the
organic film.

On the potential sweep from —0.2 V to the negative direc-
tion, a set of bands attributable to HV'™* appear at about —0.5
V. Among these bands, the 1635 and 1183 cm™! bands

disappear at peak b. On the other hands, the other bands
disappear at peak c. The different potential dependence of
the observed bands suggests that two different species are
formed by the first reduction and that the different reduction
potentials of these species give two reduction peaks b and ¢
around —0.8 V. In fact, the 1635 and 1183 cm™! bands have
been attributed to the monomer of the radical,® whereas
the other bands were attributed to the dimer of the radical
with a plane-to-plane configuration linked by mt-bonding.®¥
The dimer bands are assigned to the totally symmetric ring
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Fig. 15. Time-tesolved IR spectra for the reduction of HV>* to HV™* at a Ag electrode for a potential step from —0.2 to —0.55 V
(vs. Ag/AgCl). Each spectrum was collected with 100 ps acquisition time, but only the spectra of every 1 ms interval are shown
for clarity.

vibrations.*>®” The totally symmetric modes are originally

IR-inactive in the D,; symmetry of the molecule, but are
activated and enhanced in intensity via vibronic coupling as-
sociated with charge transfer between the two paired radical
molecules. On the other hand, the asymmetric modes are de-
activated via vibronic coupling .5 Therefore, the monomeric
and dimeric radicals give greatly different spectra.

By the reduction of the HV'* film at about —0.8 V, several
bands attributable to HV® appear. The HV® generated from
the monomeric HV'* at wave b exhibits bands at 1658, 1210,
1187, and 1008 cm ™!, whereas the HV? generated from the
dimeric HV™ at wave c exhibits two bands at 1558 and 1400
cm~!. This finding implies that two phases coexist also in
the HVO film.

Corresponding to the two different phases of HVY, two
oxidation waves d and e appear in the voltammogram on
the return positive-going sweep. The characteristic bands of
the monomeric and dimeric radicals appear again at wave
d and e, respectively, with consumption of HV® bands. It
is interesting to note that the 1635 and 1183 cm~! bands
characteristic of the radical monomer completely disappear at
wave e associated with the growth of the radical dimer bands.
Since the monomeric radical is electrochemically stable at
this potential range in the negative-going sweep (Fig. 12),
the disappearance of the monomer bands is not due to the
chemical reaction and is ascribed to the transformation of the
monomer to the dimer. The phase transition is caused by the
mismatch of the crystal structures of the two phases and/or
by the m-interaction between the radicals being stronger than
the coulomb interaction between the radical and anion.’?

The dimeric radical bands completely disappear around
—0.4 V due to the oxidation to HV?* (at the negative-side
shoulder of wave f). Nevertheless, large oxidation waves f
and g are observed at more positive potentials in the cyclic
voltammogram. The most plausible explanation of this puz-
zle is that the oxidation (dissolution) of the radical film ini-
tiates at the electrode/organic film interface and propagates
outward towards the solution, since ATR-SEIRAS selec-
tively probes the very near vicinity of the electrode surface

(Fig. 3). This explanation is supported by the complete dis-
appearance of the broad negative-going water band around
1650 cm™!, indicating that water molecules are injected to
the very near vicinity of the electrode surface.

When the negative potential sweep is limited to the first
reduction (dashed curves in Fig. 12), the aging effect is neg-
ligible within a time-scale of a few tens seconds and the
reaction is reversible. The dissolution of the unaged radical
film initiates at the solution/organic film interface and prop-
agates inward towards the electrode surface.’” The different
dissolution behavior of the radical films suggests that the un-
aged film has sufficient conductivity, whereas the aged film
has poor conductivity. From a comparison of the IR and res-
onance Raman spectra of the radical, the change in conduc-
tivity was ascribed to the transformation of the monomeric
radical to the dimeric radical (more exactly, the change in
stacking of the molecules in the film).3?

3.3. Microsecond Time-Resolved Monitoring by Step-
Scan FT-IR. If the reaction to be studied is reversible
or repeatable, microsecond time-resolved monitoring is pos-
sible by the use of step-scan FT-IR interferometry. The
procedures to acquire time-resolved spectra by step-scan in-
terferometry have been extensively described by Nakano et
al.’% Briefly, the step-by-step optical retardation change is
achieved by a combination of a constant motion of the mov-
ing mirror and a sawtooth-like motion of the fixed mirror
for our FT-IR spectrometer. First, the mirrors are stepped at
the first optical retardation point X;. After the mirrors are
stabilized, the desired reaction is initiated via a potential step
and the signal from the detector is collected at times #;, #,
-+, t, with a constant time interval. Then, the interferom-
eter is stepped forward to the second retardation point X,
and the signal is accumulated following the same sampling
sequence described above. This process is repeated until the
optical retardation reaches its maximum value required for a
specific spectral resolution. Thus obtained two-dimensional
arrays of the time-dependent variation of the signal inten-
sity I(t;) (i=1—n) at each optical retardation X; (j=1—m)
are rearranged to give interferograms I(X;) at each time .
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Finally, time-resolved spectra are given by FT of the time-
resolved interferograms. The minimum time-resolution of
our instrument, which is limited by the A/D converter used,
is 5 ps.

The step-scan FT-IR spectrometry is useful to study very
fast reactions. The first microsecond time-resolved IR mon-
itoring was carried out to study the very initial stage of the
HV? reduction to HV'*.3" To minimize the aging effect,
a short potential pulse from —0.2 to —0.55 V and back to
—0.2 'V with 20 ms width was applied. The result is shown
in Fig. 15. The spectrum collected at —0.2 V was used as
the reference. Each spectrum was obtained with 100 s ac-
quisition time, but only the spectra of every 1 ms interval
are shown for clarity. The figure shows that a set of HV™
bands grow in intensity with time z. The band intensities are
well-correlated with the amount of the radical determined
by chronocoulometry.*” The intensity (and the charge con-
sumed by the reduction) is- proportional to 3/? at <12 ms
and to /2 at £>>12 ms, which indicates that the radical film
is formed via an initial nucleation and subsequent diffusion-
controlled film growth processes.

3.4. Two-Dimensional Correlation Analysis of Time-
Resolved Spectra.  Time-resolved IR spectroscopy pro-
vides dynamic and kinetic information on reactions. It will
be useful to study short-lived reaction intermediates. How-
ever, the interpretation of the spectra is not easy if IR bands
of reactants, intermediates and final products are highly over-
lapping. We have applied two-dimensional IR (2D-IR) tech-
nique to differentiate overlapping bands and to highlight dy-
namic and kinetic information involved in the time-resolved
spectra.

The basic concept of 2D-IR is somewhat analogous to the
2D correlation technique used in NMR.¥—% In 2D-IR, a
spectrum defined by two independent wavenumbers is gen-
erated by a cross-correlation analysis of dynamic fluctuations
of IR signals induced by a sample perturbation (e.g., potential
modulation). Through the cross-correlation analysis, bands
arising from different transient species are clearly differenti-
ated by their characteristic time-dependent behavior.

The 2D correlation analysis shown below was carried out
with the generalized 2D-IR formalism proposed by Nada.®®
Given a spectral intensity variation at a wavenumber v for a
period of time (¢) between —77/2 and 7/2, y(v,t), the dynamic
spectrum, j(v,t), is defined as

o)y =) for—T/2<T/2
Yo = { 0 otherwise ’ @
where y(v) is the time-average spectrum written as
1 T/2
=7 / y(v,H)dz. ®)
—1/2

The correlation intensity between two arbitrary wavenum-
bers, v; and v, is defined as

D1+ W) = / " o) Hwdo,  ©)

where
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Yi(w)= / ~ F(v1,f)e” " ds, (10)

Y (w)= [ °° $(ve, e ds. 8]

The real and imaginary components of the correlation func-
tion, @ (vy, vp) and ¥(vi, v,), are referred to, respectively, as
the synchronous and asynchronous correlation. Synchronous
and asynchronous 2D correlation spectra are constructed by
plotting @(v;, v;) and ¥'(vy, ), respectively, over a spectral
plane defined by the two independent (orthogonal) wavenum-
ber axes, v; and v,.

The synchronous 2D-IR correlation spectrum character-
ized the coherence of dynamic fluctuations of IR signals
measured at two different wavenumbers. The synchronous
correlation intensity becomes significant (i.e., nonvanishing)
only if the time-dependent variations of the two IR signals are
similar to each other. The asynchronous 2D-IR correlation
spectrum is complementary to the synchronous 2D spectrum
and characterizes the independent fluctuations of IR signals.
The asynchronous correlation intensity vanishes unless the
dynamic IR signals vary at different rates.

Synchronous and asynchronous correlations have either
positive or negative sign. The sign of the synchronous cor-
relation indicates the relative direction of change in dynamic
spectral response. It is positive if the spectral intensities are
changing (either increasing or decreasing) in the same direc-
tion. If the changes are in opposite directions, on the other
hand, the sign becomes negative.

The sign of the asynchronous correlation provides the tem-
poral relationship between the intensity fluctuations at v; and
v,. The sign is positive if the intensity fluctuation at v; oc-
curs before that at v,. If, on the other hand, the intensity
fluctuation at v; occurs after that at v,, the sign becomes
negative. The temporal relationship described above must
be reversed if the corresponding synchronous correlation in-
tensity is negative.

The dynamic processes involved in the very initial stage of
the HV?* reduction were investigated by 2D-IR.* Figure 16a
shows the synchronous 2D correlation spectrum constructed
from the time-resolved spectra shown in Fig. 15. Normal IR
spectrum of HV'™* (time-average spectrum, Eq. 8) is shown
along the top and left sides of the 2D map for reference. Sev-
eral peaks are developed at the frequencies of the bands ob-
served in the original one-dimensional time-resolved spectra.
The peaks located at diagonal positions, autopeaks, indicate
that all the six bands change their intensities with ¢ (namely,
as the amount of the radical increases). The intense peaks
appearing at off-diagonal positions, cross peaks, suggest that
all the bands change their intensities simultaneously. Since
the sign of the cross peaks is positive, the intensities of all
the bands are changing in the same direction (increasing).

The corresponding asynchronous 2D correlation spectrum
is shown in Fig. 16b. The shaded areas in the spectrum
represent negative intensity regions. Asynchronous 2D cor-
relation analysis provides deeper insight into the reaction
dynamics. The 1636 and 1184 cm™' bands, both assigned
to the monomeric radical, have no asynchronous correlation
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in Fig. 15. The shaded areas represent negative intensity regions.

with each other, indicating that the intensity changes of these
two bands are completely synchronized. On the other hand,
since these two bands have strong asynchronous correlation
with the remaining four major bands at 1593, 1504, 1331, and
1161 cm™! assigned to the dimer, the intensity changes of the
monomer bands and the dimer bands are not completely syn-
chronized. (Asynchronous 2D analysis judges the coherency
and incoherency of the intensity changes more strictly than
synchronous correlation analysis, which merely implies the
existence of possible correlation between bands.***? There-
fore, the cross peaks often appear at the same wavenumber
coordinates in both synchronous and asynchronous spectra.)
According to the above-mentioned rule regarding the sign
of the cross peaks, it is concluded that the monomer bands
appear earlier than the dimer bands.

Another notable observation in the asynchronous correla-
tion 2D spectrum in Fig. 16b is the development of many
weak cross peaks correlating the dimer bands. The cross
peaks indicate that the dimer bands are composed of several
components that change their intensities at different rates. To
show this more clearly, the spectral region between 1610 and
1460 cm™! is expanded in Fig. 17. The butterfly-like patterns
along the diagonal line at about 1600 and 1500 cm™! clearly
show that these two bands are doublets; 1594 and 1581 cm™!,
and 1508 and 1497 cm~! in peak positions. The presence of
the lower frequency components is not clear in the one-di-
mensional spectra but is suggested from the asymmetric band
shapes. The higher frequency components at 1594 and.1581
ecm~! have asynchronous cross correlations with the lower
frequency components at 1581 and 1497 cm™!. On the other
hand, no cross peaks are found between the higher frequency
components and between the lower frequency components.
Therefore, these four bands are classified into two pairs by
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Fig. 17.  Asynchronous 2D correlation spectrum of HV™
constructed from the time-resolved spectra shown in Fig. 15.
The shaded areas represent negative intensity regions.

their characteristic time-dependent behavior. The sign of the
asynchronous cross peaks indicates that the higher frequency
components appear before the lower frequency components.
Detailed analyses of the entire spectral region revealed that
the other dimer bands at 1331 and 1161 cm™! are also dou-
blets. Since the vibrational properties of the HV™* dimer are
sensitive to the crystal structure (stacking of the molecules in
the crystal),*? the split of the dimer bands may be a scribed
to the recrystallization in the deposited film.
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Although 2D-IR correlation spectroscopy does not pro-
vide intrinsically new information that is not obtainable from
usual one-dimensional spectra, it has an advantage of effec-
tively accentuating certain useful information that are not
distinctly seen in the one-dimensional spectra, as described
above. The most important is that IR signals arising from
different species can be clearly distinguished by their charac-
teristic time-dependent behavior. Furthermore, the sequence
of their intensity changes becomes clear. Such information
is useful for detailed studies of reaction processes.

The 2D-IR correlation analysis has an additional advan-
tage: it effectively enhances the signal-to-noise ratio of
one-dimensional spectra. We detected very weak bands
buried in very large noise signals by synchronous correla-
tion analysis.®*? Since incoherent noise signals in each one-
dimensional spectrum have no correlation with each other,
they are canceled out by synchronous correlation analysis.
The high noise-rejection ability of synchronous 2D spectrum
is important for time-resolved IR studies because signal-to-
noise ratios of spectra generally become worse as the time-
resolution becomes higher. The signals that do not change
in intensity with time are also rejected (see Eq. 7), which is
useful to suppress the background absorption due to the bulk
solution superposing on the surface signals.

Finally, it is important to point out that the fime used in this
2D correlation analysis can be replaced by other reasonable
variables.®® It is possible to analyze a set of spectra collected,
for example, at different potentials. In this case, the actual
time sequence of data collection is no longer important, but
the spectral data must be arranged in order of increasing or
decreasing potential.

3.5. Double-Layer Structure at the Electrochemical In-
terface. Understanding the composition and structure of the
electric double-layer formed at the electrochemical interface
constitutes one of the major objectives in electrochemistry.’"
In particular, detailed knowledge of water molecules at the
interface is an essential prerequisite to understanding elec-
trocatalytic reactions. The adsorption of water molecules on
metal surfaces has been studied extensively in ultrahigh vac-
uum (UHV) by means of modern surface analytical tools.”?
Since there exists a very strong electric field of about 10’
Vem™! at the electrode/electrolyte interface, however, the
behavior or water at the interface will not be the same as
that at the solid/vacuum interface. Classical models of the
electrochemical interface assume that water molecules are
ordered at the interface due to the strong electric field and re-
orient from “oxygen-up” to “oxygen-down” as the electrode
charge (or, equivalently, potential) changes from negative
to positive.’” In the past decade, molecular dynamics sim-
ulations have come to be employed to investigate the struc-
ture and dynamics of water at electrified metal surfaces.”>*
The computer simulations predict that water molecules are
arranged in several layers from the surface and reorient de-
pending upon the surface charge. The reorientation predicted
is more complicated than that assumed in classical models. It
has been predicted also that water molecules form an ice-like
structure on uncharged and positively charged metal surfaces.

ACCOUNTS

The ordering of water molecules in several-layers has been
confirmed on the Ag(111) electrode surface by means of in
situ X-ray scattering.”® However, the double-layer structure
has not yet been fully elucidated.

ATR-SEIRAS probes the interface without the interference
from the bulk solution and, hence, is very suitable to study
the inner part of the double-layer (Helmholtz plane). We
have investigated the potential-dependent reorientation of
water molecules at the Au(111) surface in perchloric®) and
sulfuric acids®® by this technique. Figure 18 shows acyclic
voltammogram of a 20 nm-thick Au film evaporated on a Si
prism recorded in 0.5 M perchloric acid. The shape of the
voltammogram is very similar to that recorded at the well-
defined Au(111) single crystal surface. A STM observation
of the evaporated thin film electrode revealed that the surface
of each particle is constructed with the (111) terraces and
steps. The broad peak around 0.8 V (vs. the reversible hy-
drogen electrode in the same solution, RHE) is due to the
adsorption of perchlorate anion and the shoulder at the low
potential side (at about 0.7 V) has been attributed to the
lifting of the (1x23) reconstruction of the Au(111) surface
to unreconstructed (1 x 1) phase.”®

A series of IR spectra from the electrode surface in the
perchloric acid, collected during a potential sweep from O
to 1.3 V, is shown in Fig. 19. The spectrum acquired at
the potential of zero charge (pzc) of the electrode (0.63 V)
was used as the reference. The reference potential is chosen’
on the basis of molecular dynamics simulations,”**? which
predict that water molecules are oriented flat on the electrode
surface around the pzc. The flat-lying molecules do not give
IR absorption because of the surface selection rule. Hence,
the pzc is very suitable as the reference potential. The figure
shows that the intensities and shapes of the vVOH and 6 HOH
modes of water change significantly as the potential changes,
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Fig. 18. Cyclic voltammogram of a vacuum-evaporated Au

thin film electrode in 0.5 M HCIO4 at a sweep rate of 50
mVs~!. The insets show the orientation of water at the
interface deduced from infrared spectra.
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reference potential is 0.62 V vs. RHE.

implying that the obtained spectra are of water molecules at
the interface. To see the changes in more detail, the spectra at
0.12,0.77, and 1.22 V are compared in Fig. 19 (spectra a, b,
and c, respectively) by scaling the strongest bands to be equal.
The spectra are apparently different from the transmission
spectrum of bulk water (0.5 M perchloric acid, spectrum d)
in both peak positions and shapes.

At potentials below 0.6 V where the electrode surface is
charged negatively, the VOH and 6 HOH bands are shifted to
higher and lower frequencies, respectively, compared with
the bulk spectrum. In addition, the bands are apparently
narrower. The shift and narrowing of the water bands are as-
cribed to the decrease in hydrogen bonding. It is noteworthy
that the 0HOH band is observed in the very low frequency
region for water monomer and dimer (1595—1620 cm™!),
suggesting the interaction of water molecule with the metal
surface via oxygen lone-pair orbital.®® The findings are ex-
plained by assuming that each water molecule is oriented
with both hydrogen atoms slightly closer to the surface than
the oxygen atom (see Fig. 18). Note that hydrogen atoms are
free from hydrogen bonding in this model due to the steric
hindrance and only the oxygen lone-pair orbital directing
toward the solution phase is available for hydrogen-bond-
ing with a molecule in the second layer, which explains the
relatively weak hydrogen-bonding.

The doubly degenerated asymmetric 6 HOH mode of oxo-
nium (H30%) is also observed in this potential range as a
broad band at 1720 cm™!. The corresponding symmetric
SHOH mode was not observed in the expected range around
1150—1200 cm~!. On the basis of the surface selection
rule, the results indicate that oxonium is oriented with its Cs
axis nearly parallel to the electrode surface. Since oxonium
with the assumed orientation is readily formed by adding the
third proton to the oxygen lone-pair orbital directing toward
the solution phase, the result seems to be very reasonable.

In the potential range slightly above the pzc, a broad and
a sharp vOH band are observed at about 3200 and 3612
cm™!, respectively (spectrum b in Fig. 20). Except for the
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Fig. 20. Comparison of the water spectra at (a) 0.12, (b) 0.77,
and (c) 1.22 V in Fig. 19. Spectrum d is the transmission
spectrum of 0.5 M HClO4. All the spectra are shown by
scaling the strongest bands to be equal.

1600 1200

latter sharp vOH band, the spectral feature is very similar
to that of ice. The formation of ice-like structure at the
electrochemical interface has been predicted by molecular
dynamics simulations.”**? The ice-like structure is formed
also on metal surfaces in UHV. The structure determined
by means of modern surface analytical tools is essentially
equivalent to the basal plane of ice I, in contact with the
surface.”” The molecules in the first layer adjacent to the
surface are oriented with hydrogen atoms slightly further
away from the surface than the oxygen atom is, and a network
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of edge-sharing puckered hexagonal rings similar to that of
the chair form of cyclohexane is formed by the hydrogen
bonding with the second layer (see the inset in Fig. 18).

The very sharp band at 3612 cm~! implies the presence
of non-hydrogen-bonded OH moiety. This band grows in
intensity with increasing the potential along with the growth
of the 1090—1130 cm™! band assigned to the vCI-O of
adsorbed perchlorate anion. When the supporting anion is
changed to chloride anion, this band shifts to 3592 cm™!.50
In sulfuric acid, this band was missing,’® probably because
of more significant red shift well into the broad vOH band
region. Since perchlorate and chloride are hydrophobic and
_ sulfate is hydrophilic, the anion dependence of the vOH band
is ascribed to the difference in hydrogen-bond acceptability
of the anions.

As the potential is made more positive than 0.8 V, an
intense and broad vOH band appears at 3460 cm ™! and grows
in intensity together with the sharp 3612 cm™! band. The
increase in intensity of the water bands suggests that the
hydrogen-ends of water molecule orient more toward the
solution phase. The change in the spectral feature around
0.8 V is well correlated with the adsorption of perchlorate
anion,®” suggesting that the anion adsorption changes the
double-layer structure. The ratio of the integrated intensities
of the sharp and broad vOH bands is 1: 10. Since hydrogen
bonding is known to increase the intensity of vOH band by
a factor of 10, the numbers of free and hydrogen-bonded
OH moieties are comparable. Similar spectral features have
been observed for asymmetrically hydrogen-bonded water
molecules (that is, only one OH moiety of a molecule is
hydrogen-bonded) in organic solvents. Recalling that per-
chlorate is hydrophobic, it is believed that the one OH moiety
adjacent to the adsorbed perchlorate is free from any hydro-
gen bonding and the other OH moiety is hydrogen-bonded
with other molecules.

The potential-dependent reorientation of water molecules
at the interface deduced from the IR spectra (see Fig. 18) is in
good agreement with the molecular dynamics simulations of
the electrochemical interface®™*? except for the very positive
potential region where anions are adsorbed. The effect of
adsorbed anions is not taken into account in the computer
simulations.

Very recently, we have succeeded in studying the dynam-
ics of the water reorientation caused by a potential step at a
time-resolution of 10 us. When electrode potential is stepped
from one to another, a current that exponentially decays with
time is observed. The measurements of the transient cur-
rent flow (chronoamperometry) is often used to obtain ki-
netic information on reactions and thermodynamic data for
molecular adsorption.’¥ The current flow has been inter-
preted by modeling the interface by an electrical circuit of a
resister representing the solution resistance and a capacitor
representing the double-layer at the interface. Time-resolved
ATR-SEIRAS experiments were carried out to establish more
realistic physical models for the transient current flow. The
spectra from the Au(111) electrode surface in 0.5 M sulfu-
ric acid showed that the reorientation of water occurs within
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the initial 1 ms and is followed by the adsorption of sulfate
anion. The vSO band of adsorbed anion shifted to higher:
frequencies as coverage increases. When coverage of anion
reached to about a half of full coverage, water molecules
further reorient due to the hydrogen bonding with the anions.
The dynamic changes of the interfacial structure terminated
within about 3 ms, which was well-correlated with the tran-
sient current flow. This study is in progress and the details
will be reported in a separate article.””

4, Summary and Remarks

The recent developments in SEIRA spectroscopy were re-
viewed. Two mechanisms are believed to contribute to the
IR absorption enhancement: electromagnetic and chemical
mechanisms. The origin of SEIRA is primarily ascribed to
the local electric fields enhanced via the excitation of local-
ized plasmon of small metal particles. Preferential orienta-
tion and the change in absorption coefficient of molecules
caused by the chemisorption onto metal surfaces provide ad-
ditional enhancements. The electromagnetic mechanism has
been well established, whereas the latter chemical mecha-
nism has not yet been fully elucidated.

By the use of SEIRA effect, electrode/electrolyte solution
interfaces can be probed in situ at a very high sensitivity
without the interference from the bulk solution. The utility
of this technique was demonstrated for several electrochem-
ical systems. The monitoring of the potential-dependent
reorientation of water at the interface is one of the greatest
achievements made by SEIRAS. This subject is very im-
portant in electrochemistry, but the thick solution phase has
prevented the direct observation of the water layer adjacent
to the electrode surface.

Time-resolved monitoring of electrochemical reactions at
time-resolutions ranging from microseconds to milliseconds
is also an important achievement made by SEIRAS. It is
shown that IR and electrochemical simultaneous measure-
ments provide significant insights into electrochemical reac-
tions. Two-dimensional correlation analysis of time-resolved
spectra provides further insights into reaction dynamics.

The success of the time-resolved IR monitoring is greatly
owing to the development of time-resolved FT-IR instrumen-
tation. Nevertheless, it must be noted that the signals from the
interface must be strong enough to carry out time-resolved
measurements. The time-resolved measurements with the
step-scan mode shown in Fig. 15 required about 10 min for
collecting all the data. Since the signal was strong enough,
no signal averaging were carried out in this measurement. If
the signals are weak and coaddition of a hundred to thousand
interferograms are required to enhance the signal-to-noise
ratio as in the case of IRAS, it will take 16.7 to 166.7 h to
collect the data. Such long measurements are not impossible,
but are not favorable because the electrode surface will be
contaminated during the measurements. Therefore, the use
of SEIRA is indispensable for time-resolved measurements.

In the course of the development of electrochemistry, ad-
vances have been made by the introduction of new diagnostic
probes for analytical characterization of the interface. The
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author hope that the IR techniques described in this article
will open up a new field in electrochemistry and related fields.
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