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Abstract. Molecules adsorbed on metal island films or particles exhibit 10-1000
times more intense infrared absorption than would be expected from conventional
measurements without the metal. This effect is referred to as surface-enhanced
infrared absorption (SEIRA) to emphasize the similarities with surface-enhanced
Raman scattering (SERS). The electromagnetic interactions of the incident photon
field with the metal and molecules play predominant roles in this effect. The chem-
ical interactions of the molecules with the surface can give additional enhancement.
The enhancement mechanisms and some applications of SEIRA.

1 Introduction

The optical properties of molecules are dramatically changed when they are
adsorbed on rough metal surfaces, metal island films, or metal particles. The
best-known example is surface-enhanced Raman scattering (SERS), in which
the Raman scattering of molecules is enhanced by millions of times compared
with free molecules [1,2,3,4]. A quite similar effect occurs in the mid-infrared
region: molecules on metal surfaces show infrared absorption 10-1000 times
more intense than would be expected from conventional measurements with-
out the metal [5,6,7,8]. This effect is referred to as surface-enhanced infrared
absorption (SEIRA) to emphasize the analogy to SERS.

Since the discovery of this effect in 1980 [5], a number of SEIRA spectra
have been observed on various metals. The SEIRA effect is characterized as
follows:

1. Enhanced spectra can be observed in the transmission [9,10], attenuated-
total-reflection (ATR) [5,6,7], external-reflection [11], and diffuse-reflection
modes [12]. In ATR and external-reflection measurements, the observed
band intensities depend on the polarization and angle of incidence of the
infrared radiation [11,13,14].

2. The enhancement depends greatly on the morphology of the metal
surface [15]. Vacuum-evaporated [5,0,7] and electrochemically deposited
[16,17,18,19] metal island films, and metal colloids [20,21] are good en-
hancers. In the case of island films, the largest enhancement is observed
when the islands are densely crowded but not touching each other.

3. Both physisorbed and chemisorbed molecules exhibit enhancement. In
general, chemisorbed molecules show a larger enhancement than ph-
ysisorbed molecules.
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4. The enhancement is significant for the first monolayer directly attached
to the surface and decays sharply within about 5nm from the sur-
face [10,22,23,24,25].

5. Vibrational modes that have dipole moment derivative components per-
pendicular to the surface are preferentially enhanced [26]. This surface
selection rule is the same as that in the so-called infrared reflection ab-
sorption spectroscopy [27]. The molecular orientation can be determined
by using the surface selection rule [28,29,30].

6. Metal island films that exhibit SEIRA have a very broad absorption ex-
tending from the visible to the mid-infrared, on which the enhanced ab-
sorption bands of the adsorbed molecules are superposed [10]. There exists
a linear relationship between the absorption of the metal and the enhance-
ment [10,15].

At least two different mechanisms, the electromagnetic (EM) and chemical
mechanisms, are supposed to contribute to the total enhancement [10,31,32]
as in the case of SERS [1,2,3,4]. The infrared absorption (A) may be written
as

A |0p/0Q - BI® = [0u/9QI*| B cos® 0 (1)

where O /0Q is the derivative of the dipole moment with respect to a normal
coordinate @, F is the electric field that excites the molecule, and 6 is the
angle between du/9Q and E. It should be noted that the intensity of the
electric field | E|? at the surface is not the same as that of the incident photon
field: a coupling of the incident photon field to the metal surface can enhance
the field [1,2,3,4,33,34]. The EM mechanism assumes an increase of the local
electric field at the surface [8,26,35]. The experimental evidence that the
enhancement extends to several monolayers away from the surface provides
a strong argument that a relatively short-ranged enhanced EM field (i.e. the
near field) contributes to the SEIRA effect. On the other hand, the chemical
mechanism assumes an increase of [Ou/9Q|? (i.e. the absorption coefficient)
due to chemical interactions between the molecule and the metal surface. For
example, CO chemisorbed on metal surfaces has an absorption coefficient
2-6 times larger than condensed CO (i.e. overlayers) [36,37,38]. Adsorbed
molecules are often oriented in a specific direction with respect to the surface.
Since the space average of cos? @ is 1/3 for randomly oriented molecules, the
orientation effect gives an additional enhancement by a factor of three at
maximum for vibrational modes that have dipole changes parallel to E.
SEIRA spectroscopy (SEIRAS) is now appearing with a wide range of ap-
plications. Infrared spectroscopy has been established as a routine molecule-
specific technique for qualitative and quantitative purposes. However, the
relatively low absorption coefficients of molecules in the infrared region limit
its use in many applications. Therefore, SEIRAS techniques that lower the
detection limit of infrared spectroscopy are of great interest. Trace amount
of molecules, ranging from picograms to nanograms [9,39,40], and very
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thin organic and bioorganic films, including Langmuir-Blodgett films and
self-assembled monolayers (SAMs) [22,41,42,43,44,45] have been analyzed.
SEIRAS can also be used for chemical sensing [18,45,46,47 48]. Since fine
metal particles have high catalytic activity in many reactions, SEIRAS is very
promising for catalysis research [16,17,19,49,50,51]. Surfaces of nonmetallic
materials, such as polymers, semiconductors, glass, human skin, and agri-
cultural products, can also be analyzed by this technique [11,52,53]. Among
several applications, great success has been achieved in its application to
dynamic studies of electrochemical interfaces [8,25,54,55,56,57,58].

2 Enhancement Mechanisms

2.1 Electromagnetic Mechanism

Vacuum-evaporated thin metal films are used most frequently for SEIRA ex-
periments. Thin metal films that show strong SEIRA are not continuous but
consist of metal islands smaller than the wavelength of light, as shown in
Fig. 1. The sample shown here is a 10 nm thick (in mass thickness) Ag film
on Si. The average dimension of the islands is about 30 nm. If the islands are
modeled by ellipsoids of rotation, the aspect ratio of the islands (the ratio
of the major to the minor diameter) ranges from 3 to 5. The density, shape,
and size of the islands depend on the mass thickness, the evaporation condi-
tions, and the chemical nature of the substrate [15]. As the mass thickness
increases, the islands grow in size, contact each other, and eventually form a
continuous film. Connection of the islands significantly reduces the enhance-
ment, suggesting that the small metal islands play an important role in the
enhancement.

The metal islands are polarized by the incident photon field through the
excitation of collective electron resonance, or localized plasmon, modes, and
the dipole p induced in an island generates a local EM field stronger than the
incident photon field around the island [2,3,33,34], as illustrated in Fig. 2. A
detailed theoretical treatment of the local EM field has been given in [33]. Tt
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Fig. 1. SEM image of a 10 nm thick Ag film vacuum-evaporated on Si
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Fig. 2. Schematic representation of the electromagnetic mechanism of SEIRA on
metal island films. See text for details. In simulations, the island film is modeled
as a set of ellipsoids of rotation with a dielectric function e,,, and the adsorbed
molecules are modeled by a thin layer with a dielectric function €4 covering the
ellipsoids. The aspect ratio of the ellipsoids is defined as n = a/b

has been well established that the enhanced EM field strongly enhances the
Raman scattering of adsorbed molecules. Figure 3 shows a set of transmis-
sion spectra of vacuum-evaporated Ag films on CaFs [10]. The strong band
around 500 nm is attributed to the collective electron resonances of isolated
Ag particles. As the mass thickness increases, the absorption band shifts to
longer wavelengths and becomes broader owing to the dipole coupling be-
tween islands [59]. Tt is noteworthy that the tail of this absorption extends
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Fig. 3. Transmission spectra of Ag island films evaporated on CaF3. The mass
thickness of each film is shown in the figure. The peaks in the mid-infrared region are
of p-nitrobenzoate adsorbed on the island films. The dashed trace is the spectrum
of a 10nm thick Ag film calculated from the Fresnel formula and the dielectric
function of bulk Ag under the assumption that the film is continuous
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well into the mid-infrared region. The observed spectra are very different
from the spectrum shown by the dashed line, which was calculated using
the dielectric function of bulk Ag and the Fresnel formula [60] under the as-
sumption that the film is continuous. This result suggests that the collective
electron resonance is excited even in the mid-infrared region and that the
enhanced EM field enhances the infrared absorption of adsorbed molecules.
A contribution of such EM effect to SEIRA was suggested also by the linear
relationship between the enhanced band intensity and the average EM field
intensity within the metal film [13,14].

The intensity of the enhanced EM field decays sharply as the distance from
the surface (d) increases, as represented by the following equation [33,61]:

6
a
|Elocal|2 X ( ) ) (2)

a+b

where a is the local radius of curvature of the island. In addition, the local
EM field is essentially polarized along the surface normal at every point on
the surface of the islands [34] (Fig. 2). Therefore, this model is quite conve-
nient for explaining the relatively short-ranged enhancement and the surface
selection rule. However, the EM field enhancement theoretically estimated
is only ten-fold or less in the mid-infrared region [10,43] owing to the large
imaginary part of the dielectric constants of metals (i.e. the strong damping
of localized plasmon modes). Therefore, the total enhancement of up to 1000
cannot be explained by this field enhancement only.

In the case of SERS on island films, the Raman-scattered light polar-
izes the metal islands and strong Raman scattered light is emitted from the
dipoles induced in the metal islands [1,2,3,4,33]. A similar situation may be
considered in SEIRA; that is, adsorbed molecules induce additional dipoles
0P in the metal islands and perturbe the optical properties of the metal.
Since the perturbation is larger at vibrational frequencies of the molecule
than at other frequencies, the spectrum of the metal island film should be
nearly identical to the spectrum of the molecule. The absorption coeflicients
of metal islands are smaller than those of the corresponding bulk metals in
the infrared region, as revealed by infrared spectroscopic ellipsometric mea-
surements [62], but are still larger than those of molecules. In addition, the
volume of the metal in the island film is much larger than that of a monolayer
adsorbate. Consequently, the vibrational spectrum of the adsorbate will be
observed much more strongly than would be expected from conventional mea-
surements without the metal. That is, a metal island is believed to function
as an amplifier in SEIRA. The linear relationship between the band intensity
of the adsorbed molecule and the background absorption of the metal can be
understood with this assumption.

If the system is assumed to be a continuous composite film consisting of
metal particles, adsorbed molecules, and voids (or host medium), the trans-
mittance or reflectance of the composite film can be calculated easily by
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using the Fresnel equations [60]. The effective (i.e. space-averaged) dielectric
function of the composite film can be connected with the polarization suscep-
tibility («) of the metal islands by using an effective-medium approximation
(EMA) [63]. For the sake of simplicity, a metal island film is modeled as a set
of ellipsoids of rotation with a uniform size, as shown in Fig. 2. The rotation
axis is perpendicular to the surface. The molecules are assumed to cover the
ellipsoid surfaces uniformly.

Among several models, the EMAs proposed by Mazwell-Garnett (MG)
[64] and Bruggemann (BR) [65] are the best known. In the MG model, the
effective dielectric function, ey, is connected with a by the following equa-
tion [63].

) 3

6MG:Eh<3—F0¢

where F' is the filling factor of the metal within the composite layer and ey,
is the dielectric constant of the surrounding host medium. The value of «
for an ellipsoid coated with molecules can be expressed as a function of the
dielectric functions of the bulk metal (¢y,), the adsorbed molecule (g4), and
the host as follows [66]:

A {§}|,l 7 @

x=(eq —en)lemlr +ea(1 — L1)] + Q(em — €a)[ea(l — La) + enLo],
y = leals + en(1—Lo)|[emL1 + ca(1—L1)]+ Q(em — €a)(ea — en) L2 (1— L),

where @ is the ratio of the volume of the core to the volume of the coated
particle (= V1 /Va), through which the size of the particle and the thickness
of the adsorbed layer can be incorporated into the calculation. The depolar-
ization factors of the core and the coated ellipsoid (L and Lo, respectively)
are solely a function of the aspect ratio of the ellipsoid n (= a/b; a and b are
the radius along the major and minor axes of the ellipsoid, respectively) [67].
The subscripts || and L refer to the cases where the applied electric field of
the incident light is parallel (||) and perpendicular (L), respectively, to the
substrate surface.

The MG model includes weak interactions between the islands only
through the Lorentz field and thus provides a good description for very thin
island films in which the metal islands are well separated from each other.
When the islands are densely packed (i.e. for thicker island films), dipole in-
teractions between islands cannot be neglected. In such a case, the BR model
provides a better approximation. In the BR model, the effective dielectric
function is represented as [63]

3(1— F)+ Fo/

31— F)—2Fa/’ (5)

€BR = €h
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This model assumes that the metal islands are embedded in the effective
medium [65]. Thus, « and e}, in (5) must be replaced by o’ and epg, respec-
tively, in this case.

Transmission spectra of a model molecule layer on 5 and 8 nm thick Ag
island films simulated with both the MG and the BR models, are shown by
the solid curves in Fig. 4 [26]. The thickness of the adsorbed molecular layer
and the particle size (2a) were assumed to be 1 and 25 nm, respectively. The
filling factors were taken from experimental data [68]. The dielectric function
of Ag was calculated from the Drude model,

w2

Em(w) =1— D@L/’ (6)

where the plasma frequency wp, equals 1.15 x 1016 s7! and the relaxation
time 7 is 1 x 1071 s for Ag [69]. The dielectric function of the adsorbed
molecule was approximated by a damped harmonic dipole given by

ca(v) =€'v) +£"(v),
B3 —v?)
WE =122 22

Byv

1

= 7
= ™

£'(v) =n? +

where v is the frequency in wavenumbers (cm™!), n. is the refractive index
at a frequency far from the band center 1y, and ~ is the bandwidth. B is
a constant related to the band intensity. These parameters were tentatively
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Fig. 4. SEIRA spectra of a model molecule adsorbed on Ag island films simulated
by using the Maxwell-Garnett (a) and Bruggemann (b) effective-medium models.
The mass thickness of the Ag film is 5 nm for (a) and 8 nm for (b). The dashed
trace is the spectrum of a molecular layer on the substrate (CaF2) without a metal
film. 7 represents the aspect ratio of the metal ellipsoid (Fig. 2). See text for details
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assumed to be n, = 1.77, B = 30000cm 2, 1y = 1700cm™ !, and v =
20cm™1!.

The dashed spectra in the figure correspond to a molecular layer formed
directly on the substrate (CaF3) without a metal film. The simulations clearly
demonstrate that the molecular vibrations are observable very strongly in the
presence of metal islands and that the enhancement depends on the shape of
the islands (i.e. on n). For the 5nm thick Ag film (Fig. 4a), the intensity for
1 = 1 (sphere) is as small as that without metal islands, but increases with 7.
For n = 3 (a typical value for vacuum-evaporated 5 nm thick Ag films), the
enhancement factor, defined by the ratio of band intensities with and without
a metal, is about 15. Larger enhancement factors are calculated with the BR
model for the 8nm thick Ag film (Fig. 4b). This factor reaches about 150
for n = 3. Such a large enhancement cannot be calculated if the MG model
is used instead of the BR model, implying that interactions between metal
islands play an important role in SEIRA. This result may be consistent with
the fact that the tail of the collective electron resonance extends well into the
mid-infrared region for thicker films owing to the dipole interactions between
the islands (Fig. 3).

The enhancement factors calculated here are slightly smaller than the ex-
perimental values for the symmetric NOg stretching mode of p-nitrobenzoate
adsorbed on Ag island films (about 50 and 500 at Ag thickness of 5 and 8 nm,
respectively) [10]. Since this molecule is known to be oriented with the Cy
axis perpendicular to the surface, an enhancement factor of (15-150) x 3 =
45-450 can be calculated for this mode by taking the orientation effect into
account. This value is in reasonable agreement with the experiments.

The EM model can also simulate well some SEIRA spectra measured with
the ATR and external-reflection geometries [11,70].

Despite the large simplification, the EM model explains well several char-
acters intrinsic to SEIRA. The solid curve in Fig. 5 shows the band intensity
of a model molecular layer calculated with the MG EMA as a functionof
its thickness (dmo1) [35]. The intensity rises sharply as dpo increases and
then decreases slightly, whereas it increases linearly with dmyo on a metal-
free substrate, as shown by the dashed line (the Lambert—Beer law). The
result clearly demonstrates that the enhancement is a short-range effect lim-
ited to a few nanometers away from the surface. It should be noted that the
EM simulation can be applied only to small d,,, values, because the voids
between metal islands are completely filled with molecules at a certain dy,e
and further deposited molecules form an overlayer on the composite layer.
Hence, the experimentally observable curve of intensity versus dy,, should
be the sum of the solid curve and the dashed line. The simulation is in good
agreement with several experiments [10,22,23,24 25].

SERS, which is observed in the visible and near-infrared regions, is sig-
nificant on free-electron metals (Au, Ag, and Cu) but is hardly observable
on transition metals owing to the strong damping of plasmon modes (i.e. the
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Fig. 5. Simulated peak intensity of a model molecule on a 5nm thick Au island film
plotted as a function of the thickness of the molecular layer, dmo1. The dashed line
is the result without the metal film. The experimentally observable dependence of
the band intensity on dmol represented by the sum of the two components shown

large imaginary part of the dielectric constant) [1,2,3]. In contrast, the EM
calculations predict an enhancement of infrared absorption on transition met-
als as strong as that on coinage metals [26]. In fact, several recent experiments
have demonstrated the SEIRA effect on many other metals such as Pt, Pd,
Rh, Ru, Ir, Sn, Fe, In, Pb, and Pt-Fe alloys [16,17,19,32,49,50,70,71,72,73].
Since the dielectric constants of these metals do not differ greatly from those
of coinage metals in the infrared region, these results may be a reasonable
consequence.

Asymmetric and bipolar (i.e. derivative-like) band shapes are often ob-
served in SEIRA spectra [19,32,49]. In some cases, molecular vibrations are
observed as negative absorption peaks, i.e. as reflectance maxima [16,17,19].
Very recently, it has been demonstrated that such spectral features can be
simulated with the an EM calculation using the Bergman EMA [19].

2.2 Chemical Mechanisms

Molecules chemisorbed on a metal surface show a larger enhancement than do
physisorbed molecules, suggesting some chemical effect between the molecule
and the surface. It is known that the absorption coefficients of chemisorbed
molecules are larger than those of condensed overlayers [38]. Interactions
between adsorbed molecules also affect the intensity [36,37]. Some theories
predict that charge oscillations between molecular orbitals and the metal sur-
face enlarge the absorption coeflicients of adsorbates by ‘intensity borrowing’
from the charge-oscillations [36,37,74]. There exist some experimental results
that seem to support such chemical mechanism [32,75,76]. For example, CO
adsorbed on Fe island films evaporated on MgO(001) shows a very asymmet-
ric SEIRA band [32]. An enhancement factor of about 100 was estimated for
this system. The band shape and enhancement were theoretically explained
by assuming a Fano-type resonance of the molecular vibration with electronic
transitions between the metal and the adsorbate [32]. The simulation agrees
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quite well with the observed spectra and the enhancement factor of 100 was
ascribed to the chemical origin. Nevertheless, it should be noted that the
asymmetric band shape can be explained also by an EM mechanism [19] as
described previously. In addition, the chemical enhancement factor of 100
is one order of magnitude larger than that observed for CO on bulk metal
surfaces (where the factor is less than 10). Although the difference in the elec-
tronic conditions between the island metal surface and the bulk metal surface
might have a strong effect on the enhancement, the details are still unclear.
Further theoretical and experimental studies of the chemical mechanism are
necessary.

3 Electrochemical Dynamics Monitored by SEIRAS

Recent research in electrochemistry has increasingly involved the use of sur-
face-sensitive analytical techniques in combination with conventional electro-
chemical techniques. The chief reason for this development is that electro-
chemical techniques inevitably measure the sum of all surface processes. The
results primarily provide kinetic information, and no direct molecular infor-
mation on the species involved in the reactions can be obtained. SEIRAS has
been applied very successfully to examine molecular events occurring at the
electrochemical interface. The achievements before 1997 have been reviewed
in [8]. In this section, the basic aspects of this technique are summarized first
and then some recent developments are described.

3.1 Experimental Technique

So far, the so-called infrared reflection absorption spectroscopy (IR-RAS)
technique (Fig. 6a) has been used for in situ infrared studies of the electro-
chemical interface [77]. P-polarized infrared radiation passing through the
solution phase is reflected at the electrode surface at a high incidence angle.
The working electrode is pushed against an infrared-transparent cell window
to reduce the strong absorption of the electrolyte solution. The thickness of
the solution layer between the electrode and the window is typically 1-10
wm. An advantage of this technique is that well-defined single-crystals can
be used as working electrodes, as well as poly-crystals. However, this tech-
nique has two serious problems when it is used for dynamic studies. One is
that the thin-layer structure of the cell prevents mass transportation between
the thin-layer and the reservoir, and the system does not respond quickly to
changes of the externally applied potential owing to the large solution re-
sistance. Hence, this technique can be used only under static or quasi-static
conditions. The other is the interference from the bulk solution. Although
the solution layer is very thin, it is still much thicker than a monolayer on
the electrode. Thus the signal from the adsorbate is superposed on the so-
lution background, which is about three orders of magnitude stronger. The
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Fig. 6. In situ monitoring of the electrochemical interface with IR-RAS (a) and
ATR-SEIRAS (b)

solution background can be removed to a large extent by measuring potential
difference spectra [77], but its complete subtraction is very difficult.

These problems intrinsic to IR-RAS can be removed by using the ATR
configuration illustrated in Fig. 6b. A thin metal film deposited on a prism (Si,
Ge, or ZnSe) is used as the working electrode. The infrared radiation passed
through the prism is totally reflected at the electrode/electrolyte interface.
Since the evanescent wave penetrates only a few hundred nanometers into
the solution phase [78], it is not necessary for the solution phase to be thin
and further the solution background can be significantly reduced compared
with that in IR-RAS. On the contrary, the absorption of species adsorbed
on the electrode surface is enhanced by the SEIRA effect. Consequently, the
signals from the adsorbate and solution are comparable in this configuration,
which facilitates the complete subtraction of the solution background [70].

The details of the experimental setup and procedures have been described
in [70,79]. Although the electrodes used in ATR-SEIRAS must be island films,
relatively thick (15-20 nm) island films prepared by vacuum evaporation have
a conductivity good enough for electrochemistry. It should be noted that
slow deposition of the metal is crucial in preparing SEIRA-active thin-film
electrodes by vacuum evaporation [15]. Evaporated metal films are generally
polycrystalline, except for Au. The Au surface has a tendency such that facets
with (111) crystallographic orientation preferentially appear on the surface
when it is evaporated very slowly. A short (about 10 s) annealing of the film
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with a hydrogen—oxygen flame accelerates the recrystallization of the surface
toward the (111) orientation [80]. A prolonged annealing of the film generally
reduces the enhancement. The electrodes are used after cleaning their surface
in the solution by repeated potential sweeps between the surface oxidation
and hydrogen evolution potentials. Oxidation-reduction cycles in solutions
containing halogen ions, which are very often used for observing SERS [1,3],
are not recommended, to avoid complex electrochemistry. The surface can be
kept clean for several hours if ultrapure water and chemicals are used.

3.2 Comparison of ATR-SEIRAS and IR-RAS

The ATR-SEIRAS technique has been applied very successfully to several
electrochemical systems [8,28,29,30,49,50,56,57,58,80,81,82,83]. To highlight
the difference between IR-RAS and ATR-SEIRAS, infrared spectra of pyri-
dine adsorbed on Au electrodes measured with the two techniques [28,81] are
compared in Fig. 8. The electrode used in the IR-RAS measurements was
an Au(111) single-crystal, whereas in the ATR-SEIRAS measurement it was
a vacuum-evaporated preferentially (111)-oriented 20 nm thick Au film. The
infrared reflection absorption (IR-RA) spectra are represented by the relative
reflectance change, defined as A R/R = (Rsample — Rrer)/Rrer, Where Reample
and R,er are the reflectivities of the electrode at the sample and reference
potentials, respectively. On the other hand, the ATR spectra are represented
in absorbance units, defined by A = —log(Rsample/Rrer). In both measure-
ments, the reference potential was —0.75 V versus a saturated calomel elec-
trode (SCE), at which potential the molecule is totally desorbed from the
surface. Therefore, the adsorbate on the electrodes gives down-going bands
in the IR-RA spectra and up-going bands in the SEIRA spectra.

Several adsorbate bands are clearly identifiable in both sets of spectra,
but the band intensities in the ATR spectra are about 20 times greater than
those in the IR-RA spectra. Note that A R/R = 0.0005 corresponds to 0.0002
absorbance units. Of course, the difference in surface area between the single-
crystal and island film electrodes contributes to the different intensities. How-
ever, the roughness factor of the island film, estimated by electrochemical
techniques, was only about 2.5. Considering that IR-RAS has a sensitivity
over 10 times higher than transmission spectroscopy [27], an enhancement
factor of about 100 or more is estimated for the evaporated Au electrode.

The IR-RA spectrum is characterized by a strong up-going band at 1445
cm~ . Since the adsorption of the molecule onto the electrode surface reduces
its concentration in the thin solution layer, the up-going band is ascribed to
pyridine in the solution. Pyridine in the solution has another strong band
at 1594 cm ™', which deforms the spectral features around 1600 cm~!. The
down-going band at 1601 cm ™! is a ghost produced by the superposition of
the up-going solution band at 1594 cm~! and down-going band of adsorbed
pyridine at 1593 cm~!.
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Fig. 7. IR-RA and ATR-SEIRA spectra of pyridine adsorbed on an Au(111) single-
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The ATR-SEIRAS technique is free from this problem and only the vibra-
tional modes of adsorbed pyridine are observed owing to its higher surface-
sensitivity. Even the very weak band at 1448 cm™! located very close to
the solution band can be identified. In the SEIRA spectrum, a very broad
negative-going band, assignable to the bending mode of water, is observed at
1620 cm ™!, which is not seen in the IR-RA spectrum because DO was used
as the solvent to avoid strong interference from the solution. This band de-
creases in intensity with increasing potential, concomitantly with the growth
of the pyridine bands. Thus, this band can be ascribed to water molecules
that were removed from the interface by pyridine adsorption. This explana-
tion is supported by the considerably lower frequency of this band than that
of bulk water (1645 cm~1) [79,51]. The observation of water molecules at the
interface also demonstrates the high surface-sensitivity of this technique.

In summary, the ATR-SEIRAS technique is useful for observing only the
interface without interference from the solution. On the other hand, IR-RAS
can provides information on molecules both at the interface and in the bulk
solution, although the superposition of the bands of both species often makes
the spectral analysis difficult except in cases where the spectrum of the ad-
sorbate is greatly changed by adsorption.

When solution bands are well separated from adsorbate bands, they can
be used for semi-quantitative estimation of the amount of molecules adsorbed
on the surface [84]. The intensity of the 1445 cm~! band in Fig. 7a was shown



176 Masatoshi Osawa

to be proportional to the Gibbs surface excess (I") of pyridine determined by
chronocoulometry.

On the other hand, the intensities of adsorbate bands are usually not pro-
portional to the surface coverage, as shown in Fig. 8. The intensity of the
1597 cm™! band in Fig. 7b (circles in Fig. 8) does not track the I' versus
potential curve (solid line) [85]. Although pyridine adsorption occurs at po-
tentials more positive than —0.7 V, this band is observed at potentials more
positive than —0.4 V, where I" reaches a plateau. On the basis of the sur-
face selection rule, the result is interpreted as showing that the pyridine ring
is parallel to the surface at negative potentials and rises up as the poten-
tial increases. This potential-dependent reorientation of pyridine deduced by
SEIRAS has been confirmed by in situ scanning tunneling microscopy [28].
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Fig. 8. The intensity of the 1599 cm™* band in Fig. 7b plotted as a function of the
potential (circles). The solid line represents the Gibbs surface excess (I") of pyridine
measured as a function of the applied potential, which was taken from [35]

3.3 Time-Resolved Monitoring of Electrode Dynamics

Since the signal-to-noise ratio of a spectrum is proportional to the square
root of the number of interferograms added together (in the case of FT-IR
spectroscopy), one will recognize immediately that the high sensitivity of
ATR-SEIRAS facilitates real-time or time-resolved monitoring of dynamic
processes at the interface. The quick response of the electrochemical cell in
the ATR configuration is also quite convenient for such measurements. In
general, a signal-to-noise ratio good enough for detailed analysis of mono-
layer adsorbates can be obtained by adding fewer than 50 interferograms,
which requires acquisition times of less than 10s for most FT-IR spectrome-
ters. For strongly absorbing molecules, high-quality spectra can be obtained
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without addition of interferograms. The short acquisition time enables us
to accumulate a series of spectra successively under potential-sweep condi-
tions together with electrochemical data. If the reactions to be investigated
are reversible or repeatable, they can be monitored with microsecond time-
resolution by using a step—scan FT-IR technique [54,56,58]. By applying two-
dimensional correlation analysis (i.e. the so-called 2D-IR analysis) to a series
of time-resolved spectra, detailed information on the reactions and dynamics
that is not readily accessible with conventional one-dimensional spectra can
be extracted [55,81].

A comparison of spectral and electrochemical data is quite important
for obtaining deeper insights into electrochemistry [25,28,29,56,58,82]. As an
example, a time-resolved SEIRA study of underpotential deposition of Cu
on an Au(111) surface is shown in Fig. 9 [58]. Underpotential deposition is a
phenomenon in which a monolayer or submonolayer amount of metal atoms
is adsorbed on the surfaces of a different metal at a potential more positive
than the equilibrium potentials. The inset in Fig. 9a shows a typical cyclic
voltammogram for an Au(111) electrode in 0.1 M H2SOy4 containing 1 mM
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Fig. 9. (a) Current transient for a potential step from 0.45 to 0.6 V at an Au(111)
electrode in 0.1 M H2SO4 containing 1 mM CuSOy, and (b) the simultaneously
measured transient of the band intensity of sulfate adsorbed on the electrode. The
infrared data were taken from a series of ATR-SEIRA spectra measured with a 1 ms

time-resolution. The inset shows a cyclic voltammogram recorded at a scan rate of
2mVs~!
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CuS0Oy4. Adsorption and desorption of Cu adatoms and sulfate ions provides
the current flow. The sharp cathodic peaks at 0.5 and 0.33 V correspond to
the formation of well-ordered phases. The two anodic peaks correspond to the
reverse processes. The ordered phase formed in the potential range between
0.4 and 0.5V is called the honeycomb (v/3 x v/3) phase, in which two-thirds
of a monolayer (ML) amount of Cu adatoms are arranged in a honeycomb
structure and one-third of a monolayer ML amount of sulfate anions are
coadsorbed in the center of the honeycomb (see Fig. 10).

Figure 9a shows the current transient for the dissolution of the honeycomb
(v/3x1/3) phase triggered by a potential step from 0.45 to 0.6 V. The transient
curve can be simulated by a combination of two kinetic terms as follows:

j(t) = k1 exp(—kat) + kst exp(—kat?) . (8)

The first term (curve I) corresponds to a Langmuir (i.e. random) process,
and the second term (curve II) to a nucleation-and-growth process. The time
constants ko and k4 are 49 s~! and 193 s~2, respectively. This simulation in-
dicates that the dissolution of the honeycomb (\/g X \/5) phase takes place via
two different successive processes, but conventional electrochemical measure-
ments do not provide any detailed molecular information on these processes.
Figure 9b represents the corresponding transient of the band intensity of
coadsorbing sulfate, which was taken from a series of SEIRA spectra mea-
sured with a time-resolution of 1 ms. This transient can be simulated with a

Intermediate phase
(structure is not clear)

Fig. 10. Schematic representation of the dissolution dynamics of the honeycomb
(v/3 x v/3) phase on an Au(111) electrode surface deduced from the data shown in
Fig. 9. One half of the Cu adatoms and all sulfate ions are desorbed in step 1 with
Langmuir kinetics. The remaining half of the Cu adatoms are desorbed in step 2
with nucleation-and-growth kinetics
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single Langmuir term with a rate constant of 35 s~!, which is nearly identical
to that of the first process found in the current transient. The results indicate
that sulfate ions are totally desorbed from the surface in the initial process
and that the subsequent process involves desorption of Cu adatoms only. By
integrating curves I and II in Fig. 9a, the charge densities passing during the
first and second processes have been measured to be 85 and 125 uC cm™2,
respectively. A charge density of 125 uC cm ™2 corresponds to that required
for desorption of 1/3 ML of Cu adatoms (one-half of the Cu adatoms in the
honeycomb phase). Accordingly, it is concluded that 1/3 ML of Cu and all
sulfate ions are desorbed in the initial process, and then the remaining 1/3
ML of Cu adatoms is desorbed in the subsequent process. The smaller charge
density of 85 pC cm™2 for the initial process is accounted by the superposi-
tion of a negative charge of 40 pC cm™? required for desorption of the sulfate.
The processes are schematically represented in Fig. 10.

3.4 A New Approach to Electrode Dynamics

When the electrode potential is changed, current flows across the interface to
charge-up the double-layer. The time-constant for the double-layer charging is
typically a few milliseconds for electrodes of ordinary size (millimeter to cen-
timeter in diameter). Owing to the interference from the double-layer charg-
ing current, reactions that have time-constants equivalent to or smaller than
that of the double-layer charging cannot be examined by conventional elec-
trochemical techniques. Fortunately, spectroscopic measurements are not in-
terfered with by the double-layer charging. Molecular absorption/desorption
at electrodes within the time-region of the double-layer charging has been in-
vestigated by ATR-SEIRAS with a 100 ps time-resolution [56]. The change of
the actual potential across the interface during the double-layer charging has
also been measured from spectral changes of a SAM of 4-mercaptopyridine
on Au [57].

Since electrochemical reactions are limited by double-layer charging, dif-
fusion, and several other slow processes, it is impossible to determine rate
constants of faster processes by any time-domain approaches. To overcome
this limitation, measurements in the frequency domain are often used in elec-
trochemistry. In ac impedance spectroscopy, for example, the potential is
modulated and the phase shift of the corresponding current flow with respect
to the modulation is measured, from which kinetic parameters can be ob-
tained. However, reactions with rate constants larger than ~ 103s~! cannot
be measured even with this method, owing to the double-layer charging. Since
spectroscopic measurements are not interfered with by the double-layer charg-
ing, very fast processes should be accessible if electrochemical measurements
are replaced by spectroscopic measurements. This idea has been realized in
the UV-visible region [86]. Unfortunately, the molecular specificity of UV—
visible spectroscopy is not high enough. The use of FT-IR spectroscopy has
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also been examined for this purpose [37,38]. However, the relatively low sensi-
tivity of infrared spectroscopy, the thin-layer structure of the electrochemical
cell, and some other technical problems have prevented its practical use. Very
recently, these problems were removed by coupling potential-modulated FT-
IR with ATR-SEIRAS [57].

A block diagram of the experimental setup used for potential-modulated
FT-IR spectroscopy is shown in Fig. 11. The electrode potential is modulated
with a sinusoidal wave generated by a waveform generator, and the in-phase
and quadrature (90° out-of-phase) components of the modulated IR signal
are analyzed with a lock-in-amplifier. The dc component of the signal is
used as the reference. The crosstalk between Fourier frequencies and the
potential modulation frequency can be removed by the use of a step—scan
FT-IR spectrometer.

Typical potential-modulated spectra for a 4-mercaptopyridine SAM on an
Au electrode are shown in Fig. 12. The solid and dashed curves correspond to
the in-phase and quadrature spectra, respectively. The bipolar band around
1470 cm~' implies a shift of the vibrational frequency with potential. On
the other hand, the 1618 cm ™' band changes only in its intensity. The peak
intensities of the 1618 cm™! band in the in-phase and quadrature spectra
measured at modulation frequencies ranging from 41 Hz to 50 kHz form a
semicircle in the complex plot (Cole-Cole plot), as in the Cole-Cole plots of
ac impedance. A theoretical analysis of the infrared data revealed that the
spectral changes occur at a rate of ~ 5 x 10°s~!, which is much larger than
the time constant of the double-layer charging (1.9 x 103s™1) [57].

Potential-dependent spectral changes, as shown in Fig. 12, are observed
for many molecules adsorbed on electrode surfaces. Two mechanisms have
been proposed for CO, the Stark-tuning and back-donation models [77]. The
Stark-tuning model predicts that the change of the electric field across the
double-layer changes the vibrational properties of the adsorbate. The back-
donation model predicts that the change in the potential (that is, the Fermi
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Fig. 11. Experimental setup for potential-modulated FT-IR spectroscopy
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Fig.12. In-phase (solid lines) and quadrature (dashed lines) spectra of a 4-
mercaptopyridine self-assembled monolayer on an Au thin-film electrode in 0.1 M
HCIO4 measured by potential-modulated FT-IR spectroscopy at the modulation
frequencies indicated in the figure

level of the electrode surface) changes the amount of charge back-donated
from the metal to the 270* orbital of CO, resulting in the spectral changes. If
the Stark-tuning effect is dominant, the rate of the spectral changes should
be the same as that of the double-layer charging (i.e. of the actual potential
change at the interface). If this is not the case, the rate may be different
(presumably, much faster). In the case of 4-mercaptopyridine, the rate of
the spectral changes is much faster than that of the double-layer charging,
indicating that the charge-transfer mechanism rather than the Stark-tuning
mechanism contributes to the spectral changes.

4 Summary and Remarks

In summary, SEIRA is a phenomenon similar to SERS and is characterized
by a 10-1000 times enhancement of the infrared absorption of molecules ad-
sorbed on metal island films or small metal particles. The local electric field
around the metal islands produced by the coupling of the incident photon
field with the metal excites an adsorbed molecule. The excited molecule per-
turbs the optical properties of the metal, and the molecular vibrations are
observed through a change of the transmittance or reflectance of the island
film. Since the absorption coefficient and volume fraction of the metal are
larger than those of the molecules, the molecular vibrations can be observed
more strongly than would be expected from conventional measurements with-
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out the metal. Molecular vibrations that change the dipole moment along
the surface normal are selectively enhanced. Preferential orientation of the
molecules on the surface provides an additional enhancement by a factor of
three at maximum. Chemical interactions of molecules with the surface can
give additional enhancement, but the details are still unclear. Among several
applications, SEIRAS has been applied most successfully to electrochemical
systems. Thanks to developments in FT-IR instrumentation and data anal-
ysis techniques such as 2D-IR, SEIRAS has enabled us to study electrode
dynamics that is not readily accessible by conventional electrochemical tech-
niques.

Despite twenty years of history, SEIRA has received less attention than
SERS. This is probably due to the smaller enhancement factor of SEIRA.
However, infrared spectroscopy basically has a higher sensitivity than Raman
spectroscopy, and hence the sensitivities of SEIRAS and SERS are compa-
rable. It is emphasized that SEIRAS and SERS are not competitive but are
supplementary to one other, as in the case of normal infrared and Raman
spectroscopy. A comparison of SEIRA and SERS spectra is very helpful for
detailed analysis of both spectra [42,44,72]. The use of SEIRAS in tandem
with other analytical techniques will also be very fruitful for surface chemistry
and surface electrochemistry, as described in Sect. 3.2. In electrochemistry,
the combined use of SEIRAS and STM is becoming popular [28,29,30,83,89].
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