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Adatoms, clusters, and complexes have been associated with the active sites that enable the short-
range mechanism of surface-enhanced Raman scattering (SERS). To clarify this relationship we
have studied the interaction between pyridine and a monolayer (ML) of Ag on a Pt substrate as a
function of applied potential and solution composition. Our electromagnetic calculations show only
small optical fields exist at the 1-ML Ag—Pt substrate surface which are incapable of supporting the
electromagnetic enhancement of SERS. This confirms our earlier report that enhancement for this
system arises from an electronic resonant Raman process in the surface complex. The growth of the
Ag ML was performed in a thin-layer solution-exchange electrochemical cell. The cell allowed re-
moval of the Ag* solution and introduction of a pyridine and C1~ solution while maintaining a con-
stant applied potential. Results reported here show that no SERS exists for pyridine adsorbed on
the pre-prepared Ag ML. Electrochemical oxidation and reduction of the ML in the presence of py-
ridine and Cl~ is necessary before a signal is observed. This process creates Cl~-stabilized,
electron-deficient sites onto which pyridine is bound. These Ag™ sites on the Pt substrate are analo-
gous to the Ag,"™ pyramidal clusters which have been discovered as SERS-active sites on bulk Ag

substrates.

I. INTRODUCTION

Since the first report of surface-enhanced Raman
scattering (SERS) in 1974,! numerous studies have been
performed to determine the underlying mechanisms of
this surface phenomena.? Although these studies have
shown the overall enhancement can be divided into two
distinct groups, controversy still exists as to the relative
importance of these individual mechanisms to the total
observed enhancement. The first group, referred to as
electromagnetic or gptical enhancement, arise primarily
on rough (50—300 A) noble-metal surfaces such as Ag,
Cu, and Au.>~® The surface-roughness features can sup-
port optical resonances (surface plasmon-polaritons)
which enhance the incident local field as well improve
coupling between the Raman-shifted scattered light and
the observed far field radiation. The second mechanism,
which is not clearly understood, involves a resonant Ra-
man process in the metal—adsorbed-molecule surface
complex.”~!! This mechanism is referred to as a chemical
or short-range enhancement process and tends to be sensi-
tive to the surface site (“active site”) of the adsorbed mol-
ecule.

In earlier studies it was not always possible to eliminate
the electromagnetic enhancing properties of a surface
when investigating the short-range mechanism of
SERS.!?~!5 Most experiments were performed on noble-
metal surfaces which contributed an optical component to
the observed enhancement. Mechanistic studies should be
performed on surfaces of materials such as Pt or Ni where
the optical resonances would be damped by other electron-
ic processes, e.g., interband transitions.'®~!® This would
enable independent study of the short-range mechanism of
SERS without competing enhancement from electromag-
netic mechanisms.
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This report is an extension of an earlier paper which in-
troduced our approach of investigating the short-range
component of SERS using a Pt substrate in the electro-
chemical environment.!® We are interested in duplicating,
as closely as possible, the surface chemistry that exists in
active Ag substrates. To that end, our program has in-
volved careful deposition and characterization of Ag
monolayers on a Pt substrate using electrochemical
methods. The enhancement that arises at the electrode-
electrolyte interface is not general to other interfacial sys-
tems. For instance, enhanced scattering from a single
metal monolayer on a metallic substrate has only been ob-
served in the electrochemical environment. This may be
due to the intrinsic difference in the nature of the liquid-
solid and gas-solid interfaces, e.g., the large electrostatic
forces that exist at the former due to the arrangement of
charge in the double layer. In our work reported upon
previously it was only possible to monitor the
pyridine—silver-monolayer interaction at potentials posi-
tive of the reversible Nernst potential (0.365 V) since bulk
Ag deposition occurred negative of this value. In this re-
port, we have investigated the pyridine—silver-
monolayer—Pt-substrate system as a function of applied
potential and solution composition, without the complica-
tion of Ag bulk deposition.

The growth of the Ag monolayer (ML) on the Pt sur-
face is known to occur uniformly, without Ag particle for-
mation.?° Uniformity is a critical requirement for this
system, since Ag particles give rise to electromagnetic
enhancement at the metal surface. As will be shown in
Sec. II, the uniform Ag ML alone can not sufficiently in-
crease the poor electromagnetic enhancing properties of
the underlying Pt substrate, i.e., the surface remains elec-
tromagnetically inactive. Any enhancement that may
arise at this surface must be considered short-range in na-
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ture.

To perform the above SERS investigation of the
pyridine—silver-monolayer interaction it was necessary to
construct a new electrochemical cell. The major require-
ment of the cell was that it allow separate, well-controlled
deposition processes at the sample surface. For example,
it was essential that the initial Ag ML deposition on the
Pt substrate occur in a pyridine-free solution so as to
avoid co-deposition of these two species. To accommo-
date the requirement, a convenient solution-exchange
flushing system was designed which provided easy remo-
val of one cell solution for another while maintaining a
constant applied potential. Figure 1 shows an exploded
view of the new cell. We refer to this apparatus as a
thin-layer solution-exchange electrochemical cell. As will
be evident from a detailed discussion in Secs. III and IV,
this cell allows the investigation of surfaces that could not
be created in a conventional bulk-solution electrochemical
cell.

We shall emphasize a number of points throughout this
report. First, one can exclude electromagnetic enhance-
ment of SERS for a molecule adsorbed on a pre-prepared
Ag ML since only small optical fields exist at this surface.
Second, an observable SERS signal is possible only after
the pre-prepared Ag ML is oxidized and then reduced in a
pyridine and Cl~ solution. This result is similar to that
observed in previous works, including ourselves, in which
SERS was detected after co-deposition of Ag* and pyri-
dine on a Pt substrate.!®!”!® Finally, only with the new
solution exchange cell could the SERS from the
pyridine—silver-monolayer formation be investigated as a
function of applied potential.

II. THEORY

For a Ag ML deposited on a perfectly smooth Pt sur-
face, it is not possible for an incident electromagnetic field
to excite surface plasmon-polaritons on the metal surface.
This is due to the wave-vector mismatch between the in-
cident field and the surface plasmon at all frequencies (ex-
cept @=0). On such a surface an additional momentum
source such as a surface grating is needed to facilitate the
excitation. Coupling on a rough metal surface can occur
since the roughness features destroy the translational in-
variance of the smooth surface, eliminating the require-
ment of momentum conservation parallel to the interface.

a

FIG. 1. Exploded view of the thin-layer electrochemical sam-
ple chamber. The assembly is held together with four screws,
only one of which is shown. (a) Glass fixture through which
electrical contact with the reference electrode (not shown) is
made. (b) Pt wire counter electrode. (c) Main body of the
chamber, Teflon. (d) Output for solution flow. (e) Sample. (f)
Schematic representation of the direction of solution flow. (g)
Teflon gasket-spacer. (h) Quartz window.

This roughness is in general random in dimension, but as-
sumed much smaller than the wavelength of the incident
light. A more complete discussion of surface plasmons
and roughness is presented in Ref. 21 for the interested
reader. The Pt surface used in our experiment has rough-
ness features due to the mechanical polishing techniques
used to prepare the sample. While it is not possible to ex-
cite a surface plasmon on the bare Pt substrate in the opti-
cal frequency region, the possibility arises that a Ag ML
adsorbed on this surface may allow a resonance to occur.
We will now demonstrate that this is of no concern.
Previous theories dealing with the electromagnetic
characteristics of rough metal surfaces usually limit the
roughness geometries to simple structures such as hemi-
spheroids and spheroids.>#?? This allows tractable solu-
tions for the enhancing properties of these particles. For
our purposes, we have used the model employed by Mur-
ray in which the substrate and surrounding metal over-
layer are considered a confocal pair of prolate
spheroids.?>~2°> We refer to the inner spheroid of the pair
as that volume containing only Pt. The term ‘“outer
spheroid” refers to the entire spheroidal system. The
spheroid is defined by an effective dielectric permittivity?®

. _ez[(el—ez)(vAz—-Al—v)—el] 1)
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where v is the volume ratio of the inner and outer
spheroid, €, and €, are the complex dielectric functions of
Pt and Ag, respectively, and 4, and A4, are the inner and
outer depolarization factors. The values of €; and €, as a
function of wavelength were taken from the literature.?”28
Expressions for v, A, and A4, are given in Ref. 23.

In our simple model, we assume the outer spheroid is
small compared to the wavelength of the incident field,
Ao=514.5 nm (Rayleigh approximation). This is a
reasonable approximation since we have restricted the size
of the particle to <300 A. The problem of calculating
the local fields reduces to one of electrostatics rather than
electrodynamics.?’ Throughout the calculations, we
directed the incident field along the semimajor axis of the
outer spheroid, defined as the z direction. All field and
enhancement values were determined for a molecule locat-
ed at the tip of the outer spheroid. For the thin Ag over-
layer we have modified the imaginary part of the dielec-
tric function by including a term which accounts for elec-
tron scattering from the boundaries of the overlayer.*
This term increases the effective electron scattering rate in
the overlayer, leading to a reduction in the optical fields
outside the spheroid.

We discovered a printing error in Murray’s article
which under certain conditions gives incorrect values for
the electromagnetic enhancement of SERS. The
discrepancy arises in the expression for the local field at
the tip of the outer spheroid (Ref. 23, Eq. 5). The correct
expression is>!

(eeff——€3)(1—A2)/€3
1+ A (eqr—€3) /€3

Eg—=Eo |1+ 2, 2)

where E, is the incident field and e; is the dielectric func-
tion of the medium surrounding the ellipsoid. The 1/€;
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factor in the numerator of the second term in Eq. (2) is
missing in Murray’s expression.

The electromagnetic enhancement for SERS will be
proportional to the total dipole moment of the molecule-
spheroid system. Thus, we define this enhancement as

G=|u|* |pol?, (3a)
where

|1t | *=[@E ip(wo) Pl@E jp(w5)] (3b)

lio|*=|aEo|*, (3c)

U, Mo, and a are the total dipole moment of the
molecule-spheroid system, dipole moment in the absence
of enhancement, and the molecular polarizability of the
molecule, respectively. We have used Eq. (2) for the field
at the tip of the spheroid. The electromagnetic enhance-
ment is proportional to the product of the field intensity
at the incident frequency, wg, and that at the scattered fre-
quency, ;. This expression does not include any contri-
bution that may arise from the molecule’s dipole image in
the spheroid.

Figure 2 shows a plot of G versus the incident photon
energy for a molecule adsorbed at the tip of a Ag
spheroid. The dimensions of the particle were chosen for
optimum electromagnetic enhancement at the incident
wavelength of 514.5 nm (2.41 eV). The outer semimajor
and minor axes are 150 and 65 A, respectively. The di-
mensions of the outer spheroid were fixed at these values
throughout all calculations.

To determine the effects of an inner spheroid of Pt on
the SERS enhancement G, we removed a volume of Ag
from the center of the spheroid and replaced it with an
equal amount of Pt. Figures 3 and 4 show the results of
the procedure. As is evident from the figures, G shows a
marked decrease and broadening in its resonance position
as the volume of the inner Pt spheroid is increased. We
note that the ratio of the inner semimajor and semiminor
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FIG. 2. Normalized electromagnetic enhancement of SERS,
G, vs incident photon energy for a Ag sphermd with semimajor
to semiminor axis ratio (a /b) of 165 A/65 A.

J. MIRAGLIOTTA AND T. E. FURTAK 35

LN B B S I e e
TT T T T T

0.2} ]

G Ot :
- e
L RN 1
o N I I PN TR
1.0 1.5 2.0 2.5 3.0 3.5 4.0

INCIDENT ENERGY (eV)

FIG. 3. Electromagnetic enhancement of SERS, G, vs in-
cident photon energy for various Ag/Pt spheroids. Scale is -;— of
Fig. 2. Solid curve has a Pt core with a/b =75 A/32.5 A.
Dashed curve has a Pt core with a /b =100 A /43.3 A.

axes are identical to that of the outer axes, assuring a uni-
form Ag overlayer on the inner Pt spheroid as the Pt
volume was increased. The dashed curve in Fig. 4 is for a
spheroid containing an average Ag overlayer thickness of
6.3 A. The average thickness was determined by taking
the difference between the arithmetic mean of the outer
and inner spheroid axes.

Note that only a small electromagnetic SERS enhance-
ment is possible for a molecule at the tip of the Ag-coated
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FIG. 4. Electromagnetic enhancement of SERS, G, vs in-
cident photon energy for various Ag/Pt spheroids. Scale is 7‘5—
of Fig. 2. Solid curve has a Pt core with a /b =100 A /43.3 A.
Dot-dashed curve has a Pt core with a /b =125 A/54.1 A. The
dashed curve has a Pt core with a/b =140 A /60.6 A. The Ag
overlayer for this final curve has an electron mean free path of
20 A.
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Pt spheroid. The damping of the optical fields outside
these particles are due to the shortened electron mean free
path in the Ag ML and interaction of the plasmon fields
with the inner Pt spheroid. The latter influence leads to
low-energy interband transitions in this core providing ad-
ditional damping for electromagnetic resonances,

Since a uniform Ag ML will occupy <3 A average
overlayer thickness, Fig. 4 (dashed curve) can be con-
sidered an upper limit on the electromagnetic enhance-
ment ability of the Ag ML—Pt substrate surface. There-
fore, any SERS that may arise at this surface will not be
electromagnetic in nature. This justifies our assumption
that our experiments deal primarily with the short-range
mechanism of SERS.

III. PROCEDURE

The body of the thin-layer solution-exchange cell con-
sisted of a polycrystalline Pt sample (99.99%, 0.25-in.-
diameter rod) mounted in a 1.0-in-diameter Teflon rod so
as to be concentric and planar with the rod surface. The
thin-layer solution chamber was constructed by placing a
Teflon gasket (0.002 in) between the planar surface of the
body and a S1-UV quartz window. A pressure seal be-
tween the gasket and window created the thin layer above
the sample and also eliminated the problem of leaks dur-
ing the exchange of the sample chamber. The solution ex-
change was performed using a versatile inlet-outlet system
which consisted of two small-bore holes leading from the
back of the body to the front planar surface. The Pt
counterelectrode was placed in the outlet chamber so as to
avoid sample contamination during solution exchange.
For similar reasons, a third chamber was designed to iso-
late the saturated calomel reference electrode (SCE) from
the thin-layer chamber while keeping electrical contact
with the Pt sample. A small-bore hole leading from the
back of the body to Pt sample provided a means of electri-
cal contact to the electrode. These specifications are
represented in Fig. 1.

Prior to each experiment the sample was mechanically
polished, ending with 0.05-um alumina. It was then ul-
trasonically cleaned for 5 min in triply distilled water and
then soaked in a solution of 25% nitric acid, 25% sulfuric
acid, and triply distilled water. The sample was then
soaked in triply distilled water until the thin-layer cell was
assembled. The quartz window was cleaned with Alconox
detergent, soaked in the above acid mixture, and then
rinsed in triply distilled water. All solutions were com-
posed of reagent-grade chemicals and triply distilled wa-
ter. Before introduction into the thin-layer cell, the solu-
tions were purged with zero-grade nitrogen for 30 min.
The applied potential was controlled with a Pine poten-
tiostat and all electrochemical records were collected with
a Houston x -y recorder. Triangular potential scans were
generated by the potentiostat, and current through the
sample was plotted as a function of applied potential. All
electrochemical data were recorded with a potential scan
rate of 1 V/min.

Raman spectra were obtained with the double-
monochromater—photon-counting system described in our
previous work. The monochromator was set to two re-

gions of interest, 80—320 cm ™! and 950—1070 cm ™!, at
120 cm~!/min. Both ranges had data point resolutions of
2.1 cm~!. The number of repeat scans per spectra was
dependent upon signal strength. The incident excitation
was p polarized at 514.5 nm and 200 mW in a line focus
on the sample. The angle of incidence was 45°.

All Raman data were collected at constant applied po-
tentials, with the collection lens of the monochromator
focused on and perpendicular to the sample surface. Scat-
tered light within a solid angle of 40 msr about this per-
pendicular line was admitted to the monochromator.

IV. RESULTS

A. Electrochemical records

Prior to each experiment the Pt sample was electro-
chemically monitored for surface purity in 0.1M
Na,SO4 + 0.1M H,SO,. The applied potential was
scanned between —0.27 and + 0.9 V (SCE) until reprodu-
cible hydrogen adsorption and desorption peaks were ob-
tained in the current versus potential records, as shown in
Fig. 5. Adsorption peaks at —0.1 and —0.23 V
(negative-current peaks) correspond to the strongly and
weakly bound species of atomic hydrogen, respectively.?
The actual surface area of the Pt sample was determined
by measuring the charge delivered during the hydrogen
adsorption process and comparing this to the standard
amount of 210 uC/cm”** We found a surface-roughness
factor of 1.4 for the sample.

The procedure of growing a stable and uniform Ag ML
is illustrated in Fig. 6. The cell solution for this electro-
chemical record was (1.5Xx107%)M AgNO;+ 0.01M
Na,SO4 + 0.01M H,SO,. The applied potential was
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FIG. 5. Sample current versus applied potential for Pt in
0.01M H,SO4 + 0.1M Na,SO,4. The scan rate was 1 V/min.
Applied potential ( V) with respect to the saturated calomel elec-
trode (SCE).
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FIG. 6. Sample current versus applied potential for Pt in
0.1M H,S80,+ 0.1M Na,SO4 + (1.5x10")M AgNO;. The
scan rate was 1 V/min. Applied potential ( ¥) with respect to
the saturated calomel electrode (SCE).

scanned between 0.0 and 0.9 V until reproducible Ag mul-
tilayer and monolayer oxidation peaks (herein referred to
as “stripping” peaks) were obtained. These two, well-
separated processes (0.38 V) are denoted in Fig. 6 as 4
and C, respectively. After achieving a reproducible
record the potential was held at E (+ 0.55 V), which is
between the Ag multilayer stripping potential and the Ag
ML stripping potential. The Ag™ solution was then
flushed from the cell with 0.01 MH,SO, + 0.1M Na,SO,
leaving only 1 ML of Ag on the Pt surface and eliminat-
ing the possibility of further Ag deposition. The applied
potential was again scanned between 0.0 and + 0.9 V to
ensure that only Ag ML adsorption and stripping oc-
curred at the Pt surface. The record of this scan is shown
in Fig. 7, with the adsorption and stripping processes
denoted C and D, respectively. In our previous work, it
was not possible to investigate or prepare an Ag ML
without co-deposition with pyridine. However, as dis-
cussed above, the thin-layer cell allowed preparation of
the Ag ML with little difficulty.

After the pre-prepared Ag ML was grown on the sam-
ple, a 0.025M pyridine + 0.1M KCI solution was intro-
duced into the cell at an applied potential of 0.0 V. Fig-
ure 8 shows the electrochemical process of oxidizing and
reducing the Ag ML in the pyridine and Cl~ solution.
The applied potential was scanned from 0.0 to +0.8 V
then back to —0.1 V. We emphasize that the Ag cover-
age on the surface is no greater than 1 ML during this
scan. In previously reported studies Ag bulk deposition
occurred for-potential negative of the reversible Nerant
potential (0.365 V) making it impossible to study the
pyridine—silver-monolayer interaction at these potentials.

We believe peaks A and B correspond to Cl~ adsorp-
tion and desorption on the Ag ML, while peaks C and D
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FIG. 7. Sample current vs applied potential for an Ag
ML—Pt surface in 0.01M H,SO, + 0.1M Na,SO,. The scan
rate was 1 V/min. Applied potential ( V) with respect to the sa-
turated calomel electrode (SCE).

represent oxidation of the residual Ag on the Pt surface.
We shall refer to the electrochemical process in Fig. 8 as
the ““activation” of the Ag ML.

B. Raman spectra

The surface Raman scattering from pyridine adsorbed
on the pre-prepared Ag ML are shown in Figs. 9 and
10(a). The cell solution was 0.025M pyridine + 0.1M
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FIG. 8. Sample current versus applied potential for a Ag
ML—Pt surface in 0.1M KCIl + 0.025M pyridine. The scan
rate was 1 V/min. Applied potential ( V) with respect to the sa-
turated calomel electrode (SCE).
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FIG. 9 Surface Raman spectrum for the Ag ML—Pt in 0.1M
KCI + 0.025M pyridine prior to electrochemical activation (Fig.
8). The applied potential was —0.1 V. Identical spectra were
obtained at —0.2 and —0.3 V (not shown).

KCl and no activation of the Ag ML had been performed.
As shown in Fig. 9 no detectable signal was observed over
the photon energy shift of 950 to 1070 cm™! at the ap-
plied potentials of —0.1, —0.2, and —0.3 V. A similar
result was found in the 80 to 320 cm™! spectrum [Fig.
10(a)] which was recorded at —0.1 V. Note the absence
of normal Raman scattering from pyridine in bulk solu-
tion. The vibrational modes of pyridine in solution are
usually observed at 1008 and 1037 cm~!. However, the
incident radiation interacts with only a small volume of
solution in the thin-layer chamber, thus contributing only
a negligible term to the spectra. No SO,~2 mode at 978
cm~! is present since the counterion in solution is C1~.
Our previous investigation required SO, 2 as the coun-
terion to avoid AgCl precipitation in the cell solution.

The spectrum in Fig. 10(b) was recorded at —0.1 V
after two activation cycles had been performed in 0.025M
pyridine + 0.1M KCIl. The spectrum shows a small
broad peak centered at 235 cm~! whose magnitude
remained constant with time. Figure 10(c) was recorded
after the Ag ML was activated in a 0.1 KCIl solution
(no pyridine), followed by the introduction of pyridine at
—0.1 V. Again, we were unable to detect any signal
under these conditions.

The data in Fig. 11(a) show a large peak at 1020 cm ™!

with smaller peaks at 1008 and 1037 cm ™!, The spectrum -

was recorded at —0.1 V immediately after two activation
cycles of the Ag ML in 0.025M pyridine + 0.1M KCIL.
The magnitude of the 1020 cm~! mode remained constant
with time at this applied potential. Figures 11(b) and
11(c) show the effect of applying a potential more nega-
tive than —0.1 V. The magnitude of the 1020 cm™!
mode decayed with time at —0.2 V and became undetect-
able at —0.3 V. The behavior of this 1020 cm~' mode is
similar to that of the 1018 cm~! mode on multilayer Ag
in our last article.!” At potentials more negative than that
of the bulk deposition peak the 1018 cm~! mode also
disappeared. This suggests the negative potential induced
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FIG. 10. Raman spectra obtained from Ag ML—Pt surface.
(a) The applied potential was —0.1 V and no electrochemical ac-
tivation (Fig. 8) was performed. Cell solution was 0.1M
KCl + 0.025M pyridine. (b) The applied potential was —0.1 V.
Recorded after electrochemical activation in 0.025M
pyridine + 0.1M KCl. (c) The applied potential was —0.1 V.
Recorded after electrochemical activation in 0.1 M KCIl followed
by introduction of 0.025M pyridine.

the destruction of resonant surface complexes which were
responsible for the short-range mechanism of SERS. It is
likely the 1020 and 1018 cm™! modes arise from very
similar surface complexes.

To reestablish a SERS signal after destruction of the
signal at —0.3 V, activation of the Ag ML was performed
in the pyridine and Cl~ solution. After the activation, the
applied potential was stepped to 0.0 V, and the spectrum
shown in Fig. 12(a) was recorded. The magnitude of the
1020 cm~! mode remained constant with time, similar to
the spectrum recorded at —0.1 V [Fig. 11(a)]. The spec-
trum in Fig. 12(b) was taken at + 0.2 V which is on the
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FIG. 11. Raman spectra obtained from Ag ML—Pt surface
after electrochemical activation (Fig. 8). (a) The applied poten-
tial was —0.1 V. (b) The applied potential was —0.2 V. (¢) The
applied potential was —0.3 V.
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FIG. 12. Raman spectra obtained from the Ag ML—Pt sur-
face after electrochemical activation (Fig. 8). (a) The applied
potential was 0.0 V. (b) The applied potential was + 0.2 V. (c)
The applied potential was + 1.0 V.

positive side of the AgCl formation peak (peak A, Fig. 8).
There is a 3 cm ™! shift in the 1020 cm~! mode compared
to the position of the mode at —0.1 V. The shift was ac-
complished by a decrease in SERS intensity; however, the
signal remained constant with time.

The final spectrum [Fig. 12(c)] was recorded at + 1.0
V, beyond the stripping peak of the residual Ag on Pt
(peak C, Fig. 8). No Ag remained on the surface at this
potential. Under these conditions no detectable SERS was
observed.

V. DISCUSSION

A. Electrochemical results

For a Pt electrode in equilibrium with an Ag™ solution,
it is known that deposition occurs in two separate, well-
defined regions of applied potential. Deposition first
proceeds with the growth of a uniform Ag ML at poten-
tials on the positive side of the reversible Nernst potential
(underpotential deposition). Separation of these two pro-
cesses is due to Ag interacting more strongly with the
underlying Pt than with a corresponding surface of Ag.
Although no theoretical treatment for underpotential
deposition presently exists, investigations of various
monolayer-substrate couples in the electrochemical envi-
ronment has led to an empirical expression relating the
potential difference of the bulk and monolayer stripping
peaks to the difference in the work functions of the two
metals. The physical model for underpotential deposition
was introduced by Kolb, Przasayski, and Gerischer** and
agrees reasonably well with a number of metal couples in-
cluding Ag/Pt. Results for vapor-deposited Ag in ul-
trahigh vacuum (UHV) on single-crystal Pt surfaces show
the deposition process also occurs in two distinct steps
pointing to the similarity between the Ag-Pt interaction in
the two experimental systems.>’

Experimentally, it is known that up to 1.54 ML of Ag

is deposited on Pt before bulk deposition can occur.’® The
Ag ML formation has been shown to proceed uniformly,
free of Ag clusters on the surface. During multilayer
deposition these structures can form on the surface, pro-
viding sites for optical field enhancement. However, all
spectra in this work were recorded under conditions of Ag
ML coverage, eliminating any possibility of electromag-
netic enhancement as shown in Sec. II.

The electrochemical record in Fig. 3 shows the charge-
transfer processes that occur on Pt as a function of ap-
plied potential in an Ag™ cell solution. Peaks 4 and B
demonstrate Ag bulk stripping and deposition, respective-
ly. The position of these peaks ( + 0.37 V) agrees with the
calculated Nernst potential in the Ag™ cell solution. Both
bulk processes occur in the same potential region, indicat-
ing a high degree of reversibility during the surface reac-
tion. The potential separation of peaks 4 and C (0.38 V)
agrees with previous electrochemical studies of Ag on
Pt.=3% We note that the potential difference gives a
measure of relative bonding strength of the Ag-Pt and
Ag-Ag interactions.

Peaks C and D in Fig. 3 show Ag ML stripping and
deposition, respectively, on the Pt surface. Unlike the
corresponding bulk Ag processes, the Ag ML stripping
and deposition occur simultaneously with other charge-
transfer surface reactions. Peak C represents both Ag
ML stripping and Pt oxide formation, leading to an ob-
served charge transfer of 2.1 ML of material. Conversely,
peak D corresponds to Ag ML formation and oxygen
desorption on the Pt surface. Due to the complex nature
of this reaction, there is a degree of irreversibility for
these respective processes (C and D).

After removal of the Ag™ cell solution, stripping and
deposition of Ag on Pt in 0.1M Na,SO, + 0.01M H,SO,
was recorded in Fig. 4. The procedure of eliminating
Ag™ solution ensured only 1 ML of Ag deposited on the
surface (C and D). Despite a slight positive shift in peak
C (relative to the same peak in Fig. 3) the process of ML
adsorption and desorption remained unchanged in the
Ag™-free solution. We attribute this independence to the
thin layer of solution above the sample surface which el-
iminated the mass transport of Ag™* to and from the in-
terfacial region at the applied potential scan rate of 1
V/min.*’ This also suggests that the equilibrium between
the surface and Ag™ in solution for the monolayer reac-
tion occurs only in the metal solution interface region
with little or no influence of the Ag* concentration in the
bulk solution. This is contrary to the Ag bulk deposition
process, which is strongly dependent on the Ag™ cell solu-
tion concentration.

To determine the Ag coverage on the Pt surface, the ap-
plied potential was scanned into the hydrogen adsorption
region (0.0— —0.27 V). Previous studies of Ag on Pt
show that a complete Ag ML (210 £C/cm?) inhibits hy-
drogen adsorption by approximately 85% with respect to
a bare Pt substrate.? Our result (not shown here) found
the Ag/Pt surface inhibited this adsorption process by
70%, indicating an Ag coverage of approximately 80%.
This is a uniform coverage, since Fig. 4 shows only a Ag-
Pt interaction at the Pt surface.

The electrochemical record in Fig. 5 shows the oxida-
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tion and reduction of the Ag ML in a pyridine and C1~
solution. This represents the first time Ag™ and pyridine
co-deposit on the Pt surface in this experiment. All previ-
ous SERS investigations of the pyridine-silver interaction
on Pt were performed under these conditions.'®!7-2° Peaks
A—D denote charge-transfer processes that occur upon
scanning the applied potential between —0.1 and + 0.8
V. To our knowledge, such a result has not previously ap-
peared in the literature. We believe the process in peak A4
corresponds to the oxidation of the Ag ML into an insolu-
ble layer of AgCl. Peak B is the subsequent reduction of
the metal halide layer on the negative scan of the applied
potential. These two peaks are analogous to the oxidation
and reduction of a bulk Ag substrate in a pyridine and
Cl~ solution.'?

Peaks C and D are more difficult to interpret. We be-
lieve the formation of the AgCl layer (peak A) is only par-
tial, leaving bare Ag sites on the Pt surface. Peak C
represents the stripping of these sites from the Pt sub-
strate as the applied potential is scanned positive. Subse-
quently, peak D shows the redeposition of the Ag on the
negative potential scan. This hypothesis is supported by a
number of results. First, the charge transfer observed in
peaks C and D represents approximately 50% of the total
Ag coverage. Second, SERS from the surface is observed
between peaks 4 and C, but is undetectable beyond the
positive side of peak C. We also note that the positions of
C and D are identical to our previous results of Ag* and
pyridine co-deposition and stripping on Pt. To complete-
ly clarify these charge-transfer reactions, further investi-
gation is needed.

B. Raman spectra

The results presented in Figs. 9 and 10(a) were recorded
under conditions of pyridine (Pyr) adsorption on the pre-
prepared electrode surface. No activation of the Ag ML
had been performed (Fig. 5) making it impossible for the
Cl™ stabilized Ag™-Pyr complex to exist at the Pt sur-
face. Under these surface conditions it is not unusual that
no SERS signal is observed. Previous experiments on
bulk Ag substrates have shown the importance of a strong
stabilizing agent (such as C17) on the relative strength of
the SERS signal.>*! The absence of Cl~ at the Ag/Pt al-
lows the Ag*-Pyr complex to dissociate (or inhibit the
formation) at the surface. Also, as was discussed in Sec.
II, electromagnetic enhancement is not possible at the Ag
ML—Pt substrate since only small optical fields exist at
this surface. A similar result occurs when pyridine is ad-
sorbed on a bulk Ag substrate prior to oxidation and
reduction of the Ag surface in a pyridine and Cl~ solu-
tion. The SERS signals at 1008 and 1037 cm~! are con-
siderably weaker than the same vibrational modes after
activation of the surface, suggesting the major contribu-
tion to the former SERS signals arise from the elec-
tromagnetic enhancing properties of the underlying Ag
surface.

Figure 10(b) was recorded at —0.1 V after the Ag ML
was activated in a 0.025M pyridine + 0.1M KCI solu-
tion. The spectrum reveals a broad vibrational mode at
235 cm~! which we attribute to a Ag-Cl surface vibra-

tion. The activation allows co-deposition of Ag* and py-
ridine on the Pt surface, which prior to this step had not
occurred at the surface. Some ambiguity had existed in
the literature as to whether this low-energy mode was as-
sociated with a Ag-N (pyridine) surface vibration. How-
ever, numerous investigations of this vibrational mode in
both our laboratory and elsewhere have shown it is indeed
a Ag-Cl mode.***® Figure 10(c) was recorded after the Ag
ML was activated in 0.1 M KCIl followed by the introduc-
tion of 0.025M pyridine at —0.1 V. The absence of SERS
dramatizes the importance of performing the activation in
both pyridine and Cl1~ in forming the Ag™-Pyr Cl~ stabi-
lized complex. Again, this result is analogous to SERS
investigations of bulk Ag substrates in pyridine and Cl~
solutions.

Figure 11(a) was recorded at —0.1 V immediately after
the spectrum in Fig. 10(b). The observed mode at 1020
cm ™! is consistent with the symmetric ring-breathing vi-
bration of pyridine chemisorbed to an electron-deficient
Ag site (Lewis acid site). This result is similar to our pre-
vious report of an Ag*-Pyr complex formed on the Pt
substrate in a SO, ™2 solution.?’ In that investigation, the
mode was observed at 1018 cm ™!, suggesting a minor role
of the counterion on the observed Raman shift. It is like-
ly that the C1~ ion influences this mode more than SO, 2
since the latter only weakly adsorbs on the electrode sur-
face.

Some confusion exists as to whether this mode (1020
cm™!) is due to adsorbed pyridine or its protonated form,
pyridinium, at the metal surface. Careful pH studies
have shown that the observed SERS on Ag substrates in
low pH solutions arise primarily from adsorbed pyridini-
um.*** The observed modes have been assigned to the
ring-breathing (1009—1011 cm~!) and the ring-stretching
(1026 cm™!) mode of pyridinium. Conversely, in higher
pH solutions where the concentration ratio of pyridine to
pyridinium. [Pyr]/[PyrH™], is greater than 1, the dom-
inant surface species is pyridine. In our studies, the solu-
tion pH was 5.4. The relationship between species con-
centration and solution pH is given by

pK,=logo[PyrH*]/[Pyr][H*]+pH .

Pyridine has a pK, (dissociation constant)=5.25. There-
fore, pyridine has a higher solution concentration than its
protonated form. We can be assured that our signal arises
from pyridine and not pyridinium. We note that a ring-
breathing pyridinium mode was also present when the
species was adsorbed on the electrode surface. No such
mode is observed in our spectra, further supporting our
position that our signal arises from Lewis-acid-bonded py-
ridine.

These Raman results, together with the preceding elec-
tromagnetic calculations in Sec. II, are evidence for an
electronically resonant surface complex at the Pt sub-
strate. There is little doubt that the resonance involves
the Agt-Pyr structure since no appreciable SERS has
been observed from pyridine adsorbed on a bare Pt sub-
strate. However, the form of the Ag™ surface site (clus-
ter, adatom) remains unknown. Due to the strong Ag-Pt
interaction, it is likely that the active sites are individual
Agt adatoms since the above interaction leads to a uni-
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form Ag coverage on the Pt substrate.

Figures 11(b) and 11(c) were recorded at potentials
more negative than that of —0.1 V. The resulting de-
crease of the 1020 cm~! mode is an indication of two
simultaneous processes occurring at the surface. The first
is the neutralization of the Ag™-Pyr surface complex to
Ag-Pyr. The Ag site can no longer be considered electron
deficient, thus the 1020 cm~! mode decreases. Second,
the negative bias desorbs the remaining Cl~ from the sur-
face allowing the Ag*-Pyr complex to dissociate. It is
not possible to regain the SERS signal by returning to
—0.1 V, further supporting our position that SERS arises
from specific “active sites” on the Pt substrate. The
above destruction procedure has also been shown to occur
on bulk Ag substrates. It is conceivable that both the Ag
substrate and Ag ML active sites are similar in form. Re-
cently, evidence has been shown that active sites on the
Ag surface resemble Ag,*t clusters, which are character-
ized by low-frequency vibrational modes.*® Their detec-
tion on the Ag substrate is very difficult at best, and was
not possible on a poor electromagnetic-field-enhancing
substrate like Pt. In our previous article, the application
of a negative bias also destroyed the Ag*-Pyr mode at
1018 cm ™! on multilayer Ag. However, there was an ob-
servable SERS signal at 1008 and 1037 cm™! suggesting
that pyridine remains weakly adsorbed at the Ag mul-
tilayer surface.

Figure 12(a) was recorded at 0.0 V after first reestab-
lishing the SERS signal by activating the Ag ML as in
Fig. 5. We reemphasize the importance of forming the
Agt-Pyr complex during this activation. The signal of
this applied potential is very similar to the spectrum in
Fig. 11(a) (—0.1 V). The stability of the signal is
representative of the stability of the absorbed surface
complex at 0.0 V. Figure 12(b) was recorded at an applied
potential of + 0.2 V, which is more positive than that of
the partial AgCl layer formation potential. Note the 3-
cm~! shift of the ring-breathing mode from 1020— 1023
cm~!. This is further evidence of the role of the coun-
terion on the observed Raman shift. A Cl~ dependent
shift of the ring-breathing mode of pyridine was observed
in an earlier Raman study of pyridine adsorbed on a 7-
alumina powdered sample.47 In that investigation, the ob-
served pyridine mode at 1019 cm ™! shifted to 1022 cm ™!
upon chlorination of the 7 alumina. The authors
presumed that the adsorbed C1~ strongly coordinated the
surface species of pyridine, which then gave rise to the ob-
served 1022 cm~! mode. The remark that previous obser-
vations of this Raman “electron-deficient” vibrational
mode were done in systems that contained Cl~ or
ClO,."'¢ 1t is possible that there is considerable influence
of C1~ on the electron density of the A4, orbitals of pyri-
dine. An increase in the orbital electron density would
lead to an increase in the observed frequency of the sym-
metric ring-breathing mode of pyridine. We did not ob-
serve any counterion related shift of the Raman signal in
our previous article; however, as mentioned earlier, SO, 2
is less likely to be specifically adsorbed at the surface than
is Cl™.

The final spectrum, Fig. 12(c), was recorded at poten-
tials more positive than that of the stripping peak of the
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residual Ag on Pt. Such a result would be expected only
if the residual sites were indeed responsible for the ob-
served SERS at + 0.2 V [Fig. 12(b)]. The absence of
SERS at the potential is identical to the results obtained
in our previous work under the same surface conditions,
i.e,, no Ag on the Pt substrate. Although the potential
dependence of the SERS signal at 1020 cm ™! is similar to
the behavior of the 1008 cm ! mode of pyridine bound to
an active site on a bulk Ag substrate, there is an intrinsic
difference between these two surfaces. The electron-
deficient nature of the Ag ML on Pt is evident by the ob-
servation of the SERS signal at 1020 cm ™!, yet one does
not generally observe this vibrational mode on a Ag sub-
strate except after extreme pretreatment of this surface.
To understand why such a difference in surface charge
density should arise for these two systems, an examination
of the interaction of the Ag adatom with these two respec-
tive substrates (Ag and Pt) is required. Adsorption of a
Ag adatom on a bulk Ag surface is likely to shift and
broaden the 5s electronic level of the adatom such that
the level coincides with the Fermi energy of the underly-
ing Ag metal. This process, however, leaves the Ag ada-
tom in a neutral state. Upon replacing the underlying Ag
with Pt, an electron transfer from the Ag adatom to the
Pt occurs due to the difference in work functions of these
respective metals. This charge transfer leaves a partial
positive charge on the Ag adatom, which is consistent
with the observation of SERS at 1020 cm~!. It should be
noted that this hypothesis is also presented for other
noble-metal-overlayer—Pt systems. In previous UHV ex-
periments of Ag, Au, and Cu overlayers on Pt surfaces, a
marked decrease in the work function of the surfaces
occurs upon adsorption of these overlayers.*®** The de-
crease is consistent with a small charge transfer from the
overlayer to the substrate since this tends to reduce the
magnitude of the surface dipole barrier. The Cu/Pt sys-
tem is a particularly interesting system, since Cu can be
underpotentially deposited on a Pt surface in an electro-
chemical environment.’®>! Because of this, a SERS inves-
tigation analogous to the Ag/Pt experiment can be per-
formed determining whether this overlayer also exhibits a
partial positive charge after adsorption on Pt.

VI. SUMMARY

In this report, we have shown that only small optical
fields exist at the Ag ML—Pt substrate surface indicating
that this surface is an ideal testing ground for the short-
range mechanism of SERS. The well-controlled growth
of the Ag ML on Pt was made possible using a new thin-
layer electrochemical cell. This cell allowed investigation
of the pyridine—silver-monolayer interaction prior to and
after activation of the Ag ML in a pyridine and Cl~ solu-
tion. We believe that the Ag™'-Pyr complex responsible
for the observed SERS can only be formed during such an
activation of the Ag ML. Previously, we believed that the
small positive charge that exists on the underpotentially
deposited Ag should promote the formation of the Ag™-
Pyr complex. However, since no SERS is observed from
pyridine adsorbed on the pre-prepared Ag ML [Figs. 9
and 10(a)], this cannot be the dominant mechanism in
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forming the electronically resonant complex.

From the Raman spectra, we conclude that the dom-
inant surface complex is pyridine bound to electron-
deficient Ag sites on Pt and stabilized by specifically ad-
sorbed C1~. The assignment for this resonant complex is
supported by photoemission and work function investiga-
tions of the Ag/Pt surface which show a small charge
transfer from the metal overlayer to the underlying sub-
strate. We found the complex was destroyed at bias po-
tentials negative of —0.1 V, suggesting that these poten-
tials desorbed the stabilizing Cl~ and neutralized the
Ag*t-Pyr complex. The adsorbed Cl~ appeared to influ-
ence the Raman modes by shifting the ring-breathing
mode at 1020 to 1023 cm™!. This CI~ influence on the
adsorbed pyridine has been observed in a previous Raman
study of Cl~ and pyridine adsorption on 7-alumina
powder sample.

We previously concluded that the chemical nature of
the substrate, which is related to its electronic structure,
had a secondary influence on the character of the ad-

sorbed complex regarding its ability to support SERS
through the resonant Raman process and influence the
formation of the SERS active Ag*-Pyr complex. Howev-
er, one had to question why the observed SERS mode at
1020 cm~' is usually absent in SERS investigations on
bulk Ag substrates, except under extreme surface pretreat-
ment. In these studies, the predominant pyridine modes
are 1008 and 1037 cm~! which are not usually associated
with pyridine bound to an electron-deficient site. Al-
though there is little doubt as to the validity of active sites
such as adatoms and clusters on the bulk Ag substrate, it
appears the sites may not be as electron deficient as the
active sites found on Ag-coated Pt.
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