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The wavelength dependence of suiface enhanced Raman (SER) scattering from pyrndine on a copper electrode surface
has been measured and found to correlate closely with the optical properties of copper metal. The results are interpreted

1in the light of the image field model of the SER mechanism.

1. Introduction

In recent years, the study of Raman scattering from
molecules on metal surfaces has been stimulated by
the recognition of a millionfold enhancement in scat-
tering cross section for pyridine adsorbed on a silver
electrode 1n aqueous solution *. Recent calculations
based on an image field model [2—5] of the surface
enhancement process indicate that the Raman en-
hancing ability of a metal is a strong function of the
frequency dependent dielectric constants of the metal
and of the distance between the molecule and the
image plane of the metal. According to the calcula-
tions for molecules adsorbed on copper, the interband
transitions in the visible region cause suppression of
the enhancement phenomenon by damping the opti-
cally driven oscillations of the conduction electrons
[3] #. Copper is expected to show strong enhance-
ment in the IR and red regions of-the visible spec-
trum, but its enhancing ability is expected to drop
sharply near 2.0 eV (16132 cm—1). In contrast, silver
is expected to show Raman enhancement from the
infrared up to the bulk plasma absorption edge (3.5
eV).

Enhanced Raman scattering from pyndine on cop-
per electrodes was first reported by Pettinger and co-

* The experimental development of SERS has been recently
reviewed, see ref. {1}
# For a review of theoretical models of SERS see ref. [6].

workers [7] using the 647.1 nm line of the Kr* laser.
An earlier study of the pyridine/Cu system by Hendra
and co-workers using 514.5 nm, Art excitation found
Raman signals only at potentials where surface multi-
layers were present [8]. In the more recent study,
strong Raman scattering was observed after a mild
anodization of the electrode surface and was found to
be dependent upon both the applied potential and the
angle of laser incidence. While strong signals were re-
ported with 647.1 nm excitation, no scattering couid
be observed for 568 nm light.

We have studied the surface Raman enhancement
for pyridine on Cu as a function of the excitation
energy using a tunable dye laser. Qur results indicate
that the short wavelength limit for SER observation
n the Py/Cu system is near 2.0 eV (16132 cm—!) and
the wavelength dependence of the surface Raman en-
hancement factor #, €, can be understood within the
context of the image field model of SERS.

2. Experimental

The spectrometer system and data acquisition sys-
tem have been previously described [1]. The excita-
tion source was CR-490 (Coherent Radiation) jet

# We define the enhancement factor as the ratio of the Raman
mtensity for an adsorbed molecule to that for the same mol-
ecule 1n solution.
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stream dye laser pumped by the 514.5 nm line of a
Coherent Radiation model CR-8 Art laser Using
rhodamine B dye, a useful tuning range of 600 to 660
nm was achieved. All intensity measurements were
made versus an internal standard of neat pyridine-ds
(v =965 cm—1). The electrochemical cell and internal
standard configuration have been described elsewhere
[1,9]. The electrode surface was prepared by mechan-
ical polishing with alumina (0.3 um) followed by rins-
ing in distilled, deionized water. The anodization con-
ditions were simnilar to those of Pettinger. a single tri-
angle wave cycle from —0.6 to —0 05 V and back at
20 mV/s. The Cu electrode was potentiostatted at
—0.6 V versus SCE for all Raman scans.

3. Results

Fig. 1 shows SER spectra from pyridine (bulk con-
centration 0.05 M) with 0.1 M KClI added as support-
ing electrolyte. Figs. 1a and 1b show spectra from
anodized silver and copper electrodes. The vertical
scale 1n fig. 1b has been expanded 6X for clarity, laser
power in both spectra was 120 mW at 630 nm. In
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Fig. 1. Surface enhanced Raman (SER) spectra from pyrndine
adsorbed on electrode surfaces. Curve A is pyridine on an
anodized Ag surface Eapp]. =—0.6 V Laser power. 120 mW
at 635 nm. Curve B: as in A but on a Cu surface. Curve C
SER spectrum of pyridine on an unanodized Cu electrode.
Laser power 120 mW at 645 nm. Vertical scale expansion
factorsare A = 1X (no expansion), B =6X,C = 70X and m-
set C = 180x%.
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fig. 1c and inset (vertical expansion 780X and 180X
respectively) we show the SER spectrum obtained
from a copper electrode that has been mechanically
pohished only and potentiostatted at —0.6. The laser
power 1n this case was 120 mW at 645 nm.

We see in fig. 1c that strong SER scattering can be
observed for pyridine on Cu without anodization.
Thus 1s in accord with our previous results on silver
[1,9] but is in contrast with the authors of ref. [7]
who state that an oxidation—reduction cycle is an ab-
solute prerequisite for observation of SERS. In fact,
we find that it 1s possible to obtain SERS enhance-
ments of =104 for a vaniety of molecules on *“smooth”
(1 e., no roughness on a scale = 250 A) unanodized
surfaces [10]. Subsequent anodization does increase
intensities by as much as two orders of magnitude but
1t 1s not an absolute requirement for obtaining SER
scattering. Thus 1t appears that one should only at-
tempt to account for a maximum SERS enhancement
of =104 by a roughness independent mechanism such
as that addressed by the image field model [2—-5].

The low frequency shoulder in fig. 1¢ at 1006 cm—1
is due entirely to pyridine in the bulk solution; the
feature at 1015 cm—! arises from adsorbed pyridine.
A simple calculation based on illuminated areas and
volumes indicates that without anodization, the py/Cu
system shows an enhancement of approximately 1700.
Anodization increases this by a factor of 35 to about
6.0 X 104 at 645 nm. This is about a factor 20 weaker
than Ag (e = 1.1 X 106) at comparable wavelengths
[1,9]1.

It should be noted that we have found a time de-
pendent degradation of SERS signals on Cu. The de-
cay is rather fast; the intensity is down by a factor of
two over the time required to complete one 800 cm—!
scan (1 cm—1/s), hence one must be careful to em-
ploy an internal standard with a scattening feature
near the SERS band of interest. A better approach
would be to employ a spectrograph as the dispersive
device and an optical multichannel analyzer for de-
tection. Chang and co-workers have demonstrated ac-
quisition times of 25 ms for such a system [11].

Due to this decay, the relative intensities within a
spectrum are perturbed. The use of a low power (< 10
mW) HeNe laser as excitation source, gives a spectrum
which shows negligible degradation over the course of
a scan and shows an intensity ratio of /1g15/11594 =
5.0 compared with 10.1 for excitation with 100 mW
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of power from a dye laser at the same wavelength.

In fig. 1b we find, as observed by Pettinger and co-
workers, only a weak feature at 1037 cm~! (e = 6
X 103 at 645 nm) in contrast with the strong band in
the py/Ag system. In earlier investigations of the pyri-
dine/silver wavelength dependence [1,9] we noted a
time dependent decay of the 1037 cm—1 band which
led to Ag SER spectra that strongly resemble fig. 1b.
In fig. 2 we show a comparison of SER spectra for
pyridine on Ag (600 nm, 100 mW) and Cu (645 nm,
120 mW). Fig. 2a 1s Ag; irradiation time. 5 min,
fig 2b is the same system after =2 h of irradiation.
Fig 2c shows representative data from the Cu/py
wavelength dependence measurements, irradiation
time- 5 min. The sharp band at 965 cm—! is normal
Raman scattering from the neat pyridine-ds internal
standard which 1s dlurminated with part of the incident
laser beam and prowvides intensity and wavenumber cal-
ibration. (The standard intensity i fig. 2c involved a
different pathlength and hence is not directly compa-
rable with figs. 2a and 2b.)

The degradation of the py/Ag SERS scattering was
observed only upon wrradiation of wavelengths longer
than 580 nm and was manifested by slow loss of scat-
tenng intensity at 1037 cm—! and by the movement
of the peak at 1008 cm—! to 1012 cm~—!. In contrast
to the authors of ref. [7] we find this peak shift only
after prolonged wrradiation and loss of the 1037 cm—!
intensity, not just upon changing excitation wave-
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Fig. 2. Comparison of SER spectra obtained on fresh Ag (A),
wrradiated Ag (B) and fresh Cu (C) electrode surfaces. Labeled
band 1s scattering from neat pyridine-ds employed as an in-
ternal standard. Laser powers: A, B 100 mW at 600 nm C.
120 mW at 635 nm
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lengths. This indicates that there are at least two dif-
ferent surface species observable by SERS in the Ag
case and that one of these can be selectively removed
by prolonged irradiation. The simularity of the irradi-
ated Ag to the Cu case suggests that this surface spe-
cies 1s either absent on Cu or is degraded on a time
scale faster than the measurement. The overall spectral
degradation of the Cu system mentioned above indi-
cates that the latter hypothesis ments investigation.

Using the enhancement factor calculated at 645 nm
and the relative enhancement determined using the
py-ds standard, one can plot the log of the measured
enhancement versus the incident excitation energy
(fig- 3, open diamonds). The points represent averages
of successive runs at each wavelength and the error
bars represent the estimated error in enhancement
factor determination. No spectrum could be obtained
at 16500 cm—1 (606 nm) excitation indicating an en-
hancement factor of less than 3 X 103 at that wave-
length which was our detection limit in the current
experiment. The chained line in fig. 3 indicates that
limit.

The solid line in fig. 3 1s the theoretical SERS exci-
tation profile based on an image field model and is
calculated according to [3]

e =311 +RL1%11 + RJ|? sin0; sin%0,,

X |1 — ya,,/4R3]|-4 . Q)

Here Rl and Rg are the Fresnel reflection coefficients
for the incoming and outgomng p-polarized light, 8;
and 0, are the intensity optimizing angles of the inci-
dent and outgoing beams with respect to the surface
normal. -y is defined as (ey; — €5 )/(epg + €4)€A 55,
is the zz component of the polarizability tensor and

R is the average distance between the point dipole
representing the molecule and the image plane of the
metal [2,3].

With the exception of R, all parameters used in
evaluating eq. (1) are the same as in ref. {3]. The aver-
age R value used here is taken as 1.5 A value in con-
trast with the 1.6 A value used for Ag [3]. The smailer
covalent radius for Cu (1.34 versus 1.4 A for Ag) as
well as the smaller radius parameter (r; = 3.02 au ver-
sus 2.67 au for Cu [12]) argue that the smaller value
is appropriate for Cu. In addition, the 0.1 A shift in
going from Ag to Cu is similar to estimates of the
image plane shift based on free electron gas calcula-
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Fig. 3. Plot of the log of the measured enhancement factor
versus excitation energy for the 1015 cm™! feature of pyri-
dine adsorbed on copper at —0.6 V {SCE) (open diamonds),
The error bars indicate uncertainty in enhancement factor de-
termination. Solid line (A) is the calculated {eq. (1}] excita-
tion profile for pyzidine adsorbed on a copper surface accord-
ing to the image ficld model of SERS. Dashed line (B} is the
analogous curve calculated for pyridine on Ag. The solid tri-
angles and circles are the experimentally obtained enhance-
ment factors for the 1008 cm™! and the 1215 em™! modes
of pyridine respectively. The chained line is the observation
threshold for this experiment; systems with enhancement fac-
tors befow 3 X 103 were not observable with the internal
standard configuration.

tions [13]. The shape of the calculated curve is not,
in general, a strong function of R, however, the use

of R =1.55 A does cause a uniform decrease in ¢ by

a factor of 2 to 3 over the wavelength range investi-
gated. The calculated curve for Ag and the experimen-
tally determined [9] enhancement factors for the
1008 cm~1 and the 1215 cm~! (solid triangles and

circles respectively) are shown in fig. 3b for comparison.

{(Note the flatness in e(w) for the 1215 band.) The
curves predict equal enhancements for Cu and Ag near
750 nm.

These experimental data confirm that there isa
wavelength thresheld for observation of SERS from
pyridine on copfer. Similar results have been ob-
tained for MoO3~ and Ru(CN)§~ on Cu [14] indi-
cating that the observed wavelength dependence is in-
dicative of the enhancement mechanism not just a
characteristic of the py/Cu system. The calculated en-
hancement factors show excellent agreement both in
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excitation energy dependence and magnitude with the
experimental results. Although the image field model
is not unique in predicting a threshold in the red for
copper (the surface plasmon models [6] do as well),
the experimental results [15] seem to indicate that
the image field model is useful in predicting the behav-
ior of metal systems other than Ag.

The observed forty-fold increase in scattering upon
electrochemical anodization indicates that surface
roughness is important in the enhancement process.
However, further experiments are needed with con-
trolled (scale and extent) of surface roughness to de-
termine the magnitude of its role. At the present time,
our results indicate that the roughness generated by
electrochemical treatment of the surface is not an ab-
solutely necessary requirement for the observation of
SERS. The total SERS enhancement for the py/Cu
system (e = 6 X 104 at 645 nm) appears to have at
least two contributions: (1) a factor of 2 X 103
from an anodization independent mechanism and (2)
a factor of ~ (3—4) X 10! from an anedization (ie.,
roughness) dependent mechanism. The observed time
dependence of the py/Cu SERS and of the 1037 cm~!
vibration merit further investigation to determine
their origin.
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