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ABSTRACT. Silver sols are aggregated by a Cu or Zn rod. This is maybe due to the reduction
of Ag* ion on the surfaces of silver sols to Ag metal by oxidation-reduction reaction with Cu or Zn
metal. Raman spectra of silver sols aggregated by a Cu rod have been studied. The evidence of borate
and nitrate ions adsorbed on silver colloid surfaces is found, It is also found that these ions adsorbed
on silver colloid surfaces are easily replaced by adsorbated added.

INTRODUCTION

Surface-enhanced Raman Scattering (SERS)
spectroscopy' is a well-established method for
studying properties of molecules adsorbed on spe-
cially prepared metal surfaces like silver, gold,
and copper.

The colour of an aqueous silver sol is changed
from yellow to blue when adsorbate such as pyri-
dine is added. This color change is known to be
due to aggregation of colloid particles’. The aggre-
gation mechanism is thought to involve an adsorp-
tion of oppositely charged adsorbates on the col-
loid particles so that stabilizing surface charge un-
dergoes a progressive neutralization as the conce-
ntration of adsorbates is increased. It is also
known that the enhancement on the surface of
aggregated colloid particles is much greater than
that on the surface of an isolated colloid particle®.
Lots of molecules can not make aggregation of
colloid particles when they are added into silver

sols. In this case, one can not observe the SERS
spectrum due to low enhancement on the surface
of an isolated colloid particle. We made aggrega-
tion of a silver sol by a Cu or Zn rod, and then
added adsorbate into the aggregated sol. In this
paper, we report the Raman spectra of silver sols
aggregated by a Cu rod.

EXPERIMENTS

Aqueous silver sols were prepared by reducing
silver nitrate with sodium horohydride: A sodium
borohydride solution (60 m! of 2X107M) was
mixed with a silver nitrate solution (22 2m! of
1X 1073 M. Silver ions are reduced to silver me-
tal by the borohydride ions. When the two solu-
tions were mixed together, yellow or orange yel-
low colloid solutions were produced immediately.

Aggregation of silver sols was made by stirring
with 2 Cu or Zn rod in silver sols, The colour
of silver sol changed from yellow to red or blue.
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A Zn rod was used without any treatment. Several
volts of DC was applied to the Cu rod and the
Pt electrode which were inserted into a 0.5M KCI
solution for 2 minutes. The Cu rod was the anode,
The surface of the Cu rod was washed by distilled
water before immersing it in silver sols,

15-crown-5 dissolved in water was added into
the silver sol aggregated by a Cu rod for Raman
study.

Spectra were recorded with a SPEX 1400 series
monochromator equipped with photon counting
and interfaced to a Tektronix 4052 computer. Sa-
mple was excited with a Spectra-Physics Model
165 argon ion laser. Transmission UV-visible spe-
ctra were recorded with a Shimadzu Model UV-
260 spectrophotometer.

RESULTS AND DISCUSSION

We made aggregation of silver sols by a Cu
or Zn rod, without addition of adsorbates. The
colour of silver sols was changed from yellow to
blue or red.

The absorption spectra of silver sols were
shown in Fig. 1. Spectrum A is for a pure silver
sol whose color was yellow. The absorption maxi-
mum is near 390 nm. Spectra B and C are for
the silver sols aggregated by a Zn rod, and their
colors were red and blue, respectively. We obtai-
ned the stmilar spectra for the silver sols aggrega-
ted by a Cu rod, instead of a Zn rod. In spectra
B and C, the relative intensity of the band near
390 nm is decreased and a new band is developed
near 577 and 626 nm, respectively. The new band
developed near 600 nom has been also observed
in the absorption spectrum of silver sol when ad-
sorbate such as pyridine was added. By T.EM.
study?, the development of this new absorption
band is due to aggregation of colloid particles. Ag-
gregation does not produce coalescence into larger
particles but rather assemblies of apparently ran-
domly adhering spheres each of about the original
dimensions. The unaggregated colloid consists of
fairly uniform silver spheres approximately 200
A in diameter.

The aggregation mechanism of silver sols by
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Fig. 1. Transmission UV-visible spectra of a pure sil-
ver sol {A), and the silver sols aggregated by a Zn
rod (B and C). The colors of the sols for (4), (B)
and (C) were yellow, red and blue, respectively.

a Cu or Zn rod can be understood by considering
the reduction potential of metal ions. The stan-
dard reduction potential of Ag”, Cu®*, and Zn®*
are (.800, 0.34 and —0.763 volts, respectively. The
more positive the reduction potential, the greater
the tendency for the substance to accept electrons
and become reduced. A large negative reduction
potential indicates a strong favoring of the oxidi-
zed state. The silver sol made by reducing stlver
nitrate with sodium borohydride is positively cha-
rged due to Ag™ ions on the surfaces. Therefore,
when a Zn or Cu rod is immersed in a silver
sol, the oxidation-reduction reaction may take
place between silver ion and Zn or Cu metal
Some silver ions on colloid surfaces become silver
metal. Consequently, the surface charge is redu-
ced. Therefore, the repulsion force between col-
loid particles is reduced, and the aggregation of
silver colloid particles may take place. The effect
of DC applied to a Cu rod is not clear. Anyway,
we could not make aggregation of silver sols by
a Cu rod which DC was not applied to. The oxide
layer of a Cu rod may be removed in the process
of applying DC because we have observed the ag-
gregation of silver sols by a Cu rod whose surfa-
ces were rubbed out by a sandpaper. In any case,
we could not make aggregation of silver sols by
a Pt or Ag rod.

Raman spectra of a pure silver sol (C) and the
silver sols ageregated by a Cu rod (A and B) were
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Fig. 2. Raman spectra of silver sols aggregated by
a Cu rod (A and B), and a pure silver sol (C). Spect-
rum B was observed in the most samples and spect-
rum A was observed in a few samples.

shown in Fig.2. In spectrum C, the strong back
ground in the low frequency region is due to Ray-
leigh scattering. The weak broad band near 1600
c¢m~! and the strong broad band near 3300 cm™!
are due to water vibrations. The bands near 1620
and 3300cm™! in spectra A and B are also due
to water vibrations.

Spectrum B was observed in the most silver
sols aggregated by a Cu rod, and spectrum A was
observed in a few cases. The same Raman spect-
rum as A has been observed in the several mon-
ths old silver sol whose color was changed to blue
naturally. The bands in spectra A and B are due
to the species which exist originally in the silver
sol since no adsorbate was added. The strong ha-
nds at 618 and 923 cm™"! are assigned to borate
ion*s, These bands have been observed in the
SERS spectra of a few adsorbates which are adso-
rbed weakly on colloid surfaces®. The borate ion
1s not contained initially in the silver sol but it
may be produced from borohydride in the process
of reducing of silver ion.

The frequencies of the bands at 689 and 1052
em™', and near 1400 cm™! are very close to those
of Raman data of KNO;, 716 (v,), 1049(v), and
1390 {(vs) cm~L.* We assign cautiously these bands
to nitrate ion. Nitrate ion is included initially in
the sol as silver nitrate. The band at 1778 cm™!
is possibly due to borate or nitrate ion. In solid
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Fig. 3. SERS spectra of 15-crown-5 added in the sil-
ver sol aggregated by a Cu rod. The concentration
of 15-crown-5 for the upper spectrum is higher than
that for the lower one.

sample, v; a degenerate mode, splits into two ba-
nds due to distortion of the molecule*. For exam-
ple, Anbar ¢f ¢l have observed a band at 1755
cm™! in IR spectrum of KNQO;. Generally, by che-
mical adsorption on surfaces the symmetry of mo-
lecules is lowered. Therefore, vz of borate or nit-
rate ion will split into two bands, and a similar
band is expected near 1755cm™L.

Assignment of the low frequency bands in spec-
tra A and B is not clear. These bands may be
due to the deformation of nitrate and borate ions
adsorbed on the silver surfaces.

Borate and nitrate ions are on the surface of
aggregated colloid particles since only molecules
adsorbed on the surface of colloid particles can
be observed in the SERS 'spectrum. There is no
doubt that borate and nitrate ions are also adsor-
bed on the surface of pure silver sol particles.
Nevertheless, the bands due to these ions are not
observed in the Raman spectrum of a pure silver
sol due to the low enhancement on the surfaces
of isolated colloid particles (see C in Fig.2). In
this case, it should be explained why the bands
due to these ions are not observed in the SERS
spectra which are strongly enhanced. The reason
is found in the Raman spectra of 15-crown-5 ad-
ded into the silver sol aggregated by a Cu rod
(see Fig. 3). We could not observe the SERS spec-
trum of 15-crown-5 added into a pure silver sol.
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This means that 15-crown-5 is adsorbed weakly
on the surfaces of silver sol particles but the ad-
sorption is not strong enough to make aggregation
of colloid particles. In Fig.3, the concentration of
15-crown-5 for the upper spectrum is higher than
the lower one. When the concentration of crown
ether increased, the intensity of the bands at 617
and 923 cm™! decreased. This is certainly due to
the fact that the borate ions on the colloid surfa-
ces are replaced by the 15-crown-5 added. The
bands due to nitrate ion are not observed in both
spectra of Fig. 3. Since horate and nitrate ions ad-
sorbed on the surfaces of silver sol particles are
replaced by 15-crown-5 which is a weak adsorbate,
they will be replaced completely by strong adsor-
bated which can make aggregation of colloid parti-
cles. Therefore, the bands due to these ions will
not be observed in the most SERS spectra.
The SERS spectrum of 15-crown-5 is very diffe-
rent from the Raman spectrum of its liquid or
solution. We can find some evidence of chemical
reaction in the SERS spectrum. For example, the
vCH bands are very strong at 2884 and 2924 cm™!
in the liquid spectrum but there is a band at 3065
cm™! in the SERS spectrum (see Fig. 3). Further-
more, this frequency corresponds to that of unsa-
turated carbon-hydrogen stretching, The frequen-
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cies of other bands are also similar to those of
aromatic ring vibrations.
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