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Figure 2. Heavy atom effect on 한圧 fluorescence of Zraws-BPyE in 

methanol at room temperature; a, by Mel; b, by KI.

creased when the concentration of potassium iodide is very 

small. This phenomenon is due to the salt effect on the 

fluorescence by alkaline salt. As the concentration of 

potassium iodide increases, the fluorescence intensity 

decreases because of the heavy atom effect. When methyl 

iodide is added, the intensity of fluorescence decreases show

ing normal heavy atom effect.

The fluorescence efficiency of /nzws-BPyE at 77K (虹 

=0.025) differs from those of ^raMS-styrylpyridines and 

/rans-l,2-dipyridylethylenes 호 1.0 at 77K). The triplet 

formation in BPyE is also observed by laser flash photolysis 

at room temperature7** in contrast to styrylpyridines and 

1,2-dipyridylethylenes. Azulene quenching studies indicate 

that the triplet state is the reactive state in 

photoisomerization.76 From these results, therefore, it is con

cluded that the intersystem crossing of BPyE is an important 

process at room temperature and the direct photoisomeriza- 

tion of BPyE proceeds through the triplet manifold in con

trast to stilbenes, azastilbenes, and diazastilbenes.
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Analytical capability of surface-enhanced Raman scattering has been evaluated. Silver films prepared by homogeneous 

chemical reduction were used as the substrate. Detection limits for />-nitrobenzoic acid, thiophenol and rhodamine 6G were 

around 10~100 pg.

Introduction of organic materials.1,2 Like the infrared spectroscopy, various

structural information, particularly the presence of certain 

Raman spectroscopy is a useful technique for the analysis functional groups, is available from the Raman spectra. Ap-
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plication of the Raman spectroscopy to the quantitative 

analysis is rather limited, however, due to the inherent 

weakness of the Raman effect. Using the ordinary Raman ef

fect, detection limit of 2 ppm was reported in favorable cases? 

When the exciting light is in resonance with the UV/VIS ab

sorption band of a sample, much stronger (104 — 106) Raman 

effect is often observed, so-called the resonance Raman ef

fect. With the resonance Raman effect, the detection limit of 

10-8 M was reported for favorable cases.4 However, use of 

the resonance Raman effect is limited to dye molecules which 

exhibit absorption in the visible or near ultraviolet spectral 

region. Moreover, the resonance Raman effect is very fre

quently masked by the presence of fluorescence.

Recently, it has been found that some molecules adsorbed 

on the surface of metals such as Ag, Au and Cu show enor

mously enhanced (104 — 106) Raman effect. This phenomenon, 

so-called the surface-enhanced Raman scattering (SERS),5-9 

is under intensive investigation. It is expected that the techni

que will be established as a useful tool in surface science for 

the study of metal/molecule adsorption process. Analytical 

application10 11 of SERS has been limited so far, mainly due 

to the lack of proper preparation technique for substrate which 

show strong SERS signal with sufficient reproducibility. We 

have reported recently12 a method of substrate preparation 

which may satisfy such requirements. Silver films prepared 

by homogenous chemical reduction were found to exhibit 

strong and reproducible SERS effect. Furthermore, the SERS 

effect could be controlled with ease by varying the reduction 

condition.

In this report, we demonstrate the analytical usefulness of 

SERS on the chemically prepared film. Examples of detec

tion for several organic compounds such as p-nitrobenzoic 

acid(PNBA), thiophenol and rhodamine 6G(R6G) are given to 

illustrate the figures of merit of this technique.

Experimental

The silver film preparation technique using homogeneous 

chemical reduction has been described previously.12 Briefly, 

ammonia solution of AgNO3 was reduced by Rochelle 

salt(C4H4KNaO6). Silver film was deposited on ordinary 

microscope slides with the size of 18 mm x 18 mm x 0.8 mm. 

For quantitative analysis, 25 gl of methanol solutions with 

varying sample concentrations was dropped on the film, and 

solvent was dried. On each film, a grease lining with 1.43 cm 

inner diameter was printed so that the dropped solution is 

spread over the same film area in each run.

Details of the apparatus for Raman measurement are the 

same as those in the previous report.12 Briefly, Raman spec

tra were recorded with a JASCO Raman spectrometer (Model 

R-300) using 514.5 nm line of an Ar+ laser (Spectra-Physics, 

Model 164-06). In atypical experiment, 50 mW of laser power 

was used. Raman scattering was observed at an angle of 90° 

to the exciting light, and signals were detected using a com

mercial photon counting system. Sample-coated silver film 

was spun during the spectral measurement at 3000 rpm us

ing an AC motor in order to insure that there is no laser- 

induced change in the SERS spectrum.

Results and Discussion

In order that the SERS phenomenon be successfully ap

plied to the trace organic analysis, the metal substrate 아lould 

be easily prepared with good SERS reproducibility. In this 

work, we were able to obtain optimal silver films that exhibited 

hig니y intense and reproducible SERS spectra for PNBA. 

PNBA was selected as the model compound because the SERS 

spectrum of this compound has been previously investigated 

in this laboratory. The films selected on the basis of their 

SERS behavior to PNBA were almost indistingui아lable to one 

another in 난le SERS efficiency to other adsorbates. Results 

of multiple measurements conducted on samples prepared 

under identical condition gave a relative standard deviation 

(precision) less 산lan 10%. This reproducibility would be quite 

satisfactory for many analytical applications in trace analysis.

Surface-enhanced Raman measurements were performed 

for three organic samples-PNBA, thiophenol and R6G. SER 

spectra for PNBA and thiophenol have been reported 

previously12 and will not be reproduced here. Typical calibra

tion curves for PNBA are illustrated in Figure 1. The

Table 1. Analysis of PNBA, Thiophenol and R6G in CH3OHo

"Concentrations in moles-lit'1. frData were obtained from the calibra

tion curves corresponding to 아le bands centered at 1354, 1575 and 

1361 cm"1 for PNBA, thiophenol, and R6G, respectively.

Added Foundfc % error

PNBA 1.00 x 10- 1.06 x 10-4 6.0

1.00 x 10-5 9.47 x 10-* -5.3

1.00 x IO- 1.13 x 5 13

1.00 x 1(尸 1.01 x IO-， 1.0

Thiophenol 1.00 x 10'4 1.05 x IO"4 5.0

1.00 x IO- 9.31 x 10-6 -6.9

1.00 x lb。 1.01 x 10-6 1.0

1.00 x IO-， 1.02 x 10-7 2.0

R6G 1.00 x lb。 9.73 x 10-7 -2.7

1.00 x 10'7 1.03 x IO-， 3.0

1.00 x 10-8 1.02 x HL 2.0

1.00 x 10- 9.77 x IO"0 -2.3

Figure 1. Calibration curves of PNBA on silver films.
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data were obtained with four Raman bands centered at 

865,1111,1354, and 1598 cm-1. The log-log curves are linear 

from ~10-4 M to 10-7 M and below, for all of four Raman 

bands. Correlation coefficients for linearity were larger than 

0.995. Nonlinearity of the calibration curves occures above 

。10・4 m. One possible reason for this saturation effect is that 

above a certain concentration there are not sufficient number 

of SERS-active sites available for every analyte compound.

Table 1 shows the values of concentration calculated from 

the calibration curve. Using the present technique, analysis 

of PNBA in pure methanol would be accurate within ~15% 

down to 10-7 M concentration range. It was also observed that 

four Raman bands are equally applicable to the analysis of 

PNBA. Detection limit for PNBA (in methanol) was estimated 

based on the present experimental results. The detection limit 

was defined as the amount of sample showing the signal-to- 

noise(SZN) ratio of 3 when 1 sec time constant was used. For 

three molecules investigated, the noise levels near the detec

tion limit were mostly due to the broad fluorescence 

background from the film. In case of PNBA, the detection limit 

was 74 pg.

It should be noted, however, that the limit of detection is 

given per sample dose and does not account for the laser/sam- 

ple illumination ratio. The spot area of the exciting laser at 

the focused point on the mirror surface wa오 estimated13 to be 

~7 x 10~5 cm2. Among the total sample coated on the mirror 

surface with an area 1.61 cm2, only「이).004% was thus il

luminated with the la도er. Such a consideration leads to the 

actual detection limit of ~10 fg for PNBA. Hence, the SERS 

is a promising new technique for trace analysis in picogram 

range with the improvement in sample delivery method.

Calibration curves for thiophenol are shown in Figure 2. 

They were drawn for the bands v12(1001 cm-1), Vi8o(1024 cm'1), 
i/皿(i075 cm"1) and i板(1575 cm기). Details on the spectroscopic 

assignments and the adsorption mechanism of thiophenol on 

silver surface are reported elsewhere.14 Here again, all of four 

calibration curves show linear region between 10-4 M and 10~7
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M with the correlation coefficients larger than 0.999. From 

these results, it was estimated that the analysis of thiophenol 

would be accurate within ~10% down to 10~7 M concentra

tion range using the present technique. The fact that 

thiophenol exhibit옪 better reproducibility, compared to PNBA, 

is rather surprising. It 옹eems that thiophenol interacts with 

the silver surface improving its SERS performance. Possibility 

for such a phenomenon was extensively investigated in our 

previous report.15- 16 Detection limit for thiophenol was com

parable to that of PNBA.

R6G is a strongly fluorescent xanthine derivative which 

shows absorption and emission maxima at 415 nm and 590 

nm, respectively, in methanol solution. Resonance Raman 

scattering is known to occur but is not detectable by ordinary 

means due to the presence of much stronger fluorescence 

band. However, SERS has provided new avenues for dealing 

with fluorescent materials which can not be easily dealt with 

in ordinary or resonance Raman spectroscopy. When a dye 

molecule is adsorbed on silver surface,辻s excited electronic 

state is coupled to surface plasmon modes. Weitz et al.17 noted 

that such a coupling results in extra decay channel for dyes 

with high quantum yield of fluorescence. Accordingly, 

fluorescence quantum yield for R6G adsorbed on silver film 

is drastically reduced. Hence, the resonance Raman signals 

which were hidden underneath the fluorescence band in 

solution spectrum are now exposed as shown in Figure 3. 

To be sure, Raman signals thus obtained are influenced 

by the combined effects of resonance Raman and SERS. 

Calibration curves for R6G based on the major SERS peaks 

at 610,772,1361,1507, and 1645 cm-1 are shown in Figure 4.
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Figure 3. (a) SERS spectrum of R6G on silver film; (b) Raman 

spectrum of R6G(10-7M) in CH3OH.Figure 2 Calibration curves of thiophenol on silver films.
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For all of five Raman bands, the calibration curves are linear 

from IO"5 M to 10*9 M. Linearities are excell은nt her■으 again 

with correlation coefficients larger than 0.999. Nonlinearity 

above 10-6 M is not due to the saturation of active sites as 

was proposed for the PNBA and thiophenol cases. For R6G, 

background fluorescence signals from molecules remaining 

unadsorbed at high concentration interfered with Raman 

measurement. Based on the present data, the detection limit 

for R6G was ~6 pg, while the actual limit is expected to lie 

around 1 fg. Using absorption or fluorescence spectroscopy, 

detection sensitivity for R6G can be better than the present 

result. However, the present technique is much superior to 

those techniques in selectivity.

We have demonstrated the utility of SERS in trace analysis. 

Use of very small amount of sample is one obvious advantage 

of the present technique. Another advantage of SERS techni

que is its spectral selectivity. Especially, such a selectivity is 

achievable at high sensitivity. To summarize, SERS makes 

avail the selectivity of vibrational spectroscopy at the sensitivi

ty of electronic spectroscopy. Hence, SERS would be proven 

useful not only for quantitation, as demonstrated here, but also 

for identification of trace amount of sample. Similar analytical 

performance is also achieved in resonance Raman spec

troscopy. However, it is to be noted that samples showing such 

effect are limited. Even for those molecules, SERS effect may 

be used advantageously to improve the spectral quality.18

Finally, we would like to compare the present result옹 with 

those reported by Vo-Dinh et al.10 where an elaborate vacuum 

deposition technique was utilized for substrate preparation. 

The present method is simpler and easier. Also, the precision 

bf analysis is better at least by a factor of 2. Based on the ac

tual detection limit, the present film was more sensitive by 

a factor of 100.
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