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ABSTRACT: An in situ surface-enhanced Raman Scattering (SERS) continuous monitoring system
was developed for exciting and collecting SERS signals generated on silver-coated microparticles
deposited on a continuously rotating filter-paper support. SERS measurements were successfully
conducted for several organic compounds. An in situ SERS fiber-optic system was also developed
for exciting and collecting SERS signals generated from a sensing tip having silver-coated
rnicroparticles deposited on a glass-plate support. These devices will be very useful in remote
identification of unknown chemicals from hazardous waste sites.

This patented technology has been licensed from Oak Ridge National Laboratory to an analytical
instrumentation firm which is in the process of completing development and marketing these
detectors.

Advantages to using this technology range from increased safety and sensitivity for detecting
hazardous compounds to better statistics and reliable results.

During this presentation, efforts of the Environmental Restoration Program to evaluate and support
development of this technology will be described.

1 INTRODUCTION

This paper provides an overview of technology
transfer and applications of a monitoring
technology for environmental analysis which
was developed by Oak Ridge National
Laboratory (ORNL).

Environmental contaminants found in
community or occupational settings long have
been thought to be related to a wide range of
adverse health effects in humans. During daily
activities, humans are exposed to a variety of
environmental contaminants through the air they
breathe, water and beverages they drink, food
they eat, and materials that come in contact with
their skin. These events occur in many settings
both indoors (e.g., residential, industrial,
occupational, and transportation) and outdoors.
An exposure to a contaminant is defined as an
event that occurs when there is contact at a
boundary between a human and the environment

with a contaminant of a specific concentration
for an interval of time. Thus, an exposure has
units of concentration and time. This definition
is consistent with definitions of exposure defined
by some regulatory agencies such as the Nuclear
Regulatory Commission.

Low concentrations of potential carcinogens
and other hazardous waste materials can now be
detected by numbers of analytical techniques. It
may therefore be possible to measure with
certainty the exposure to these chemicals and,
through lone-term studies, to identify agents that
are true health hazards (Carey 1982).

An in situ surface-enhanced Raman scattering
(SERS) continuous monitoring system was
developed for exciting and collecting SERS
signals generated on silver-coated microparticles
deposited on a continuously moving filter-paper
support. The sample may be taken directly to the
monitor from an unknown hazardous waste
disposal site; therefore, this technology will be
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very useful in remote identification of unknown
chemicals from the waste sites. SERS
measurements were successfully conducted for
several organic compounds, including benzoic
acid, pyrene, acridine, carbazole, 1-nitropyrene,
and laminopyrene (Bello 1989, Vo-Dinh 1989).

Martin Marietta Energy Systems, Inc., is the
managing contractor for ORNL and four other
U. S. Department of Energy facilities. National
laboratories have been given a new mandate to
help American industry in environmental
technology areas, thus assisting them in
becoming more competitive in world markets
and in meeting regulatory requirements. The
main thrust of ORNL's efforts will be to make
national laboratory resources available for
solving DOE's and industry's environmental
problems and developing products relating to
environmental issues and new business
opportunities. Licensing a new technology from
O K N L to an American firm and entenng into
Cooperative Research and Development
Agreements (CRADAs) with industry is the
main mission of the Office of Technology
Transfer of Martin Marietta Energy Systems,
Inc. This patented technology has been licensed
from ORNL to an analytical instrumentation
firm, Gamma-Metrics, in California, which is in
the process of completing development and
marketing by the end of 1992.

By using this technology, some advantages
may be achieved, including reduced worker
exposure, increased safety, increased flow of
data collection, increased quality assurance and
quality control, improved sensitivity for the
detection of hazardous compounds, and
enhanced reliability.

2 INSTRUMENTATION AND PROCEDURES

2.1 Raman measurements

Raman spectra were measured with two Raman
spectrometers. The first consisted of a Spex
Model 1403 double monochromator with a Spex
Datamate DM1 control and data-acquisition
system. Detection employed the photon-counting
technique accomplished with a cooled RCA
C31034-02 photomultiplier tube. Excitation was
provided by a Spectra Physics Model 166 argon-
ion laser, a Conorent Radiation Model Innova
90K krypton-ion laser, or a Liconix Model
4240PS helium-cadmium laser.

The second system was based on a Jobin-
Yvon/ ISA Ramanor 2000M double
monochromator. The data-acquisition system
was an LSI 11/23 minicomputer purchased from
data Translation Corporation and a DSD/880
Winchester/floppy disk drive. Photon counting
was accomplished as for the first instrument.
The excitation was provided by a Spectra
Physics Model 171 argon-ion laser.

The substrate preparation involved two steps.
The first was the deposition of microbodies
(such as polystyrene latex spheres or titanium
oxide particle) on glass plates. This was done by
placing a glass slide on a spin-coating device,
delivering a few drops of sphere/water
suspension on the slide, and immediately
spinning the slide at 2000 rpm for 20 sec.
Spinning has been found necessary to preclude
clumping of spheres on the glass surface. The
spheres adhered to the glass, providing uniform
coverage. The second step was the coating of
the sphere-covered glass slide with silver. The
slide was attached to a motor mount and placed
inside a vacuum evaporator (Thermiqnics
Laboratory, Inc.), then rotated over the silver
source at an angle of 40° to the direction of
silver evaporation. The pressure was less than
5 X 10"6 torr. The rotation at an angle was to
ensure uniform coverage with silver. The rate of
silver deposition was controlled at -1.5 to
2.0 nm/sec. The rate and thickness of silver
deposition were measured with a Kronos Model
QM-311 quartz-crystal-thickness monitor, with
a relative standard deviation of 10%. After
deposition of the silver, 2-4 pi of sample
solution were spotted on the silver-coated
substrate. The Raman spectrum was then
scanned over the region of interest. For solution
measurements, 1 ml of the sample solution was
pipetted into a standard silica cell. The silvered
substrate was then inserted directly into the cell,
and the SERS spectrum was recorded.

2.2 Materials and reagents

Amorphous-fumed silica (grade LM 130) was
obtained from the CABOT Corporation. All
chemicals were purchased from commercial
sources at the highest purity available. Spectral
grade ethanol was purchased from Warner
Graham Company, and distilled water was
purchased from American Scientific Products.
Grade 2043A filter paper from Schleiccher and
Schuell, Inc., was usea for all measurements.

Ordinary glass microscope slides were used as
a base for the substrates. Polystrene latex
spheres were purchased as 10% water weight
suspensions from Duke Scientific Corporation,
Palo Alto, California. All chemicals were
commercially available, and only those of the
highest purity were used.

3 RESULTS

3.1 SERS substrate development

An important advantage of these substrates is
their ease of preparation. In general,
microspheres have been used on filter-paper
substrates, providing simple and inexpensive



Figure 1. SERS spectrum of fluvalinate

practical supports (Vo-Dinh 1984). For the
present studies, glass plates were used as
solidplanar supports. The size of the surface
microstructure can be easily controlled by
simply selecting the appropriate microsphere
sizes. The microsphere suspension
concentrations investigated ranged from 0.33%
to 10% water weight. Lower concentrations of
the microspheres (0.33%, 1%, and 3.3%)
produced substrates having microprotrusions
separated from one another, whereas a
concentration of 10% produced a substrate with
closely packed microspneres. Substrates prepared
with 1% solution gave the best SERS
enhancement for 176 nm microspheres. In this
study, silver used as the coating metal for the
SERS substrate exhibits the strongest
enhancement, followed by copper and gold. The
development of SERS as an analytical technique
is somewhat recent, and many experimental
factors require careful optimization to yield the
maximum signal enhancement. One of the major
difficulties of the SERS technique for analytical
applications is the development of surfaces or
media that have an easily controlled protrusion
size and reproducible structure. In preliminary
work (Moody 1987) it was shown that the SERS
effect depends upon several factors, including
excitation wavelength, sphere size, and silver-
coating thickness. In this study, the excitation-
dependence effect for a variety of sphere size
and silver-coating thickness combinations v/ere

investigated. All Raman experimental factors
must be taken into account in the selection of
optical conditions. Figure 1 shows an example
of the SERS spectrum of fluvalinate, a
chlorinated toxic chemical often used as a
fungicide.

Another important experimental parameter that
can affect SERS signals is the angle of
incidence. It was observed that the angle of
detection changes with the angle of incidence.

3.2 In situ SERS analysis

The development of SERS-actiye substrates that
allow direct measurements in liquid samples is
essential for in situ analysis. SERS has been
observed with use of different solid substrates
such as metal electrodes, metal islands, glass, or
cellulose coated with silver-covered
microspheres (Chang 1982). Most SERS studies
with solid substrates have been performed in the
dry state or with metal electrodes and colloidal
solutions. In this study, the technique of
measuring SERS in solution was by using a
glass plate covered with silver-coated latex
microspheres as the substrate.

Another difference in the solution SERS
technique is the substrate geometry with respect
to the incident laser beam. It was found that by
focusing the laser beam onto the back of the
substrate and by collecting the SERS signal also



from the back side of the substrate, the solution
SERS intensity was enhanced about twofold.

An important feature of the solution SERS
method is that the SERS spectra were obtained
with a very high signal-to-noise ratio with a
portable, air-cooled argon-ion laser using a laser
power of only 10 mw. This aspect is important
because it would eliminate the need to use the
powerful and expensive lasers that are normally
used with Raman spectroscopy and because it
demonstrates the feasibility or a portable SERS
system.

4 TECHNOLOGY TRANSFER

Forty years of government-funded research and
development at some of the most advanced
scientific laboratories in the world have resulted
in expertise in areas such as environmentally
compliant manufacturing, bioremediation, waste
minimization, instrumentation and control
technologies, mixed and radioactive waste
management, monitoring, and characterization
technologies. These technologies are being
licensed to U.S. firms, and CRADAs have been
initiated. The monitoring and characterization
technology developed by ORNL and described
in this paper has oeen transferred to Gamma-
Metrics to manufacture and make available for
waste management and environmental
restoration industry.

5 CONCLUSION

Raman and luminescence spectroscopy are
spectrochemical techniques that have several
important advantages for chemical analysis. This
work illustrates the different uses of the two
techniques for the detection of important
biological compounds such as nitropyrene,
benzo[a]pyrene, and related products. These
compounds are polycyclic aromatic molecules,
which are generally strongly fluorescent and can
easily be detected by luminescence. At room
temperature, a simple spot-test method can be
used to screen these compounds in the
e n v i r o n m e n t . R o o m - t e m p e r a t u r e
phosphorescence (RTP) can also be used, but
discussion of recent developments in RTP is
beyond the scope of this work. Luminescence
spectra exhibit reasonably well-resolved
emission bands, but their spectral selectivity is
limited at room temperature. At room

temperature, Raman spectroscopy can provide an
analytical tool having analytical figures of merit
that complement those of luminescence. The
Raman technique is well known for its high
selectivity. The SERS technique, which can
amplify the Raman signal by several orders of
magnitude, will therefore provide a technique
with the added merit of improved sensitivity
because of the surface-enhanced effect.

REFERENCES

Carey, P. R. 1982. Biochemical Applications of
Raman and Resonance raman Spectroscopies.
Academic Press. New York.

Bello, J. M , D. L. Stokes, and T. Vo-Dinh.
1989. Anal. Chem. 61, 1779.

Vo-Dinh, T. G., H. Miller, J. M. Bello,
R. Johnson, R. L. Moody, A. Alak, and W. R.
Fletcher. 1989. Talanta, 36, 227.

Vo-Dinh, T. M., V. K. Hiromoto, G. M. Begun,
and R. L. Moody. 1984. Anal. Chem. 56,
1667.

Moody, R. L., T. Vo-Dinh, and W. H. Fletcher,
1987. Appl. Spectrpsc, 41, 966.

Chang, R. K. and T. E. Furtag (eds.). 1982.
Surface - Enhanced Raman Scattering.
Plenum Press. New York.


