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ABSTRACT

This paper reports the development of a sensor based on surface-enhanced Raman scattering (SERS) for analyses in sea-
water. Polycyclic aromatic hydrocarbons (PAHSs) are targeted by these sensors and their detection in situ summons up
chemical synthesis and optical development. Firstly, a relevant synthesis of SERS active substrates based on gold
nanostructures is presented. Different kinds of substrates have been synthesized under variable experimental conditions
to modify some parameters such as i) gold shape, size and distribution and such as ii) chemical functionalization: (i) gold
nanoparticles were prepared either by chemical reduction of HAuCI, or by physical deposition. (ii) Substrates were
functionalized by hydrophobic films to allow nonpolar molecules pre-concentration. Low concentration from ppb to ppm
of PAHs were detected with a Raman microscope designed for lab experiments. Sensors exhibit strong enhancement of
Raman scattering from molecules adsorbed on the films. Spectra were recorded for two PAHSs (haphthalene and pyrene)
in artificial sea-water with limits of detection of 10ppb for both with a short integration time (10s) and a low incident
laser power (~0.1mW). Active substrate surface morphology was characterized with scanning electron microscopy
(SEM) measurements. Secondly, an home-made in situ Raman spectrometer was developed and has been connected to a
micro-fluidic system. This system was designed to host SERS-active sensors in order to ensure measurements with a
flow cell. This original configuration of in situ Raman spectroscopy was then achieved. Such a device is now ready to
use to confirm the PAH detection at ppb levels during the offshore experiments thanks to SERS sensors.
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1. INTRODUCTION

Raman scattering is a spectroscopic technique which allows the identification of a wide variety of chemical and
biological compounds through well defined vibrational informations. For the in situ sea-water analysis, the use of a such
technique finds also its interest in the absence of the strong IR absorption band of the water. However, Raman scattering
presents a very poor efficiency reducing the analyte detection at high concentration levels. In the investigation of
chemical pollutions in sea-water, such as polycyclic aromatic hydrocarbon (PAH) trace concentration, sensitive sensors
based on the surface-enhanced Raman scattering (SERS) effect can be used and be an alternative to the low cross-section
of Raman scattering.

SERS is a very sensitive technique and considerable works have been performed with the aim to study a wide range of
molecules. Different types of surfaces like colloidal metal nanoparticles, roughened metal foils, metal nanoparticle arrays
obtained by electron beam lithography (EBL) were employed to play the role of the nanoantenna. The long-range
electromagnetic model and the short-range chemical model [1-3] explain the Raman enhancement origins. The first one,
which contributes it predominately, is related to the excitation of surface plasmons leading to an increase of the local
electromagnetic field. The second one is linked to a temporary charge transfer between the adsorbate and the metal with
a modification of the Raman polarizability tensor of the adsorbed molecule. The coupling of both mechanisms sparks off
huge Raman enhancements with the SERS signals up to 10° fold [4-6] the normal Raman intensity of the non-adsorbed
molecules. More recently, enhancement factors of up to 10**-10° were obtained in single-molecule detection
experiments [7-10]. Although silver metal presents a higher enhancement factor, 10-100 fold greater than gold metal, Au
was chosen here on account of AgCI formation on silver surfaces in the marine environment [11].



In order to obtain a sensitive sensor to the hydrophobic molecules, such as PAHSs, the strategy was to make substrate
surfaces suitable for nonpolar molecule pre-concentration. Consequently PAHSs, such as naphthalene and pyrene, are
preferentially adsorbed on the sensor surface. The detection based on sol-gel process with Au or Ag nanoparticles
embedded in a methyl/ethyl-tetraethoxysilane precursor has been done in previous works [12,13] through the EU funded
MISPEC project. By this way, a limit of detection (LOD) of 430ppb naphthalene concentration was notified [13] and the
LODs of 37.5uM and 0.1uM, for naphthalene and pyrene respectively, in a sea-water solution of five PAHs was
determined [14]. In this study, the bare substrate surfaces were functionalized with (3-mercaptopropyl)trimethoxysilane
(MPMS) and (3-aminopropyl)trimethoxysilane (APTMS). The properties of functionalized substrate are modified.
Indeed the nonpolar methylene groups of the MPMS or APTMS alkyl chains induce a hydrophobic behavior of the
sensor surfaces. Moreover, molecular compounds with the —SH or —-NH, terminal groups have an affinity for the metal
particles [15-17]. The MPMS and APTMS compounds allow both the hydrophobic pre-concentration of the nonpolar
molecules and the covalent bonds with the gold nanoparticles.

2. EXPERIMENTAL
2.1 Instrumentation

SERS spectra of naphthalene and pyrene solutions were recorded at room temperature with a Raman spectrometer
(Labram HR800-Jobin Yvon) using the 632.8nm excitation line of a He-Ne laser (power ~ 0.1mW at the sample) and the
784.34nm excitation line of a laser diode (power ~ ImW at the sample) in retrodiffusion geometry. The laser beam was
focused through an Olympus water immersion lens (x100, NA = 1) to a spot of around 1um2. Scattered radiation was
collected at 180° relative to the excitation beam and detected with an Andor CCD cooled by the Peltier effect. A
300g/mm grating coupled to a 800mm spectrograph allows a spectral resolution of around 2cm™. Spectral calibration
was performed on silicon samples (at 520cm™). Two stage edge filters allow Raman Stokes studies. The accumulation
times were 5s or 10s. The measurements were performed directly through a drop of the analyzed solution at the sensor
surface.

Besides, a Raman spectrometer for in situ analysis was developed in collaboration with Jobin Yvon (EU funded Hermes
project). The global set-up of the Raman system consists in a polyethylene frame on which both containers will be
described later and the probe are settled (Figure 1A). This configuration is more convenient for shipboard interventions.
Due to the flexibility of the optical fibre link, Raman probe can be settled in any orientation and it is fixed on the vertical
position so that the flow through cell is more easily accessible without removing any part of the system. Thanks to this
configuration, SERS substrates are easy to load (Figure 1B). The in situ Raman spectrometer It consists of three modules
(Figure 2). The first one - the driving module - contains electronic boards and an industrial PC. It enables one to drive the
spectrometer from the sea surface. The second module - the spectrometer module - holds an axial spectrograph coupled
to a CCD camera (iDus, Andor) and a Laser diode of 785nm wavelength (BRM-785, B&WTEK). Optical fibers link it to
the third module - the SERS optode - where the SERS substrates can be placed. The spectrometer and the driving
modules are made of anodized aluminium whereas the optode is of stainless steel. The whole instrument was qualified
for use down to 5000m. Figure 3 shows the optical path within the optode. A flow cell can be mounted onto the sensing
end of the optode for bringing samples, calibration or rinsing solutions to the substrate. In situ fluidic line is based on a
peristaltic ten channels pump which is actuated by an oil pressure compensated electric motorization. One channel of this
pump is connected on one side to the Raman probe and on the other side to a six-position switching valve purchased
from Rheodyne. Three of the six valve inputs are connected to bags in which are stored pure water, ethanol and water
solution of bi-pyridyl-ethylene (BPE).
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Figure 1: (A) In situ Raman spectrometer in operational configuration. (B) SERS substrate loading in the flow cell.
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Figure 2: Raman spectrometer for in situ analysis with its three modules.
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Figure 3 : Optical path within the optode. The light coming out of the excitation fiber is collimated by a lens (C) before going through
a band-pass filter (BPF). Then, the laser beam is reflected first onto a dielectric miror (M) and secondly onto an edge filter (EF). It is
then focused onto the SERS substrates (S) by the lens (L1). The back-scattered light is collected by the lens (L1) and goes through two
edge filters (EF) that reflect the Rayleigh scattered light. A lens (L2) then launches the light into the collection fiber.
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Concerning colloidal film extinction spectra, a Raman spectrometer, without any edge filter, was used with a white
exciting light through a lens (x50, NA = 0.75). In order to record the spectrum baseline, the bare substrate was
illuminated.

Scanning electron microscopy (SEM) measurements were done with a field emission scanning electron microscope (FEI-
Quanta200). Before loading into the observation chamber, samples were coated with thin Au film (~ 10-15 nm) by
sputtering to avoid surfaces charging effect.

2.2 SERS sensors

Colloidal suspensions of gold nanoparticles, allowing SERS effect, were prepared according to the method described by
Frens [18]. Such a metal preparation technique has been used in different studies [17,19-20] and consists in the reduction
of HAuUCI, by sodium tricitrate. Two ways were considered to synthesize hydrophobic surfaces binding gold metal
nanoparticles.
On the one hand, a silanization procedure was employed: clean disk quartz substrates were immersed in a 5% (v v'!)
methanol solution of MPMS or APTMS for four hours according to the results obtained by Seitz et al. [19], rinsed
several times in methanol, sonicated in methanol for twenty minutes to remove the silane excess and dried for one hour
at 100°C in an air oven.
On the other hand, a functionalization [21] procedure was used: disk quartz substrates coated by physical deposition with
a thin film 1nm Cr / 50nm Au were immersed in a 5% (v v'*) methanol solution of MPMS for three hours, rinsed in
methanol, dipped two hours into a 0.01M NaOH solution in order to interconnect the silanes between them and
immersed again into the 5% (v v'*) methanol solution of MPMS overnight.
In both cases, silanized and functionalized substrates were immersed into a colloidal suspension of gold nanoparticles for
one hour and dried ten minutes at 100°C. In order to reach the most favorable conception recipe, some substrates were
kept two days in the air before immersion in the colloidal solution. Suitable sensors for adsorbed hydrophobic molecule
species and SERS measurements were thus synthesized. Scheme 1 and scheme 2 present respectively silanization and
functionalization representations of the SERS substrate fabrication procedures.
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Scheme 1: Schematic representation of the SERS substrate silanization procedure (MPMS) and immersion in gold colloidal particles.
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Scheme 2: Schematic representation of the SERS substrate functionalization procedure and immersion in gold colloidal particles.
2.3 Targeted solutions

Polycyclic aromatic hydrocarbon (PAH) solutions in artificial sea-water (ASW) were obtained. The naphthalene solution
and the pyrene solution were prepared by dissolving the PAH in methanol wherein it is more soluble and diluted in
ASW. ASW was prepared according to the ASTM D1141-90 norm [22]. Naphthalene and pyrene in pure water at 25°C
are respectively soluble at 31.8mg.L™ and 0.13mg.L™. A 10ppm naphthalene solution and a 100ppb pyrene solution both
diluted to 10ppb were achieved.

The 10ppm naphthalene solution was prepared from 78uL of 0.05mol.L™* naphthalene methanol solution and the
corresponding blank composed by 78uL of methanol completed by 50mL of ASW.

The 100ppb pyrene solution was prepared from 5uL of 0.005mol.L™* pyrene methanol solution and the corresponding
blank composed by 5uL of methanol completed by 50mL of ASW.

A trans-1,2-bis(4-pyridil)ethylene (BPE) aqueous solution with a concentration of 2.10°mol.L™ was also prepared. The
BPE is currently used by the SERS community as molecule probe [23].



3. RESULTS AND DISCUSSION

Hydrophobic molecule pre-concentrations on nonpolar surfaces result in a physisorption process. The functional amine
group with the free doublet of the APTMS confers a sizeable polarity to the substrate surface. Whereas the MPMS
substrates may be more sensitive towards hydrophobic molecule pre-concentrations due to stronger hydrophobic
interactions. In order to evaluate the detection reversibility of sensors and optimal organosilane silanization, tests were
conducted on APTMS and MPMS SERS-active substrates. The high MPMS substrate predisposition in detecting and
preconcentrating hydrophobic molecules was demonstrated [24].

The obtained sensors thanks to MPMS silanization procedure allowed a detection of PAH traces in artificial sea water
(ASW). SERS substrate sensitivity was investigated by SERS measurements in ASW of naphthalene and pyrene
solutions. The experiments were conducted on MPMS silanized substrates kept in the air for two days during their
preparation before being immersed in colloidal suspension. These SERS-active substrates present extinction spectra with
a broad plasmon band (600-700nm) (Figure 4 A) MPMS (b)) compare to those directly immersed into a colloidal
suspension of gold nanoparticles (Figure 4 A) MPMS (a)). With a 632.8nm excitation line, such SERS substrates match
the required conditions for detecting hydrophobic molecule traces until 10ppb [24]. Between each concentration test, the
samples were rinsed with ethanol and blank measurements were achieved in order to confirm sensor reversibility. The
SEM image of the sample shows a dense nanoparticle distribution with a couple of nanoparticles of large diameters. Size
particles are in the range of 40-100nm. The results are presented Figure 4.
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Figure 4: A) Extinction spectra of MPMS silanized substrates (a) directly immersed into a colloidal suspension of gold nanoparticles
and (b) kept in the air for two days during their preparation before the immersion. All spectra were smoothed by adjacent averaging
method (250 points). B) SEM image (x100 000) of SERS substrates (b).

C) SERS spectra of artificial sea-water naphthalene solutions at 10ppb and 10ppm, blank and for comparison Raman spectrum of
solid-state naphthalene is also given. Integration time of 10s. D) SERS spectra of artificial sea-water pyrene solutions at 10ppb and
10ppm, blank and for comparison Raman spectrum of solid-state pyrene is also given. Integration time of 10s.



Nevertheless, such a silanization procedure presents one disadvantage. Even though the bare quartz cleaning is always
the same and in consequence the density of hydroxyl group at the substrate surface is similar between each sample, the
silanization reproducibility was not always obtained. Some bare substrates can not be silanized with success and the gold
nanoparticles of the colloidal suspension can not be grafted. The alternative is the functionalization of quartz disk
substrates coated by physical deposition with a thin film 1nm Cr/50nm Au. A thin film of chrome of 1nm thickness is
necessary in order to stick the gold metal onto the quartz substrate. By this way, the MPMS grafting is independent of
the hydroxyl group density at the surface of the bare substrate. The affinity with gold metal of the —SH terminal group of
the MPMS allows it chemical bond with quartz disk substrates coated by physical deposition.

SERS spectra of sensors obtained in the case of functionalization were recorded at different naphthalene concentrations
in ASW. Between each concentration test, the samples were rinsed with ethanol and blank measurements were achieved
in order to confirm sensor reversibility. The spectra were recorded with the 632.8nm and 784.35nm excitation lines from
different spots on the substrate surface to promote SERS response homogeneity. A limit of detection (LOD) of 10ppb for
naphthalene was determined (Figure 5).
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Figure 5: A) SERS spectra of artificial sea-water naphthalene solutions from 0 to 10ppm recorded with a 632.8nm excitation line and
for comparison Raman spectrum of solid-state naphthalene is also given. Integration time of 5s. B) SERS spectra of artificial sea-water
naphthalene solutions at 10ppb and 10ppm, blank recorded with a 784.38nm excitation line and for comparison Raman spectrum of
solid-state naphthalene is also given. Integration time of 5s. The stars (*) indicate the sulfate ion vibrations.

Concerning the SERS results obtained in both cases, silanization (see Figure 4 C), D)) and functionalization (see Figure
5 A), B)), PAHSs dissolved in ASW solution exhibit a random intensity variation of the main characteristic Raman peak.
A well known theory [25], which stipulates that the vibrational parallel modes to the plane of the surface are the least
enhanced modes, could explain the peak intensity variations. According to the surface selection rule and the adsorbate
vibrational mode, different orientations and tilts of PAH molecules on substrate surface could occur [26]. In addition, the
signature of the organic part evolves under laser excitation. The origin remains uncertain but during the reduction
process of gold nanoparticles, sodium tricitrate excess and oxidation products still remain in the colloids. The
displacement of these species arising from competitive adsorption on the metal surface could be responsible for changes
in the spectra features [27]. Moreover, chemical oxidation phenomena of PAHs could occur in the case of PAH
adsorption on gold island films [28]. Here, SERS substrate surfaces present a different catalytic activity as regards
chemical species with free spaces on their surfaces. In our case, the intensity of the extinction spectra and of the laser
power are lower. In the Figure 5 B), the SERS spectra recorded under a 784.38nm excitation line seem to present an
higher intensity of the Raman peaks for the blank spectra as well as for the naphthalene detection spectra. As we have
first-mentioned in this paragraph, such peaks could correspond to the inorganic part or for example the Raman peaks
indicated with a star (*) on the spectrum could be attributed to the sulphate ion vibrations which present a band at
1080-1130cm™ [29]. The sodium sulfate is one of the main molecular salt of the ASW.

In silanization and functionalization cases, the LODs of 10ppb for both PAHSs, naphthalene and pyrene in ASW, were
measured. Concerning naphthalene trace detection, the main peaks centered on 760cm™ and 1380cm™ are preferentially



considered. In the pyrene case, peaks centered on 590cm™ and 1406cm™ with a higher intensity were preferentially
studied. The peaks at 1575cm™ for naphthalene, 1594cm™ and 1630cm™ for pyrene can not be easily analyzed since the
organic part, i.e. MPMS and sodium tricitrate excess, presents Raman signals in this spectral region. Such results confirm
SERS MPMS substrate performance in relation to hydrophobic sensitivity and sensors. We can not draw any conclusions
on the evolution of the spectral intensity of the Raman peaks versus PAH concentration in so far as isolated sites on the
surface, called “hot spots”, may give rise to intense local plasmon fields. Moreover, 10ppb LODs in ASW for both PAHs
with an integration time of 10s could lead to a more sensitive detection by increasing the integration time of the
experiment. In this way a sub-ppb detection sensor may be obtained with a reasonable resolution of signal/noise (> 10)
on the main characteristic Raman peaks.

In parallel to these laboratory studies, shipboard experiments were conducted. The major goal was to study the feasibility
of SERS measurement in a flow cell in seawater. APTMS SERS substrates were used. Bi-pyridyl-ethylene (BPE)
solution at 10" M has been selected as a molecular probe to reveal SERS activity of sensors. During in situ experiments,
pure water was firstly introduced in the flow cell on the substrate, and afterwards BPE. Ethanol was used in order to
remove adsorbed BPE. Figure 6 shows therefore a Raman spectrum of both BPE and ethanol. The bands located at 810,
895 (strong), and 1460 cm™ marked with diamonds on Figure 6 are assigned to ethanol; this signal is probably not
exalted and corresponds only to Raman scattering through liquid ethanol in the cell. However, three doublets and single
band marked with stars and located at 1615-1640 / 1350-1390 / 1210-1255 cm™ and 1030 cm™ are assigned to BPE. The
other bands are assigned to the organic matter from APTMS silanization.
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Figure 6: Raman spectrum obtained during shipboard experiments. Diamonds correspond to ethanol bands and stars to BPE.

4. CONCLUSION

The development of a SERS sensor for analyses in sea-water has been described in terms of chemical synthesis and
optical development. Based on gold nanostructures, different substrates were synthesized to modify some parameters
such as gold shape and distribution and such as chemical functionalization. Low concentration from ppb to ppm of
pyrene and naphthalene were detected in ASW with a short integration time of 10s and under a low incident laser power
of approximately 0.1mW. The home-made in situ Raman spectrometer connected to a micro-fluidic system has permitted
original SERS measurements of BPE with APTMS substrates. This original configuration of in situ Raman spectroscopy
is now ready to confirm PAHs detection at ppb levels during future offshore experiments thanks to new MPMS SERS



sensors. In order to well control the SERS response of the sensors, works are in progress concerning the fabrication of
nanostructures of a desired size, shape and arrangement on quartz disk substrates through electron beam lithography
(EBL) using the lift-off technique. Such a technique allows a reproducibility of SERS substrates. By this way the SERS
response of the sensors evolves in accordance with the excitation line and the nanoparticle diameter can be adapted to the
laser excitation.
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