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In the investigation of chemical pollutants, such as PAHs (Polycyclic Aromatic Hydrocarbons) at low
concentration in aqueous medium, Surface-Enhanced Raman Scattering (SERS) stands for an
alternative to the inherent low cross-section of normal Raman scattering. Indeed, SERS is a very
sensitive spectroscopic technique due to the excitation of the surface plasmon modes of the
nanostructured metallic film. The surface of quartz substrates was coated with a hydrophobic film
obtained by silanization and subsequently reacted with polystyrene (PS) beads coated with gold
nanoparticles. The hydrophobic surface of the SERS substrates pre-concentrates non-polar molecules
such as naphthalene. Under laser excitation, the SERS-active substrates allow the detection and the
identification of the target molecules localized close to the gold nanoparticles. The morphology of the
SERS substrates based on polystyrene beads surrounded by gold nanoparticles was characterized by
scanning electron microscopy (SEM). Furthermore, the Raman fingerprint of the polystyrene stands
for an internal spectral reference. To this extent, an innovative method to detect and to quantify organic
molecules, as naphthalene in the range of 1 to 20 ppm, in aqueous media was carried out. Such SERS-

active substrates tend towards an application as quantitative SERS sensors for the environmental

analysis of naphthalene.

Introduction

High quality factors of surface plasmon modes lead Surface-
Enhanced Raman Scattering (SERS) as a very sensitive
spectroscopic technique. Huge Raman enhancements, up to 10'-
fold"® the normal Raman signal of non-adsorbed molecules,
have been observed when molecules are adsorbed near metallic
surfaces. Latter, as silver, gold, copper, exhibit high optical
reflectivity.® The short-range chemical model and the long-range
electromagnetic model”™ help to reveal the Raman enhance-
ment origin. The first one is related to a charge transfer between
the roughened surface and the target molecule via an increase in
adsorbed molecule polarisability. The second one is linked to the
excitation of surface plasmons leading to an increase in the local
electromagnetic field. A final Raman enhancement of an adsor-
bed molecule can be considered as the coupling of both mecha-
nisms.

Many studies were realized on polystyrene (PS) beads chemi-
cally modified for the purpose of grafting metal nanoparticles.
Functionalization of the polystyrene beads can occur thanks to
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a modification of the surface electric charge,'"™'* a thiolation or
an amination'® of the PS beads. In both latter cases, the func-
tional groups —SH or -NH, have an affinity for metallic particles:
gold is bound to the surface through covalent interactions.'®8
The fabrication of SERS-active substrates through PS beads
coated with metal nanoparticles has been lately employed in
a wide variety of applications. For example, the crystal violet dye
as a probe has been used,” the identification of benzenethiol
adsorbed on Ag films,*® the detection of streptavidin molecules
after biotin grafting® and the investigation for chemical compo-
nents in saliva.?* In our case, a facile method based on Debye
adsorption — the interaction between a permanent dipole and an
induced dipole —is employed to coat non-polar PS beads with gold
nanoparticles. Although silver presents a higher SERS response
with an enhancement factor 10-100-fold greater than gold, Au
was chosen here on account of AgCl formation on silver surfaces
in the marine medium.* Such a facile method used in core—shell
fabrication® has been chosen here in order to avoid the addition of
organic matter with terminal functional groups whose Raman
fingerprints may represent a drawback for the SERS spectra
exploitation. Subsequently, PS beads decorated with gold
nanoparticles were immobilized onto a quartz substrate previ-
ously functionalized with (3-mercaptopropyl)trimethoxysilane
(MPTMS). The MPTMS film and the PS beads stand for the
hydrophobic part allowing the pre-concentration of apolar
molecules such as PAHs (Polycyclic Aromatic Hydrocarbons).
Herein the aim of the study is to give an innovative method to
detect and to quantify organic molecules as PAHs at low
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concentration in aqueous media. Such target molecules are of
interest for the exploitation and exploration of oceanic and
energetic resources. In addition, the detection of PAHs, such as
naphthalene, which is a chemical pollutant, presents a societal
interest (DCE Directive Cadre sur ’Eau 200/60/CE). Nowadays,
there is a lack of a relevant technique that allows qualitative,
quantitative, fast and in situ analysis of PAHs in aqueous media.

The low solubility of PAHs in the marine medium requires the
development of sensitive substrates. Hydrophobic SERS-active
substrates offer the expected solution.?>* Several papers present
the SERS effect as a quantitative analytical tool using: the
quantitative control of the substrate-withdrawal method onto
adsorbed sodium benzoate,*® the partial least-squares (PLS)
algorithm to determine glucose detection,®® self-assembled
monolayers (SAMs) as an internal standards and PLS,3? isoto-
pically labeled creatinine as internal standard and PLS,*® nicotine
and pyridine respective deuterated isotopomers as internal
standards in a microfluidic system.?* To the best of our knowl-
edge, this paper reports for the first time SERS measurements
using the Raman fingerprint of the polystyrene as an internal
spectral reference with a view to quantitative analyses. Naph-
thalene solutions with concentration in a range of 1-20 ppm have
been tested.

Experimental
Instrumentation

SERS spectra of naphthalene solutions were recorded at room
temperature with a Raman spectrometer (Labram HRS800 —
Horiba Jobin Yvon) using the 632.8 nm excitation line of a
He—Ne laser (power 10 pW at the sample) in backscattering
geometry. The laser beam was focused through a water immersion
lens (x 100, NA = 1) toaspot of around 1 um?. Scattered radiation
was collected at 180° relative to the excitation beam and detected
with an Andor CCD cooled by the Peltier effect. A 300 g.mm '
grating coupled to an 800 mm spectrograph allows a spectral
resolution of around 2 cm™'. Spectral calibration was performed
on silicon sample (at 520 cm™'). Two stage edge filters allow
Raman Stokes studies. The accumulation times were 2 x 10 s.

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

Chemicals and materials

HAuCly-3H,0 was purchased from Acros Organics. Polystyrene
(PS) beads with 800 nm diameter (+50 nm), hydrochloric acid
(37%) and (3-mercaptopropyl)trimethoxysilane (MPTMS, 95%)
were obtained from Sigma-Aldrich. Trisodium citrate was
purchased from Prolabo, nitric acid (65%) was from Merck,
hydrogen peroxide (30%) was from J.T. Baker, ammonium
hydroxide (33%) was from Riedel-de-Haén, methanol and
ethanol were of analytical grade from Fisher. Naphthalene from
Fisher was used as the analytical molecular reference.

The quartz substrates were tailored with 8§ mm diameter and
0.8 mm thickness from Heraeus. The quartz was cleaned using
aqua regia (25% HCI, 25% HNO;, 50% distilled water v/v) and

afterwards a base ‘piranha’ solution (75% NH4OH, 25% H,0,
v/v) to eliminate organic compounds and to promote hydroxyl-
ated surfaces.

Polystyrene beads coated with gold nanoparticles and
naphthalene solutions

The solution of PS beads coated with gold nanoparticles was
prepared taking inspiration from the method described by
Frens.?® 20 uL of PS beads of the commercial solution (3.6 x 10!
particles per milliliter) dispersed in 5 mL of distilled water were
added to 5 mL of an ethanolic solution of tetrachloroauric acid
at 2 x 107* M under stirring. The reactor was placed on a hot-
plate and magnetically stirred. Temperature mixture was
controlled with a thermometer (~90 °C). Then, 10 mL of sodium
tricitrate at 4 x 107> M was slowly added. After the addition of
the reducing agent, the gold particles start to form during
a process known as nucleation and subsequently grow. The
initially dark-grey solution turned to a red-violet hue after thirty
minutes of continued boiling. After one hour of boiling, the
mixture was cooled at room temperature under stirring.

The naphthalene solution was prepared by dissolving PAH in
methanol, wherein it is more soluble, and diluted in distilled
water. Naphthalene in pure water at 25 °C is soluble at 31.8 mg
L~'. A 20 ppm naphthalene solution was prepared from 62 uL of
0.05 mol L' naphthalene methanol solution and the corre-
sponding blank composed of 62 pnL of methanol completed by 20
mL of distilled water.

SERS substrates

The strategy for obtaining SERS-active substrates was to graft
silanes with terminal —SH groups. The silanes are bound chem-
ically to the substrate via hydroxyl groups existing at the quartz
surface.*®* With MPTMS silanization, the quartz surface prop-
erties are modified and the non-polar -CH, groups give hydro-
phobic surfaces. The non-polar PS beads decorated with gold
nanoparticles were strongly grafted to the functionalized quartz
surface via covalent bonds between —SH and Au.'®

Clean disk quartz substrates were immersed in a 5% (v/v)
methanol solution of MPTMS for four hours according to the
results obtained by Seitz er al.3” After silanization, the substrates
were rinsed several times in methanol, sonicated in methanol for
twenty minutes to remove excess silane and dried for one hour at
100 °C in an air oven. Then, the silanized quartz were immersed
overnight in the gold coated PS bead solution. Finally, SERS
substrates were dried for ten minutes at 100 °C. Suitable
substrates for adsorbed hydrophobic molecule species and SERS
measurements were thus synthesized. Fig. 1 presents a schematic
representation of the SERS substrate fabrication procedure.

Results and discussion

Within the scope of characterizing the morphology of the SERS
substrates, Scanning Electron Microscopy (SEM) measurements
were carried out. Fig. 2(a) shows an overview of the SERS
substrate surfaces. The PS beads, with a measured diameter of
around 800 nm, are deployed onto the substrate surface as
a monolayer. The SEM images clearly show that the PS bead
surfaces are partially coated; gold nanoparticles were locally
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Fig. 1 (a) Schematic of polystyrene beads coated with gold nano-
particles. (b) Schematic of the SERS substrate procedure fabrication:
silanization step and after immersion into the gold coated PS bead
solution. The scale is not respected.

Fig. 2 SEM images of SERS substrate based on polystyrene beads
coated with gold nanoparticles (a) x40 000 and (b) x300 000.

grafted to the PS bead surface. Besides gold nanoparticles are
also present on the MPTMS. Gold nanoparticles have an esti-
mated diameter of ~50 nm (Fig. 2(b)). Nevertheless, such a gold
coating of PS beads is sufficient to generate the SERS effect. In
order to limit the contribution of the SERS effect due to the gold
nanoparticles localized onto the MPTMS, all the SERS
measurements were performed with the laser beam focused onto
the PS beads.

Fig. 3(a) presents the SERS spectrum of the PS beads through
the blank and the Raman spectrum of PS solid for comparison.
The Raman peaks of the PS solid are almost all present in the
SERS spectrum of the PS beads through the blank. The unas-
signed peaks, in particular in the region 1500-1700 cm™', can
correspond to the MPTMS organic part and the H-O-H bending
(1600-1630 cm™") of water.®® The main Raman peak of poly-
styrene (1004 cm~') was identified as the ring vibration.* It was
located with an arrow in the figure and used as an internal
spectral reference in the following quantitative study.

Fig. 3(b) shows the SERS spectra of naphthalene solutions
tested by increasing concentration from 1 to 20 ppm. Hydro-
phobic molecule pre-concentrations on non-polar surfaces result
in a physisorption process. Physical adsorption is a type of
adsorption in whereby the adsorbate is weakly linked to the
surface only through van der Waals interactions. More precisely
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Fig. 3 (a) SERS spectrum of the PS beads through the blank and Raman
spectrum of PS solid for comparison. (b) SERS spectra of naphthalene
solutions from 1 to 20 ppm, PS beads through the blank, PS beads through
the blank after ethanol rinsing and for comparison the Raman spectrum of
solid-state naphthalene is also given. Integration time of 2 x 10s.

here, London dispersion forces arise between non-polar mole-
cules. Rinsing in 10 mL of ethanol for 10 min is required to
eliminate naphthalene molecules. The results demonstrate that
the SERS intensity cannot be used directly with the view to
quantify the detection of naphthalene traces. We can not draw
any conclusions on the evolution of the spectral intensity of the
Raman peaks versus PAH concentration insofar as the isolated
sites on the surface, called hot spots, give rise to intense local
plasmon fields.**** Nonetheless, SERS-active substrates based
on polystyrene beads surrounded by gold nanoparticles, using
the main PS Raman peak as an internal spectral reference, tend
towards a quantitative tool (Fig. 4).

Concerning the quantitative proof, Fig. 4 represents the
normalized intensity (/napht/Ips) With regard to the naphthalene
concentration in the range of 1-20 ppm. The normalized inten-
sity (Inapht/Ips) is the ratio between the band intensity of the
naphthalene at 1380 cm™' and the intensity of the internal
spectral reference (1004 cm™"). In the range of 1-20 ppm naph-
thalene concentration, a linear fit was plotted. Nevertheless,
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Fig. 4 Normalized intensity (Inaphi/Ips) versus the naphthalene
concentration in the range 1-20 ppm and the linear fit. Each white
triangle corresponds to the mean of 5 measurements at the same
concentration. The uncertainty is calculated as the standard deviation.

adsorption isotherm equations***> could be used to describe the
adsorption between the solid phase and aqueous phase at equi-
librium. A good agreement is reached with the R? coefficient
(R? = 0.96) and the standard deviation of the estimated intensity
is SD = 0.24. An experimental limit of quantification of 1 ppm
was obtained.

The reciprocal fit allowing the use of the sensor in real
conditions of application was plotted (not presented here). For
example, a solution with an unknown naphthalene concentration
can be determined with an uncertainty of 30% insofar as the
naphthalene concentration is 12 ppm, i.e. an uncertainty of +3.6
ppm.

For the purposes of studying the repeatability of SERS
detection of naphthalene, Fig. 5 gathers the normalized intensity
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Fig. 5 Histogram of the normalized intensity (Inaphi/Ips) of a 10 ppm
naphthalene solution versus the different analysed areas (from A to E) of
the samples. Each rectangle of the histogram represents an experimental
SERS measurement. The samples 1 and 2 refer to two distinct synthesizes
of SERS substrates based on the same procedure fabrication. The dashed
line corresponds to the mean of all the experimental measurements; the
top and bottom black lines are the standard deviation calculated of all the
plotted measurements SD = 0.47 (ca. 16%). The sensor surface was rinsed
in 10 mL ethanol for ten minutes between each tested area.

(INapht./Ips) of a 10 ppm naphthalene solution with regard to the
different analysed areas (from A to E) of the samples.

As a result, the SERS response of the sensor was quite
repeatable (SD = 0.47; ca. 16%) in the naphthalene detection
whatever the tested area of the sample and synthesis to synthesis.
To this extent, the repeatability of the experimental measure-
ments with the SERS substrate based on gold coated PS beads
was proved. In addition, Fig. 5 displays that 11 rinsing steps with
ethanol and water (one step between each spectrum) on sample 1
and 6 rinsing steps on sample 2 do not make the sensor worse
according to the homogeneity of the response.

Conclusion

SERS-active substrates based on PS beads coated with gold
nanoparticles were achieved with success. The morphology of the
SERS sensors was described as a monolayer of PS beads partially
coated with gold nanoparticles. The originality and the advan-
tage of these SERS-active substrates reside in the pre-concen-
tration of naphthalene onto a hydrophobic surface coupled to
the use of an internal spectral reference via the Raman fingerprint
of the PS beads. This study suggests that a determination of the
concentration of a naphthalene solution was feasible in the range
of 1-20 ppm with a high repeatability. Such SERS-active
substrates tend towards an application as quantitative SERS
sensors for environmental analysis. In the near future, in situ
quantitative SERS measurements can be planned on hydro-
phobic molecules of environmental interest such as PAHs.
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