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a b s t r a c t

Two different surface enhanced Raman scattering (SERS) sensors are described, tested and compared against the 
detection of 2-naphthalenethiol (2NPT, a volatile compound) in both solution state as well as vapor phase. The first sensor 
is based on an optical fiber properly modeled to induce the adhesion of colloidal Ag nanoparticles on its surface. 
Excitation and detection of the Raman signal is performed through the optical fiber that can be used as in situ probe for 
the detection of molecules adsorbed on the SERS sensitized surface. The second SERS sensor is based on nanostructured 
substrates consisting of Au nanoparticles produced by pulsed laser deposition in presence of a controlled Ar atmosphere. 
Details at the nanometer scale were observed by SEM and TEM imaging to understand the size and structure of the 
islands formed as a function of deposition parameters that were selected in order to maximize their SERS response. The 
sensitivity of the substrates to volatile species was tested by letting evaporate controlled drops of a methanol solution of 
2NPT in a chamber of known volume, where the substrate was placed. After complete evaporation of the drops, this 
provided an in-situ environment suitable for vapor phase measurements at known concentration. SERS spectra were 
collected after exposing the substrates to the environment within the chamber (vapor phase measurements) or dipping 
them in a solution for condensed state measurements. The complete absence of the SH stretching peak in the SERS 
spectra proves the covalent bonding of 2NPT to the metal substrates via the sulfur atom. DFT calculations, including 
metal-sulfur interaction, provide a good description of the observed SERS spectra. The reported data allow concluding 
that our SERS substrates are suitable for detection of volatile compounds.
Keywords:
Volatile thiols
SERS sensors Fiberoptic
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Chemical kinetics

(Surface Enhanced Raman Spectroscopy) is able to detect low con-
centration of an analyte [1,2]. Volatile chemicals of environmental 
interest are found in air at low concentrations and hence are good 
candidates for SERS detection. For instance, it has been recently 
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. Introduction

The literature shows an increasing interest in developing plas-
onic substrates with controlled nanostructure for advanced

pectroscopic applications. Tuning plasmonic resonance allows
ptimization of the surface enhanced spectroscopic response of

hemical species adsorbed on the substrate, thus allowing their
ensing through the detection of the associated molecular spectra,
ven at low concentrations. Among available spectroscopies, SERS

Abbreviations: SERS, surface enhanced Raman scattering; 2NPT, 2-
aphthalenethiol; PLD, pulsed laser deposition; DFT, density functional theory.
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emonstrated that suitably functionalized gold substrates show a 
ERS signal sensitive to environmental volatile organic compounds, 
hus allowing their sensing even though it may be indirect [3].

In this contribution, we focus on the development of 
anostructured substrates for direct SERS analysis of volatile 
ulfur-containing species, focusing on thiols. Thiols are known 
o interact covalently with noble metal surfaces, establishing a 
ulfur-metal bond that has been also exploited for producing self-
ssembled monolayers on flat gold surfaces [4]. Similar to thiols, 
ulfur-silver interaction has been reported in the formation of 
table silver-thiophene nanocomposites [5] and SERS response 
f thiophene-2-carboxylic acid has been reported [6]. Hence, we
-NC-ND 4.0 license 
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xpect that organic sulfur species like thiols or thiophenes would
enerally provide SERS signals. Aromatic thiols, thiophenes and
olycyclic aromatic sulfur heterocycles are expected sources of
ulfur in fossil fuels [7]. Chromatography shows the presence of
hiophenic polycyclic aromatic sulfur heterocyclics in crude oils
nd coal [8,9] as well as in petroleum condensate and volatile oils
10]. Sensitive analytical methods such as SERS, which also provide
nformation on chemical structure, are interesting additional tools
or the investigation of the complex molecular composition of fossil
uels [11,12].

We report here, the development and use of two different
lasmonic substrates suitable for detection of 2-naphthalene-thiol
2NPT) through SERS. 2NPT was chosen as a representative thiol of
eochemical interest, difficult to detect with GC/MS methods [7],
or which the investigation of the SERS signal in solution state was
eported [13].

The first SERS device is a fiber-optics with optimized geometry
t the tip [14] covered by silver nanoparticles immobilized on the
uter surface of the fiber. The second SERS probe is constituted by a
anostructured film obtained by controlled pulsed laser deposition
PLD) of gold on silicon and Corning glass [15]. While SERS is usually
mployed on solution state samples [16,17], in this contribution
e show that it is possible to use SERS to detect volatile species as
ell. This is particularly appealing for environmental or industrial

ensing of air pollutants. In fact, a SERS dosimeter could be easily
eployed and analyzed at later times in the laboratory (provided
hat the analyte chemisorbs on the substrate). On the other hand,
ERS fiber optics could be used for remote on-line sensing.

Cited literature suggests that attempts are being made to dif-
erentiate between different kinds of thiols while they are being
xtracted from petroleum; this makes a properly designed SERS
ubstrate a promising complementary analytical tool for this kind of
pplication. Finally, the analysis of the DFT models presented in this
ork (including metal-sulfur interaction) provides the compared

ssignment of the main Raman/SERS signals of 2NPT.

. Materials and methods

.1. Preparation of the SERS active fiber-optic tip

A silica fiber was chosen for SERS measurements with an inner
ore diameter of 200 �m and a numerical aperture of 0.22. The
rotective layer of the silica fiber was removed at one end of the
ber. A fine scratch was made normal to the axis of the fiber and
as snapped in order to obtain a termination normal to the fiber

ptic axis, thus ensuring minimal optical losses when injecting laser
ight into the fiber core. The protective layer of the silica fiber was
emoved also from the other end of the fiber, which was succes-
ively cleaned with acetone and then subjected to a double static
tching process to obtain a tip which has been later subjected
o Lee-Meisel [18] Ag nanoparticle functionalization (immobiliz-
ng Ag-NP on silica through 3-aminopropyltrimethoxysilane). The
etailed procedure for the fabrication of the whole fiber-optic
ouble-tapered SERS sensor is given in [19,20].

.2. Production of nanostructured Au substrates

Gold nanostructured substrates were produced using Pulsed
aser Deposition (PLD) technique. A KrF excimer laser (� = 248 nm,
ulse width 25 ns, repetition rate 10 Hz) was used for the deposi-
ion. The laser was focused on the target surface by a quartz lens

nd pure gold targets were placed on a rotating holder in order to
void surface damage. The substrate used was 5049 Corning glass
lides, which were positioned at a distance of 35 mm from the tar-
et. The PLD chamber was kept at a constant pressure of 70 Pa of
Argon. The deposition of Au nanoparticles was fixed at 10000 laser
shots and 2 J cm−2 of laser fluence. The characterization of these
substrates were carried out by SEM and TEM imaging (respectively)
using a Zeiss Supra 40 field ion microscope and a Zeiss Leo 912AB
microscope operated at a voltage of 80 kV. The enhancement factor
(EF) was evaluated by comparing the SERS intensity of methy-
lene blue dye adsorbed on the nanostructured substrate with the
normal Raman signal acquired on a gold flat surface. The two sub-
strates were soaked into a 10−5 M concentrated aqueous solution
for 1 h. Measurements were performed under identical experimen-
tal conditions: excitation wavelength source, integration time and
microscope objective. A neutral density filter with optical density
of 4 was needed to acquire the SERS spectrum to avoid saturation
of the photo-detector, a proper normalization was performed to
account for this filter. The estimated EF achieved was of the order
of 104.

2.3. Reagents

AgNO3 (99.8%), 3-aminopropyltrimethoxysilane (97%), HF
(40%), trisodium citrate (99%), 2NPT (99%), were purchased from
Aldrich chemicals and used without further purification. Methanol
(99%), toluene (99%) and H2O2 (30%) were supplied by Fluka.
Ethanol (99.9%), Xylene (98.5%) and H2SO4 (95–97%) were supplied
by J.T. Baker.

2.4. Experimental setup for fiber optic SERS sensor

Controlled ethanol solutions of 2NPT were prepared and
selected volumes of solution (of the order of 0.1 mL) were left to
dry in a 3 L glass chamber which was sealed immediately after
placing the solution drops. 2NPT is a solid that sublimates at ambi-
ent conditions. At 25 ◦C its vapor pressure is 0.00467 mmHg. In
our setup 2NPT behaves as a vapor sublimating from solid state
(i.e., the precipitate left upon drying of the ethanol solution droplet
loaded in the chamber). Since the left over 2NPT precipitate com-
pletely sublimates (we observe its disappearance), this ensures
reaching a known concentration of 2NPT vapors in the given vol-
ume. Furthermore, since at ambient conditions the solid has a
characteristic displeasing odor, it is certain that a vapor of NPT
molecules effectively develops from the solid. This ensured reach-
ing a known concentration of 2NPT vapors in the given volume.
Depending on the chosen concentration of 2NPT ethanol solution,
this procedure allowed reaching an approximate concentration of
10 ppb and 0.1 ppb in the chamber (1 ppb = 10−9 molar ratio). The
molar ratio expresses the number of 2NPT moles over the number
of moles of the air (plus the 2NPT ones) contained in the cham-
ber. For simplicity we assumed ideal gas behavior, which implies
that the molar concentration of 2NPT in air is given by the molar
ratio divided by the standard molar gas volume of 22.4 L/mol. This
gives [2NPT] = 4.4 × 10−11 mol/L. In-situ measurement is possible
with the fiber optic since the SERS active tip can be sealed within
the chamber and senses its environment. Hence time-dependent
Raman measurements can be carried out while keeping sealed the
chamber. This allows investigating the chemical kinetics of the sub-
strate and represents a practical advantage of the fiber optic sensor.

Raman spectra have been recorded with HORIBA Jobin Yvon
Labram HR800 equipped with Peltier cooled CCD detector and
solid-state laser (Laser XTRA, Toptica Photonics) providing a
785 nm excitation wavelength. An Olympus BX41 microscope was
used with a 10 x objective. An adaptive fiber-optic holder was
built, in order to suitably couple the laser radiation with the fiber

core. A sketch of the experimental apparatus is shown in Fig. 1a.
The SERS measurements were carried out in an optrode config-
uration, where the same optical fiber (terminated with the SERS
active layer) injects the laser excitation and collects the scattered



Fig. 1. (a) Sketch of the experimental setup of the fiber-optic SERS probe and the nanostructured Au substrate in the measurement chamber. The fiber-optic remains within
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he chamber while the Au nanostructured substrate is taken out of the chamber to p
ERS probe layered by Ag nanoparticles. The length and the cross-sectional area of th
icroscope image of a fiber-optic SERS probe, d = 50 mm, (d) AFM image of colloida

adiation (see Fig. 1b). We present the bright-field image of the
ber-optic in Fig. 1c. From Fig. 1d, AFM image of the colloidal Ag
Ps immobilized on glass, the average diameter of the NP aggre-
ates was found to be 110 ± 25 nm. Atomic Force Microscopy (AFM)
easurements on nanostructured Ag films (Fig. 1d) were carried

ut with a Thermo Microscope (CT Research).

.5. Experimental setup for the PLD Au substrates

The Au substrate was placed in the same chamber mentioned
bove with a maintained concentration of 2NPT. In-situ measure-
ents are not possible with these substrates since the substrates

ave to be taken out of the sealed chamber and transferred under
he microscope for SERS measurements as shown in Fig. 1a. Raman

easurements were carried out with the same Raman equipment
nd 785 nm laser excitation line with a 50 x objective.

.6. Density functional theory (DFT) calculations

We have simulated the off-resonance Raman response of 2NPT
n order to compare it with experimental results and guide the peak
ssignment. Furthermore, two minimal molecular models (named
NPT-Ag, 2NPT-Au with Ag or Au replacing the hydrogen atom in
he −SH group) have been considered for the sake of analyzing the
hanges of the SERS signal compared to Raman. Calculations have

een carried out at the B3LYP/cc-pVTZ level of theory; to describe
u and Ag atoms we have used Stuttgart effective core potentials

ECP28MDF for Ag and ECP60MDF for Au, both complemented with
c-pVTZ-PP basis set − see Refs. [21,22]).
Raman measurements, (b) Schematic of the light path traversed in the fiber-optic
ed part of the fiber-optic is L ≈ 3 mm and S ≈ 2.5 × 103 �m2 respectively, (c) Optical

anoparticles immobilized on glass (see text for details for deposition procedure).

The Gaussian09 rev. A.02 computer program [23] has been used
to carry out the calculations; a set of custom in-house developed
computer codes have been employed to simulate Raman spectra
and analyze the nuclear displacements (see Supplementary Infor-
mation).

3. Results and discussion

3.1. DFT-based peak assignment

Before addressing the experimental results on Raman/SERS
spectra of 2NPT, it is worth to briefly review with the help of
DFT calculations and literature data [15] the assignment of the
most important Raman signals of 2NPT. The present assignments
substantially match previous work [15] and make it more com-
plete since we also consider DFT models for the adsorbate which
are implied in our SERS experiments. We offer a more detailed
description of the vibrational normal modes associated to the more
relevant Raman/SERS features in the CH stretching (≈3000 cm−1)
and fingerprint region (1800–300 cm−1). We briefly summarize
here the main results obtained in the description of the normal
modes. Further details can be found in SI.

As Fig. 2 clearly shows that the overall trend of the Raman/SERS
spectra is well reproduced by calculations which show that the

intensity ratios, especially in the low frequency region, are affected
by noble metal substitution. On the other hand Ag or Au substi-
tutions have practically the same effect on the simulated spectra
compared to 2NPT. This is in line with experimental observation,
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ig. 2. Comparison of experimental Raman and SERS (on PLD Au substrates) signa
rovided for selected lines. Wavenumbers of the simulated spectra from DFT calcul

hich show only minor differences in SERS of 2NPT promoted by
g or Au nanostructures.

Five spectral regions can be identified (unscaled wavenumber
rom DFT are used to identify the modes, unless otherwise stated
e refer to the 2NPT model − see also Table 1 for a synopsis of the
ain Raman lines in the fingerprint region, i.e., below 1800 cm−1):

i CH stretching. The main signal (3190 cm−1) is due to the in-phase
CH stretching of the four hydrogens located in the ring not carry-
ing the sulfur atom. Its location is rather independent of (H, Ag,
Au) substitution.

i Ring stretching. Three signals (1664, 1633, 1607 cm−1) are found
whose nuclear displacement patterns can be associated to the
G-line of other polycyclic aromatic compounds (see [24]). Com-
pared to normal Raman, these modes are rather sensitive upon
(Ag, Au) substitution (see Fig. 3) and their off-resonance Raman
response is enhanced by about a factor of 10 compared to 2NPT.
The observed changes of the spectral pattern between Raman
and SERS are rather well accounted for by DFT calculations when
comparing for instance 2NPT with 2NPT-Au (see Fig. 2). How-
ever, as evident from Fig. 3, the difference between Ag- vs.
Au-substitution in the simulated DFT Raman spectra is limited.

i CS stretching/In-plane CH-bending/D-mode. This comprises of
three signals in 2NPT (1496, 1471, and the unresolved doublet
1400, 1397 cm−1). The displacements more closely relate to the
D-line pattern of PAHs belonging to the stronger almost degen-
erate modes found at 1400 and 1397 cm−1 (see also [24]). In
2NPT-Ag/2NPT-Au the D-mode is unique and it is delocalized over
both condensed rings (1397, 1398 cm−1, respectively). The other
signals (with lower Raman intensity) can be described as collec-
tive in-plane CH bending coupled with collective CC stretching
(see SI). Notably the higher wavenumber mode in this region
(1496 cm−1) is also associated to CS stretching, and it is red-
shifted upon noble-metal substitution.
CS stretching/ring-breathing. The mode of 2NPT at 1099 cm−1

(and, to a less extent, 1043 cm−1) is described as CS stretch-
ing coupled with ring breathing localized at the ring bearing

the CS group (or at the other ring, for 1043 cm−1 mode). The
lower wavenumber mode at 939 cm−1 is also characterized by
CS stretching coupled with SH bending. As expected because of
the contribution from CS and SH, the positions of the modes in
NPT with results from DFT calculations. Values of experimental wavenumbers are
have been scaled by 0.98 (see also Table 1).

this region are all affected by noble metal substitution. Notably,
the stronger peak (ring breathing) gets red-shifted and enhanced
by a factor of almost 20.

v Collective skeletal bending/breathing. Several resolved peaks
are found in this region, all collectively involving several degrees
of freedom and difficult to be described with a single charac-
ter. One notable exception is the breathing of the aromatic core,
which is found at 781 cm−1 and is barely affected by noble metal
substitution both in wavenumber and Raman intensity. Another
interesting very weak Raman mode is found at 648 cm−1 in 2NPT
and is associated to collective CH out-of-plane bending. Inter-
estingly its intensity is strongly enhanced (more than x20) upon
noble metal substitution. This parallels experimental observa-
tion and the comparison between Raman and SERS in this region.
The 642 cm−1 mode (expt.) is barely seen in Raman but becomes
well resolved in SERS (638 cm−1). We finally mention the C-X
stretching modes at 362 cm−1 (X = Ag) and 372 cm−1 (X = Au).
They are coupled with CS stretching and, compared with the cor-
responding mode of 2NPT at 353 cm−1 their intensity is markedly
enhanced (more than x20), as expected for vibrations directly
involving the metal-carbon bond.

3.2. SERS behavior of the fiber optic sensor

Before employing the fiber-optic SERS sensor, a reference (back-
ground) Raman spectra of the bare fiber optic sensor was recorded
with 785 nm excitation (see Fig. 4) in the 100–3500 cm−1 spectral
region.

As it is evident in Fig. 4a, the broad and strong Raman signals
from the fiber optic in the low-frequency region (100–600 cm−1)
hinder the possibility to detect weak signals of the analyte in this
spectral window. The inset of Fig. 4a shows the fiber optic back-
ground Raman signal zoomed in the 900–1800 cm−1 interval. Two
broad bands are recorded at 1055 and 1183 cm−1, which constitute
the main background features in our fiber-optic SERS experiments.
In Fig. 4b, the main peaks of the SERS spectrum of 2NPT collected
with the fiber optic have been indicated. For this measurement,

the chamber was prepared with an approximate concentration
of 10 ppb of 2NPT. SERS spectra were then recorded through the
fiber-optic sensor after about 15 min since the sealing of the mea-
surement chamber. Within this time we observed the complete



Table 1
Comparison of experimental Raman and SERS (on PLD Au substrates) signals of 2NPT with results from DFT calculations.

Raman (exp) in cm−1 0.98 scaled Raman (DFT) unscaled Raman (DFT) SERS (exp) in cm−1 0.98 scaled 2NPT-Au (DFT) unscaled 2NPT-Au (DFT)

1624 1631 1664 1620 1626 1659
1594 1600 1633 1583 1593 1625
1570 1575 1607 1567 1568 1600
1456 1466 1496 1449 1458 1488
1433 1442 1471 1429 1438 1467
1380 1372,1369 1400,1397 1380 1369 1397
1083 1077 1099 1066 1062 1084
≈919, broad 920 919 941 943 962
847 842 859 (weak) 845 845 862
767 765 781 767 765 781
642 635 648 638 644 657
601 598 610 599 600 612
517 516 527 517 515 525
356 346 353 369 365 372

Fig. 3. Simulated Raman spectra of 2NPT and of the two models functionalized with Ag and Au used to help the interpretation of SERS of 2NPT (see text for details).

Fig. 4. (a) Reference Raman spectrum of the optical fiber in the 100–3500 cm−1 spectral region and in the 900–1800 cm−1 spectral region in the inset (excitation line:
514 nm). (B) Representative SERS spectrum of 2NPT (10 ppb) collected with the fiber optic sensor embedded in a 3 dm3 chamber. The spectra were recorded 15 min after the
introduction of the sensor in the chamber and with the 785 nm excitation line.
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vaporation of the sample droplets containing 2NPT (see Experi-
ental section for details).
We compare in Fig. 5, the FT-Raman and fiber-optic SERS spectra

f 2NPT (the latter recorded with 785 nm excitation). It is evident
rom the complete disappearance of the SH stretching Raman line
2567 cm−1) (marked with an arrow in Fig. 5) in the SERS that
he molecule bonded to the silver colloid, replacing the S-H bond
ith an S-Ag bond at the nanostructured silver substrate. It is also
oticeable that the most intense bands (1575, 1021, 999 cm−1) in
he SERS have been slightly red-shifted with respect to the cor-
esponding Raman modes (1583, 1025, 1000 cm−1). There has also
een an effective change of the internal intensity ratios of the peaks.
hese observations are consistent with the results of DFT calcula-
ions on model molecules (see above). We can notice strong peaks at
621, 1581, 1451, 1430, 1379, 1066 cm−1, all assigned to the 2NPT
oiety (see Figs. 4 b, 5 and SI). The 1621 and 1581 cm−1 lines are

ssigned to the characteristic CC stretching modes of the aromatic
ing (ring stretching, see above). The 1451, 1430 and 1379 cm−1

eaks are assigned to in-plane CH bending coupled with ring CC
tretching and CS stretching (1451, 1430 cm−1) and to the D-mode
1379 cm−1) of the two aromatic rings. The 1066 cm−1 peak is
ssigned to ring breathing coupled with CS stretching and in-plane
H bending.

.3. Time dependent behavior of the fiber-optic SERS sensor

We have also tested the time dependent adsorption of 2NPT
n the fiber-optic sensor using a concentration of approximately
.1 ppb of the analyte in the chamber, as reported in the experimen-
al section. We started to record SERS spectra 0, 10, 20, 30, 90 and
20 min after the complete evaporation of ethanol and sublimation
f 2NPT. The recorded spectra are shown in Fig. 6.

The increase of Raman 2NPT features above the fiber optic
aman background spectrum is clearly visible as a function of
ime. To determine the time dependent behavior of the 1621 and
378 cm−1 SERS signals (see Fig. 6), we have assessed their base-

ine corrected intensities as functions of time, measured after the
omplete sublimation of 2NPT on the bottom of the chamber.

As shown in Fig. 7, for both the 1621 and the 1378 cm−1 line, an
nitial exponential increase of the signal is observed, until at longer
imes a saturation value is reached, suggesting that the number of
NPT molecules attached to the silver nanoparticles on the fiber
ptic progressively increases up to a limit where all SERS active
ites are occupied.

The adsorption of molecules on a metallic surface is well
escribed by the Elovich adsorption model [25]:

dq (t)
dt

= ae−˛q(t) (1)

where q(t) is the amount of adsorbed molecules at time t, and
and � are constants which depend on the system under study.

ntegrating Eq. (1) between t0 and t, with q(t0) = 0, the amount of
dsorbed molecules onto the surface at the time t is:

(t) = ln 10
˛

log [1 + a˛ (t − t0)] (2)

The characteristic adsorption rate constant � is given by (a˛)−1.
he results of the fitting procedure are shown in Fig. 7.

The characteristic time constants (a˛)−1 as obtained from the
tting procedure are equal to 450 ± 100 s and 524 ± 120 s for the
inetic observed at 1621 cm−1 and 1378 cm−1 respectively.
.4. SERS behavior of the PLD Au substrates

In Fig. 8(a) and (b) is shown the SEM and TEM images of the sam-
le surface. As it can be seen the sample surface consists of nearly
percolated structure made of gold islands with smooth edges. In
previous works, we have characterized in detail the nanostructure
formation mechanisms as a function of the adopted PLD deposition
parameters. The first step consists of nanocluster condensation in
the gas phase when the laser generated plasma expands in ambi-
ent atmosphere. In fact, collisions between the expanding plasma
and the gas species lead to in flight formation of the nanoparti-
cles. The dimension of these nanoclusters depends on the plasma
mass density and energy (determined by the laser pulse spot area
and energy), and on the gas density and atomic mass [26,27]). The
second step takes place on the substrate surface. As soon as the
nanoparticles land on the surface, they give rise to varied surface
morphologies, depending on the laser pulse number adopted in
the deposition process. At low laser pulse number, the surface mor-
phology consists of a population of spherical isolated nanoparticles.
At increasing numbers of laser pulses, the nanoparticles start to
coalesce giving rise to aggregates, islands with round and smooth
edges and percolated structures. The optical properties strongly
depend on the final morphology of the sample and hence varied
SERS enhancements. The SPR absorption peak position and shape
is, in fact, strongly dependent on the size, shape and the spatial dis-
tribution of the nanostructure on the substrate surface. In general, a
red-shift and a broadening of the SPR is observed when going from
surface morphologies consisting of isolated nanoparticle towards
percolated structures. The samples used in this work show a mor-
phology characterized by the presence of gold islands separated by
small gaps that can play a major role in the thin film SERS activ-
ity, acting as ‘hot spots’ [28,29]. The SPR peak position lies between
700–730 nm and full width at half maximum (FWHM) of approx-
imately 300 nm, so that the exciting laser line used in the SERS
measurement (785 nm) falls within the SPR absorption peak.

To test the PLD Au substrates in vapor phase, 2 ppm concentra-
tion of 2NPT was created in the chamber (from drops of methanol
solution of 2NPT) without saturating the atmosphere of the cham-
ber with methanol. Also, complete evaporation of 2NPT was assured
before carrying out the SERS measurements. As can be seen in Fig. 9,
a clean spectrum of 2NPT can be obtained also from the vapor phase.

As in the case of the optical fiber sensor, the absence of the
SH stretching peak (2567 cm−1) reveals the formation of the SERS
active sulfur-metal complex as a consequence of chemisorption of
2NPT from the vapor phase.

3.5. Time dependent behavior of the PLD Au substrates

Similar to the previous case (fiber-optic SERS sensor), we car-
ried out time-dependent measurements on the PLD Au substrate,
in order to evaluate the absorption kinetics and to determine the
responsiveness and the sensibility of this SERS based sensor. The
substrate was exposed to the 2NPT vapor in a flask maintained in
a bath at 45 ◦C (to help quickly stabilize the diffusion processes
within the flask, because of the required ex-situ setup). At differ-
ent time interval the substrate was extracted from the flask and
measurement carried out within few minutes.

The kinetics observed in the case of the PLD samples is reported
in Fig. 10a.

Raman measurements were carried out with a micro-Raman
apparatus; a reference mark was made on the surface to guarantee
that the acquisition was performed at the same positions on the
substrate surface, at know distances from the mark. The first spec-
trum was acquired after 30 s of exposure time to 2NPT vapors. The
duration of the exposure time was from 30 s to 45 min with smaller
intervals at early times.
From Figs. 9 and 10a, all the relevant peaks of 2NPT on PLD
Au substrate can be observed. Intense peaks due to ring stretch-
ing modes are evident at 1382, 1451 and 1622 cm−1, the peak at
1066 cm−1 is attributed to CH bending mode. Less intense, but still



Fig. 5. Comparison between the normal FT-Raman spectrum of 2NPT and the SERS spectrum of 2NPT collected with the fiber optic sensor. Normal Raman and SERS spectra
were acquired using respectively the 1064 nm and the 785 nm excitation wavelength. The arrow indicates the disappearance of the SH stretching line in the SERS spectrum,
due to the formation of S-Ag bonds.

Fig. 6. Time-dependent measurement of the SERS spectra of 2NPT collected by the fiber optic sensor (785 nm excitation; exposure time of the sensor to 2NPT vapors from
10 min up to 120 min).



Fig. 7. Time-dependent measurement of the SERS spectra of 2NPT collected by the fiber optic sensor (785 nm excitation; exposure time of the sensor to 2NPT vapors from
10 min up to 120 min).
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Fig. 8. (a) SEM and (b) TEM imag

learly visible, peaks are due to ring deformation modes at 518,
00, 640, 770 cm−1 and to ring stretching vibrations at 1431, 1452,
569 and 1584 cm−1. The feature at 846 cm−1 is due to CH twist
ode and weaker peaks at 1156, 1146, 1024 and 1016 cm−1 are

ttributed to CH bending. For the first spectrum at 30 s, one is able
o appreciate the background response of the substrate, but hints
f the strongest peaks of 2NPT are still clearly visible pointing out
or fast adsorption kinetics.

As it has been done for the fiber optic measurements, we fol-
owed, as function of time, the SERS peak intensity of the two most
ntense peaks (marked by asterisk in Fig. 10a; CC ring stretching at

−1 −1
378 cm and CH bending at 1066 cm ). The trend of the peak
ntensity vs. time is reported in Fig. 10b. Squares and stars refer
o the measurements performed at two different positions. Peak
ntensities were normalized with respect to a mean of the val-
he surface of the PLD Au sample.

ues in the saturation region for all the different positions and their
peak values. As can be seen the intensity of the 2NPT peaks grows
with time until a saturation value is reached after about 250–300 s.
Essentially the same behavior observed for the adsorption kinetics
on the optical fiber, but it is worth noticing that the response of the
planar PLD substrates is much faster.

The data were fitted using the Elovich model. The fit was lim-
ited to data points in the initial time of exposure just before the
saturation plateau that, owing to the very fast kinetics adsorption
occurred 4 min after the exposure of the substrate to 2NPT vapor.
In the inset of Fig. 11, the semi-logarithm plot highlights how the

Elovich model well describe the fast adsorption kinetics in this case
also.

From the point of view of application as a sensor, a trend deter-
mined by adsorption kinetics has two great advantages: a) the



Fig. 9. SERS spectrum of 2NPT obtained in vapor phase at 2 ppm concentration with PLD Au substrate (785 nm excitation). This is compared with the normal Raman spectrum
of 2NPT (1064 nm excitation). The arrow indicates the disappearance of the SH stretching line in the SERS spectrum, due to the formation of S-Au bonds.

F on th
3 terisk,
S wher

l
r
m
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ig. 10. (a) Time-dependent measurements of the SERS spectra of 2NPT adsorbed
0 s up to 45 min); (b) Intensity of the two most intense SERS peaks (marked by as
quares and stars refer to Spot A and Spot B positions respectively on the substrate
arge increase of the signal in the first minute represents a fast
esponse and b) the possibility to use the same SERS sensor for
easuring in the environment the integrated chronic exposure to
dangerous thiol substance (even at very low concentrations) like
e PLD Au substrate: (785 nm excitation wavelength; exposure time starting from
CC ring stretching at 1378 cm−1 and CH bending at 1066 cm−1) vs. exposure time.

e spectra were acquired.
a dosimeter. Indeed, the signal intensity (on a logarithmic scale)
is proportional to the time of exposure to harmful substances and,
like every adsorption kinetics, the slope of the curve is related to the
concentration of the analyte. In other words, the higher is the con-
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ig. 11. Fit of the time dependence of the SERS peak intensity (mean of the values
lot since the adsorption kinetics follows Eq. (2).

entration of the harmful agent in the environment, the more rapid
ncrease will be observed in the SERS signal intensity. A straightfor-

ard dose threshold setup can be made where the threshold refers
o the measured SERS signal intensity (at a given time after deploy-

ent of the dosimeter). This threshold will be reached after a long
ime if the concentration of the harmful substance is low or vice
ersa.

. Conclusions

The data presented in this work shows the good potential of
wo different SERS probes for the detection of volatile thiols. The
ber optic probe has the advantage of being prone to in-situ oper-
tion, possibly remote and in hazardous environments. The PLD
ERS probe has comparable performance and can be used as envi-
onmental dosimeter.

We have characterized the time response of both sensors when
xposed to a controlled atmosphere of 2NPT. The adsorption
inetics directly influences the rise of the SERS signal with time
hich can be fitted with a model of adsorption used in describ-

ng solid-gas interfaces (Elovich). The time response of the probes
s concentration-dependent and can be considered adequate for
nline monitoring and applications as a dosimeter. Interestingly,
hen operated as dosimeter, the accumulation of thiols on the
anostructured surfaces allows detection of even trace concentra-
ions of thiols over long exposure times. For instance, the fiber optic
robe can detect a minimum of 0.1 ppb of 2NPT over 10 min of
xposure, but lower concentrations could be detected with longer
xposure times. This property may be particularly useful in scenar-
os where the chronic exposure to thiols is of concern.
Finally, by means of DFT calculations, we have analyzed in
etails the spectroscopic signals of 2NPT including the interaction
ith Ag and Au at the nearest neighbor level. This allowed the
etailed assignment of the observed SERS signals. The results pre-
n in Fig. 10b) for the PLD Au sensor. Inset illustrates the same curve in a semi-log

sented in this work pave the way for the possible use of SERS probes
in industrial environments commonly exposed to thiols (e.g., oil
industry).
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