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Abstract: This work demonstrates the ability to identify
thiophenol from a mixture with structurally similar
benzyl mercaptan. We exploit the unique alterations
that occur in the surface-enhanced Raman
spectroscopy (SERS) characteristics in the presence of
an oscillating electric field applied using SERS-active
microfabricated electrode pairs.

Highly sensitive and molecule-specific detection within a
chemical mixture is of great interest, especially for applications
in chemistry, biology, environmental science, and forensics.
Raman spectroscopy relies on the examination of molecular
vibrations and offers high selectivity due to its usually narrow,
well-resolved vibrational bands that yield structural information
of the analyte molecules."”> The field of surface-enhanced
Raman spectroscopy (SERS), where a million-fold up to 10"
times enhancement in sensitivity is possible, was discovered
nearly 30 years ago when an amplified spectrum of pyridine
was detected on roughened silver.* Since then, SERS has seen
rapid developments to emerge as an attractive analytical tool
for the detection of molecules that are attached to nanometre-
sized metallic structures.’™®

SERS involves illumination of the analysis surface with
in localized surface
plasmon modes in metallic nanostructures. The nanostructure

focussed laser radiation that results

morphology creates electromagnetic field concentration or
localisation to create “hot spots™.>'*!! Structures made of gold,
silver, and copper are most typically used for SERS since they
sustain plasmon resonances in the visible range. This technique
has been widely employed to identify chemical species and
obtain structural information in a wide range of fields like

biochemistry, chemical manufacturing, and forensics.'>"
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However, researchers yet to achieve any major
breakthrough in the field of SERS (or Raman spectroscopy for
that matter) to discretely detect target molecules in a mixture
with multiple analytes.'* The ability to detect and isolate
multiple analytes will widen the range of applications of SERS,
and potentially render it as a practical and widely adopted
technique.

We previously the
microfabricated electrode pairs and silver nanotextures to
investigate the influence of an external alternating current (AC)
electric field on the SERS spectra of thiophenol molecules. The
electric field was shown to selectively influence specific
vibrational modes of the molecule, with a dependence on
frequency and strength of the applied electric field."

Here, we report the capability to identify thiophenol in a
mixture of two analytes (thiophenol and benzyl mercaptan)
using electrode pair integrated SERS microdevices. Thiophenol
and benzyl mercaptan are highly popular materials in biological
applications that include surface coatings, chemical sensors and
medical devices.'® They are also the most common thiol
catalysts. The molecular structures of the thiophenol and benzyl
mercaptan are shown in Figs. la and 1b respectively.
Structurally, they are the simplest thiols only differentiated by
an additional C—C bond. Hence, we choose these two thiols as
representative analytes for our work, with the aim of identifying
and resolving such reasonably similar molecules.

An oscillating electric field in combination with SERS is
used, which provides a multivariate external control capability.
This allows the excitation of signature vibrational modes of the
molecules which can be used for identifying the target analytes
(thiophenol in this case) in a mixture. A comprehensive
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the presence of an electric field is performed for the individual

(a)

(b)

Fig. 1 Molecular structure of (a) thiophenol and (b) benzyl mercaptan molecule. (c) Scanning electron micrograph of the 20-40 nm discrete silver nanoislands
deposited by oblique angle deposition and (d) Artist’s impression of a typical microelectrode pair device used in this study.

analytes. Subsequently, the distinct vibration mode behaviours
are identified and used to decipher the target analyte from
within a two-analyte 1:1 molar ratio mixture.

SERS-compatible silicon wafers were prepared by using
photolithography and subsequently coated with silver using the
oblique angle deposition (OAD) technique which resulted in
discrete silver nanoislands about 20-40 nm in diameter."’
Figure 1c shows a scanning electron micrograph of the silver
nanoislands and Fig. 1d depicts an artist’s impression of the as-
fabricated microelectrode devices. The discrete nature of the
silver nanoislands ensures that there is no current flow during
the field. SERS
measurements were performed using a Renishaw Raman

application of an external electric
spectrometer using a normally polarized 785 nm laser incident
perpendicularly onto the surface with a 1.1 mW incident power,
10 s exposure, and a spot size of ~1 um. The excitation laser is
positioned so that it is incident directly on the microelectrode
gap by using the microscope and controllable stage associated
with the Raman system. A microscope with a 50x objective
was used.

Sinusoid electric fields oscillating between +20V were
applied using an waveform generator (Agilent Technologies,
USA) across the 2 pum gap electrode pair devices that
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comprised of a 100 nm thick gold layer deposited on to 10 nm
chromium which was used as the adhesion layer. This resulted
in a peak electric field strength of +10kV/mm. Reference
SERS spectra were collected with no external electric field
which served as the control experiments. This data was used for
normalizing the results acquired in the presence of an externally
applied oscillating electric field. The resulting normalized
intensities of peaks of interest were determined.

To start with, the SERS spectrum of individual thiophenol
and benzyl mercaptan were obtained to ascertain the vibrational
modes that are excited at this wavelength. This was carried out
by dipping two separate microelectrode devices in a 10 mM
ethanolic solution of thiophenol and benzyl mercaptan,
respectively, for 10 min and subsequently acquiring their
Raman spectra. Thiophenol is a polar molecule that consists of
a benzene ring with a sulphur tether (Fig. 1a) and is commonly
used as a test analyte as sulphur usually forms a covalent bond
with gold and silver, thereby providing a high degree of Raman
scattering.  Previous studies have shown that thiophenol
stabilizes in an erect configuration that depends on the surface
orientation and location of the molecule on the metal

surface.'®"
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Under the influence of an oscillating electric field, the
thiophenol molecules realign with respect to the direction of the
electric field. Figure 2a shows the normalised Raman spectra
obtained at different frequencies in the presence of a
+10 kV/mm electric field. The reference spectrum (obtained in
the absence of the electric field) is also shown.

Table 1: Assignment of vibrational modes for thiophenol Raman peaks.'®
Only the peaks of interest are listed.

Raman Shifts (cm™)

Vibration Mode
Theoretical Experimental Assignments
Ring in-plane deformation
1018 1020 and C-C symmetric
stretching
Ring out-of-plane
990 1000 deformation and C—-H out-of-
plane bending
471 469 C-S out-of-plane bending
404 417 C-S stretching and ring in-

plane deformation

The wavenumber and intensity of four representative peaks
with different bond structure assignment were selected for
analysis.'® These four peaks of thiophenol and their associated
vibrational modes are presented in Table 1. The trends of the
relative peak intensities of the representative peaks at different
frequencies normalised to the case of no electric field acquired
at 785 nm excitation wavelength are shown in Fig. 2b. The
magnitude of error in the acquired data is approximately of the
order of 5%. However, an accurate evaluation of error in every
data point is complex. Nevertheless, the arguments made in the
study are based on the frequency dependent trends in intensity
ratios. Tt can be seen that the 469 cm™ peak intensity sharply
increases at 100 mHz before decreasing at 1 Hz. It follows a
similar pattern throughout the acquired range. The 417 cm™
peak too exhibits a similar trend but with a weaker intensity and
becomes stable at frequencies over 1kHz. Although the
417 cm™ peak does not show very apparent changes under the
514 nm Raman laser wavelength reported previously,' it starts
showing atypical behaviour at a higher excitation wavelengths
(Fig. 2b). The 417 and 469 cm™ peak behaviours could be
explained by the bond structure and symmetry causing the
SERS effect. The 469 cm™ peak represents the bending modes
of the C—S bond in thiophenol, while the 417 cm™ peak relates
to the bending and stretching modes of the C—-S bond in
thiophenol (see Table 1). Additionally, the 1000 cm™ (that
represents C—H bending) and the 1020 cm™ (that represents C—
C stretching) peaks show a gradually decreasing intensity with
frequency and small oscillations starting to occur at frequencies
larger than 100 Hz. The complex response of the 417 and
469 cm™ peaks can be ascribed to the continuous realigning of
the net polarization of the thiophenol molecules with respect to
the polarity of the externally applied oscillating electric field.
The realignment of the benzene ring governs the molecular
bonds that align with the polarization of the surface plasmon
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Fig. 2 (a) Raman spectra of thiophenol measured at different frequencies under a
+10 kV/mm electric field (reference spectra under no electric field also shown).
(b) The trends in peak intensities as a function of applied field frequency for four
significant peaks normalised to the spectrum under no electric field. Trendlines
are included as a visual guide.

excited by the incident laser. The maximum spectral response is
for the bonds that align normal to the substrate surface based on
the rules proposed by Suh er al.*® It should be noted that the
band frequencies observed in these results can be slightly
shifted from neat thiophenol due to the molecule binding to the
metal and preferential alignment on the non-planar metallic
nanostructure.?!

Subsequent to establishing the signature peaks of
thiophenol, the spectra for benzyl mercaptan were obtained
under identical conditions and acquisition parameters (Fig. 3a).
The corresponding normalised intensity ratios of the selected
peaks of interest are shown in Fig. 3b (all peaks not shown for
brevity). These peaks of benzyl mercaptan and their associated
vibrational modes are presented in Table 2. It can be seen that
the 648 cm™' peak exhibits a relatively low intensity compared
to the other peaks. Similar to thiophenol, it was found that the
asymmetric C—S bond, which fixes thiophenol to a substrate, is
most susceptible in benzyl mercaptan as well. Two peaks at
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Fig. 3 (a) Raman spectra of benzyl mercaptan measured at different frequencies
under a £10 kV/mm electric field (reference spectra under no electric field also
shown). (b) The trends in relative peak intensity ratios of three significant peaks
at different frequencies normalised to the case of no electric field. Trendlines
are included as a visual guide.

648 and 1000 cm™' represent C—S stretching and C—H wagging,
respectively. The 648 peak behaviour can be attributed to the
SERS effect due to the bond structure and symmetry. Excitation
at 785 nm does not reveal the 1217 cm™ peak that is typically
seen at lower excitations and relates to the bending and twisting
modes of the —CH, bond of benzyl mercaptan.?

After ascertaining the individual characteristics of the two
target molecules used in this study, the electrode pair sample
was immersed in an equivalent molar mixture of thiophenol and
benzyl mercaptan for 10 min in order to test the capabilities of
our approach to identify the presence of an analyte in a mixture.
The SERS spectra of the mixture normalised to the case of no
electric field is shown in see Fig. 4a. The corresponding
intensity ratios of selected Raman peaks are shown in Fig. 4b. It
can be seen that the 417 and 469 cm™' peaks (which are typical
of thiophenol) follow a distinct trend compared to all the other
peaks depicted in the plot.
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Fig. 4 (a) Raman spectra of a sample dipped in a 1:1 molar mixture of thiophenol
and benzyl mercaptan at different frequencies under a £10 kV/mm electric field
(reference spectra under no electric field also shown). (b) The trends in relative
peak intensity ratios of the significant peaks at different frequencies normalised
to the case of no electric field. Trendlines are included as a visual guide.

It has been shown in a previous study that specific bonds of
thiophenol can be distinguished not only by the Raman shift but
also from the relationship between the SERS field intensity and
the externally applied electric field."” The deformation of the
C-S bond and the consequent alignment alterations of the
benzene ring directly affect the 417 cm™ peak. As such, the
bending of the C—S bond and the subsequent deformations of
the bound benzene ring under a strong applied field are
interrelated. The distinctive behaviour of the fingerprint
thiophenol peaks (417 and 469 cm™) can be easily used to
pinpoint the presence of this molecule in the mixture. This
characteristic feature can be explained by considering the
specific bond symmetry that causes SERS. As shown in
Table 1, the 469 cm™ peak represents the bending modes of the
C—S(—Ag) bond which tethers the thiophenol to the surface of
the Ag nanostructures, while the 417 cm™ peak represents the
stretching of the C—S bond as well as the benzene ring
deformations.
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Table 2: Assignment of vibrational modes for benzyl mercaptan Raman
peaks.”® Only the peaks of interest are listed.

Raman Shift (cm™)

Vibration Mode
Theoretical Experimental Assignments
Aromatic C-H in-plane
1597 1599 bending and C—C ring
stretching
644 648 C-S stretching 'and ring in-
plane deformation
997 1000 Out-of-plane C—H wagging

Such bond bending or ring deformation dependent changes
have been previously observed in bending kinetics induced
plasmon resonances in DNA.>*** These results also highlight a
strong correlation of the spectral alterations to the electric field-
induced molecular realignments. Density functional theory
(DFT) studies conducted on isolated thiophenolates adsorbed
on to low-index, defect-free Ag (111) surface have also shown
that the S—Ag bond length reduces when an electric field is
applied, while the adsorption energy also increases."> A
combination of the aforementioned factors can explain the
typically distinctive behaviour of the 417 and 469 cm™ peaks
observed for a large applied field (£10 kV/mm in this case) in
Fig. 4b.

In summary, we have demonstrated the ability to detect the
presence of a thiophenol molecule in a 1:1 molar mixture with
benzyl mercaptan using a SERS-active novel microelectrode
pair device. The behaviour of selected peaks at different
frequencies under an applied electric field is used to distinguish
the target molecule. It is shown that the specific bonds can be
distinguished not only by the Raman shifts but also their
dependence on frequency under the influence of an oscillating
electric field. Although the effectiveness of this method has to
be tested for different target molecules, it is clear that in the
presence of an oscillating electric field, some peaks (depending
on the bond alterations) exhibit distinct behaviours that are
unique to that particular molecule. These distinctly identifiable
characteristics can be used to distinguish the presence of the
target molecule. As such, the ability to manipulate the Raman
spectra dynamically can potentially enable highly selective
analysis of complex mixtures that contain multiple analytes to
decipher target molecules. Such a capability can have far
reaching consequences in biochemistry, medicinal, and forensic
applications.
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