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In this study, we attempted to regulate the intermolecular distance of PNTP molecules on the surface of
silver foil by breaking the S-S bond of NPDS. Though changing the laser wavelength and power, SERS
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conditions, the Raman spectra of NPDS and PNTP with different concentrations were compared. We

found that, under SERS conditions, NPDS converted more efficiently than PNTP to DMAB at low-
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1 Introduction

In the past decade, the development of surface-enhanced
Raman spectroscopy (SERS) has provided an effective means
to study single-molecule behavior."** Researchers in plasma
chemistry have also applied the average enhancement effect of
SERS to the theoretical analysis of hot particles with particle
enhancement and particle coupling hotspots. Plasma excitation
not only drives chemical reactions, but also cleaves specific
chemical bonds using hot electrons as nanometer scissors.
There were a number of similar reports published in 2010 and
2011 on the production of p,p’-dimercaptoazobenzene (DMAB)
from p-nitrothiophenol (PNTP) under SERS conditions
confirmed by plasmon-assisted catalytic reactions.'®** In addi-
tion, there are many reports on the factors affecting the
formation of DMAB from PNTP by surface plasma catalysis.**™*®
The factors explored in these reports include liquid phase pH,
solvent, laser wavelength and laser power. However, the influ-
ence of intermolecular distance on plasmon-assisted catalysis
under SERS conditions has rarely been reported.

Based on the above considerations, we chose p-nitrophenyl
disulfide (NPDS) and PNTP molecules for the regulation of
intermolecular distances in this study. The NPDS will dissociate
from the surface of the silver foil to form PNTP molecules,
which combine with silver to form PNTP-Ag.>*** The PNTP-Ag
formed from NPDS is produced after cleavage of the disulfide
bond, bringing the distance between two PNTP-Ag molecules
closer (the distance of a molecular bond), therefore regulation
of the intermolecular distance is achieved. In addition,
comparative experiments on concentration, wavelength, and
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concentration with low-power and low-energy irradiation. The results indicate that the distance
between molecules plays a significant role in the reaction of PNTP to form DMAB.

power were conducted. The experimental results showed that
the close distance between the PNTP-Ag molecules was benefi-
cial in the plasmon-assisted catalytic reaction, and that reduc-
tion of the intermolecular distance improved the efficiency of
the coupling reaction.

2 Materials and experimental
methods

Chemical reagents, including NPDS, PNTP, absolute ethanol
and silver foil (>99.99%), were analytically pure and used
without further treatment or purification. All solutions were
prepared using absolute ethanol.

The ethanol solution of the test sample was dropped onto 0.3
% 0.3 mm silver foil, dried, and subjected to Raman testing. The
experimental conditions were 532 and 633 nm light sources,
and the center point was 1300 cm ™" for 1 s. All samples were
analyzed using a Renishaw in Via confocal Raman spectrometer
(UK).

3 Results and discussion

Fig. 1 compares the normal Raman spectra of NPDS, PNTP and
DMAB (formed from PNTP) solid powder samples over the
range of 900-1700 cm™'. The spectrum of PNTP (Fig. 1(a))
contains three characteristic Raman peaks at 1099, 1336, and
1574 cm™ ', The peak at 1336 cm ™" has been confirmed to be
due to vibration of the nitro group and the peak at 1099 cm ™" is
considered to be due to vibration of the sulfur-carbon bond.
The peak at 1574 cm™ " is assigned to vibration of the carbon-
carbon skeleton in the benzene ring.**** It can be seen that the
Raman spectra of NPDS (Fig. 1(b)) and PNTP (Fig. 1(a)) are very
similar, and the same three peaks appear at almost the same
Raman shifts. This is a consequence of the very similar
molecular structures of PNTP and NPDS. After cleavage of the
S-S bond in NPDS, combination with hydrogen forms two PNTP

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Raman spectra of (a) PNTP, (b) NPDS, (c) DMAB.

molecules. In the spectrum of DMAB (Fig. 1(c)) there are three
strong peaks at 1140, 1390, and 1432 cm ™. The Raman peaks at
1140 and 1198 cm ™" are due to C-H bending and C-N stretch-
ing vibrational modes. The peak at 1140 cm ' has a greater
contribution from the C-N stretching vibration, so the intensity
of the peak is larger. The peaks at 1390 and 1432 cm ™' are
mainly due to N=N stretching and in-plane stretching of the
benzene ring.>>"**

Fig. 2(a) is a surface scan image of the Raman peak at
1432 cm™ ! using software provided by Raman spectroscopy. It
can clearly be seen that most of the image is displayed in red,
with small amounts of green and yellow appearing locally
(plaques, which indicate a significant response in most areas of
the face sweep). Fig. 2(b1) shows that the three typical peaks of
the yellow region are 1140, 1390, and 1432 cm ™, corresponding
to DMAB, but the peak intensities are weak (<400) indicating
that the N=N coupling reaction does occur. Fig. 2(b2) shows
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Fig. 2 Raman mapping of 5 uL NPDS at a concentration of 1075 M,
a wavelength of 633 nm and power of 0.1%. (a) The intensity map of all
points in the sweep area based on the 1432 cm™ peak; (b) the
representative Raman spectra of the different color regions ((bl)
yellow region, (b2) green region, (b3) red region); and (c) 3D distri-
bution map of all Raman scanning points on the silver foil surface.
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the spectrum of the green area. Compared to the yellow area,
the intensities of the three characteristic peaks are similar, and
there are many peaks and burrs. Fig. 2(b3) shows the spectrum
of the red area. Compared to the yellow and green areas, the
spectrum is much smoother, representing the three typical
peaks due to DMAB, and the nitro peak at 1336 cm " is almost
absent, indicating that the reaction of NPDS is more extensive.
Fig. 2(c) shows a 3D image of the Raman spectrum of all points
in the surface sweep of the silver foil. From this graph, it is more
easily observed that the NPDS reaction is more extensive, the
baseline is smooth, and the characteristic peaks are clear. The
peak height is uniform and evenly arranged in a mountain
shape with a maximum peak height of about 6000 a.u.

Analysis of Fig. 2 revealed that a hot spot was formed when
the laser irradiated the silver nanoparticles and the magnetic
field was enhanced. The NPDS was converted to DMAB under
laser irradiation. However, due to the unevenness of the surface
of the silver film, NPDS may be dispersed and accumulated
locally on the silver film during evaporation of the solvent. The
yellow, green and red areas appearing in the figure are caused
by different local concentrations of NPDS. The concentration of
NPDS on the silver foil protrusions is lower. The large red region
is a flat area, which indicates that the conversion of NPDS to
DMAB is affected by the concentration in agreement with
previous reports.

In Fig. 3(a) the entire area is dominated by dark tones, with
a small number of blue and dark purple patches that are caused
by high and low areas of the silver film. Fig. 3(b) shows normal
Raman spectra of representative points in each color region of
the mapping graph. Fig. 3(b1) is the Raman spectrum of black
representative points in the sweep area, in which the entire
trace has many burrs and the peak intensity is extremely low.
The only Raman peak, representing the nitro group, appeared at
1336 cm™ ' at low intensity (<60). None of the three Raman

Fig. 3 Raman mapping of 5 uL PNTP at a concentration of 1073 M,
a wavelength of 633 nm and power of 0.1%. (a) The intensity map of all
points in the sweep area based on the 1432 cm™! peak; (b) the
representative Raman spectra of the different color regions ((b1) black
region, (b2) purple region, (b3) blue region); (c) 3D distribution map of
all Raman scanning points on the silver foil surface.
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characteristic peaks of DMAB were present, indicating that
reaction did not occur. Fig. 3(b2) is a spectrum of representative
points of the dark purple areas. The trace contrasts with the
black region in that it is relatively smooth. The nitro peak at
1336 cm ! is still evident, while two small peaks appearing at
around 1100 cm ™" are considered to be due to vibration of the
S-C bond. Fig. 3(b3) is a spectrum of representative points of
the light blue region. The trace is smoother than those from the
black and dark purple regions, and the peak intensity is further
amplified, but there are still no other characteristic peaks. This
indicates that PNTP is not converted to DMAB. Fig. 3(c) is
a three-dimensional (3D)Raman spectrum of all points in the
sweep area. It is apparent that there are no other peaks in the
entire sweeping area. Only a row of higher intensity nitro peaks
appeared at 1336 cm ™', and two rows of low intensity S-C bond
vibration peaks appeared at 1100 cm ™.

From analysis of Fig. 3, PNTP is not converted to DMAB
under laser irradiation, even though the concentration of PNTP
is 100 times higher than that of NPDS. This suggests that
cleavage of the S-S bond of NPDS results in a close distance
between adjacent PNTP molecules, which has a greater influ-
ence on the reaction than simply increasing the PNTP
concentration.

In Fig. 4(a), the black area is significantly reduced
compared with Fig. 3(a) over the whole area, and bright areas
of blue, green and red are clearly increased. This indicates that
changing the wavelength from 633 to 532 nm promotes the
reaction. Fig. 4(b1) is the Raman spectrum of black represen-
tative points in the sweep area. The spectrum appears as an
irregular curve, with no obvious Raman characteristic peaks,
and the peak intensity is very low. Fig. 4(b3) is a spectrum of
representative points of the green areas. Compared with the
blue region (Fig. 4(b2)), the curve is smoother and noise
interference is reduced. In addition to the typical peaks seen in
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Fig. 4 Raman mapping of 5 uL PNTP at a concentration of 1075 M,
a wavelength of 532 nm and power of 0.1%. (a) The intensity map of all
points in the sweep area based on the 1432 cm™ peak; (b) the
representative Raman spectra of the different color regions ((bl) black
region, (b2) blue region, (b3) green region, (b4) red region); and (c) 3D
distribution map of all Raman scanning points on the silver foil surface.
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the blue region, a more pronounced nitro peak at 1336 cm ™" is
present, and the peak intensity is further enhanced. Fig. 4(b4)
is a spectrum of representative points of the red areas.
Compared with the green region (Fig. 4(b3)), the curve is
smoother, peak shape and peak position are clearer, and the
nitro peak at 1336 cm™ ' almost disappears. The three typical
peaks for DMAB at 1140, 1390 and 1432 cm ' are more
obvious, indicating greater conversion of PNTP to DMAB in the
red region. From this graph, it is apparent that there is greater
conversion of PNTP, the baseline is smooth and the charac-
teristic peaks are clear, with the highest peak intensity of
about 7000 a.u.

In Fig. 4, the laser wavelength was changed from 633 to
532 nm. At higher laser energy, the conversion of PNTP to
DMAB was significantly improved compared with Fig. 3. The
result shows that a laser wavelength of 532 nm promotes the
reaction more than a wavelength of 633 nm. However,
compared with Fig. 2, the reaction of NPDS at 633 nm is still
better, which once again demonstrates that regulation of the
intermolecular distance has a great impact on the reaction.

Fig. 5 shows the Raman spectrum of PNTP on a silver foil
surface at a concentration of 10”* M, a wavelength of 633 nm
and a laser power of 0.5%. Fig. 5(a) is a surface scan image of the
Raman peak at 1432 cm ™" using software provided by Raman
spectroscopy. The black area is significantly reduced over the
entire area compared to Fig. 3 and 4, while the three bright blue,
green and red regions occupy most of the area. Fig. 5(b1) is
a spectrum of representative points of the black areas. The
entire spectrum contains only two weak peaks, at 1080 and
1336 cm ™, and the peak intensity over the whole spectrum is
extremely weak. It was concluded that hardly any reaction
occurred. Fig. 5(b2) is a spectrum of representative points from
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Fig. 5 Raman mapping of 5 uL PNTP at a concentration of 1073 M,
a wavelength of 633 nm and power of 0.5%. (a) The intensity map of all
points in the sweep area based on the 1432 cm™! peak; (b) the
representative Raman spectra of the different color regions ((b1) black
region, (b2) blue region, (b3) green area, (b4) red region); and (c) 3D
distribution map of all Raman scanning points on the silver foil surface.
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the blue areas. The peaks at 1080 and 1336 cm ™' are clearer,
while the three typical peaks for DMAB at 1140, 1390 and
1432 cm ™' are also present. This indicates that reaction
occurred in this region, but the weak peak intensity suggests
that the reaction was not extensive. Fig. 5(b3) is a spectrum of
representative points from the green areas. Compared to the
blue region, the trace is smoother. The three typical DMAB
peaks are present, and their intensities are much higher than in
the blue region, indicating more reaction. Fig. 5(b4) is a spec-
trum of representative points from the red areas. The peak
shape of the red region is sharper and smoother, and the peak
intensities are increased, indicating that the reaction is further
enhanced.

From the analysis of Fig. 5, compared to a power of 1%
(Fig. 1), increasing the power to 5% enhanced conversion of
PNTP to DMAB, and was more effective than the higher energy
wavelength of 532 nm (Fig. 4). However, compared to low-
concentration, low-power reaction of NPDS (Fig. 1), there is
still a gap. Reaction of NPDS occurs over the whole region at
low concentration and low power, while the wavelength is the
same, and the intensity is far superior to the high-
concentration, high-power experiment in Fig. 5. It is clear
that control of the intermolecular distance is a major factor
influencing the reaction.

4 Conclusions

In this study, we have systematically investigated the effect of
distance factors on the plasmon catalyzed coupling reaction of
PNTP on the surface of silver. Distance regulation of the
coupling reaction was achieved by judicious selection of the
reactants. The effects of SERS on the regulatory factors were
investigated, as well as other factors affecting the plasmon
catalyzed coupling reaction, such as concentration, power, and
wavelength of the laser irradiation. The results showed that, of
the many influencing factors, the distance between molecules
had the greatest influence on the auxiliary catalytic reaction.
The reduction of the intermolecular distance effectively
increased the efficiency of the coupling reaction.
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