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For the novel interpretation of Raman spectrum from molecule at metal surface, the plasmon
driven surface catalysis (PDSC) reactions have become an interesting topic in the research field

of surface enhanced Raman scattering (SERS). In this work, the selective PDSC reactions of p,p’-
dimercaptoazobenzene (DMAB) produced from para-aminothiophenol (PATP) or 4-nitrobenzenethiol
(4NBT) were demonstrated in the Ag nanowires dimer-Au film systems. The different SERS spectra
collected at individual part and adjacent part of the same nanowire-film system pointed out the
importance of the electromagnetic field redistribution induced by image charge on film in this
selective surface catalysis, which was confirmed by the simulated electromagnetic simulated electro-
magnetic field distributions. Our result indicated this electromagnetic field redistribution induced
selective surface catalysis was largely affected by the polarization and wavelength of incident light
but slightly by the difference in diameters between two nanowires. Our work provides a further
understanding of PDSC reaction in metal nanostructure and could be a deep support for the
researches on surface catalysis and surface analysis.

Due to the charming properties of manipulating light under sub-wavelength, plasmon experiences a
rapid expansion since the beginning of this century and as an emerging interdiscipline attracts tremen-
dous interesting from scientific researchers not only in physics, but also chemistry, biology, materialogy,
etc!”. This fantastic ability of bounding light originate from the collective oscillation of free electrons
near metal surface excited by light, which is called surface plasmon polaritons (SPPs). The generation of
SPPs in metal nanostructures results in the nonuniform distribution of electromagnetic fields near metal
surface. When the resonance oscillation of free electrons occurs that called localized surface plasmon
resonance (LSPR), this nonuniform reaches maximal and makes electromagnetic field in some areas near
metal surface obtain extremely enhanced. This hugely enhanced electromagnetic field brings about a
dramatically improvement in efficiency of various optical processes on surfaces, such as surface enhanced
Raman scattering (SERS)*%, plasmonic driven surface catalysis (PDSC)”"!?, hot electron generation'"'?,
second-harmonic effects'*', plasmonic trapping'>'é, plasmonic enhanced optical activity'”'8, plasmonic
sensor'®21, etc.

: Among these plasmonic enhanced optical phenomena, the researches on PDSC are of important

. theoretical significance and application prospects. In the last twenty years, the three additional Raman

: peaks of PATP adsorbed on metal surface at 1143, 1390 and 1432cm™' was commonly thought as the
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results of chemical enhancement in SERS. However, in 2009 researchers theoretically predicated these
three Raman came from the new molecule DMAB but not PATP that there was a photocatalysis progress
at metal surface called PDSC?, which was soon demonstrated in the same year at the surface of Ag film
and Ag nanospheres®®. In the following five years, the researches in this area have explored rapidly
that different metal (Au, Ag, Cu) nanostructures such as nanowire?*, nanospheres®, nanoparticle-film*
have been investigated and another PDSC reaction of DMAB generated by 4NBT was also reported’. To
explore the feature of molecules and metal surface in PDSC reaction is the key mission of this scientific
field which is quite important for distinguishing SERS signals from origin targets or the new catalyzed
molecule.

Since this surface catalysis process requires SPPs with high energy to break the chemical bond (N-H
in PATP and N-O in 4NBT), the status of SPPs near the molecule is quite important to the PDSC reac-
tions. As one known, the structure factor of metal surface dominates the properties of SPPs?’. Therefore,
to verify the PDSC process in various metal nanostructures is the crucial issue in this area. Because of
simple construction and convenient fabrication, metal nanoparticle-film systems are the widely used
SERS substrates in chemical and biological sensing?®?. In recent two years, the electromagnetic field
redistribution caused by the coupling of surface charge on nanoparticle and image charge on film in the
systems has been reported that the confined light energy could be modulated at different sub-wavelength
areas through manipulating wavelength of incident light®*-3!. Therefore, studying the influence of the
electromagnetic field redistribution on PDSC reactions is the interesting frontier researches in related
fields.

In previous reports on electromagnetic field redistribution, the nanoparticle monomer and dimer
consisted of metal nanoparticle with similar sizes and shapes were chosen to investigate the coupling
between surface charge on particle and image charge on film***'. However, due to the intrinsic restric-
tion of nanofabrication technology, it is very hard to find two nanoparticles with the exactly same sizes,
shapes and distance of nanoparticle-film gap. As one know, the tiny structural variation of metal sur-
face, especially for the gaps between nanostructures, results in the great difference in SPPs coupling®.
Therefore, the minute structural difference of nanoparticles with similar sizes and shapes is the trouble-
some problem in the strict demonstration of electromagnetic field redistribution.

Since the vertical oscillation of SPPs in nanowire could be seen as that in nanoparticle with size equal
to the diameter of nanowire, the minute structural difference of nanoparticle is overcome by the two
adjacent nanowires on film. When the polarization of incident light is perpendicular to the direction of
nanowires, the individual part of nanowires (the two terminals of the Ag nanowire dimer, illustrated by
the blue arrow in Fig. 1(a)) could be treated as the nanoparticle monomer and the adjacent part of nano-
wires (the middle of the Ag nanowire dimer, illustrated by the blue arrow in Fig. 1(b)) could be treated
as the nanoparticle dimer. Because of the uniform diameter of nanowire and the same nanowire-film
gap, the individual nanowire and nanowire dimer become the perfect system to verify the electromag-
netic field redistribution. In this work, the PDSC reaction of DMAB produced by PATP and 4NBT
was demonstrated in the Ag nanowires-Au film systems. In this metal nanowire-film system, the SERS
spectra from nanowire dimer-film gaps exhibited the obvious Raman feature of DMAB while that from
individual nanowire-film gaps presented the behavior of PATP or 4NBT.

These experimental results not only demonstrated strictly the interesting theoretical predication of
electromagnetic field redistribution but also indicated its great influence on the PDSC reactions. The the-
oretical and experimental results also figured out the importance of incident polarization and nanowire
diameter in the PDSC reactions. Our studying expanded the understanding of PDSC reactions and had
great significance in field of SERS and surface analysis.

Results

SERS spectra of 4NBT adsorbed on Au film at different positions of Ag nanowires with similar
diameters excited by 633 nm laser. A monolayer of 4NBT was adsorbed on a 100nm thick Au
film evaporated on the Si substrate. Then the Ag nanowires were randomly located on the Au film with
molecule monolayer between them through spin coating method. Using a mirco-Raman spectrometer,
the 633 nm laser excited SERS spectra of 4NBT adsorbed on Au film were collected at different positions
of two parallel adjacent Ag nanowires with similar diameters as shown in Fig. 1. The inset SEM images
of Ag nanowires figured out the diameters were both about 920nm while the lengths were 7.5pm (left)
and 4.9 pum (right) with a 3.5m adjacent part. As the blue arrow illustrated in SEM image, SERS signals
with different polarization of incident light were firstly collected at the individual part of left nanowire,
which were shown in Fig. 1(a). Both the parallel excited (6 = 0°, black line) and the perpendicular excited
(0=90°, red line) spectra presented the obvious Raman feature of 4ANBT (Raman peaks at 1084cm™},
1175cm™}, 1336cm™!, 1589cm™!), although a larger Raman intensity appeared in the perpendicular
excited one. Where the 0 is the angle between the polarization direction of the incident light to the axis
of the silver nanowires. However, the results changed a lot when the position of collected SERS moved
to the adjacent part of nanowires as illustrated in Fig. 1(b). First, the intensity difference between two
polarizations was much larger that it was almost 8 times greater for Raman intensity of perpendicular
excited compared to parallel excited at 1084 cm™' Raman peak. Second, more Raman peaks appeared in
the perpendicular excited situation while there were only three Raman peaks at 1084cm ™, 1175cm ™,
1336cm ™}, 1589cm™! presented in parallel excited spectrum. Furthermore, the additional Raman peaks
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Figure 1. SERS spectra of 4NBT adsorbed on Au film and distribution of electric field at different
positions of Ag nanowires with similar diameters excited by 633 nm laser. (a) The left individual point

of the nanowires(as indicated by the blue arrow), (b) the adjacent point of the nanowires, (c) the right
individual point of the nanowires, (d) E field distribution in the top individual point and the adjacent point.
Insets are the corresponding SEM image of Ag wire-Au film system.

at 1143cm™!, 1390cm ™, 1432cm™! in perpendicular excited spectrum confirmed the generation of
DMAB produced by 4NBT through PDSC reactions. Interesting, the results came back when the col-
lected position moved to the individual part of the right nanowire as shown in Fig. 1(c). Although there
were only Raman peaks of 4NBT such as 1084cm™}, 1175cm™}, 1336 m™', 1589 cm ™! exhibited in both
perpendicular and parallel excited spectra, the perpendicular one still had a little stronger Raman inten-
sity. To understand the variation of SERS spectra in the nanowire system, the distribution of near fields
were also investigated through COMSOL method here. In Fig. 1(d), the left two images illustrated the
enhanced electromagnetic distribution of individual part and adjacent part of nanowire in perpendicular
excited situation, in which the yellow and red arrows represented the polarization and propagation direc-
tions of incident light respectively. It was obvious that the electric field intensity in nanowire-film gap of
adjacent part was much stronger than that of individual part. Because the SERS intensity is proportion to
(E/E0)~4, this simulation result presented a good explanation of much greater Raman intensity obtained
at adjacent part in Fig. 1(b). In the left two images in Fig. 1(d), the monolayer of 4NBT (or PATP)
molecule is only adsorbed on the Au film. The great enhance electric field found in the nanowire-nano-
wire gap had no contribution to the SERS intensity. At the meantime, the right two images in Fig. 1(d)
indicated the enhanced electric field of the nanowire system in parallel excited situation. Obviously, the
electric field intensity here was much weaker compared to the perpendicular excited one that it was too
weak to distinguish the redistribution of electric field between individual part and adjacent part. This
simulation results were consistent with our SERS experiment results that all the Raman intensities in
parallel excited spectra collected at different position of this nanowire-film system was weaker.

SERS spectra of 4NBT adsorbed on Au film at different positions of Ag nanowires excited
by 532nm (~2.8 mW) and 633 nm (~1.7 mW) laser. To understand the wavelength influence on
PDSC in this nanowire-film system, SERS spectra of 4NBT adsorbed on Au film illuminated by 532nm
or 633 nm laser were investigated at the different positions in the same system. Considering the plasmon
coupling between nanowires and also between nanowire and film in parallel excited situation was too
weak to investigate the redistribution of electromagnetic field, only the perpendicular excited results
were discussed in the following sections. The inset SEM image in Fig. 2 indicated the two Ag nanowires
figured out the lengths were 6.9 um and 12.2 um with adjacent part was 2.3 pm. Although the intensities
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Figure 2. SERS spectra of 4NBT adsorbed on Au film and distribution of electric field at different
positions of Ag nanowires perpendicular excited by 532 nm and 633 nm laser. (a) When excited by
532nm, (b) When excited by 633 nm, (c) E field distribution of the points shown in insets (red and black
arrow in (b)), (d) E field enhancement in gaps A, B, C, D (shown in (c)).

of 532 nm laser excited SERS spectra in Fig. 2(a) were weak, it was still obvious to distinguish the Raman
feature of 4NBT such as peak at 1084cm™!, 1175cm™!, 1336cm™!, 1589 cm™! in both spectra from the
individual part (back line) and adjacent part (red line), whose collected positions were indicated by
black and red arrows in SEM image respectively. Meanwhile, the SERS spectra excited by 633 nm laser
in the same nanowire-film system in Fig. 2(b) presented much different results here. First, the Raman
intensities were much larger (~10 times) than these excited by 532nm laser at 1084cm~! Raman peak.
Second, the more Raman peaks such as 1143cm ™, 1390cm™}, 1432cm ™! in the spectrum from adjacent
part (red line) figured out the generation of DMAB while the spectrum from individual part (black
line) only exhibited the Raman feature of 4NBT. To understand this phenomenon, the corresponding
near field distribution at 532nm or 633 nm in this nanowire-film system was studied and the simulation
results was illustrated in Fig. 2(c), where the nanowire-film gap at individual part, the nanowire-film
gap at adjacent part (left and right) and the nanowire-nanowire gap were defined as gap A, gap B, gap
D and gap C. It was obvious that the electric field intensities in gap B and D much greater than that
in gap A, which was consistent with our SERS spectra no matter the wavelength of incident laser was
532nm or 633 nm. Furthermore, the weaker electric field intensity at 532nm in the same system gave
contribution to the stronger SERS intensity at 633 nm, which was also partly ascribed to the 3d electron
transition of Au material at 532nm. The detail wavelength dependence of enhanced electric field dis-
tribution was illustrated in Fig. 2(d) where the green and red dotted lines represented the 532nm and
633 nm. The variation of electric field intensities in various gaps here indicated the confined area of light
energy by SPPs was greatly influenced by wavelength. In the whole spectra, the electric field intensities
in nanowire-film gap B (black line) and D (blue line) were almost the same which were always higher
than that in gap A (pink line). This meant the adjacent part in system had greater ability to confine light
on film than the individual part. However, it was more complex in adjacent part as one focused on the
electric field intensity in gap C (red line). When the wavelength was smaller than ~645nm, the electric
field intensity in nanowire-nanowire gap C was greater than that in nanowire-film gaps (either gap B or
D). This meant the SPPs preferred to confine light into nanowires but not on film, which was confirmed
by the images of electric field distribution in Fig. 2(c). Interesting, when the wavelength was larger than
~645nm, the much faster increased blue and black line compared to red line in Fig. 2(d) indicated the
nanowire-film system had more powerful ability to confine light on film at larger wavelength. Here the
difference of electric field intensities in gap B and D was contributed to the minute difference in diameter
of two nanowires which were 1012 nm and 1070 nm respectively. In our experiment (532 nm or 633 nm),
the strongest field enhancement occurs in gap between neighboring nanowires (gap C). However, in this
work the PATP or 4NBT molecule is only adsorbed on Au film but not Ag nanowires, whose PDSC
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Figure 3. SERS spectra of 4NBT and PATP adsorbed on Au film and distribution of electric field at
different positions of Ag nanowires with different diameters. (a) SERS spectra of 4NBT, (b) E field
distribution of the Ag wires-Au film (shown in the inset of picture (a)), (c) SERS spectra of PATP, (d) E field
distribution of the Ag wires-Au film (shown in the inset of picture (c)).

reactions were dominated by the surface plasmon in gap between Ag nanowire and Au films (gap B
or D). Therefore, although the great enhanced electric field generated in the gap between neighboring
nanowires, it had no contribution to the SERS intensity.

SERS spectra of 4NBT and PATP adsorbed on Au film at different positions of Ag nanow-
ires with different diameters. Since the diameter of Ag nanowire had an effect on the intensity of
enhanced electric field in nanowire-film gaps as described above, here the two adjacent Ag nanowires
with different diameters were also investigated in this nanowire-film system. As the SEM image inset in
Fig. 3(a), two Ag nanowires with a 10.7um micro adjacent part were located on the 4NBT monolayer
adsorbed on Au film, where the diameters of two nanowires were 1182nm and 1000nm and the length
of them were 14pm and 13.5pm respectively. The two SERS spectra excited by 633 nm in Fig. 3(a) were
collected at individual part (black line) and adjacent part (red line) as the arrows indicated. Although
the diameters was different, the phenomenon of SERS spectra were almost the same that the much
stronger Raman feature of DMAB were exhibited in the SERS spectra from adjacent part while that
from individual part only present the weaker Raman feature of 4NBT. The corresponding electric field
distribution at 633 nm in Fig. 3(b) were further confirmed the SERS conclusions that the nanowire-film
gaps had greater electric field intensity at adjacent part than that at individual part. Furthermore, another
two adjacent Ag nanowires with great difference in diameters were also studied in this work. The SEM
image inset in Fig. 3(c) illustrated these two nanowires with a 15.4pum adjacent part whose length were
19.8pm and 27.8pm with the diameter were 952nm and 476 nm. In this nanowire-film system, the
SERS spectra had also exhibited the selective catalysis of position that the Raman feature of DMAB was
presented at adjacent part but not at individual part, which was further confirmed by the electric field
distribution in Fig. 3(d). Since the two adjacent Ag nanowires in Fig. 3(c,d) were located at the PATP
monolayer adsorbed on Au film, this selective catalysis in nanowire-film system was compatible to either
4NBT or PATP.

Discussion

Through SERS of 4NBT or PATP monolayer adsorbed on Au film, the electromagnetic field
redistribution is demonstrated in two adjacent nanowires located on film to exclude the dif-
ference in size and shape between nanoparticles. The polarization dependence of SERS intensi-
ties at the same position exhibited in Fig. 1 could be understood by the excitation and coupling of SPPs.
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When polarization of incident light is parallel to the nanowires, the oscillation of SPPs are along the axis
of nanowire and the coupling of SPPs between nanowires is so weak that the adjacent part of two nano-
wires could be treated as two individual nanowire. But in the perpendicular excited situations, the oscil-
lation of SPPs are vertical to the axis of nanowires and a strong plasmon coupling occurred between two
adjacent nanowires that it could be treated as two adjacent nanoparticles. Considering the uniform of
diameter in chemical synthesized Ag nanowire, the individual part and adjacent part of nanowire could
be seen as the two nanoparticles in monomer or dimer with the same shapes and size in perpendicular
excited situations. The 532nm or 633 nm excited SERS spectra collected at individual or adjacent part in
Fig. 2(a,b) demonstrated the selective catalysis in this nanowire-film system, which was consist with the
corresponding simulated electric field distribution in Fig. 2(d). As indicated by green and red dash line,
the electric field intensities in nano-film gap at adjacent part (gap B and D) were always lager than that
at individual part (gap A), which were almost 8 time’s greater at 532nm and 11time’s greater at 633 nm.
This enhanced electric field could be understood by the electromagnetic field redistribution. With the
help of induced image charge on Au films, the effective electric dipoles were located at the nanowire-film
gaps at the adjacent part but not the individual part, which was similar to our previous work in the
nanoparticle dimer system?>2%303!. Considering the SERS intensity is proportion to (E/E0)"4, this field
enhancement could bring out great difference of SERS intensity in different position at Ag nanowire-Au
film system. However, the SERS intensities in corresponding experiment measurement were not so much
larger at the adjacent part in Fig. 2(a,b), which was almost 2 times larger at 633nm (or 532 nm). Besides
3d electron transition of Au material at 532 nm and the experiment error (such as the accurate position of
Ag nanowire could not be controlled exactly at the center of focused light with 2-3 um diameter because
of diffraction limit), this difference in experiment and simulation may be attributing to the plasmon
wavegude on Ag nanwire. In our SERS experiment, the diameter of incident light focused by an objective
was about 2-3 pm while the lengths of the adjacent part in Fig. 2 were 2.3 um, which means the termi-
nals of the Ag nanowire was probably illuminated by incident light. According to previous reports on
plasmon waveguide®>*, the light could couple into propagating SPPs on Ag nanowire at the defect (such
as terminals, adjacent nanoparticle) to generate plasmon waveguide. In the SERS measurement of Ag
nanowire dimer in Fig. 2, the light could be lost by waveguide that the weaker enhancement at adjacent
part was obtained. This reason could also be responsible for the not so much larger SERS intensities at
adjacent part in Fig. 1, in which the length of adjacent part was just 3.5um. Whatever, the three DMAB
Raman peak exhibited in both Figs 1 and 2 demonstrates the greater field enhancement at adjacent part
compared to individual part. In our supporting information, the Ag nanowire dimer with longer adjacent
part (about 5.6 um) was investigated at the similar experiment environment. The collected Raman signals
exhibited much larger intensities that it was almost 11 time’s greater at 1336 cm™! Raman peak and 14
time’s greater at 1589 cm ™! Raman peak. The transfer of electromagnetic energy confinement from nano-
wire-nanowire gap to nanowire-film gaps manipulated by wavelength in Fig. 2(d) could be understood
by the fact that the excitation and coupling of SPPs are greatly influenced by the wavelength of incident
light, which is consistent with the reports in nanoparticle-film system?>?63%31 In this work, the diameter
of nanowire is found to have an influence on the electromagnetic field redistribution although it didn’t
overturn the conclusion that the adjacent part has stronger ability to confine light on film. Since there
is always difference in size or shape between nanoparticles, the diameter influence is interesting to be
further studied.

In summary, the PDSC reactions of DMAB converted from 4NBT and PATP were investigated in the
metal nanowire-film system. Thanks to the uniform diameter of the same nanowire, the influence of size
difference in nanoparticle dimer on electromagnetic field redistribution is excluded in this nanowire-film
system. The results indicated the PDSC reaction is performed at adjacent part of two nanowires for much
larger electric field produced by induced image charge on film. This electromagnetic field redistribution
induced selective surface catalysis is largely affected by the wavelength of incident light but slightly by the
difference in diameters between two nanowires. Owing to the simple structure and convenient operation
of nanowires-film systems, the electromagnetic field redistribution induced surface catalysis in our works
is applied widely not only in chemical catalysis on metal surface, but also in other plasmonic fields such
as environment sensor, photon detection, water splitting, and etc.

Methods
PATP and 4NBT were all purchased from Aladdin Industrial Corporation.

Under the condition of high vacuum, electron beam evaporation system (model Peva-600E) was used
to evaporate Au layer (100nm thick) on silicon as the substrate for SERS measurement. By the atomic
force microscopy (AFM) images, the average surface roughness of Au film was evaluated to be 2.249nm

After centrifugal washing for several times, Ag nanowire in ethanol solution with low concentration
is dropped on Au film through spin coating method. Because of the surface tension in the rapid evapo-
ration of ethanol, some Ag nanowires are gathered to generate Ag nanowire dimer. Since this gathering
is not tight enough, the gap distance between nanowires is estimated to be 1 nm. And the layer thickness
between Ag nanowires and Au film is also estimated to be 1nm for the PATP or 4NBT molecule mon-
olayer is adsorbed on Au film.
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Using a commercial Micro-Raman spectrometer (Horiba) with a 532 nm laser matched 5% filter or
633nm matched 10% filter, their total output power is 57mW and 17mW respectively, So when the laser
is irradiated to a sample though filter, their intensity is nearly 2.8mW and 1.7mW.

The electromagnetic field redistribution of the metal nanowire-film systems was simulated using the
finite element method (COMSOL 4.3b commercial package). The nanowire located 1nm above the Au
films (100 nm thick) evaporated on the Si substrate. The metal nanowire-film systems used in this paper
have two nanowires which parallel adjacent to each other with 1nm edge-to-edge dimer seperation.
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