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ABSTRACT: Surface plasmon-mediated photocatalysis has at-
tracted great interest, where the creation and transfer of hot
electrons or hot holes may play important roles in the chemical
reactions. One model system is that p-aminothiophenol (PATP)
could be dimerized into a new molecule of p,p′-dimercaptoazo-
benzene on noble metal surfaces under laser illumination. The
mechanism of this catalytic reaction has caused wide discussion,
but it is not fully understood yet and remains a channeling task to
study the role of hot carriers. Here, we performed a series of
experiments for PATP and another associated molecule p-
nitrothiophenol by tip-enhanced Raman spectroscopy and sur-
face-enhanced Raman spectroscopy in a well-controlled gas environment (high vacuum, air, N2, and O2), and on different substrates
(Au, Ag, Cu, Al, and corresponding oxides). The experimental results indicate that the electron acceptor or donor plays a decisive
role in whether the reactions can occur or not. Density functional theory calculations were performed to quantitatively study the
reaction barriers and thermodynamic processes, and the results agree very well with the experiments. These results help in well
understanding the mechanisms of azo-dimerization reactions on plasmonic metal surfaces and designing catalytic reactions with high
controllability.

■ INTRODUCTION

Surface plasmon-mediated catalytic reaction has become a hot
research field in plasmonics and has attracted great interest of
physicists and chemists. The abnormally enhanced Raman
peaks of the b2 modes for p-aminothiophenol (PATP)
molecules on plasmonic metal surfaces have gone through a
long debate. A few mechanisms, such as tautomerizing of
molecules, photo-induced charge transfer (CT), and charge
tunneling,1−3 have been put forward to explain the additional
enhanced Raman peaks. According to the CT mechanism, the
chemical enhancement factor in surface-enhanced Raman
scattering (SERS) for PATP reaches as high as 107,4 while
previous studies found that the chemical enhancement factor is
typically 10 to 103.5,6 On the other hand, the CT mechanism
could not account for all the experimental results. For example,
the CT-induced resonance-like Raman process should be
sensitive to the excitation wavelength,7 but in the experiments,
the enhanced b2 modes did not show strong dependence on
the wavelength of excitation laser but on the power of the laser
and the exposure time.8 Theoretical studies by first-principle
calculations were also carried out with the models of PATP
interacting with various metal clusters, but none of the
calculations predicted the enhanced b2 modes.9,10 At last,
calculations together with experiments confirmed that the
additional Raman peaks were actually from a new molecule

species of p,p′-dimercaptoazobenzene (DMAB), which can be
catalytically azo-dimerized from two PATP molecules on
rough metal surfaces.10−12

Later, it was found that other aromatic amino- and nitro-
compounds [e.g., p-nitrothiophenol (PNTP)] on Ag nano-
particles (NPs) could also be dimerized into azobenzene
derivatives.13,14 Since then, plasmon- or hot electron-driven
catalytic reactions are widely accepted in the literature
studies,15−17 while it is a great challenge to study the hot
electron behavior and its role in the catalytic reactions because
of the ultrafast thermalization process (on the femtosecond
time scale) on the metal surface.18 The experimental results for
PATP are very complex, and the reactions are dependent on
pH, electrochemical potential, substrates, and surround-
ings,19−22 which indicates that the oxidant or electron acceptor
plays a key role in the plasmon-involved reactions.22−24 The
calculations also show that in the absence of the oxidant (such
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as O2, NO2
−, and so forth), the azo-dimerization of PATP is

thermodynamically nonspontaneous.25

To figure out the mechanism of the reactions, a clean
chemical environment is pivotal. The previous experiments
were mainly performed on Ag, Au, or Cu NPs synthesized
using wet chemical methods or on electrochemically
roughened electrodes.11,12,26−28 The surfaces of chemically
synthesized metal NPs were usually covered by an amount of
reactants and surfactants, which were very hard to wash up
thoroughly from the metal surface. The reactants and
surfactants can be electron donors or acceptors to promote
the reactions. As a result, the complex photochemical reactions
of the probe molecules, the contaminants, and the probe
molecules with the contaminants are all possible during SERS
measurements.29 In the electrochemical SERS measurements,
the surroundings of the electrodes (solvents and solutes) are
also very complex. The photochemical processes can yield very
complicated SERS signals, which may largely hinder the efforts
to reveal the subtle mechanisms of the reactions. Tip-enhanced
Raman scattering (TERS) spectroscopy with ultrahigh
sensitivity and nanoscale spatial resolution is an ideal tool to
study the reactions.30−32 In situ catalytic reactions of PNTP
has been observed successfully by TERS,15,33 and the reaction
process can be well controlled by the laser intensity.15

Here, combining the high-vacuum TERS (HV-TERS)
spectroscopy system with density functional theory (DFT)
calculations, we systematically studied the azo-dimerization
reactions of PATP and PNTP molecules. The HV-TERS setup
can provide a clean chemical environment. By releasing
different gases of air and high-purity N2 and O2 into the HV
chamber, respectively, we studied how the atmospheres
influence the chemical reactions. The TERS and SERS
experiments show that the gas environments and the substrates
play decisive roles in the reactions, indicating that these
reactions are essentially plasmon-assisted photochemical redox
reactions with electron acceptors or donors participated. In
addition, the DFT calculations quantitatively show the reaction

barriers and the thermodynamic processes on different metal
surfaces, which agree very well with the experimental results.

■ METHODS

Experiment. The HV-TERS setup is composed of a home-
built HV scanning tunneling microscope (HV-STM) and a
Raman spectroscopy system with a 632.8 nm He−Ne laser.
The Raman optical probe is fixed on a three dimensional (3D)
adjuster and connected to a long working distance objective
(Olympus, 50×, NA 0.5), which is placed in the HV chamber,
as schematically shown in Figure S1. The p-polarized laser is
incident at 60° with respect to the STM tip axis. The scattering
light is collected using the same objective in a backscattering
geometry, and then goes into the Raman spectrometer through
two notch filters to block the laser light. The pressure of the
vacuum chamber is about 3 × 10−7 Pa for HV-TERS
measurements. Air and high-purity (99.9999%) N2 or O2
were released into the chamber for the TERS and SERS
measurements, respectively. The maximum (full) laser power
on the sample is 2 mW, and the acquisition time is 10 s unless
specified.
The substrates used in the TERS experiments were prepared

by depositing 100 nm thick Ag or Au film on the freshly
cleaved mica using the thermal evaporation method. The
roughness of the Ag/Au film used in our experiment is about
3−7 nm, and the islands on the film are like an array of tips, as
shown in the STM images of Ag film in Figure 1a and Au film
in Figure S6a. Compared with the flat single crystal substrate,
the coupling between the film bulges and the STM tip can
generate stronger electric field enhancement.34,35 In the TERS
experiments, chemically etched gold tips were used for the
TERS measurements and STM imaging.36 The radius of the
tips typically ranges from 15 to 50 nm. Figure 1b shows the
scanning electron microscopy (SEM) image of a typical gold
nanotip.
The newly prepared metal film was immersed into the 1 ×

10‑5 M ethanol solution of PATP, PNTP, or DMAB molecules

Figure 1. (a) Typical 3D STM topography of Ag film (1 μm × 1 μm, Vtip = 100 mV, I = 1 nA). (b) SEM image of a typical gold tip. (c) HV-TERS
spectra of PATP on the Ag film with the tip engaged (1 V, 1 nA) and retracted about 300 nm away from the film surface in HV, and TERS
spectrum in air. The sample was illuminated with full laser power (2 mW on the sample), and the acquisition time is 100 s. (d) (I) Normal Raman
spectrum of PATP powder measured in air. The inset shows the chemical structure of PATP. (II,III) TERS spectra of PATP on the Ag film in N2
(II) and O2 (III), respectively. (IV) HV-TERS spectrum of DMAB on the Ag film. The bias voltage is 1 V, and the tunneling current is 1 nA for
TERS measurements. The acquisition time is 10 s for (I,III,IV), and 100 s for (II).
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for 24 h, to self-assemble one monolayer of molecules on the
film. Then, the samples were washed with ethanol and
deionized water to remove the molecules that did not adsorb
onto the metal surface and were dried in high-purity N2.
Finally, the samples were transferred into the HV chamber
immediately for TERS measurements. For SERS measure-
ments, the high-purity (99.999%) Ag, Au, Cu, and Al wires
were first scratched using a scalpel to get rid of the oxide layers
and other adsorbates on the surface, and then, they were
cleaned by ultrasonic cleaning with ethanol for 10 min. Then,
the wire was immersed into the 1 × 10−4 M ethanol solution of
PATP or PNTP molecules for 3 h and washed with ethanol
and deionized water before being transferred into the HV
chamber.
Computational Details. Spin-polarized calculations were

carried out with DFT implanted in Vienna Ab initio
Simulation Package (VASP).37−39 Perdew−Burke−Ernzer-
hof40 exchange−correlation functional and projector-aug-
mented-wave41 pseudopotential were adopted. An energy
cutoff of 460 eV was applied for the plan-wave basis set. The
Ag, Au, Cu, and Al surfaces were described by three-layer
(111) slabs with a vacuum layer of 13 Å. The 3 × 3 supercell
was used for O2 dissociation with the Brillouin zone sampled
by 4 × 4 Monkhorst grid of points,42 and the 4 × 6 supercell
was used for the conversion of PATP and PNTP with the Γ
point because of large computational cost. A test calculation
with 3 × 2 grid of k-points for the 4 × 6 supercell shows that
the calculation with only the Γ point will result in an error of
0.1 eV in the adsorption energy of the molecule which will not
change the conclusion of the results. Four-layer 2 × 3 (111)
slabs were used to model CuO(111) and Cu2O(111) with the
slabs with 3 × 2 Monkhorst grid of points and Γ point,
respectively. For Al2O3, a four-layer slab 3 × 4 (0001) supercell
with the Brillouin zone sampled using the Γ point was used.
The top two layers of the slabs were allowed to relax during
optimization with atoms in the bottom layer fixed to their bulk
positions. The structures were relaxed until the maximal force
on the atoms is smaller than 0.02 eV/Å. The transition states
were searched with the nudged elastic band method with
climbing images.43

■ RESULTS AND DISCUSSION
Oxidation of PATP. First, we measured the HV-TERS

spectra of PATP on the Ag film. As shown in the top panel of
Figure 1c, the TERS spectrum of PATP in vacuum shows only
the Raman peaks of itself, which is the same as the normal
Raman spectrum of PATP powder in Figure 1d(I). As the tip
retracted (300 nm) from the surface, there is not any Raman
peak detected. The bias voltage (applied to sample) and the
tunneling current were also adjusted to tune the gap distance,
but no additional Raman peaks were observed. It is noted that,
at the high bias voltage (>2 V), we even could not get stable
TERS spectra of PATP, and there were always two broad peaks
that appeared from 1300 to 1600 cm−1, which can be
attributed to amorphous carbon that might be coming from
the decomposition of PATP molecules at a high bias voltage.44

The results indicate that PATP could not convert into DMAB
under the HV condition. Then, we performed TERS
experiments of PATP in air (with air in the STM chamber).
As shown in the bottom panel of Figures 1c and S2, new peaks
at 1140, 1390, and 1432 cm−1 appear, which means PATP can
convert into DMAB easily in air at the same other experimental
conditions.

In order to determine which gas in the air helps the
dimerization reaction of PATP, TERS experiments were
carried out on Ag film in high-purity N2 and O2, respectively.
After the measurement in HV, high-purity N2 was released into
the HV chamber (at atmospheric pressure) for TERS
measurement. The TERS spectrum of PATP in N2 in Figure
1d(II) is the same as the TERS spectrum in HV and the
normal Raman spectrum of PATP powder. Next, N2 was
pumped out of the chamber until the pressure came down to 2
× 10−5 Pa, and high-purity O2 was released into the vacuum
chamber. Using the same sample and tip, the TERS spectrum
of PATP measured in O2 [Figure 1d(III)] was definitely
different from the spectra in HV and N2, but the same as the
HV-TERS spectrum of DMAB, as shown in Figures 1d(IV)
and S3. It means that PATP can be dimerized into DMAB in
the presence of O2. We also performed time and laser power-
dependent SERS experiments in different gas environments,
and the results are the same as in TERS experiments (Figure
S4). In addition to the Raman peaks of DMAB, even the
Raman peak of PNTP was observed in the spectra measured in
air, indicating the amino group of some PATP molecules was
oxidized into nitro group and the molecule becomes PNTP
(see Figure S5).
On the Au film, in a HV and N2 environment, the TERS and

SERS results were the same as on the Ag film (Figures S6−S8).
While in high-purity O2, the reaction of PATP on the Au film
did not react well as that on the Ag film. These results indicate
that the reaction is a metal-involved catalytic photo-oxidation
reaction. Ag with high chemical activity could dissociate O2 to
active O, and then, the active O (or the silver oxide) reacts
with PATP, resulting in the conversion of PATP into DMAB
under the illumination of laser light, which can provide the
energy to overcome the reaction barrier.22 In contrast, Au with
high electronegativity is more chemically inert and O2 is more
difficult to dissociate on the Au surface.45 Nevertheless, at
some special spots of the Au surface, such as the step edges or
high-index faces, the reaction barrier can be lower, and the
reaction can occur.46

The DFT calculations were performed to quantitatively
understand the process of this dimerization reaction. The
calculation results show that on the Ag(111) surface, direct
dissociation of a PATP to a PATP(NH) and a H adatom
(reaction 1) is endothermic by 1.99 eV. This is highly
endothermic, so other intermediate reaction processes are
considered. The oxygen molecule is introduced for the
deprotonation of PATP (reaction 2). However, further
calculations showed that the proton attached to the O2
molecule will be taken back by the deprotonated PATP
[PATP(NH)] spontaneously [on both Ag(111) and Au(111)
surfaces], which suggests that O2 is not the direct species
responsible for the deprotonation of PATP.

PATP PATP(NH) H→ + (1)

PATP O PATP(NH) HO2 2+ → + (2)

PATP O PATP(NH) OH+ → + (3)

2PATP(NH) DMHAB→ (4)

DMHAB OH DMABH H O2+ → + (5)

DMABH OH DMAB H O2+ → + (6)
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We then considered the deprotonation of PATP by O
adatoms which may come from the dissociation of O2. The
calculated potential energy surface on the Ag(111) surface in
Figure 2a shows that the deprotonation of PATP by the O

adatom (reaction 3) is endothermic by 0.14 eV with a small
barrier of 0.21 eV. Further dimerization of two PATP(NH) to
a DMHAB molecule just needs to overcome a small barrier of
0.26 eV (reaction 4). OH can further deprotonate DMHAB in
the gas phase (reactions 5 and 6).47 Figure 2b shows that the
total reaction from DMHAB to DMAB is exothermic by 0.27
eV, with a small barrier of 0.41 eV. These calculations suggest
that adsorbed O and OH are the active species for the reaction.

In our calculation, the dissociation of O2 is found to be
endothermic by 0.40 eV with a barrier of 0.86 eV on the
Ag(111) surface. The laser (632.8 nm, 1.96 eV) or the laser-
excited surface plasmons can provide the energy to overcome
the reaction barrier. It was reported that the surface plasmon
excitation may make the reaction less endothermic and lower
the barrier.48,49 For longer excitation wavelength (1064 nm),
the DMAB spectra were also easily obtained from the sample
with PATP molecules adsorbed on the Ag surface (Figure S9).
On the Au(111) surface, dissociation of O2 is calculated to be
endothermic by 0.63 eV, with a high barrier of 1.90 eV, which
agrees well with earlier calculations.50 These results suggest
that it is difficult for O2 to dissociate on the Au surface. If there
is already O on the surface, PATP can also be easily
deprotonated (with a small barrier of 0.33 eV), which suggests
that the dissociation of O2 is the rate-limiting step, and the
conversion of PATP on the Au surface can proceed in the
presence of electron acceptors.51

It is worth noting that some studies suggested that the O2 or
plasmon-activated O2 (O2

−) is responsible for PATP
dimerization.22,24 Our calculation showed that O2 is already
adsorbed as O2

− on the Ag(111) surface without light
illumination, and it is not capable of extracting the proton
from PATP. The surface plasmons may facilitate the
dissociation of O2/O2

− on the Ag surface,52 and thus promote
the oxidation of PATP molecules. Our experimental results on
the oxides of Ag and Cu as discussed in the following also
indicate that the adsorbed atomic oxygen (dissociated oxygen)
contributes to the reaction of PATP converting to DMAB.
We tested if the dimerization of PATP molecules could be

realized on the oxidized Ag surface in HV. Figure 3a shows the
HV-SERS spectrum of PATP on the fresh mechanically
cleaned coarse Ag wire surface. As can be seen, only the Raman
peaks of PATP molecules were detected, which means that the
azo reaction did not occur in HV. However, if the mechanically
cleaned Ag surface was first placed in air for 24 h, then dealt
with the same process as the fresh Ag surface, three new
Raman peaks corresponding to the vibrational modes of

Figure 2. Potential energy surface for the reaction of PATP dimerized
to DMAB on the Ag(111) surface. Yellow, red, blue, gray, white, and
light blue spheres are S, O, N, C, H, and Ag atoms, respectively.

Figure 3. (a,b) HV-SERS spectra of PATP on (a) fresh Ag surface and (b) oxidized Ag surface. The laser power is 2 mW, and the acquisition time
is 10 s. (c) SERS spectrum of DMAB on the Ag film in HV. The laser power is 2 mW, and the acquisition time is 60 s. (d) Raman peak intensity
ratio of IC−N/IC−S in HV on Ag surfaces which were oxidized for different time durations in air, varying from 0.5 to 60 h. Each black square is the
average value of the intensity ratio from ten different spots when the SERS spectra were stable. The error bars show the standard deviation of
different spots. (e) XPS spectrum of O 1s on the oxidized Ag surface which was placed in air for 60 h.
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DMAB were obtained in the HV-SERS spectrum, as shown in
Figure 3b. It is noted that the intensity of the Raman peaks of
DMAB in the spectrum does not increase with time under
illumination by full laser power (Figure S10), which may be
because the small amount of oxide on the Ag surface was
exhausted in the reaction in HV.
The intensity ratio of the two adjacent Raman peaks at 1074

and 1140 cm−1 can be used to characterize the extent of the
reaction. The peak at 1074 cm−1 corresponds to υCC + υCS
stretching vibrations that are Raman-active in both PATP and
DMAB, while the new peak at 1140 cm−1 is attributed to βCH,
υCN, and υCC vibrational modes in DMAB.11,53 Different from
the SERS spectrum in Figure 3b, for the SERS spectrum of
DMAB on the Ag film, as shown in Figure 3c, the intensity at
1140 cm−1 is much stronger than that at 1074 cm−1. We
measured the intensity ratio of the two peaks for SERS spectra
on oxidized Ag surfaces exposed in air for different durations of
time. The newly cleaned Ag wires were placed in air for
different time durations, varying from 0.5 to 60 h, and then, the
SERS spectra were measured on these Ag surfaces in the HV
condition. Figure 3d shows the Raman peak intensity ratio of
IC−N (peak intensity at 1140 cm−1) to IC−S (peak intensity at
1074 cm−1) as a function of time Ag exposed in air. It can be
seen that the ratio increased with the oxidization time,

indicating that more PATP molecules converted into DMAB
molecules on the longer time oxidized Ag surface. To verify
that the Ag was oxidized, the X-ray photoelectron spectroscopy
(XPS) was measured on the Ag surface exposed to air for 60 h.
The binding energy of O 1s is found at about 531.5 eV, as
shown in Figure 3e, which can be attributed to silver oxide.
These results indicate that PATP can convert to DMAB with a
proper oxidant in HV and also support the DFT calculations
with O adatoms instead of O2 as direct species involved in the
reaction.
Moreover, we did SERS experiments on the Cu surface in

different environments. We found that PATP could not
convert into DMAB in the HV and N2 on the coarse Cu
surface as well. While in the O2 atmosphere, it could not react
well as on the Ag surface. As shown in Figure 4a, only weak
DMAB peaks appeared, and the peaks did not change with
time. Nevertheless, on the CuO surface (prepared by heating
the Cu in air to make it turn black), the PATP molecules can
dimerize into DMAB very well even in HV (Figure 4b). These
results further verify that the dissociation of O2 to form atomic
oxygen can be the critical step for the oxidation of PATP to
DMAB on metal surfaces.
The reaction energies and barriers for each reaction step on

metal(111) surfaces (Ag, Au, and Cu) are summarized in

Figure 4. (a) Time-dependent SERS spectra of PATP on the Cu surface in O2. The spectra were offset for clarity. (b) SERS spectrum of PATP on
the CuO surface in HV. The laser wavelength is 632.8 nm, and the power is 2 mW. The acquisition time is 100 s. (c,d) Potential energy surface (c)
and the processes of PATP deprotonation on bare Cu2O(111), Cu2O(111) with dissociated O2 (O/Cu2O), and the CuO(111) surface (d). Yellow,
red, blue, gray, white, and brown spheres are S, O, N, C, H, and Cu atoms, respectively. IS, TS, and FS in (d) represent the initial state, transition
state, and final state, respectively.

Table 1. Reaction Energy ΔE and Reaction Barrier Ea for PATP Converting into DMAB on the Ag/Au/Cu/Cu2O/CuO(111)
Surface

energy (eV)

Ag Au Cu Cu2O CuO

reaction ΔE Ea ΔE Ea ΔE Ea ΔE Ea ΔE Ea

PATP → PATP(NH) + H 1.99 2.08 1.35 1.96 0.49 1.06
O2 → 2O 0.40 0.86 0.63 1.90 −2.16 0.003 −0.85 1.28
PATP + O → PATP(NH) + OH 0.14 0.21 0.29 0.33 1.04 1.42
2PATP(NH) → DMHAB −1.66 0.26 −1.50 0.82
DMHAB + OH → DMABH + H2O 0.06 0.41
DMABH + OH → DMAB + H2O −0.33 0.10
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Table 1. Different from Ag and Au, O2 can easily dissociate on
the Cu(111) surface, which suggests that copper could already
be oxidized to Cu2O in the experiment. The formation of
Cu2O is confirmed by the XPS analysis (Figure S11).
Dissociation of PATP on the Cu2O(111) surface is calculated
to be endothermic by 1.96 eV (Figure 4c,d), which suggests
that direct deprotonation of PATP on this surface is very
difficult. The dissociation of O2 on the Cu2O(111) surface was
calculated to have a barrier of 1.28 eV.54 Further
deprotonation of PATP has a barrier of 1.42 eV. Cu2O can
be further oxidized to CuO if heated in an O2 atmosphere.
Dissociation of PATP on the CuO(111) surface is calculated
to be endothermic by 0.49 eV with a barrier of 1.06 eV, which
explains why PATP can convert to DMAB more efficiently on
the CuO surface, as shown in Figure 4.
Reduction of PNTP. PNTP can convert into DMAB on

the plasmonic metal surfaces as well. In contrast to PATP, it is
a reduction reaction. It has been reported that PNTP can be
dimerized into DMAB both in the HV and in air on the Ag
film.13,15 In order to reveal the reaction mechanism of PNTP,
experiments were performed by HV-TERS and HV-SERS on
different substrates. HV-TERS experiments show that, on the
Ag film, PNTP could convert into DAMB easily even under
weak laser power. However, the reaction could not happen
even with full laser power (2 mW) when the molecules were
assembled on the Au film surface. The HV-TERS spectra of
PNTP on the Au film (Figure 5a,b) were the same as its
normal Raman spectrum (Figure 5c), with the N−O stretching
mode at 1336 cm−1 dominating in the spectra. As the sample
remained illuminated by the laser, the HV-TERS spectra did
not show obvious change of the Raman peaks with time
(Figure S12).
Lasers of various wavelengths were also used for SERS

excitation, and the results show that PNTP almost could not
react into DMAB on the clean Au surface with 514.5, 632.8,
and 785 nm excitation wavelengths (Figure S13a−c).13 We
also did measurement with 473 nm laser, but no Raman signal
was detected because of the weak electric field enhancement
on Au at this wavelength. In contrast, on the Ag surface, PNTP

could be dimerized into DMAB under all these four laser
wavelengths (Figure S13d−g).
These results indicate that the chemical property of the

substrate plays a key role in the reaction. Ag can work as the
reductant in the reaction, while Au with high electronegativity
is chemically inert, and additional reductant is needed to
enable the reaction. Previous reports showed that in the
presence of the reductant and catalyst, PNTP could be reduced
into DMAB on Au nanostructures, and further into PATP, if
the reductant was strong and excess.55

To further illustrate the role of substrates in the reaction,
SERS spectra of PNTP were also measured on low
electronegativity metals of Cu and Al in air and HV conditions
(Figure S14). As expected, on the Cu surface, PNTP could
react very well as Ag in both air (Figure S15) and HV (Figure
5d,e). However, on the Al surface, because of the quick
oxidation of Al in air, Al2O3 of several nanometer thickness will
be formed on the surface, which has very strong fluorescence.
Moreover, under the excitation of visible light, the electric field
enhancement of Al is weak, so no Raman signal was detected at
all in air. It is also possible that Al2O3 could not catalyze the
reaction. By transferring the freshly prepared Al sample into
the HV chamber immediately, we found that PNTP could also
react into DMAB on the Al surface, as shown in Figure 5f,
although the Raman signal is still weak because of the low field
enhancement.
Similarly, for the reduction of PNTP to DMAB, we consider

the following reactions

PNTP PNSTP O→ + (7)

2PNSTP DMABDO→ (8)

DMABDO DMAOB O→ + (9)

DMAOB DMAB O→ + (10)

2O O2→ (11)

The potential energy surface of the reactions is shown in
Figure 6. Dissociation of PNTP on Ag(111) (reaction 7) is
endothermic by 1.13 eV with a barrier of 1.48 eV. Similar to

Figure 5. (a,b) HV-TERS spectra of PNTP adsorbed on the Au film at bias voltage of (a) 1 and (b) −1 V. The tunneling current is 1 nA. (c)
Normal Raman spectrum of PNTP powder measured in air, and its chemical structure in the inset. (d−f) HV-SERS spectra of PNTP on Ag (d),
Cu (e), and Al (f) surface. The laser wavelength is 632.8 nm, and the power is 2 mW. The acquisition time is 10 s for Au and Ag, and 100 s for Cu
and Al.
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the dissociation of O2, dissociation of PNTP is a reduction
process with electron transfer from the substrate to the O
adatom and PNSTP. Dimerization of PNSTP (reaction 8) is
calculated to be exothermic by 0.51 eV with a small barrier of
0.07 eV. Dissociation of DMABDO to lose the first O
(reaction 9) is also exothermic with a small barrier of 0.78 eV,
and the loss of the second O (reaction 10) is endothermic by
0.61 eV with a barrier of 1.36 eV. Note that the two O from
reactions 9 and 10 may combine to form O2 (reaction 11) and
desorb from the Ag and Au surfaces but remain on the surface
of Cu and Al, because reaction 11 is exothermic on Ag and Au
but endothermic on Cu and Al surfaces. Based on the results
mentioned above, the rate-limiting step of the overall reaction
on the Ag(111) surface is step (7).
On Au(111) surface, step (7) is calculated to be

endothermic by 1.8 eV with a high barrier of 2.33 eV. On
Cu(111) and Al(111), the reaction is exothermic, and the
barrier is low (Table 2). The reaction energy (ΔE) and barrier
(Ea) of step (7) on Au, Ag, Cu, and Al are decreased gradually,
which is opposite to the trend of their affinity to oxygen. This
is mainly because O in the transition state, and the final state is
in contact with the surface so that a higher affinity with oxygen
stabilizes the structure to a large extent. Similarly, ΔE and Ea
for step (9) and (10), and therefore, the activity of the metals
for PNTP reduction should follow the same trend. We have
also performed calculation on Cu2O in case Cu is already

oxidized to Cu2O. As an oxide, the properties of Cu2O might
be different from metal. Thus, we have calculated the barrier
for both step (7) and (10). The barrier of step (7) on Cu2O is
calculated to be 1.66 eV (structure in Figure S16), which is
0.48 eV higher than that of step (10), suggesting that the rate-
limiting step is still reaction 7. The barrier of step (7) on
Cu2O(111) is slightly higher than that on Ag(111) but much
lower than that on Au(111). Therefore, Cu2O should be
slightly less active than Ag but more active than Au for PNTP
reduction. On the Al2O3(0001) surface, our calculation shows
that the dissociation of PNTP is endothermic by 2.54 eV, with
a barrier of 2.55 eV, which is higher than that on Au. These
calculations explain why it is easy to reduce PNTP to DMAB
on Ag, Cu (Cu2O), and Al but difficult on Au and Al2O3.

■ CONCLUSIONS

By performing TERS and SERS experiments in different gas
surroundings on different substrates and combining with DFT
calculations, we reveal the mechanisms of the chemical
reactions of PATP and PNTP dimerizing into DMAB. For
PATP, the metals can work as the catalyst to dissociate O2, and
the active O (or the metal oxide) captures electrons and
enables the dimerization reaction. The dissociation of O2 is
highly endothermic with a higher barrier on the Au surface so
that DMAB is difficult to form, in contrast to Ag and Cu. For
PNTP, active metals (Ag, Cu, and Al) with low electro-
negativity can provide electrons to reduce PNTP into DMAB
under laser illumination. On the Au surface, the dissociation of
PNTP to remove an O is highly endothermic with a high
barrier, which explains why PNTP can hardly be reduced to
DMAB on the Au surface. These results help reveal the
physical picture of azo-dimerization reactions on plasmonic
nanostructures, offering a practical guideline to control and
design plasmon-assisted selective photochemical reactions with
appropriate atmospheres and substrates.
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Figure 6. Potential energy surface for the reaction of PNTP dimerized
to DMAB on the Ag(111) surface. Yellow, red, blue, gray, white, and
light blue spheres are S, O, N, C, H, and Ag atoms, respectively.

Table 2. Reaction Energy ΔE and Reaction Barrier Ea for PNTP Converting into DMAB on the Ag/Au/Cu/Al/Cu2O(111)
Surface and the Al2O3(0001) Surface

energy (eV)

Ag Au Cu Al Cu2O Al2O3

reaction ΔE Ea ΔE Ea ΔE Ea ΔE Ea ΔE Ea ΔE Ea

PNTP → PNSTP + O 1.13 1.48 1.8 2.33 −0.29 0.68 −2.73 0.23 0.83 1.66 2.54 2.55
2PNSTP → DMABDO −0.51 0.07
DMABDO → DMAOB + O −0.35 0.78
DMAOB → DMAB + O 0.61 1.36 0.58 1.18
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