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S1. Dark-field characterization and position of Au film/PATP/Au NPs junctions

Figure S1 Dark field microscopic image of Au film/PATP/Au NPs junctions
The metal/molecule/metal NPs junctions can be precisely positioned via the light scattered by
nanoparticles which could be efficiently observed by a dark field microscope.!”! As shown in

Figure S1, the bright spots can be ascribed to the Au nanoparticles in the junctions.

S2. Comparative Raman spectra of Au film/PATP/Ag NPs and Ag film/PATP/Au NPs

junctions in air and nitrogen atmosphere
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Figure S2 Raman spectra of Ag film/PATP/Au NPs (a) and Au film/PATP/Ag NPs (b)

junctions recorded in air and the N, atmosphere

S3. DFT calculations on thermodynamic and kinetic energies of the oxidation of PATP
S3.1. Methods and Models

In the main text, we have experimentally demonstrated the Au or Ag oxide/hydroxide
generated from oxygen gas (°O,) in air activated by SPR could selectively and rapidly oxidize
PATP to DMAB. Conversely, in order to sensitively indicate the activation of oxygen gas (CO5)
via the characteristic bands of DMAB, we herein performed DFT calculations to demonstrate

that the transformation of PATP to DMAB is highly efficient and selective.



At the beginning, we tested our model to verify the calculation precision. The
transformation of PATP to DMAB in SERS could be generally described by Equation S1.
Because 0, is involved in the open-shell calculation, we employed annihilated wave function
to describe it in order to decrease the possible spin contaminant. As listed in Table S1, the
oxidation is thermodynamically favorable, irrespective of the methods and annihilated wave

functions. Therefore, we calculated the 30, with normal wave function in the following.

-
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Table S1 Thermodynamic energy change of Equation S1 calculated by various methods

Thermodynamic Energy / kcal/mol

Methods

AE AH AG
B3LYP/6-311+G** —52.45 —52.45 —51.53
PWI1PW91/6-311+G** —55.34 —53.78 —52.01
MP2/6-311+G** —66.66 —64.72 —63.97
B3LYP/6-311+G**(Annihilation) —52.46 —52.46 —51.53
G3MP2(Annihilation) —63.56 —63.56 —63.09
G4MP2(Annihilation) —63.67 —63.67 —62.34

Annihilation: the wave function of oxygen gas with an electronic state of 32g' is annihilated in order to
decrease the possible spin contaminant.

In the SERS study, the SERS spectra are contributed by PATP adsorbed on Au or Ag
nanoparticles. Because the transformation of PATP to DMAB focuses on the oxidation of
amino group, we firstly performed a charge distribution study of the amino group of the PATP
adsorbed on Au and Ag clusters via thiol group. As shown in Table S2, the Mulliken charge
distributions of the amino group of PATP bonded to Au and Ag clusters are almost identical to
that of free PATP. Hence, for the sake of calculation time, we only calculated the
thermodynamic/kinetic energies of free PATP in the transformation to DMAB.

Table S2 Mulliken charge of the amino group in aromatic anilines and PATP bonded with Au

and Ag clusters.

Mulliken Charge Distribution /a.u.

Species
N H H
NH,-C¢H4-SH —0.359 0.227 0.227
NH,-CsH4-SAu; (top site) —0.359 0.228 0.229

NH,-CeH,-SAg; (top site) ~0.366 0.221 0.221



NH,-C¢Hy-SAus (bridge site) —0.360 0.230 0.229
NH,-C¢Hy-SAgs (bridge site) —0.363 0.225 0.224

S3.2. Temperature dependent thermodynamics of the oxidation of PATP

As discussed in the main text, the local temperature on the surface of nanoparticles may
be greatly different from the room temperature in the presence of SPR. Table S3 presents the
electronic energy change, the enthalpy change, and Gibbs free energy change of Equation S1
at temperatures ranging from 298.15 K to 600 K. The Gibbs free energy change is over —60
kcal/mol in this temperature range. Therefore, it can be finally concluded that the oxidation of
PATP is thermodynamic favorable.

Table S3 Thermodynamic energy change of the oxidation of PATP by O, (Equation S1)

Thermodynamic Energy / kcal/mol

Temperature / K

AE AH AG
298.15 —63.67 —63.67 —62.34
300 —63.67 —63.67 —62.33
350 —63.51 —63.51 —62.12
400 —63.38 —63.38 —61.93
450 —63.27 —63.27 —61.76
500 —63.18 —63.18 —61.59
550 —63.11 —63.11 —61.44
600 —63.05 —63.05 —61.29

S3.3. Kinetics of the oxidation of PATP

The above thermodynamic energy change does not include any exact reaction pathway.
We could not conclude the catalytic effects in the real experiments, including the selectivity
and the activation energy. Therefore, we performed a quantitative study of the kinetic energy
of the pathways according to the above experiments. The possible reaction pathways are
proposed in Figure S3. To manifest the role of metals, we also calculated the kinetic energy of
the reaction in the absence of metal, as shown in Figure S3a. Because not every product or
intermediate has been experimentally characterized, we selected the species in each step
according to the lowest total Gibbs free energy. For example, the total energy of the system
involved in radical intermediates is lower than that of their anion/cation species. The pathway

via the formation of the radical intermediates is also consistent with the conclusion in



literatures.™

The SERS experiments in the main text indicate Au or Ag oxide/hydroxide on the
surface of Au or Ag nanoparticles is the precursor of the oxidation of PATP in the catalytic
reaction. To avoid the complication in studying the oxide/hydroxide on the surface, we
simplify the reaction system with a simple Ag,O/AgOH, as shown in Figure S3b and c. It is
interesting to find that the oxidation via the Au or Ag oxide/hydroxide is involved in
nitrene-Ag, or Au, compounds instead of the radical intermediates. In this case, the selectivity

is extremely high as has been observed in SERS experiments.
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Figure S3 Reaction pathways of the oxidation of PATP by (a) *O,, (b) AgOH, and (c) Ag,O

The estimation of activation energy will allow a quantitative estimation of the catalytic
effect. We calculated the energy of the species involved in each elementary step for the above
reaction pathway. Figure S4a and b show the Gibbs energy change of the oxidation by *0, and
Au and Ag oxide/hydroxide, respectively. Some successive endothermic steps can be found in
both pathways. We estimated the activation energy by adding up the energy of the successive
uphill steps, and the activation energies of these pathways are summarized in Table S4. It can
be found that the rate-determined step for oxidation of PATP by >0, is the first dehydrogen
step and that by Au or Ag oxide/hydroxide is the second dehydrogen step. The final activation
energy by 30,, AuOH, AgOH, Au,0 and Ag,O are 33.4, 14.9, 7.3, 22.1 and 9.5 kcal/mol,
respectively. It can be clearly seen that the activation energies are much lower in the presence
of Au or Ag oxide/hydroxide, which should be the origin of the catalytic effect.
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Figure S2 Energy curve of the oxidation of PATP by O, (a) and AgOH/Ag,0 (b)
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Table S4 Kinetic energy change of the oxidation of PATP

Kinetics Energy / kcal/mol

Oxidation Reagent
Eal Ea2
AuOH 12.6 14.9
AgOH 6.1 7.3
Au,O 12.7 22.1
Ag,O 2.5 9.5
30 Eal Ea2 Ea3 Ea4
p)
334 13.7 30.5 0.0

S4. Preparation of M/PATP/M NPs junctions and Raman measurements

S4.1. Synthesis of Au and Ag NPs and Au-core @ silica-shell (Au@SiO,) NPs



The Au (ca. 55 nm in diameter) and Ag (ca. 80 nm in diameter) NPs were respectively
synthesized by reducing the boiling 0.01 wt% HAuCl, and 1 mmol/L AgNO; solutions with 1
wt% sodium citrate under a vigorous stirring.”! The Au-core @ silica-shell (Au@SiO,) NPs
were prepared by coating silica onto 55 nm Au NPs via the hydrolysis of sodium silicate in

boiling water.

S4.2.  Preparation of M/PATP/M NPs junctions and SERS-active substrates

The Au (Ag)/PATP/Au (Ag) NPs junctions were constructed by assembling PATP and
nanoparticles on Au or Ag flat film via a “layer-by-layer” procedure. A Au film, Ag film or
Au(111) single crystal electrode was immersed into 1 mmol/LL PATP ethanol solution for ca.
30 min. It should be emphasized that the PATP ethanol solution should be freshly prepared.
Then, the films or Au(111) electrode were rinsed by ethanol. Afterwards, the films or Au(111)
electrode were soaked in the above sols of Au or Ag for several minutes. At last, the films
were rinsed by water and dried in vacuum.

In order to manifest the role of *0,, Raman measurements were performed in the
atmosphere free of °0,. First, the films with constructed Au (Ag)/PATP/Au (Ag) NPs
junctions were transferred into a gloves box filled with N, where the concentration of *O, and
H,0 is 0.4 and 0.01 ppm, respectively. Then, the film was placed within the space of two
optically transparent quartz windows with a thickness of 0.5 mm. After that, the edge of the
windows was strictly sealed by glue. At last, the films sealed within the windows were
transferred into air for Raman measurements.

The comparative studies in HCI/H,SO4,/NaOH solutions were performed on conventional
SERS-active substrate. The Ag and Au sol were washed to remove the surfactant on the
surface by alternately centrifuging the sol and filling pure water for 2 times. Then, the
aggregates were dropped onto silicon wafers and dried in vacuum. After that, the wafers were
immersed into 1 mmol/L PATP ethanol solution and soaked for ca. 30 min. Finally, they were

rinsed by water and dried in vacuum.

S4.3. Raman measurements

The junctions were positioned according to the procedure in the S1 section and the



conventional measurements were carried out with a laser power of several milliwatts.

In the comparative studies in HCI, H,SO,4, NaOH solutions, the solutions were prepared
in air to allow sufficient almost of 0, in air to be dissolved in the solutions. In the Raman
measurement, these solutions were dropped onto the wafers covered with the SERS-active Au
or Ag nanoparticles pre-adsorbed with PATP. Then, the samples were covered with a quartz
window to form a closed system with essentially the same experimental condition for strict

comparison. After that, the Raman spectra were acquired on the above samples.

S5. Apparatus

Raman spectra were obtained on XploRA (Jobin Yvon-Horiba, France) and Invia
(Renishaw, UK) confocal Raman microscopes. Both of the Raman systems are integrated
with dark field function. The two systems have a range of lasers of 532 nm (both), 638 nm
(XploRA), 632.8 nm (Invia) and 785 nm (both). All the Raman measurements were
performed on XploRA except the wavelength dependent experiment of Au/PATP/Au junctions
on inVia.

The X-ray photoelectron spectroscopy (XPS) measurement was made in a vacuum
chamber at a pressure less than 5 x 10" Torr on a Quantum 2000 spectrometer (PHI)

equipped with an Al source.

S6. The Cartesian coordinates of some key species in calculations:
TS-1 in figure S1b

2.750953 1.261836  -0.119632
1.418031 1.602281 0.080681
0.453356 0.624192 0.385827
0.888235  -0.712180 0.483217
2219047  -1.049416 0.279284
3.170854  -0.066447  -0.015122

3.473605 2.033343  -0.358265

Tz T O O o O o O

1.113122 2.641162  -0.002513



™ T =

TS-2 in figure S1b
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TS-1 in figure Slc
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H 3.807656 2.017830  -0.353698
H 1.413081 2.193549 0.170202
H 1.205408  -2.076127 0.674641
H 3.617607  -2.247315 0.226784
H -0.714168  -1.066900 1.242019
S 5.622782  -0.169147  -0.460871

H 5.805200  -1.485665  -0.238161
N -0.163064 0.153271 0.963863
O -1.242286  -2.097824 1.236271
H -1.673106  -2.274558 2.079034
Ag -1.537440 1.543348 0.083293
Ag -2.348902  -1.026111  -0.508151
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