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Abstract: Surface plasmon resonances (SPRs) have been
found to promote chemical reactions. In most oxidative
chemical reactions oxygen molecules participate and under-
standing of the activation mechanism of oxygen molecules is
highly important. For this purpose, we applied surface-
enhanced Raman spectroscopy (SERS) to find out the
mechanism of SPR-assisted activation of oxygen, by using p-
aminothiophenol (PATP), which undergoes a SPR-assisted
selective oxidation, as a probe molecule. In this way, SPR has
the dual function of activating the chemical reaction and
enhancing the Raman signal of surface species. Both experi-
ments and DFT calculations reveal that oxygen molecules were
activated by accepting an electron from a metal nanoparticle
under the excitation of SPR to form a strongly adsorbed
oxygen molecule anion. The anion was then transformed to Au
or Ag oxides or hydroxides on the surface to oxidize the surface
species, which was also supported by the heating effect of the
SPR. This work points to a promising new era of SPR-assisted
catalytic reactions.

The surface plasmon resonance (SPR) is an inherent
oscillation of free-like electrons on material surfaces excited
by incident photons, which results in the enhanced absorption
and scattering of nanoparticles conferring rich color to
nanomaterials, especially to gold, silver, and copper nano-
structures. These unique properties are the reason for the
wide application of SPR in enhanced spectroscopies (includ-
ing Raman scattering, infrared absorption, second harmonic
generation, and fluorescence) and thermotherapy.!! More
recently, it was found that SPR facilitated some chemical
reactions.”! For example, the epoxidation of ethylene and the
splitting of water could be driven by sunlight on Ag and Au
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nanoparticles, respectively.”*™ It was reported about the
dissociation of hydrogen on Au nanoparticles by illumination
of laser light.”¢ If the dissociation of triplet oxygen molecules
(?0,) could be also facilitated by SPR, it would significantly
transform the field of catalytic reactions, as most oxidative
chemical reactions involve the participation of oxygen
molecules.

Recently, it was reported that *O, can be sensitized to the
singlet state (‘O,) on Au, Ag, and Pt nanoparticles by
illumination of visible laser light, which implies an interaction
among light, nanoparticles, and *0,.! However, all the
reports on SPR-assisted reactions were probed by ex situ or
indirect techniques.” It is desired to develop methods to
in situ trace the elementary steps of SPR-assisted activation
of 0, on the surface. Surface-enhanced Raman scattering
(SERS) also originates from SPR with an ultrahigh sensitivity
up to single-molecule level.”! The same origin of SERS and
SPR-assisted reaction endows SERS the power to provide
in situ fingerprints of surface species during SPR-assisted
reactions. SERS of >0, adsorbed on the Ag film in the form of
peroxidic and superoxidic dioxygen was studied.”! Nonethe-
less, the adsorption of *0, on metal surfaces is weak and was
measured in ultrahigh vacuum at temperatures below
—100°C.

There are already several reports on laser-induced chem-
ical transformation during SERS measurements.”’ Recently,
we found that p-aminothiophenol (PATP) could be selectively
and rapidly (in several seconds) oxidized to p,p’-dimercap-
toazobenzene (DMAB) on Au or Ag nanoparticles at room
temperature during conventional SERS measurements.®*¢!
Because the Raman measurement is performed in air,
PATP may be selectively oxidized to DMAB by activated
*0, in the presence of SPR, as described in Equation (1).

2 AuS—Ph—NH, + 30, + hv — AuS—Ph—N = N—Ph—SAu + 2 H,0
1)

Especially, a very recent work indicates the production of
DMAB is associated with the presence of *0,." Therefore,
the strong and characteristic bands of the produced DMAB
may be used as indicators to monitor the activation of *O,.

Here, we mainly relied on the SERS observation of the
selective oxidation of PATP to explore the SPR-assisted
activation of O, on Au and Ag nanostructures. Because the
SPR-assisted oxidation of PATP is involved in the interactions
among light, *0,, PATP, and the surfaces, we first investigated
the activation of *0O, by illumination of laser light and
correlated it to the chemical properties of Au and Ag. Then,
we characterized the surface species involved in the oxidation
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of PATP to figure out the intermediates or products during
the activation of *O,. Finally, the wavelength-dependent study
and the theoretical calculations were carried out to demon-
strate the SPR-assisted activation of *O.,.

The role of *0, activation during the production of
DMAB was investigated by SERS measurement of PATP in
an environment free of *0,. For this purpose, we prepared and
sealed our samples in a glove box filled with N, where the
concentration of 0O, and water is 0.4 and 0.01 ppm, respec-
tively. To facilitate the diffusion and the reactions of *O,, the
gap-mode SERS of the metal film/PATP/metallic nanoparti-
cles (abbreviated as M film/PATP/M NPs) junctions were
used, as depicted in Figure 1a. The junctions were charac-
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Figure 1. a) Au/PATP/Au nanoparticle, B) SEM image (the scale bar is
500 nm) and c) illumination-time-dependent Raman spectra and

d) comparative Raman spectra of Au/PATP/Au NPs recorded in air
and N, atmosphere.

terized by the SEM image shown in Figure 1b (Au film/PATP/
Au NPs) and precisely positioned in a Raman microscope
equipped with the dark field function (see section S1 in the
Supporting Information). The selective oxidation of PATP to
DMAB by 0, in the Au film/PATP/Au NPs can be clearly
observed in illumination-time-dependent Raman spectra in
air, shown in Figure 1c.The bands at 1140, 1388, and
1434 cm™! continuously increases with increasing illumination
time. These bands can be assigned to the a, modes of DMAB
according to our previous work.*™ Hence, the production of
DMAB can be ascribed to the presence of *O, shown by
comparative Raman measurements of Au film/PATP/Au NPs
in air and measurements in nitrogen (Figure 1d). The a,
modes appear in the spectrum recorded in air but completely
disappear in N, atmosphere. This observation indicates that
30, in air would be first activated before the oxidation of
PATP.

The activation of *0O, on Au NPs can be evidenced by
isolating Au NPs from O, and PATP. Therefore, a thin and
compact silica layer was coated over Au NPs to avoid the
contact of Au with air. Meanwhile, we used an atomically flat
Au(111) surface to replace the Au film aiming to avoid the
contact of the amino group with the Au surface at some rough
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Figure 2. a) Raman spectra of Au(111)/PATP/Au NP (top) and Au-
(111)/PATP/Au@SiO, NP (bottom) junctions. b) Raman spectra of Ag
film/PATP/Au NP and Au film/PATP/Ag NP junctions recorded in N,
atmosphere and in air. ¢) XPS spectra of O-1s of Au/PATP/Ag NP and
Ag/PATP/Au NP junctions. d) Raman spectra of PATP adsorbed on Ag
NPs (i: 0.5 molL™' NaOH, iv: 0.5 molL™" H,SO,) and Au NPs

(ii: 0.5 mol L™' NaOH, iii: 0.5 mol L™' H,SO,, v: 1.0 molL™" HCl) in
solution.

features of the Au film surface. Figure 2a shows Raman
spectra obtained from Au(111)/PATP/Au@SiO, NPs and
Au(111)/PATP/Au NPs recorded in air. We did not detect
any signal of the a, mode of DMAB in Au(111)/PATP/
Au@SiO, NPs. Hence, it can be concluded that PATP should
be oxidized by the activated *O, on the Au NPs. However, the
a, modes of DMAB can be still observed in the SERS spectra
of Au film/PATP/Ag NPs and Ag film/PATP/Au NPs
recorded in N, atmosphere. The former gives a stronger
signal than the latter, as shown in Figure 2b. The intensity of
the a, modes recorded in the N, atmosphere is obviously
lower than that in air. It has already been proposed that there
may be some oxygen containing products as a result of the
activation of >0, on the Ag NPs or Ag film.[’! The hypothesis
of such species was verified by X-ray photoelectron spectros-
copy (XPS). Figure 2 ¢ presents narrow survey spectra of the
oxygen element obtained on Ag film/PATP/Au NPs and Au
film/PATP/Ag NPs. The broad peak at about 532 eV can be
ascribed to the Ag oxide or hydroxide.! Therefore, the
oxidation of PATP can still occur in Au film/PATP/Ag NPs
and Ag film/PATP/Au NPs systems in the N, atmosphere,
which can be ascribed to the presence of the Ag oxide/
hydroxide produced during the construction of junctions in air
before the Raman measurement.

One may wonder whether the Au and Ag oxides or
hydroxides are involved in the activation of >0, on the Au and
Ag surfaces under laser light illumination, and then further
oxidize the adsorbed PATP on the surface. However, it is still
not conclusive whether *0, in air can be activated on the Ag
and Au surfaces to form surface oxides/hydroxides. Up to
now, there is still no report on the production of oxide/
hydroxide species on Au in air at room temperature. The
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hypothesis can be confirmed by a comparative SERS study in
NaOH, H,SO,, and HCI solutions in air on considering the
following points. O, dissolved in solutions could be activated
by illumination of laser light, which may produce Au or Ag
oxides/hydroxides. The oxides or hydroxides are stable in
NaOH solutions, and will not be easily removed. In H,SO,
solution, the Au oxide/hydroxide is stable and the Ag oxide/
hydroxide will be dissolved. In HCI solution, the Au oxide/
hydroxide will be dissolved as well, because of the complex-
ation of Au cations with Cl™ anions. Figure 2d presents the
Raman spectra of PATP adsorbed on Au NPs and Ag NPs in
0.5molL~' NaOH, 0.5 molL™"' H,SO,, and 1.0 molL~! HCI
solution. The a, modes of DMAB are strong in the basic
environment (i and ii). In 0.5 molL™" H,SO, solution, the a,
modes completely disappear on Ag NPs (iv) but still appear
on Au NPs (iii). In 1.0 molL™" HCI and on Au NPs, the a,
modes also disappear. The above result indicates that PATP in
the junctions is indeed oxidized by >0, by the formation of Au
or Ag oxides/hydroxides to yield DMAB.

The key role played by the oxides/hydroxides can be
verified by DFT calculations. The calculated thermodynamic
energy of the oxidation of PATP by *0, is over —60 kcal
mol~!, which indicates that the oxidation is highly sponta-
neous, irrespective of the exact pathway. However, the
activation barriers of the oxidation of PATP by AuOH,
AgOH, Au,0, and Ag,O are 14.9,7.3,22.1, and 9.5 kcalmol !,
which are much lower than that by 30, (33.4 kcalmol™).
Especially, the intermediates of the oxidation using oxides/
hydroxides and *O, are adsorbed nitrene species and aniline
radicals on Ag or Au surfaces, respectively. Therefore, the
calculation clearly indicates that the oxidation of PATP by Au
or Ag oxides/hydroxides should be energetically preferred
and highly selective (see sectionS3 in the Supporting
Information for more details).

Based on the above discussion, we propose successive
steps of the activation of O, by illumination of laser light on
Au or Ag NPs. 0, is first activated on the surface of Auor Ag
by illumination of laser light. Then, the activated >0, produces
surface Au or Ag oxides/hydroxides. Finally, the Au or Ag
oxides/hydroxides selectively oxidize PATP to DMAB. In
these steps, the photon is mainly involved in the activation of
*0,. As a result, we concentrated on studying the SPR-
assisted activation of *O,. The wavelength dependence is one
of the most important characters of SPR. Our previous work
has found that the oxidation of PATP depends on the laser
power density.® Therefore, in the present wavelength-depen-
dent SERS study on Au film/PATP/Au NP junctions, we used
the same laser power density of 9.6 x 10’ mW cm 2. Figure 3a
presents the Raman spectra of Au film/PATP/Au NP junc-
tions excited by a laser of 532, 632.8, and 785 nm in air. The
intensity of all the bands excited by 532 nm light is much
weaker than that by the other wavelengths. The intensity of a;
modes at about 1080 and 1600 cm ' primarily depends on the
enhancement because of the SPR and their intensity can be
used to characterize the enhancement.*! For example, the
intensity of the band at 1080 cm ', assigned to the a, mode of
PATP and DMAB, decreases following the order of
632.8 nm > 785 nm > 532 nm, which is consistent with the
experimental observation in SERS. To obtain a more quanti-
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Figure 3. a) Wavelength-dependent Raman spectra of Au film/PATP/Au
NP junctions excited using the same power density of
9.6x10” mWcm 2. b) DFT-calculated geometry of Au,g-O,.

tative relationship, we normalized the intensity of the a, peak
(1080 cm™") using 532 nm light as reference. The normalized
intensity of the a, peak excited by 532, 632.8, and 785 nm laser
light is 1, 200, and 40, respectively. Because the a, modes are
the characteristic bands of DMAB, the intensity ratio of a,
modes to a; mode can be used to estimate the yield of DMAB.
The relative intensity of the bands at approximately
1140 cm ™' to the 1080 cm™' peak excited by 532, 632.8, and
785 nm laser light is about 0.03, 1 and 0.1, respectively. In our
previous SERS study of DMAB, we also found a similar
intensity ratio for excitation by 532, 632.8, and 785 nm laser
light.® According to these results, we can qualitatively
determine the yield of DMAB in the order of 632.8 nm >
785 nm > 532 nm (If we consider the maximal absorption of
DMAB is in the green region, the yield at 532 nm will be even
lower). It is consistent with the order of enhancement.
Therefore, it can be concluded that the selective oxidation
of PATP is further facilitated by the assistance of SPR.

In the above proposed activation scheme of *O, and the
wavelength-dependent transformation of PATP, we found
that during oxidation of PATP to DMAB, the SPR-assisted
activation of *O, plays the most essential role. Recently, the
SPR-assisted electron transfer from metal to *O, has been
proposed by the kinetic isotope effect on the reaction rate.
Oxygen anions (°0,") are preferentially adsorbed on a metal
surface compared with *0,, according to the experimental and
theoretical calculations on small Au and Ag clusters contain-
ing up to 18 and 13 metallic atoms, respectively.”) To
understand the key step of our proposed mechanism, we
performed DFT calculations of the adsorption of ?0,~ on Auy,
and Ag,, clusters using a cluster model.!"”] Figure 3b displays
the geometrical structure of the Au,-O,~ cluster. The bond
length of O-O is about 1.30 A (1.32 A in Ag,,->0,"), which is
larger than that of free >0, (about 1.21 A). The adsorption
free-energy of 20, on Au,, and Ag,, is about —44.7 and
—39.0 kcalmol !, respectively, indicating a strong adsorption
of ?0,~. Therefore, we can conclude that >0, can be activated
on Au and Ag surfaces to produce *0O,” by SPR-assisted
electron transfer from Au or Ag to *O,, which further result in
surface metal oxides or hydroxides, as depicted in Equa-
tions (2) to (5) (M= Au or Ag).

M + hy — M* 2)
30, + M* - 20, + M* (3)
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20,” + M(M") — 20, -M(*0,~Mor'0,—-M) (4)
20,"-M(*0,-Mor '0,—M)(+H,0) — M,0(MOH) (5)

It has also been pointed out that the local heating effect
induced by SPR may play a critical role in the oxidation
reaction.['®#28l Therefore, the heat generated by SPR may also
be favorable for the adsorption and dissociation of *O,.

On the basis of the above results, we depict the
elementary steps of the SPR-assisted activation of O, on
Au or Ag and its chemical activity in the selective oxidation of
PATP in Figure 4. At the beginning, the SPR of the nano-
particles is excited by the laser and results in electron transfer
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Figure 4. SPR-assisted selective oxidation on the surfaces of Au or Ag
nanoparticles (the size of the atoms is present only for visual
simplicity and is not to scale).

from nanoparticles to >0, in air to yield >0, . Then, 0, is
strongly adsorbed on the surface of the nanoparticles. Mean-
while, because of the oscillation of the free electron under the
SPR condition, the local temperature of the nanoparticle
surface rises and drives the formation of Au or Ag oxides or
hydroxides, which further selectively oxidize PATP to yield
DMAB. Besides the selective oxidation of PATP, the SPR-
assisted activation of >0, and thereafter production of Au or
Ag oxides/hydroxides may also play an important role in
some other important phenomena, such as the sensitization of
%0, and the epoxidation of ethylene.’*! The above process
depends on the laser wavelength, which affects the efficiency
of electron donation and heat generation, and thereby
synergistically facilitates the adsorption and dissociation of
%0, and the production of surface oxides and hydroxides.

In summary, we have scrutinized the mechanism of SPR-
assisted activation of 0O, on Au and Ag nanostructures by
monitoring the selective oxidation of PATP to DMAB using
SERS. Au, Ag, and Cu have been thought to be inefficient
catalysts for many reactions. However, since they are free-
electron metals and have a strong SPR effect in the visible-
light region, we would expect they will be highly catalytically
active after illumination of visible light because of the
efficient excitation of the SPR process and the activation of
surface processes. It will be particularly important that solar
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energy can be used to drive such a synthesis by SPR-assisted
chemical transformation. For this purpose, we have devel-
oped various Au core-transition-metal shell nanoparticles
with high catalytic and SPR properties.'!! With these nano-
particles, the SPR properties of the Au core can be used to
enhance the catalytic activity of the transition-metal shells.
On the other hand, the SPR effect of the Au core can still
provide sufficiently strong SERS effect, and the nanoparticles
can also serve as ideal signal enhancers to in situ probe the
fingerprint information of a SPR-assisted reaction, with strict
control of the laser power during Raman measurements. With
the aid of this kind of nanoparticles, we expect a new era of
SPR-assisted catalytic reactions.

Experimental Section

The Au (ca. 55 nm in diameter), Ag (ca. 80 nm in diameter), and Au
core-silica shell (Au@SiO,) NPs were respectively synthesized
according to our previous methods!'™" The Au film (Ag film,
Au(111))/PATP/Au (Ag) NP junctions were constructed by assem-
bling PATP and nanoparticles on Au, Ag flat film or Au(111) single
crystal using a “layer-by-layer” procedure (see section S4 in the
Supporting Information).['*"!

The prepared junctions on Au and Ag films were transferred into
a gloves box filled by N, where the concentration of *O, and water is
0.4 and 0.01 ppm, respectively. Then, the films were tightly sealed
between two optical windows. Finally, the sealed films were measured
using a Raman microscope. The Raman measurements in NaOH,
H,SO,, and HCIl solutions were performed by dropping these
solutions onto Au and Ag nanoparticles dispersed on silicon wafers
and preadsorbed with PATP under ambient condition.

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 for the wave-
length-dependent experiment of Au film/PATP/Au junctions on Invia.

The DFT calculations were carried out with Gaussian 09B.['
The full geometry optimization and energy calculation of the ground
state and transition state were performed by the hybrid density
functional B3LYP. The basis set for S, O, N, C, H were 6-311 + G**,
The valence electrons and core electrons of Au and Ag were
described by LanL2DZ and its effective core potential.
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