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ty and Ins
A B S T R A C T

Gold nanoparticles (Au NPs) are nanoscale sources of light and electrons, which are highly relevant for
their extensive applications in the field of photocatalysis. Although a number of research works have
been carried out on chemical reactions accelerated by the energetic hot electrons/holes, the possibility of
reaction pathway change on the plasmonic Au surfaces has not been reported so far. In this proof-of-
concept study,we find that AuNPs change the reactionpathway inphotooxidation of alkyne under visible
light irradiation. This reactionproduces benzil (��CO��CO��) without the presence of Au NPs. In contrast,
as indicated by surface-enhanced Raman spectroscopic (SERS) results, the C��C triple bonds (��CRC��)
adsorbed on Au NPs are converted into carboxyl (��COOH) and acyl chloride (��COCl) groups. The
plasmonic Au NPs not only provide energetic charge carriers but also activate the reactant molecules as
conventional heterogeneous catalysts. This study discloses the second role of plasmonic NPs in
photocatalysis and bridges the gap between plasmon-driven and conventional heterogeneous catalysis.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
In the past decade, gold nanoparticles (Au NPs) have attracted
great attention in various photocatalytic reactions due to their
strong light converting ability in visible range and high catalytic
activity even at low temperature. Examples are the reduction of
aromatic nitro compounds [1–4], CO oxidation [5] and carbon-
halogen bond cleavage [6]. Under resonant light irradiation, the
surface plasmons on Au NP surface undergo non-radiative decay
and generate hot electron-hole pairs that can promote photo-
catalysis. On the other hand, Au NPs are excellent thermocatalysts
in conventional heterogeneous catalysis, where the Au surface
activates the reactant molecules and/or changes the reaction
pathway without the presence of hot carrier [7–9]. Recent studies
on Au plasmonic photocatalysis mainly focus on the use of hot
electrons (holes) in chemistry; however, whether the Au NPs act
also as second role to change the reaction pathway of the
photocatalysis remains unclear. In situmonitoring of the interfacial
chemistry on Au NPs is required to understand the plasmonic
reaction mechanism at molecular level.

Surface-enhanced Raman spectroscopy (SERS) is widely used to
monitor catalytic reactions on the surface of noble metal NPs. The
high sensitivity andmolecular specificity of nanostructures enable
titute of Materia Medica, Chinese
SERS a powerful analytical method to explore interfacial reaction
mechanism [10–12].

Au NPs are excellent SERS substrates because they are stabler
and easier to prepare than any other plasmonic metals (Ag and Cu)
[5,13–15]. Typically, bifunctional nanostructures have to be
prepared by using both plasmonic (Au or Ag) and catalytic metals
(CuO, Pt or Pd) for the detection of interfacial catalysis [16–20].
Since SERS and hot carriers are both originated from plasmon
decay, if the chemical reaction occurs on the plasmonic Au surface,
SERS can be employed to monitor the plasmonic catalysis without
using complex bifunctional nanostructures.

Photocatalytic alkyne oxidation reactions have significant
applications in synthetic chemistry and products like epoxide,
ketone and acid are important chemical materials for producing
steroidalmedicines.Althoughselectiveconversionof thesubstances
to preferred products can be achieved by controlling the level of
oxidation, the reactionpathway is difficult to change under a certain
reaction condition. Here, we present a proof-of-concept study by
using Au nanocube (NC) film as a plasmonic substrate to study
diphenylacetylene(DA)oxidationasourmodelreaction. Itwasfound
that theplasmonicAuchanges the reactionpathwayviaactivationof
CRC and produces benzoic acid and benzoyl, instead of benzil
product when Au NPs are absent. Since plasmon-induced catalysis
on AuNPs is generally limited by the charge-carrier recombination,
a number of Au-semiconductor hybrid nanomaterials have been
employed to improve the electron-hole separation for high
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. (a) SEM of Au nanocube film (Au NC film). (b) 3D-FDTD simulation of electric
fields in the film.

R. Li, C.-C. Zhang, D. Wang et al. Chinese Chemical Letters 32 (2021) 2846–2850
reactivity in photocatalysis; examples are deuteration [21], C��C
coupling [22], N2 fixation [23], ethanol oxidation [24], and CO2

reduction [25–27]. Therefore, we prepared Au/TiO2 to improve the
plasmonic catalytic activity in synthetic chemistry.What we found
in SERS explains the increased selectivity of DAoxidation to the two
products in Au/TiO2 photocatalytic system (Fig.1). According to our
experimental results, it was proposed that the hot holes play a key
role in CRC activation and both the plasmonic hot electrons and
holes are involved in the photooxidation.

Au NCs with a diameter of �50 nm and Au NPs with a diameter
of �10 nm were synthesized by using sodium borohydride and
ascorbic acid reductionmethod in amixture of an aqueous solution
of cetyltrimethyl ammonium chloride (CTAC). In the photocatalytic
oxidation of DA, a Xe lamp was used (PLS-SXE300, Beijing
Trusttech Co., Ltd.) as the irradiation light source. The concen-
trations of DA and FeCl3 are 1 and 0.2mg/mL, respectively. More
experimental details are available in the Supporting information.

In a control experiment of DA oxidationwithout adding Au NPs,
benzil was formed after the reaction mixture was illuminated
under visible light in the presence of FeCl3 (Fig. 1, Path 1). When Au
NPs (supported on TiO2, see Fig. S1 in Supporting information)
were added as catalyst, the concentration of benzoic acid (BA) and
benzoyl chloride (BOC) in the product dramatically increased
(Fig. 1, Path 2). In contrast, this change was not observed by using
TiO2 as the catalyst. It is reasonable to propose that there is a
different reaction pathway for light-driven DA oxidation in the
presence of Au NPs.

Inorder tomonitor themolecularconversionofDAoxidationat the
catalytic interfaces, we synthesized �50 nm Au NCs (Fig. S3 in
Supporting information) and then prepared closely packed nanocube
film (Au NC film) as our SERS substrate. The SEM image of the as-
prepared film in Fig. 2a shows the high Au NC dispersity and regular
pattern formed by the NCs. The average distance of two adjacent
Au NCs is about 1.85 nm, which is beneficial for strong plasmonic
coupling and generation of reproducible SERS signal. According
to the 3D-finite difference time domain (FDTD) simulation, the
calculated enhancement factor in the gaps between the NCs is
about 2�105 (Fig. 2b, and Supporting information section 1.8). For
the SERS measurement, ethanethioate was linked to DA to form
S-(4-(phenylethynyl)phenyl) ethanethioate (S-4-PPET) (Scheme
[(Fig._1)TD$FIG]

Fig. 1. Reaction pathways of DA oxidation in the presence of FeCl3 in acetonitrile.
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S1 in Supporting information) with strong Au-S bonds to anchor
the reactant molecules on the Au surface (Fig. 3a). In situ SERS
monitoring was conducted with 633 nm laser after the Au NC film
was immersed into a CH3CN solution of FeCl3. The peaks at 998 and
1140 cm�1 (Fig. 3b) areassigned to the asymmetric stretchingmode
of phenyl rings [19]; while the peaks at 1579 and 2216 cm�1 are
attributed to the symmetric stretching mode of phenyl rings and
vibrationof carbon-carbon triplebonds, respectively [19,28],which
are employed to evaluate the course of oxidation reaction.

During the reaction, the peaks at 998, 1140 and 2216 cm�1

decrease and a new peak at �1565 cm�1 arises gradually.
According to the standard SERS spectrum of CH3S-Ph-CH2-Cl
(BC, after incubation with Au substrate, Fig. 3c), the peak at
1565 cm�1 can be assigned to the symmetric stretching mode of
phenyl ring of Ph-CH2-Cl analogue. And when Fe(NO3)3 is used
instead of FeCl3, this peak shows a redshift of 11 cm�1 and appears
at 1554 cm�1 (Fig. S4 in Supporting information), indicating the
formation of a different intermediate product by changing the
anions. As the reaction goes on, the peak at 1565 cm�1 disappears
while the one at 1584 cm�1 arises, which is similar to that of the
CH3S-Ph-CH2-Cl oxidation (Fig. 3c). The peak at�1584 cm�1 can be
assigned to the symmetric stretching mode of phenyl ring of BA
and BOC (Fig. 3b).

Interestingly, the characteristic SERS signal of benzil, whichwas
supposed to appear at around 1700�1800 cm�1 (C¼O), was not
observed. This is in agreementwith our assumption that plasmonic
Au changes the original reaction pathway: the Au surface directly
induces breaking of the CRC triple bonds without producing
benzil. In addition, we noticed that Fe(III) was reduced to Fe(II)
during the reaction process. A chemical indicator 1,10-phenanthro-
line, which will give an orange coordination compound in the
presence of Fe2+, shows an evidently strong absorption at�510 nm
(Fig. S5 in Supporting information) after the reaction. The change
of valence might be conducted according to the following Eq. 1
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Fig. 3. (a) Preparation of Au NC film coated with S-(4-(phenylethynyl)phenyl)
ethanethioate (S-4-PPET). (b) SERS spectra of DA oxidation on Au NC filmwith FeCl3
and solvent MeCN. Blank lines are from Au NC film coated with commercial DA, BC,
BA, and BOC under the same condition. (c) SERS spectra of BC on AuNCfilm inMeCN
solution of FeCl3. * stands for peaks of MeCN.
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Fig. 4. (a) The concentration of DA detected by GC–MS before and after Au/TiO2 incubati
BOC under different excitation wavelengths. (d) EPR tests of Au/TiO2 with TEMPO, DA, a
TEMPO-C, TEMPO-�OH and TEMPO-O2

��, respectively.
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under light illumination. So, it is necessary to find out whether
Fe(III)Cl3 or Fe(II)Cl2 plays an important role in this reaction.

Fe(III)Cl3→ Fe(II)Cl2 + Cl� (1)

As shown in Fig. S6 (Supporting information), no reaction could
be detected when FeCl2 was used instead of FeCl3. As Fe3+ attaches
to CRC triple bond by dative force [29–32], the electron density of
p orbital decreases and CRC is activated for oxidation. It is also
suggested that the FeCl3 to FeCl2 conversion releases Cl� [33–35]
and leads to the formation of Ph-CH2-Cl analogue.

Since most photocatalytic reactions refer to adsorption and
desorption processes, we further investigated whether the DA
molecules have such interaction with Au NPs. First, Au/TiO2 was
suspended in a CH3CN solution of DA for 40min. After filtration,
the concentration of DA was detected by GC–MS with 1-naphthol
as the internal standard substance. The data displayed in Fig. 4a
indicates a 10% decrease of the DA concentration. In contrast, such
decrease was not observed after mixing with TiO2. It is obvious
that Au NPs can adsorb DA in the reaction mixture. Many research
groups have verified a similar photoadsorption of metallic
nanostructures to molecules carrying CRC [36–38]. After
reaction the product molecules will leave the metal surface
and the free DA in solution will approach again to keep the
reaction going. Notably, a certain part of the free DA in solution
will be oxidized to benzil (Path 1), causing a decrease of the
selectivity of BA and BOC (Fig. 1).

The interfacial charge transfer between Au and TiO2 was
investigated by SERS signal of 2,6-dimethylphenyl isocyanide (2,6-
DMPI). The peak at �2170 cm�1 assigned to NRC stretching will
blue-shift if there is an electron donation from d-bond of NRC to
d-band of Au, and vice versa [39]. We synthesized �50 nm Au NPs
(Fig. S1) and loaded them on TiO2 support via electrostatic forces.
Before SERS detection, the Au NPs and Au/TiO2 were incubated in
an alcoholic solution of 2,6-DMPI overnight. As shown in Fig. 4b,
the band shifts from 2170 (Au) to 2179 cm�1 (Au/TiO2). The blue-
shift indicates an exact electron donation fromAu toTiO2, resulting
in a decreased electron density and efficient charge separation [40]
on Au that will benefit the oxidation reaction.
on. (b) SERS spectra of 2,6-DMPI adsorbed on Au/TiO2 and Au. (c) The ratio of BA and
nd FeCl3 in CH3CN under visible light irradiation; #, ~ and * represent the peaks of
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Fig. 5. Proposed mechanism of DA oxidation on Au/TiO2 under visible light
illumination.
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The new pathway on Au NPs inspired us to explore the reaction
mechanism. It was confirmed that the reaction cannot proceed
without light illumination, even at elevated temperature (Fig. S2).
Plasmonic hot electron-hole pairs are very active and could drive
the catalytic reaction on metal surfaces [41–43]. As shown in
Fig. 4c, whenwe compared the performance of Au/TiO2 and TiO2 at
different wavelengths, the highest ratio of products BA and BOC
appears at 520 nm, which is consistent with the plasmon
resonance position of the Au NPs. In a negative control, Pt/TiO2

without sufficient plasmonic activity was employed and showed
no catalytic performance (Fig. S7 in Supporting information). It has
to be mentioned here that at 400 and 450 nm, where the DA
reactant with FeCl3 shows strong light absorption, the photooxi-
dation occurs in solution following Path 1 (Fig. 1) and generates
benzil product.

In order to determine the reaction intermediates, we tested the
generated radical species via electron paramagnetic resonance
(EPR). A radical-trapping reagent 2,2,6,6-tetramethyl-1-piperdi-
nyloxy (TEMPO) (Fig. S8a in Supporting information) was added
into the reaction mixture containing Au/TiO2, DA, FeCl3, and
CH3CN. No signal was detected in the dark (Fig. 4d, black line).
Under light illumination, typical EPR peaks of TEMPO-O2

��

(marked with *) adducts were observed, which are generated
from O2 in air reduced by the hot electrons on Au NPs [21,44]. At
the same time, TEMPO-

�
OH (~) generated by trace amount of

water from air and FeCl3�6H2O was detected. It has also been
reported previously that a small amount of water from crystalline
hydrates would be ionized in organic solvent [45]. It is noteworthy
that large a amount of water will inhibit the reaction because
the indispensable Fe3+ will combine with hydroxide species to
form Fe(OH)3 precipitate. Furthermore, the appearance of much
stronger TEMPO-C signal (marked with #) with Au/TiO2 than
without (Fig. S8b in Supporting information) confirms the much
easier bond breakage of CRC on plasmonic Au NPs.

According to the results above, a reasonable mechanism is
proposed in Fig. 5. Under light extinction, the plasmonic hot
electrons on AuNPs are transferred toTiO2, leaving hot holes on the
metal surface. The DA molecules adsorbed on Au NPs are activated
by the hot holes and subsequently reactwith Cl� species to formPh-
CH2-Cl analogue. On the other hand, the hot electrons convert O2

and H2O to O2
�� and

�
OH, respectively, which are active oxidants

and eventually react with the Ph-CH2-Cl analogue to form the BA
and BOC final products.

To sumup, we demonstrate that AuNPs can change the reaction
pathway in DA oxidation under visible light irradiation, which
results in different products of BA and BOC, instead of forming
benzil without Au NPs. The highly ordered Au NC assembly
provides strong electromagnetic fields for in situ SERS monitoring
of the reaction. All evidences fromSERS, GC��MS and EPR suggest a
radical reactionpathway inwhich the CRC triple bond is activated
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and breaks directly on the effect of hot holes on Au NPs. On the
other hand, the hot electrons enable the conversion of O2 and H2O
to the corresponding reactive intermediates (O2

�� and
�
OH) and

finally generate BA and BOC products. This work shows the great
potential of SERS in analysing chemical reactions onmetal NPs. The
finding of this work discloses the second role of plasmonic NPs, in
addition to the hot carrier producer, as conventional heteroge-
neous catalysts to interact with the molecules and change the
reaction pathway.
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