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Optically excited plasmonic nanostructures exhibit unique capabilities to catalyze interfacial chemical
transformations of molecules adsorbed on their surfaces in a regioselective manner through anomalous
reaction pathways that are inaccessible under thermal conditions. The mechanistic complexity of plasmon-
driven photocatalysis is intimately tied to a series of photophysical and photochemical processes
associated with the radiative and non-radiative decay of localized plasmon resonances in metallic
nanostructures. Plasmon-enhanced Raman spectroscopy combines ultrahigh detection sensitivity with
unigue time-resolving and molecular finger-printing capabilities, ideal for detailed kinetic and mechanistic
studies of photocatalytic interfacial transformations of molecular adsorbates residing in the plasmonic hot
spots. Through systematic case studies of several representative reactions, we demonstrate how plasmon-
enhanced Raman spectroscopy can be judiciously utilized as a unique in situ spectroscopic tool to fine-
Received 1st March 2021, resolve the detailed molecule-transforming processes on the surfaces of optically excited plasmonic
Accepted 11th March 2021 nanostructures in real time during the photocatalytic reactions. We further epitomize the mechanistic
insights gained from in situ plasmon-enhanced Raman spectroscopic measurements into several central
materials design principles that can be employed to guide the rational optimization of the photocatalyst
rsc.li/molecular-engineering structures and the nanostructure-molecule interfaces for plasmon-mediated surface chemistry.
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Design, System, Application

This review article elaborates on important insights extracted from the results of in situ plasmon-enhanced Raman spectroscopic measurements, which
shed light on the complex mechanisms underpinning the plasmon-driven photocatalytic transformations of molecular adsorbates on nanostructured metal
surfaces. These thought-provoking mechanistic insights form a solid knowledge foundation that markedly enhances our capabilities of using plasmon-
driven photocatalysis as a deliberately designed, light-triggered tool to precisely tailor the surface molecular moieties and rationally optimize the surface
functionalities of metallic nanostructures for specifically targeted applications.

1. Introduction organic ligand molecules."*™® Therefore, the inorganic
nanocrystal cores and the organic ligand shells are two
structurally distinct but strongly interplaying components that
synergistically determine the collective optical, electronic, and
catalytic properties of the nanoparticles. Detailed understanding
of the rich chemistry associated with the molecular adsorbates
on nanostructured surfaces is of pivotal importance to the
selective implementation of desired surface architectures and
functionalities in nanoparticle systems for specifically targeted
applications in optoelectronics, microscopic imaging, molecular
sensing, biomedicine, and heterogeneous catalysis.">'"*°
Metallic nanostructures represent a unique materials
system whose surface properties can be fine-tailored
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Virtually all chemically synthesized inorganic nanoparticles are
capped with organic molecular ligands on their outer surfaces.
The surface-capping molecular ligands may not only
significantly modify the intrinsic properties of the nanocrystal
cores, but also dynamically modulate the molecular recognition,
energy exchange, and charge transfer events occurring between
the colloidal nanostructures and their local environment.'™°
On the other hand, the surface atomic configurations and local
surface curvature of the nanoparticles also profoundly influence
the architectural arrangements and chemical properties of the
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essentially originate from the collective oscillations of free
electrons in the metals, also known as plasmons, localized
within the confinement by the nanostructures. Optical
excitations of the localized plasmon resonances supported by
metallic nanoparticles give rise to a series of intriguing
photophysical and photochemical effects, such as enhanced
light absorption or scattering at the resonant frequencies,
drastically amplified electromagnetic field intensities on the
nanoparticle  surfaces, localized photothermal heat
generation, and creation of transient, energetic hot electrons
and holes that are far from the thermal equilibrium.**3*
These plasmon-derived effects can be judiciously harnessed
to effectively drive or catalyze interfacial molecular
transformations on nanoparticle surfaces through anomalous
reaction pathways strikingly distinct from those typically
involved in thermally activated heterogeneous catalysis and
the exciton-driven photocatalysis on semiconductors.*'**
While a diverse set of plasmon-driven photocatalytic
reactions have been discovered in succession over the past
decade,?****'"*> many aspects concerning the detailed
reaction mechanisms still remain elusive and open to further
investigations. Mechanistic insights on the plasmon-
mediated interfacial molecular transformations provide key
guiding principles one should follow when employing
plasmon-driven photocatalysis as a versatile, paradigm-
shifting approach to deliberately tailor the
functionalities of metallic nanostructures.

Besides their roles as plasmonic photocatalysts, optically
excited metallic nanoparticles may also function as light-
concentrating nanoantennas, creating localized
electromagnetic “hot spots”, where the field intensities can
be enormously enhanced by several orders of magnitude, in
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the vicinity of their surfaces.?”?° Such local field
enhancements can be exploited to drastically amplify the
Raman spectroscopic signals of molecular adsorbates on
nanostructured metal surfaces, an interesting phenomenon
known as surface-enhanced Raman scattering (SERS).** In
addition to the electromagnetic enhancement, charge
transfer between strongly coupled nanostructures and
molecular adsorbates can provide additional contribution to
the overall enhancement of Raman signals, an effect termed
as the chemical enhancement by the SERS community.”>>*>¢
SERS has been demonstrated to be an ultrasensitive surface
spectroscopic ~ tool  for = molecular  sensing  and
characterizations, even  approaching  single-molecule
detection sensitivity for certain nanostructure-molecule
systems.”””?”®* In addition, SERS is a vibrational
spectroscopy capable of providing detailed molecular finger-
printing information, ideal for thorough structural
characterizations of monolayer and sub-monolayer ligand
molecules on plasmonic nanostructure surfaces,*®*849:63
Furthermore, unlike many other surface characterization
techniques, such as electron energy loss spectroscopy (EELS)
and X-ray photoelectron spectroscopy (XPS), which require
high vacuum environment for spectral acquisition, SERS can
be used as an in situ spectroscopic tool to monitor the
interfacial molecular transformations in real time without
separating the nanoparticles from their native environment
under reaction conditions.®*® Combining its unique
structure- and time-resolving capabilities with its superior
surface sensitivity, SERS has become an extremely powerful
spectroscopic tool for detailed investigations of dynamic
ligand exchange and catalytic molecular transformations on
nanostructured metal surfaces.'*®%¢"5
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This review article epitomizes important mechanistic
insights on plasmon-mediated surface chemistry gained from
plasmon-enhanced Raman spectroscopy, including both
SERS and tip-enhanced Raman spectroscopy (TERS), over the
past ten years or so. We first briefly discuss several key
photophysical and photochemical effects derived from the
decay of localized plasmon resonances, all of which may play

crucial roles in plasmon-mediated molecular
transformations. We then elaborate on the detailed
mechanisms  of  several representative  types  of

mechanistically complex plasmon-driven reactions, including
both bond-forming coupling reactions and bond-breaking
molecular fragmentation. In these studies, the metallic
nanostructures play a unique dual-role as both the plasmonic
photocatalysts and the substrates for plasmon-enhanced
Raman spectroscopy. Through deliberately selected case
studies, we demonstrate how detailed structural and kinetic
information can be extracted from the in situ plasmon-
enhanced Raman spectroscopic results to fully unravel the
effects of plasmonic hot carriers, photothermal heating, and
local field enhancements on the photocatalytic molecular
transformations. Next, we further elucidate the mechanisms
underpinning plasmon-mediated surface chemistry in a
much broader context by highlighting the surprisingly
remarkable analogies between plasmon-driven photocatalysis
and X-ray or electron beam-induced surface chemistry in
terms of the reaction outcomes, despite the fact that the
energies of the X-ray photons and electrons incident on the
samples are typically more than 100 times higher than those
of the light sources utilized for plasmon excitations. Finally,
we briefly summarize several key materials design principles
distilled from the results of in situ SERS and TERS
measurements, which provide important guidance to the
rational optimization of the nanostructure-adsorbate systems
for plasmon-mediated surface chemistry.

Metal
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2. Plasmon decay pathways and
plasmon-mediated surface chemistry

Localized plasmons in metallic nanostructures can be optically
excited when the frequency of the incident photons matches
the oscillation frequency of the conduction band electrons.
Under resonant excitation conditions, the incident
electromagnetic waves coherently drive the collective
oscillations of free electrons in the conduction band against the
restoring force exerted by the positively charged metal nuclei
(see the schematic illustration in Fig. 1A). A plasmonically
excited metallic nanoparticle behaves as a nanoscale optical
antenna that effectively concentrates light within ultrasmall
volumes below the diffraction limit of light in close proximity to
the nanoparticle surfaces, giving rise to a series of intriguing
photophysical and photochemical phenomena that are
unobservable in either bulk materials or individual atoms. The
plasmonic electron oscillations are short lived with lifetimes
typically in the range of 5-100 fs, decaying radiatively through
elastic photon scattering and non-radiatively through either
Landau damping or chemical interface damping (CID),** as
schematically illustrated in Fig. 1B.

The radiative decay of plasmons results in large field
enhancements of the scattering photons at the nanoparticle
surfaces, exploitable not only for plasmon-enhanced
spectroscopies but also for plasmon-enhanced intramolecular
excitations,® which involve the electronic transitions from the
highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) of the adsorbates
residing in the plasmonic hot spots (Fig. 1C). The rate and
efficiency of the intramolecular electronic transitions can be
drastically enhanced by the intense scattering photons
reradiated from the plasmonic nanoantennas when the energy
gap between the HOMO and LUMO matches the energy of the
plasmon resonances. In the process of bond cleavage, molecules
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Fig. 1 Schematic illustration of (A) plasmonic electron oscillations in a metal nanoparticle and (B) plasmon decay pathways. Reprinted with
permission from ref. 34. Copyright 2014, American Chemical Society. Several mechanisms involved in the plasmon-mediated photocatalysis: (C)
plasmon-enhanced intramolecular electronic excitation; (D) indirect hot electron transfer following Landau damping; (E) indirect hot hole transfer
following Landau damping; (F) photothermal heating; (G) direct hot electron injection in molecular adsorbates through CID. Reprinted with

permission from ref. 82. Copyright 2019, John Wiley and Sons.
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in their excited electronic states may either evolve along the
potential energy surface of the excited state or relax back to the
ground electronic state with additional vibrational energy. In
both cases, the activation energy barriers for bond cleavage
become significantly lower than in the ground electronic states,
an effect that can be interpreted in the context of the Franck-
Condon principle.”>*® Interestingly, the coupling between the
molecular adsorbates and the metal surfaces can cause energy
shift of the electronic orbitals of the molecules, resulting in
reaction energy landscapes different from those of the reactions
occurring in aqueous solutions or in the gas phase.*

In contrast to the radiative decay, the non-radiative decay of
plasmonic electron oscillations serves as the primary channel
for generation of photo-excited charge carriers exploitable for
photocatalysis.* **%*%  Through  non-radiative =~ Landau
damping, which typically occurs within ~10 fs after initial
plasmon excitation, the energy of absorbed photons is
harnessed to excite electron-hole pairs in the metallic
nanostructures, giving rise to transient, non-thermal
distribution of electrons and holes above and below the Fermi
level of the metal, respectively. These photo-excited plasmonic
charge carriers are termed as “hot” carriers because they are
highly energetic and deviate significantly from the thermal
Fermi-Dirac distribution. Unlike excitons in semiconductors,
plasmonic hot electrons and hot holes are not intrinsically
correlated, undergoing a carrier relaxation process over time-
scales ranging from ~100 fs to ~1 ps through inelastic
electron-electron  scattering rather than electron-hole
recombination.’’* Through the cascading electron-electron
scattering process, the energies of the primary hot electrons are
distributed among an increasing number of electrons in the
metallic nanostructures, causing the energy distribution of the
hot electrons to evolve over time. The resulting lower-energy
electrons can couple with the phonon modes to undergo
thermal relaxation over the time-scales of ~100 ps to ~10 ns,
which leads to local heating at the nanoparticle surfaces
followed by heat dissipation to the surrounding media, a
process referred to as plasmonic photothermal heating.**
Before becoming fully thermalized, the hot electrons created
through Landau damping can be transferred from the metal
nanoparticles to the LUMO of the molecular adsorbates to
catalyze intriguing interfacial molecular transformations
(Fig. 1D). Similarly, the electrons populated in the HOMO of
the molecular adsorbates can also be transferred to the metallic
nanostructures to trigger hot hole-driven reactions (Fig. 1E).
Some hot carrier-driven photocatalytic reactions can be further
kinetically boosted due to the elevated temperature at the
nanoparticle surfaces under photo-illumination as additional
thermal energy is deposited into the molecular vibrations
(Fig. 1F). The effects of both plasmonic hot carriers and
photothermal heating should be carefully considered and
quantitatively evaluated when interpreting the mechanisms of
plasmon-driven photocatalytic reactions. Recent studies
involving more careful temperature measurements and
modeling suggested that the thermal effects on plasmon-driven
photocatalysis might have been either overlooked or
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underestimated in numerous cases,®°° and it appeared
inappropriate to interpret the origin of the kinetic
enhancement solely in the context of plasmonic non-thermal
effects for a variety of plasmon-driven reactions.*® °® These new
findings suggest the need to revisit and further scrutinize some
conclusions drawn from previous studies®>**°” concerning the
relative contributions of hot carriers vs. photothermal heating
to the overall reaction kinetics.

The plasmons in strongly coupled nanoparticle-adsorbate or
heteronanostructure systems may decay through an alternative
non-radiative pathway known as CID, which involves the direct
excitations of electrons in the unpopulated orbitals of molecules
or materials that are in contact with the metal nanostructures
(Fig. 1G).>*°®%° The carrier relaxation occurs immediately
following Landau damping, which leads to a majority of the hot
carriers distributed fairly close to the Fermi level of the metals.
Therefore, the electrons generated through Landau damping are
more likely to be injected into the adsorbate orbitals whose
energies are well-aligned with the Fermi level of the metal. In
contrast to Landau damping, CID provides a unique pathway to
directly inject electrons into a particular unoccupied orbital of
the adsorbates, and is thus considered as a potentially more
efficient charge-transfer channel than the indirect charge
transfer following the Landau damping. The direct charge
excitation through CID results in resonantly excited electrons in
an adsorbate orbital of specific energy, offering unique
opportunities to kinetically boost specifically targeted electronic
transitions and thereby selectively activating molecular
transformations associated with those specific transitions.
Although the hot carriers derived from Landau damping and
CID may exhibit different -catalytic efficiencies, reaction
selectivity, and energy landscapes, the experimental procedures
capable of indisputably distinguishing Landau damping and
CID are still essentially non-existent at the current stage.

While the charge transfer from the plasmons to the
adsorbates has been the most widely suggested mechanism
for CID, the more broadly defined concept of CID also
includes other plasmon damping processes caused by the
molecular adsorbates. For example, Link and coworkers'
found that surface adsorbates could induce electric dipoles
inside the metal, which acted as additional scattering centers
for plasmon dephasing. Plasmon damping may also occur
through energy transfer between the metallic nanoparticles
and the molecular adsorbates, which becomes most efficient
when the absorption band of adsorbates overlaps with the
plasmon resonance of the nanoparticles."”'*> 1In this
context, the plasmon-enhanced intramolecular excitations
can also be considered as a pathway of CID.

3. Mechanisms of plasmon-driven
photocatalysis: what have we learned
from case studies?

The mechanistic complexity of plasmon-mediated surface
chemistry can be fully manifested by several examples
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discussed in this review article. Some plasmon-driven
photocatalytic molecule-transforming processes are
synergistically dictated by multiple interplaying plasmon-
derived effects rather than being dominated exclusively by one
specific plasmon decay mechanism. For certain nanostructure-
adsorbate systems, the dominant reaction pathways may even
inter-switch among multiple plasmon-decaying channels upon
variation of the nanocatalyst structures and detailed reaction
conditions, as exemplified by the plasmon-driven
nitroaromatics reduction and methylene blue fragmentation
reactions, which will be discussed in detail in this review
article. Here we discuss the complex mechanisms
underpinning  plasmon-driven  photocatalysis ~ through
systematic case studies carried out on several representative
reactions, emphasizing on how the contributions of multiple
intertwining plasmonic effects can be delineated by
scrutinizing the detailed structural and kinetic information
extracted from in situ SERS and TERS results.

3.1 Plasmon-driven oxidation of para-aminothiophenol (pATP)

Formation of 4,4’-dimercaptoazobenzene (DMAB) through
plasmon-driven oxidative coupling of surface-adsorbed pATP
provides a unique photocatalytic approach to the synthesis of
azo compounds on nanostructured surfaces. This plasmon-
driven reaction was discovered in 2010 when Tian and
coworkers'® carefully reexamined the origin of several
peculiar Raman peaks that were completely absent in the
normal Raman spectra but became extraordinarily strong in
the SERS spectra of pATP. The discovery of this reaction has
been regarded as a milestone in the field of plasmon-driven
photocatalysis. First, it has clarified a long-standing
controversial issue concerning the correct interpretation of
the SERS spectral features of pATP.'**'** Second, the
structural evolution of molecules during this reaction can be
fine-resolved at an unprecedented level of precision and
detail through in situ  plasmon-enhanced Raman
spectroscopic measurements.'®* ¢ Third, the oxidative
coupling of pATP may occur selectively along a hot electron-
driven or a hot hole-driven reaction pathway, depending on
the structures of the plasmonic photocatalysts and the
detailed conditions under which the reaction occurs.'”’
Therefore, the plasmon-driven oxidation of pATP
chemisorbed on metallic nanostructure surfaces has become
a model reaction ideal for developing detailed mechanistic
understanding of plasmon-driven photocatalysis.

PATP has been widely used as a model molecular probe
for assessment of SERS activity and construction of SERS tags
because of its strong binding affinity to the metal surfaces,
known molecular packing density in self-assembled
monolayers (SAMs), and well-defined vibrational modes in
Raman spectra. However, remarkable discrepancy exists
between the normal Raman and SERS spectral features of
PATP, which was first identified by Osawa and coworkers in
1994."%° When measuring the SERS of pATP molecules
chemisorbed on surface-roughened Ag substrates, they
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observed the emergence of three anomalous Raman peaks at
1140, 1388, and 1438 cm !, which were initially assigned to
the vibrational modes of pATP with the b, symmetry resulting
from charge transfer-induced chemical enhancement.'®®
However, Fujishima and coworkers'®''® argued that the
discrepancy between the normal Raman and SERS spectra of
PATP could be alternatively interpreted as a result of the
production of an azobenzene molecule through pATP
dimerization on Ag surfaces. The spectral assignment of the
abnormal SERS peaks of pATP had been a controversial topic
under intense debate for more than a decade until 2010
when Tian and coworkers convincingly proved that pATP
molecules adsorbed on nanostructured Ag surfaces
underwent a plasmon-driven photocatalytic coupling reaction
to form DMAB under standard conditions for SERS
measurements.'” As shown in Fig. 2A, the SERS peaks
originally assigned to the b, modes of pATP were actually the
characteristic a, modes of an aromatic azo compound,
DMAB. A piece of direct evidence for the formation of DMAB
was that the SERS spectral features of chemically synthesized
DMAB were in excellent agreement with those of the photo-
illuminated pATP adsorbed on roughened Ag electrode
surfaces (Fig. 2B). The formation of DMAB was further
verified by surface mass spectrometry and potential-
dependent SERS. The characteristic peaks of DMAB emerged
in the SERS spectra only when the excitation laser power
exceeded a certain threshold value, whereas in the low
excitation power range, both the normal Raman and SERS
spectra exhibited essentially the same set of peaks all
belonging to pATP. The plasmon-driven oxidative coupling of
PATP occurred not only on roughened Ag electrodes, but also
on the surfaces of a large variety of metallic nanostructures,
such as individual nanoparticles,"** colloidal sols,***'*
nanoparticle aggregates,''* and nanoparticle-film
junctions."*>''® The spectral assignments of all the
characteristic Raman peaks of DMAB were further supported
by density functional theory (DFT) calculations.”***'” Another
piece of strong evidence for the production of DMAB through
photocatalytic pATP coupling was obtained from time-
resolved SERS measurements. The auto-correlation functions
for the SERS intensity fluctuations of the a; modes of pATP
and the a, modes of DMAB exhibited remarkably different
decay behaviors, indicating significant difference in the
temporal evolution of pATP and DMAB."'® The results of
scanning confocal Raman microscopy imaging clearly
revealed non-identical spatial distribution of pATP and DMAB
on the plasmonic photocatalyst surfaces, further verifying the
coexistence of both molecular species during the reactions.""®
The plasmon-driven oxidative coupling of pATP provides a
prototypical example convincingly demonstrating that
unconventional photocatalytic molecular transformations
may occur on the surfaces of optically excited metallic
nanostructures during SERS measurements. Therefore, SERS
should not always be simply considered as a non-invasive
spectroscopic tool when characterizing the structures of
surface-adsorbed molecules.

This journal is © The Royal Society of Chemistry and IChemE 2021
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Fig. 2 (A) Schematic illustration of plasmon-driven oxidative coupling of pATP into DMAB on a roughened Ag electrode and the corresponding

SERS spectra of pATP before and after photo-illumination. The Raman peaks highlighted in red at 1140, 1388, and 1438 cm* are assigned to the ag
modes of DMAB. (B) SERS spectra of (i) pATP and (ii) pre-synthetized DMAB on roughened Ag electrodes excited by a 632.8 nm laser at a power
density of ~100 kW cm™2. Reprinted with permission from ref. 103. Copyright 2010, American Chemical Society. (C) Schematic illustration of a
PATP monolayer sandwiched between an Au film and an Au nanoparticle, denoted as Au/pATP/Au NP. (D) SERS spectra of Au/pATP/Au NPs
recorded in air and in an N, atmosphere. (E) Temporal evolution of SERS spectra collected on Au/pATP/Au NPs during plasmon-driven coupling of
PATP in air. (F) SERS spectra collected on Au/pATP/Au NP and Au/pATP/Au@SiO, NP junctions in air. Reprinted with permission from ref. 115.

Copyright 2014, John Wiley and Sons.

The kinetics of plasmon-driven oxidative coupling of pATP
was observed to be sensitively dependent upon the
atmospheres in which the reaction took place. For example,
PATP molecules sandwiched between an Au nanoparticle (Au
NP) and an Au film (see schematic illustration in Fig. 2C)
underwent rapid coupling reactions to produce DMAB in
ambient air during SERS measurements, whereas no DMAB
was produced in an N, atmosphere (Fig. 2D).""” This
observation suggested that one or more components in air
played crucial roles in triggering this reaction. The reaction
progress could be monitored in real time through time-
resolved SERS measurements (Fig. 2E). At the initial stage of
the reaction, the SERS spectral features were dominated by
two Raman peaks at 1078 and 1595 cm ', which could be
assigned to the C-S bond stretching and the benzene ring
mode of pATP, respectively. As the reaction proceeded, the
signature peaks of DMAB located at 1140, 1388, and 1438
em™! became progressively more intense. It has been reported
that photoexcited hot electrons in Au and Ag nanoparticles
can transfer to the antibonding 2n* orbital of surface-
adsorbed 0, to form a transient negative ion, *0,”, which is
a highly reactive species capable of oxidizing a variety of
organic molecular adsorbates on the nanoparticle surfaces.*
Therefore, the molecular O, in air could act as an efficient
hot electron acceptor to drive the oxidative pATP coupling
reaction through a hot electron-mediated mechanism. The
formation of DMAB could be effectively inhibited when the
Au nanoparticles were coated with a thin dielectric shell of
SiO, (Fig. 2F), which blocked the transfer of hot electrons
from the Au nanoparticles to the surface-adsorbed O,. In an

This journal is © The Royal Society of Chemistry and IChemE 2021

0,-free environment, direct oxidation of surface-adsorbed
PATP by the plasmonic hot holes generated through Landau
damping becomes the only possible reaction pathway.
However, the hot hole-driven reaction in the N, atmosphere
was found to be kinetically so slow that the formation of
DMAB became almost unobservable (Fig. 2D), suggesting that
the plasmonic hot electrons were remarkably more efficient
than the hot holes in catalyzing the oxidative coupling of the
PATP molecules residing in the nanoparticle-film junctions.
The hot electron-driven pATP coupling under aerobic
reaction conditions is a multistep process involving the
photoexcitation of hot electrons, photo-activation of surface-
adsorbed O,, oxidation of surface-adsorbed pATP by photo-
activated O, , and the formation of the N—N bonds in DMAB
molecules. While the photoexcitation and transfer of hot
electrons occur rapidly on time-scales of fs—ps,®>'* the
photocatalytic coupling of pATP on Ag nanoparticle surfaces
was observed to span drastically longer time-scales typically
in the range of seconds to minutes,""® strongly suggesting
that there must be a rate-limiting Kkinetic bottle-neck
associated with the interfacial molecular transformations.
Zhang et al.'™ found that the rate-limiting step for the hot
electron-driven DMAB formation under the continuous-wave
(cw) laser excitations was associated with the thermal
reactions between photo-activated O,  and surface-adsorbed
thiophenol derivatives rather than the interfacial transfer of
plasmonic hot electrons. In this work, SERS-based kinetic
measurements were performed on individual SiO,@Ag core-
satellites supra-nanoparticles (SNPs) using a confocal Raman
microscope (Fig. 3A and B). Each SNP was assembled by
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densely decorating the surface of a dielectric SiO, bead with
Ag nanocubes (Fig. 3C). The as-assembled SNPs displayed a
broad plasmon resonance band in the near-infrared due to
strong plasmon coupling between adjacent Ag nanocubes.
Upon plasmonic excitations at 785 nm, the local electric
fields were drastically enhanced inside the junctions between
neighboring Ag nanocubes, creating hot spots for both
Raman signal enhancement and surface accumulation of hot
electrons.  Although involving multiple steps, this
photocatalytic reaction obeyed a surprisingly simple, first-
order rate law (Fig. 3D-F). The apparent first-order rate
constant, k, and the maximum reaction yield, 6, were
obtained by fitting the temporal evolution of the apparent
fraction of DMAB, fpmag, With a first-order rate equation. The
reaction kinetics could be interpreted in the context of the

MSDE
following reaction mechanism, which involved photo-
activated oxygen at its steady state concentrations.
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Fig. 3

(A) Schematic illustration of SERS measurements performed on individual SNPs composed of a SiO, core and Ag nanocube satellites. (B)

Schematic illustration of plasmon-driven coupling of pATP adsorbed on Ag surface in an aerobic reaction environment. (C) SEM image of a
SiO,@Ag SNP. (D) Time-resolved SERS spectra collected on one pATP-coated SiO,@Ag SNP upon exposure to 785 nm laser illumination in ambient
air. The spectral acquisition time was 2 s and the laser power was 0.45 mW. (E) Snapshot SERS spectra collected at reaction times of 0, 4, 20, and
60 s. The highlighted peaks at 1440, 1390, and 1140 cm™* are spectral signatures of DMAB. (F) Temporal evolution of Upmas Obtained from the
time-resolved SERS results shown in panel D on one SiO,@Ag SNP (left panel) and pmap trajectories collected on 10 different SiO,@Ag SNPs under
identical experimental conditions (right panel). The least-squares curve fitting results are shown as solid curve in the left panel. (G) Plots of k and
Oy, vs. the initial SERS intensity of the C-S stretching mode at 1078 cm™, /1975cm, Obtained from individual SiO,@Ag SNPs at different excitation
laser powers. (H) The values of k and 6;_., at different O, partial pressures (785 nm, 0.45 mW). (I) SERS spectra of pATP, 4-DMATP, 4-AATP
adsorbed on SiO,@Ag SNPs (i) before and (i) after laser illumination (785 nm, 0.90 mW) for 120 s. Reprinted with permission from ref. 119.
Copyright 2018, American Chemical Society.
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state concentration. The O,  subsequently reacted with the
surface-adsorbed pATP to initiate the oxidative coupling
reactions. The rate of DMAB formation was determining by a
rate-limiting step with a rate constant of k,, which was most
likely associated with the formation of a partially
dehydrogenated transient intermediate, denoted as TI*.
Within this steady state kinetic model, the apparent first-
order rate constant, k, was related to k;, k., k,, and the
interfacial abundance of surface-adsorbed 0,, [03%], as
described by the following equation

k=k :—1 [O';‘d} .
-1

The overall rates of DMAB production could be fine-tuned by
varying &, k,, and [Ogd]. k; could be experimentally modulated
by either adjusting the excitation laser power or varying the
local field enhancements in the plasmonic hot spots (Fig. 3G).
The time-resolved SERS measurements enabled quantitative
correlation between the reaction rates and the local field
intensities on the surfaces of the photocatalysts. The rate
constants varied linearly with the fourth power of the local
fields at low excitation powers, but switched to a superlinear
dependence when the excitation power exceeded -certain
threshold values, strongly suggesting further kinetic
enhancement caused by the plasmonic photothermal heating.
Both the rate of DMAB formation and the reaction yield could
also be modulated by adjusting the partial pressure of O, in
the reaction atmosphere, which controlled [03%] on the
photocatalyst surfaces (Fig. 3H). k, was intimately tied to the
structures of the reactant molecules adsorbed on the
plasmonic photocatalysts, changing significantly when
substituting the amine group of pATP with a dimethylamine or
a acetylamine group. As shown in Fig. 3I, pATP,
4-dimethylamino-thiophenol (4-DMATP), and 4-acetamido-
thiophenol (4-AATP) all underwent plasmon-driven oxidative
coupling processes to produce DMAB during SERS
measurements. However, the reaction rates varied significantly,
following the trend of pATP > 4-DMATP > 4-AATP under
identical reaction conditions. The difference in the reaction
rates among the three thiophenol derivatives could be
interpreted as the consequence of the different polarities and
dissociation energies of the chemical bonds connected to the N
atoms. In addition to the N=N bond formation in DMAB, a
major side outcome of the plasmon-driven oxidative coupling
of surface-adsorbed pATP derivatives is the site-selective
cleavage of the N-C bonds, which results in the release of the
molecular units conjugated to the amine group from the
nanoparticle surfaces. As demonstrated by Camden and
coworkers,””® such plasmon-driven N-C bond-scissoring
processes could be adopted to develop a light-triggered
approach to molecular delivery and release.

Without the involvement of additional hot carrier transfer
channels, the plasmon-driven oxidative coupling of pATP in O,-
free reaction environments appeared kinetically sluggish.
However, this reaction could also occur through an alternative

This journal is © The Royal Society of Chemistry and IChemE 2021
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hot hole-driven pathway, kinetically boosted upon efficient
charge separation when the metal nanostructures were in
contact with electron acceptors. As shown in Fig. 4A-C, pATP
underwent rapid oxidative coupling reactions to produce DMAB
on the surfaces of Ag-TiO, heteronanostructures under
standard conditions for SERS measurements even in an
atmosphere of pure N,."*' The kinetic enhancement originated
from the efficient transfer of plasmonic hot electrons from Ag
to TiO,, benefiting from the close energy match between the
conduction band of TiO, (-4.05 eV vs. vacuum) and the Fermi
level of Ag (4.3 eV vs. vacuum). Plasmonic photothermal
heating at the nanocatalyst surfaces, in principle, may also
provide sufficient energy to overcome such a small energy
barrier for the electron transfer from Ag to TiO,. However,
neither the surface temperature of the photocatalysts during
the reactions nor the kinetics of the dark reactions at elevated
temperatures was further investigated in this work."*"
Therefore, how the photothermal effects influence the reaction
rates still remains unclear and open to further investigations.

Such charge separation led to prolonged life-times of the
hot holes in the Ag nanoparticles, which triggered the
electron transfer from surface-adsorbed pATP to the Ag
nanoparticles to boost the oxidation of pATP (Fig. 4A). The
separation of hot electrons and holes could also be promoted
using electron scavengers, such as AgNO;.'**> As shown in
Fig. 4D, the presence of AgNO; in the reaction media
significantly enhanced the kinetics of the coupling reactions
in an N, atmosphere. When both AgNO; and O, were
present, DMAB could be further oxidized to form
para-nitrothiophenol (pNTP) during SERS measurements, as
evidenced by the emergence of the characteristic Raman peak
of the nitro group at 1328 cm™ (Fig. 4F).

Besides transferring hot electrons to semiconductors or
electrons scavengers, the interfacial charge separation of
plasmonic hot carriers could also be promoted by surface-
capping molecular ligands. Habteyes and coworkers'*® studied
the aerobic oxidative coupling of pATP in the junctions between
a substrate and Au nanorods coated with various ligands.
Fig. 4G shows the SERS results along with the cartoons
illustrating the reactants and surface ligands in the nanorod-
substrate junctions. Use of citrate-capped Au nanorods as the
plasmonic photocatalysts resulted in the formation of DMAB,
whereas switching the ligands on Au nanorods from citrate to
cetyltrimethylammonium bromide (CTAB) led to efficient
oxidation of pATP into pNTP. When the pATP molecules were
directly adsorbed on the Au nanorod surfaces, pATP was
selectively oxidized into DMAB without any detectable pNTP.
Strong correlation was observed between the N-O and Au-Br
vibrational band intensities, suggesting that the bromide
anions in CTAB served as a hole-scavenger to promote the
charge separation and thus effectively enhanced the hot
electron-driven  oxidation reactions. This work clearly
demonstrated an important proof-of-concept that the selectivity
of plasmon-driven oxidation reactions could be enhanced
through judicious selection of surface-capping ligands on the
photocatalyst surfaces.
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(A) Proposed mechanism of hot hole-driven oxidative coupling of pATP on the surface of Ag-TiO, heteronanostructures in an N

atmosphere. (B) SEM and (C) TEM image of Ag-TiO, heteronanostructures composed of TiO, nanowhiskers decorated with Ag nanoparticles. (D)
SERS spectra of pATP on Ag-TiO, heteronanostructures illuminated by a 532 nm cw laser at different laser powers. Reprinted with permission from
ref. 121. Copyright 2016, John Wiley and Sons. (E) Comparison of SERS spectra of pATP on Ag nanoparticles with AQNOs and without AgNOs in an
N, atmosphere illuminated by a 532 nm laser. (F) SERS spectra of pATP on Ag nanoparticles illuminated by a 532 nm laser at various excitation
powers when both AgNO3z and atmospheric O, are present. Reprinted with permission from ref. 122. Copyright 2016, Springer Nature. (G) SERS
spectra and schematic illustration of pATP in various local chemical environments with 633 nm excitations. The pATP molecules were located in
junctions between (i and ii) citrate-capped Au nanorods and Au film; (iii and iv) CTAB-capped Au nanorods and Au film; (v and vi) pATP-coated Au
nanorods and SiO, substrates. Reprinted with permission from ref. 123. Copyright 2017, American Chemical Society.

3.2 Plasmon-driven reduction of pNTP

The plasmon-driven reductive coupling of pNTP adsorbed on
nanostructured metal surfaces provides an alternative
approach to the photocatalytic synthesis of DMAB,'*10>124
For example, Wang and coworkers'®® observed that pNTP
molecules adsorbed on Ag particles underwent a plasmon-
driven reductive coupling reaction to form DMAB (Fig. 5A). In
this case, individual micron-sized Ag particles with highly
roughened surfaces (Fig. 5B) were used to serve as both the
plasmonic photocatalysts and the SERS substrates. The
plasmonic field enhancements on the roughened particle
surfaces were significantly higher than those achievable on
individual spherical Ag nanoparticles. As shown in Fig. 5C,
the molecular transformations during plasmon-driven
reductive coupling of pNTP could be resolved with great
detail by the time-resolved SERS spectra collected from
molecules adsorbed on the open surfaces of individual
surface-roughened Ag particles without the involvement of
the gap-mode hot spots confined within either the
interparticle junctions or the nanoparticle-film junctions.
The SERS spectral features of pNTP adsorbed on Ag were
dominated by three major peaks, the nitro stretching mode
(vno,) at 1335 em™', the C-S stretching mode (vgs) at 1076
cm ', and the benzene ring mode (vying) at 1580 cm . When
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illuminated by a 532 nm cw laser at an excitation power of
0.5 W, the intensity of the vyo, peak progressively decreased
while the characteristic peaks of DMAB at 1140, 1380, and
1440 cm™" became increasingly more intense, signifying the
conversion of pNTP to DMAB. At 633 nm excitations, the
same reaction also occurred but proceeded at significantly
slower rates than at 532 nm excitations. Colloidal Cu
nanoparticles could also serve as highly active plasmonic
photocatalysts for the reductive coupling of pNTP with
seemingly even higher catalytic efficiencies than colloidal Ag
at both 532 and 633 nm excitations.””® As shown in
Fig. 5D and E, pNTP molecules in Cu sols were completely
converted to DMAB as evidenced by the disappearance of the
vno, peak in the SERS spectra, whereas both pNTP and DMAB
coexisted on the surfaces of Ag colloids under the same set of
reaction conditions. The SERS spectral features of the DMAB
produced from the reductive coupling of pNTP in Cu sol were
in excellent agreement with those of the DMAB generated
from the oxidative coupling of pATP in Ag sol (Fig. 5F).

The plasmon-driven reductive coupling of pNTP is
initiated upon the transfer of a hot electron from the metal
nanostructure to the LUMO of a surface-adsorbed pNTP
molecule, which leads to the formation of a transient
negative ion denoted as pNTP™ at the early stage of the
reaction.'”” Therefore, the reaction mechanism is strikingly

This journal is © The Royal Society of Chemistry and IChemE 2021
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(A) Scheme illustrating the formation of DMAB through plasmon-driven reductive coupling of pNTP adsorbed on Ag nanoparticle surfaces.

(B) SEM image of an individual surface-roughened Ag particle. (C) Temporal evolution of SERS spectra collected on an individual pNTP-coated
surface-roughened Ag particle. Selected SERS spectra at several reaction times were plotted. All spectra were collected at 532 nm excitations (0.5
mW) with an integration time of 2 s. The spectra were off-set for clarity. Reprinted with permission from ref. 125. Copyright 2013, The Royal
Society of Chemistry. SERS spectra of pNTP in Ag and Cu sols at excitation wavelengths of (D) 514.5 nm and (E) 632.8 nm. (F) SERS spectra of
DMAB produced from pATP in Ag sol and from pNTP in Cu sols at an excitation wavelength of 632.8 nm. Reprinted with permission from ref. 126.

Copyright 2011, John Wiley and Sons.

different from that of the oxidative coupling of pATP
mediated by hot electron acceptors, such as O,, despite the
fact that both reactions lead to the same product, DMAB. The
LUMO energy of a pNTP molecule chemisorbed on Ag surface
was calculated to be ~1.7 eV above the Fermi level of Ag."*®
The generation of hot electrons with sufficient energies to get
injected into the LUMO of surface-adsorbed pNTP requires
the use of visible light with photon energies greater than 1.7
eV (wavelength < 720 nm) for plasmonic excitations. At the
same excitation power densities, the reaction rates at 532 nm
excitations were observed to be drastically faster than those
at 633 nm excitations on Ag nanoparticles, because shorter-
wavelength excitations created hot electrons that were
distributed over a broader energy range above the Fermi level
of Ag, which resulted in larger fraction of energetic hot
electrons exploitable for driving the reactions. Such excitation
wavelength-dependence was also observed in TERS
measurements performed on pNTP molecules in the
junctions between an Ag-coated tip and Au nanoplates.'*
Time-resolved SERS results suggested the formation of the
PNTP™ intermediate at the early stage of the plasmon-driven
reduction of pNTP. Kim and coworkers'>” conducted detailed
kinetic studies on the photocatalytic reduction of pNTP
molecules located inside a plasmonic junction between a Ag
nanoparticle (AgNP) and a Au thin-film (AuTF) under cw laser
illumination at an excitation wavelength of 633 nm (Fig. 6A).

This journal is © The Royal Society of Chemistry and IChemE 2021

They observed that the NO,-stretching (vyo) peak showed a
rapid spectral down-shift by ~6 cm™ within ~2 s immediately
after the initiation of the reaction, while the intensity of the
peak kept essentially unchanged (Fig. 6B-D). During such a
period, the formation of DMAB was also delayed. After the
initial step, the intensity of the vyo peak started to decrease
gradually, accompanied by the emergence of the characteristic
peaks of DMAB. The spectral down-shift of the vyo peak at the
initial stage of the reaction was consistently observed when
repeating the same SERS measurements at different junction
sites on the substrates, and a histogram showing the
distribution of the vyo shift (Av) was displayed in Fig. 6E. The
site-to-site deviations of Ay were most likely due to the intrinsic
variation of the local-field intensities and the detailed
structural features among different junction-defined hot spots.
A Gaussian function was used to fit the distribution and the
full width at half maximum (FWHM) of this distribution was
determined to be 1.7 em . With the proposed hot electron
injection mechanism in mind, the initial spectral down-shift
was hypothesized to be an indication of the formation of a
PNTP™ anion radical, which was derived from the injection of a
single hot electron into the LUMO of a surface-adsorbed pNTP
molecule. To further test this hypothesis, the pNTP molecules
adsorbed on Ag electrodes were electrochemically reduced and
SERS spectra were collected at different electrode potentials.
When periodically switching the electrode potentials between
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Reprinted with permission from ref. 127. Copyright 2016, American Chemical Society. (G) Schematic illustration of plasmonic hot electron-driven
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CL. (I) The relative yield of reduction reaction in the presence of different halide ions at various concentration. Reprinted with permission from ref.
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-0.2 and -1.2 V vs. Ag/AgCl, a reversible spectral shift of the vyo
peak by 7 cm ™' was observed, signifying the reversible
reduction and oxidation of the pNTP molecules. The results of
quantum mechanical calculations also showed that the
injection of an electron into a pNTP molecule could indeed
cause the spectral down-shift of the vyo peak. Besides the
electrochemical approach, the spectral shift of the vyo modes
could also be modulated through alternating laser illumination
and thermal relaxation in dark (Fig. 6F). Upon laser
illumination of the samples, the down-shift of vyo was
consistently observed, whereas the vyo peak shifted back to its
original peak position in a fully reversible manner once the
illumination laser was blocked. Although the down-shift of the
vno peak might also be associated with photothermally
induced conformational changes of pNTP, all the experimental
observations mentioned above coherently suggested that the
spectral down-shift of the vyo Raman peak was most likely
caused by the hot electron injection into the pNTP molecules.
Therefore, the formation of the pNTP™ anion radicals was
identified as a critical elementary step at the initial stage of the
plasmon-driven reduction of pNTP. The formation of pNTP™
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anion radicals was further confirmed by EI-Khoury and
coworkers through TERS measurements."** More recently,
Schiirmann and coworkers'*! characterized the formation yield
of anionic species as a function of the electron energy through
gas-phase crossed electron-molecular beam measurements.
Schiirmann's experiments can be considered as an electron
beam-driven analog to the plasmon hot electron-driven
reduction of pNTP, providing important implication that helps
the assessment of the accessibility of various reduction
pathways following the initial electron transfer from the
plasmonic nanoparticles to the molecular adsorbates.
Although the photocatalytic reduction of pNTP was driven
by plasmonic hot electrons, the hole-mediated oxidation
counter-half-reactions  should also be taken into
considerations. Xie and Schliicker'** discovered that a halide-
assisted oxidation counter-half-reaction effectively promoted
the photocatalytic reduction of pNTP on Ag surfaces without
the need to introduce any additional chemical reducing
agents. In this case, hot electrons were generated in Ag
nanoparticles through Landau damping and then transferred
to pNTP adsorbed on the Ag surface to initiate a stepwise

This journal is © The Royal Society of Chemistry and IChemE 2021
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reduction process that eventually led to formation of pATP.
Protons served as the hydrogen source and halide anions
reacted with the electron-donating Ag to form a transient
silver halide adlayer on the Ag surface, which underwent
photo-dissociation during the reactions to regenerate Ag
surfaces to complete the catalytic reaction cycles (Fig. 6G).
The halide anions worked as a co-catalyst mediating the hot
hole-driven oxidation half-reactions, while the reduction half-
reactions were dictated by the hot electrons. As shown in
Fig. 6H, with the aid of halide anions, the final outcome of
the plasmon-driven photocatalytic pNTP reduction was a six
electron-reduction product, pATP, instead of the two electron-
reduction product, DMAB. The reaction yields varied
significantly when changing the types and concentrations of
the halide cations in the reaction media (Fig. 6H and I). The
catalytic efficacy of the three halide anions decreased in the
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order of I'" > Br ' > CI"', and this trend could be interpreted
in the context of the relative solubility and photosensitivity of
the corresponding silver halide salts.

It is believed that pNTP can be reduced into pATP through
two possible reaction pathways: (1) an unimolecular pathway
in which pNTP is reduced in a stepwise manner involving the
sequential formation of several intermediates, including
dihydroxylaminobenzenethiol (DHABT), nitrosobenzenethiol
(NSBT), and hydroxylaminobenzenethiol (HABT); (2) a
bimolecular pathway involving the coupling between the
DHABT and HABT intermediates to yield DMAB, followed by
further reduction to form pATP. However, it remains
challenging to distinguish these two mechanisms through
spectroscopic measurements performed at the ensemble level
due to the ensemble-averaging of the spectroscopic signals.
Taking full advantage of its single-molecule detection
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Fig. 7 (A and B) Time-resolved SERS spectra of pNTP in two different AQNP/pNTP/AuUTF junctions at 633 nm excitations. White arrows in panel B

point to the discrete changes in the SERS intensities of vz (DMAB). The peak assignments of pNBT (blue) and DMAB (red) were shown at the top of
panel A. (C and D) Time-resolved SERS intensities (gray) of vno (PNBT) and vz (DMAB) peaks sampled from the results shown in panels A and B,
along with the fit to a single exponential function (blue) and step function (red). The dotted red trace in panel C is the fit to a rise-and-decay rate
equation, showing that the envelope of the DMAB trajectory approximately follows the ensemble kinetics. The intensities were normalized with
respect to the initial SERS intensity of the vyo. (E and F) Model SERS trajectories of vyo (PNBT, blue) and vz (DMAB, red). The inset cartoons in
panels E and F display snapshots of the DMAB distributions (red dots) and the local field distribution (green) inside the AQNP/pNTP/AuUTF junctions.
(G) Normalized SERS trajectory of DMAB (gray) and the fit to step functions (red) and (H) the associated time-resolved SERS spectra. (I) Sampling of
the instantaneous spectra of vz (DMAB) (indicated by numerals in panel H) together with fits to Lorentzian functions. The inset cartoons in panel G
schematically show the evolution of the number of DMAB molecules (red and orange spheroids) during the reaction. Reprinted with permission
from ref. 133. Copyright 2016, American Chemical Society.
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sensitivity, Kim and coworkers'*® used SERS as an in situ
spectroscopic tool to time-resolve detailed dynamic single-
molecule events involved in plasmon-driven reduction of
PNTP. They found that the temporal evolution of the SERS
spectral features of surface-immobilized pNTP molecules
residing in individual nanoparticle-thin film junctions
displayed discrete step-transitions, which reflected the
dynamics of single-molecule events in the plasmonic hot
spots. Although the SERS trajectories for pNTP and DMAB
were found to be temporally correlated, molecules in
different junctions on the same substrate exhibited widely
different, heterogeneous reaction kinetics. Fig. 7A and B
show the representative time-resolved SERS spectra collected
on individual junctions that were featured by a fast and a
slow decay in the SERS peak intensity of pNTP, respectively.
Fig. 7C and D show the corresponding SERS intensity
trajectories of the vyo (pNTP) and v; (DMAB) peaks during
the plasmon-driven reactions at 633 nm excitations. The fast
decay of the vyo peak could be fitted by a single-exponential
decay function, and was accompanied by strong v; (DMAB)
peak intensities (Fig. 7C). In contrast, the slow pNTP decay
was typically associated with weak intensities of the v;
(DMAB) peak (Fig. 7D). While the pNTP trajectories decayed
continuously over time, the DMAB trajectories showed
discrete, step-like transitions. Such step-transitions were
particularly notable in the slow pNTP-decaying cases
(Fig. 7B and D), in which the intensities of the v; (DMAB)
peak showed numerous on/off transitions, which could be
attributed to the creation and annihilation of individual
DMAB molecules within individual plasmonic hot spots. The
temporal evolution of the SERS spectral features reflected
single-molecule reaction kinetics, suggesting that the
majority of pNTP molecules were reduced into pATP through
an unimolecular reaction path rather than through the
DMAB-forming bimolecular pathway. Although the formation
of DMAB was a minority event during the reactions (<10%),
the SERS spectral features of DMAB could still be well-
resolved because the Raman cross sections of DMAB were
significantly larger than those of pNTP and pATP. All the
experimentally observed spectral features could be well-
reproduced by a model, in which both the plasmonic field
enhancements and the surface photochemistry were taken
into considerations (Fig. 7E and F). The stepped transitions
of DMAB were also found to be correlated with the changes
in spectral lineshapes. As shown in Fig. 7G and H, some
stepped jumps in SERS intensities were accompanied by
spectral changes between a singlet and doublet peaks,
strongly suggesting that the step-transitions corresponded to
chemical transformations of one of the two DMAB molecules
in the same hot spots. The singlet peak was significantly
narrower than that of the heterogeneously broadened
ensemble vy peak (Fig. 7I), indicating that the SERS spectral
signals were collected from single or a few DMAB molecules
in each hot spot. This work clearly demonstrates the
feasibility of using SERS as a single-molecule spectroscopic
tool to differentiate various reaction pathways and fully
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resolve the intermediate dynamics during plasmon-driven
photocatalytic reactions.

When the excitation photon energies are sufficiently high,
the plasmon-driven reduction of pNTP is initiated primarily
by the injection of hot electrons into the LUMO of the
surface-adsorbed pNTP. On Ag substrates, this metal-to-
adsorbate transfer of hot electrons requires an excitation
energy above 1.7 eV (wavelength < ~720 nm)."”” When using
Au nanostructures as the plasmonic photocatalysts, the
threshold excitation energy becomes even higher because the
Fermi level of Au lies ~0.7 eV further below that of Ag.'%”
Surprisingly, the reductive coupling of pNTP can still occur
rapidly under certain reaction conditions even at excitation
energies far below the energy gap between the Fermi levels of
the metals and the LUMO of surface-adsorbed pNTP,"** '3’
strongly implying that there must be certain types of hot
carrier-relaying species existing in the reaction media that
can effectively mediate the pNTP reduction through
alternative hot carrier transfer channels. Zhang et al'®’
conducted detailed SERS-based kinetic studies on the
plasmon-driven reductive coupling of pNTP chemisorbed on
Fe;04-supported Ag nanocube aggregates under near-infrared
excitations (lex = 785 nm) in a series of controlled reaction
atmospheres. They found that surface-adsorbed molecular
oxygen played a unique role as an interfacial charge carrier-
relaying co-catalyst during the multistep pNTP coupling
reactions. Signified by an induction time at the initial stage
followed by the DMAB formation obeying an apparent first-
order rate law, the O,-mediated reductive coupling of pNTP
on Ag under near-infrared laser excitations exhibited unique
kinetic features that were significantly different from those of
the reactions under visible laser excitations (Fig. 8A). When
increasing the excitation power density, both the overall
reaction rates and the yields of DMAB increased, but the
induction time was shortened until it became no longer
resolvable experimentally above certain power density
thresholds (Fig. 8B). The SERS-based kinetic measurements
conducted on individual Fe;O,@Ag nanocubes core-satellites
particles provided a unique way to correlate the reaction
kinetics with the local-field intensities in the plasmonic hot
spots, which were assessed based on the initial SERS
intensities of the vyo, peak of pNTP. As shown in Fig. 8C-E,
the apparent first-order rate constant (k), the duration of the
induction time (f,4), and the maximum reaction yield (6,-.)
were all strongly correlated to the initial SERS intensities of
the vno, peak. The results of DFT calculations showed that
although the hot electrons generated under 785 nm
excitations were not energetic enough to get injected into the
LUMO of pNTP, they could be readily transferred into O,
because of the nearly perfect alignment of the antibonding
2m* orbital of the surface adsorbed O, with the Ag Fermi level
(Fig. 8F). The hot electron transfer from metals to surface-
adsorbed O, results in the formation of transient O,
radicals, which can rapidly pass an electron onto surface-
adsorbed pNTP to initiate the reductive coupling reaction
and regenerate O,. Meanwhile, the electrons in the 2n*
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orbital of surface-adsorbed O, might also transfer to the Ag
to combine with the plasmonic holes, preventing the Ag
nanoparticles from photo-corrosion during the reactions.
Both the interfacial O,” and O," radicals were short-lived,
undergoing rapid recombination to form O,, as schematically
illustrated in Fig. 8G. In this plasmon-driven molecule-
transforming process, O, essentially played a unique role as a
hot carrier-relaying co-catalyst that worked synergistically
with the plasmonic Ag photocatalysts. The reductive coupling
of pNTP was found to be kinetically sluggish with negligible
DMAB formation under near-infrared excitations in an
anaerobic N, atmosphere, which was in striking contrast to
the situations under visible excitations. When excited at 633
nm, the plasmon-driven reductive coupling of pNTP occurred
rapidly on Ag nanoparticles in an N, atmosphere but became
kinetically much slower in an O, atmosphere because O,
competed with pNTP as a hot electron acceptor, which
suppressed the hot electron injection into pNTP."** While
both the experimental observations and DFT calculations
suggest that surface-adsorbed O, played a crucial role as a
hot carrier-relaying species during the plasmon-driven pNTP

This journal is © The Royal Society of Chemistry and IChemE 2021

coupling reactions under near-infrared excitations, direct
evidence verifying the formation of transient O, and O,"
radicals on the nanoparticle surfaces is still needed to further
validate the proposed mechanisms shown in Fig. 8G.

The time-resolved SERS results obtained from individual
Fe;O,@Ag nanocubes core-satellites particles provided
thought-provoking information that shed light on the effects
of local-field enhancements and photothermal heating on the
overall reaction kinetics. As clearly shown in Fig. 8C, the rate
constant, k, increased with the local field intensity, which
depends on both the field-enhancement in the hot spots and
the power density of the excitation laser. The quantitative
relationship between local-field enhancement and reaction
rate, however, may vary drastically from system to system,
sensitively depending on the structures of the photocatalysts
and detailed reaction conditions. Brooks and Frontiera'**
found that the reaction kinetics appeared independent of the
local field enhancement when the pNTP coupling reaction
took place on the surfaces of Au-coated polystyrene
nanospheres  under near-infrared excitations. Such
discrepancy in experimental observations implied that in
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addition to the local-field enhancement, other factors could
also play crucial roles in determining the reaction rates, and
plasmonic photothermal heating was found to be one of
them. The results of DFT calculations indicated that the
plasmonic photothermal heating at the nanoparticle surfaces
could provide sufficient thermal energies to overcome the
energy barriers for the pNTP adsorbates to switch from meta-
stable conformations to thermodynamically more favored
conformations.”®” Ren and coworkers'*® recently found that
the plasmonic reductive coupling of pNTP required specific
geometric arrangements of pNTP molecule with respect to
the metal surfaces. Photothermal heating was capable of
triggering the conformational changes of molecule
adsorbates, thereby activating the molecules for the reductive
coupling  reactions. Such  photothermally  induced
conformational change of the surface-adsorbed pNTP was
experimentally witnessed as the induction time prior to the
initiation of the pNTP coupling reactions. At sufficiently high
excitation powers, the ¢,q values became vanishingly small
(Fig. 8D) due to rapid photothermal heating at the
nanoparticle surfaces. Also revealed by Fig. 8C was the
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superlinear dependence of k on the vyo, peak intensity in the
high excitation power density regime, which strongly
suggested that the photothermal effect kinetically boosted
the reactions at high excitation powers.

No consensus has been reached so far concerning to what
extent the photothermal effect affects the overall reaction
kinetics because it remains challenging to fully delineate the
effects of photothermal heating and plasmonic hot carriers
on the overall rates of the reactions. Using an ultrafast
pump-probe SERS approach, Frontiera and coworkers'*’
measured the local temperature of various vibrational modes
of pNTP molecules residing in the plasmonic hot spots on Au
nanoparticle aggregates. They found that the thermally
deposited energy from nanoparticles to adsorbates was
rapidly dissipated on the sub-100 ps time-scale, rendering a
moderate temperature elevation at the nanoparticle-
adsorbate interfaces. As shown in Fig. 9A, the Stokes and
anti-Stokes Raman modes of pNTP in the plasmonic hot
spots were resolved using a femtosecond pump pulse
centered at 1035 nm to excite the plasmon resonances of the
Au nanoparticle aggregates. The relations of Stokes and anti-
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Fig. 9 (A) Schematic demonstration of using ultrafast pulse lasers to probe the vibrational temperatures of molecular adsorbates in interparticle
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intensity of these two spectra gave the temperature that the molecules experienced. (B) The effective temperature of the pNTP molecules
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Stokes intensities of a certain vibrational mode were further
extracted and analyzed to obtain information about the
temperatures of that mode. Fig. 9B shows the excitation
power density-dependent temperature elevation of the vgg
mode at 1079 c¢m™'. Fig. 9C compares the temperature
elevations of three different vibrational modes, the vg_g
mode, the v;,, mode at 1578 ecm™, and the VNno, Mode at
1340 cm™, at the same excitation power density of 200 W
em™. It was apparent that the temperature elevation of the
vibration modes of the molecular adsorbates were
determined by both the power density of the pump laser and
the spectral overlap between the molecule vibrations and the
plasmon resonances. Frontiera and coworkers*® further
estimated the temperature increase under cw laser
illuminations by extrapolating the temperature elevation
induced by the pulsed pump laser, assuming that the heating
effect had a linear dependence on incident photon flux.
However, such an assumption still needs to be further
validated through more careful experimental measurements
and computational calculations. Because the fs-pulsed lasers
incident on the samples had much higher photon flux
densities than those of the cw lasers typically used for
plasmon-driven photocatalysis, the photothermal heating was
considered as a rather insignificant effect on the kinetic
enhancement of the reactions.’*® Several other groups also
claimed negligible photothermal effects on the hot electron-
driven reactions under various conditions.*****>%" The
accuracy in estimating the photothermal effects based on
such seemingly oversimplified assumptions, however,
remains questionable because the effects of collective
heating, which refers to the accumulation of heat generation

due to the simultaneous  heating of  many
nanoparticles,®*®%41714¢ were not considered. Neglecting the
collective heating effects may result in significant

underestimate of the thermal effects, even leading to
misleading  conclusions for certain  plasmon-driven
photocatalytic reactions.®*®®'*> The heat initially generated
locally at the nanoparticles diffuses into the host and
establishes a steady-state temperature distribution over the
photocatalyst surfaces. Although cw and pulsed illuminations
may lead to very different transient heat generation and
dissipation profiles, the steady-state temperature distribution
is determined primarily by the averaged power absorbed by
the nanoparticles, regardless of whether the excitation
patterns are cw or pulsed.'*®

More recent SERS-based kinetic studies reported by
several groups, however, revealed that plasmonic
photothermal heating played a dominant role in the
plasmon-driven photocatalytic reduction of pNTP under cw
laser excitations,"**'*”'*® which seemed to be opposite to the
conclusions drawn by Frontiera and coworkers.'*® As shown
in Fig. 9D, under the excitations by a 785 nm cw laser, no
spectral features of DMAB was observed in either Stokes or
anti-Stokes SERS spectra at low excitation power densities,
whereas at high excitation power densities, the DMAB peaks
were clearly resolvable and became particularly prominent in

This journal is © The Royal Society of Chemistry and IChemE 2021
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the anti-Stokes SERS spectra.'”’” Based on the relative
intensities of the vibrational modes in the Stokes and anti-
Stokes spectra, the temperature increase of the DMAB
vibrations was calculated to be around 350 K at an excitation
power density of 127 kW cm . The significant increase in the
vibrational temperatures of the molecular adsorbates
kinetically boosted the plasmon-driven reactions, which was
verified by the time-resolved SERS results at various
controlled bath temperatures (Fig. 9E and F). The reaction
rates of the pNTP coupling at various temperatures followed
the Arrhenius equation (Fig. 9G), which indicated that the
reaction rates were predominantly influenced by the local
temperature at the photocatalyst surfaces. However, without
laser illumination, no DMAB was produced even at
temperatures as high as 175 °C, indicating that this reaction
could not be thermally activated without plasmon excitations.
Combining all the evidences, it could be concluded that the
reductive coupling of pNTP was essentially a photocatalytic
reaction driven by the energetic hot carriers, while the
elevated local temperature experienced by the molecules
could further enhance the reaction kinetics.

3.3 Plasmon-driven decarboxylation of mercaptobenzoic acid
(MBA)

The photo-excited plasmonic hot carriers can be harnessed
not only to drive the bond-forming molecular coupling
reactions, such as the oxidative coupling of pATP and
reductive coupling of pNTP, but also to develop optical
molecular scissors for site-selective bond cleavage in
molecular adsorbates, as exemplified by the plasmon-driven
decarboxylation of MBA adsorbed on nanostructured Au and
Ag surfaces. In the large family of carboxylic acid molecules,
1,3-diacids readily undergo decarboxylation reactions under
thermal conditions at elevated temperatures,**® whereas the
efficient decarboxylation of aromatic monocarboxylic acids
requires much harsher reaction conditions and relies
critically on the use of specifically designed catalysts.”*® In
addition, the yield of the decarboxylated products typically
remains rather low unless electron-withdrawing functional
groups are introduced to the ortho-positions on the aromatic
rings."”" Plasmon-driven photocatalysis constitutes a unique
light-triggered approach to the efficient decarboxylation of
aromatic carboxylic acids under mild reaction conditions.
The decarboxylation of surface-adsorbed MBA during SERS
measurements was first observed by Michota and Bukowska
in 2003."? When using SERS to monitor the self-assembly of
MBA on the surfaces of Au and Ag electrodes, they observed
the emergence of three new Raman bands at 689, 998, and
1020 cm ™" in addition to all the characteristic peaks of MBA.
These newly emerging peaks were all characteristic Raman
features of mono-substituted benzene derivatives, signifying
the formation of thiophenol derived from the decarboxylation
of surface-adsorbed MBA. Without recognizing the
underlying critical roles of the plasmon resonances of the
metal substrates, they claimed that the decarboxylation
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reaction was triggered by the nanoscale roughness on the
metal surfaces, because the SERS spectral features of MBA on
smooth Ag and Au surfaces remained essentially unchanged
and none of the characteristic thiophenol peaks was
developed in the SERS spectra throughout the entire
molecular self-assembly processes. Such a decarboxylation
reaction occurred only in neutral and basic reaction media,
whereas it became unobservable in acidic environments,
further suggesting that the decarboxylation of MBA molecules
was triggered by the interactions of the deprotonated
carboxylate group (COO") with the metal surfaces. The
emergence of the Raman signatures of the mono-substituted
benzene rings in the SERS spectra of MBA has also been
alternatively interpreted as a direct consequence of chemical
enhancement arising from interfacial charge transfer. Zhao
and coworkers'>* observed strong SERS peaks of the in-plane
ring breathing modes of mono-substituted benzene at 998
and 1020 cm™" when aniline formed intermolecular H bonds
with the MBA molecules adsorbed on Ag nanoparticle
surfaces. They argued that instead of being the Raman
signatures of thiophenol, the SERS peaks at 998 and 1020
em™" should be assigned to the non-totally symmetric (b,)
modes of MBA, which were selectively enhanced
hypothetically by the charge-transfer transitions from the
Fermi level of the Ag nanoparticles to the LUMO of the

MSDE

surface-adsorbed MBA  promoted by intermolecular
H-bonding between MBA and aniline. At first glance, both
the surface roughness and the charge transfer effects seemed
reasonable for interpreting certain aspects of the SERS
features of the surface-adsorbed MBA molecules. However,
closer scrutiny of more detailed kinetic results obtained from
deliberately designed in situ SERS measurements pointed to a
more convincing mechanistic picture that fully captured the
essence underpinning the SERS spectral evolution. In 2013,
Yao and coworkers'® pointed out that the previously
observed temporal evolution of the SERS spectral features of
MBA signified the transformation of MBA into thiophenol
through decarboxylation, which was essentially a unique
plasmon-driven molecule-transforming process occurring in
the plasmonic hot spots.

Yoon and coworkers™® carried out systematic SERS studies
of the decarboxylation reaction of MBA molecules located in
gap-mode plasmonic hot spots at various excitation wavelengths
and pH values, which provided compelling experimental
evidence on the curial roles that plasmonic hot carriers played
in driving the decarboxylation reactions. As illustrated in
Fig. 10A, a nanoparticle-on-mirror (NPoM) structure was
assembled by placing Au nanoparticles on top of a MBA SAM-
coated Au substrate. The sample was irradiated with lasers at
various wavelengths to initiate the decarboxylation reactions,
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Fig. 10 (A) Scheme for studying the plasmon-driven decarboxylation of MBA. The NPoM structures were assembled by adsorbing Au nanoparticles
onto MBA SAM-coated Au substrates. The reaction laser (1 = 785, 633, or 532 nm) was focused on the NPoM structures system through a 50x
objective and the reaction progress was monitored by SERS (785 nm excitation) using a Raman microscope. (B) SERS spectra at various time points
during decarboxylation of MBA at 785 nm excitations. The SERS spectra of the product (thiophenol) and the reactant (MBA) were shown in the top
and bottom of the graph, respectively. The asterisks highlight the characteristic spectral features of thiophenol. (C) The procession of thiophenol
formation when the 2., was switched from 532 nm to 785 nm. The peak intensities of the 998 cm™ mode were extracted and plotted. (D) Reaction
kinetics at different les. (E) Scheme illustrating the proposed mechanism of plasmon-driven decarboxylation of MBA sandwiched between an Au
nanoparticle and an Au substrate. Reprinted with permission from ref. 155. Copyright 2019, American Chemical Society.
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and the reaction progress was tracked in real time at the same
spot by SERS excited at 785 nm (Fig. 10B-D). The rates of the
decarboxylation reactions reached the maximum when the
excitation laser was on resonance with the plasmons. As the
excitation wavelength was detuned with respect to the plasmon
resonance wavelength, the reaction rates dropped significantly
(Fig. 10C and D). On resonance excitations of the plasmons
resulted in higher abundance of hot carriers exploitable for
driving the decarboxylation reaction than the off-resonance
excitations. The hot carriers were generated in the Au
nanoparticles through Landau damping, and subsequently
transferred to the MBA molecules to induce the decarboxylation
reaction, as illustrated in Fig. 10E. The hot hole acceptor was
identified to be the deprotonated carboxylate anions rather than
the protonated carboxylic acid, while the hot electrons were
transferred to protons to produce hydrogen atoms. The hot hole
injection led to the formation of a carboxyl radical intermediate,
which underwent C-C bond cleavage to yield CO, and
thiophenol. The proposed mechanism can also be seamlessly
applied to interpret the hot carrier transfer processes involved
in several other plasmon-driven bond cleavage reactions, such
as the B-cleavage of 4-mercaptobenzyl alcohol,"> deboronation
of 4-mercaptophenylboronic acid,"”® and the C-N bond cleavage
in pNTP."” 1t is particularly worth mentioning that only at very
low surface coverage of pNTP, typically with only one or a few
molecules in each plasmonic hot spot, could the plasmon-
driven dissociation of the nitro group from surface-adsorbed
PNTP be observed.” At higher pNTP coverage, however, the
formation of DMAB through reductive bimolecular coupling of
PNTP became kinetically favored due to the close proximity
between surface-adsorbed pNTP molecules.”

In situ SERS results not only provide real time information
about plasmon-driven molecular transformations, but also
shed light on transient, stochastic events that are associated
with plasmon-induced photophysics and photochemistry
during the photoreactions. In addition to the long-term,
irreversible spectral changes caused by plasmon-induced
decarboxylation of MBA, individual spectral profiles emerged
transiently at additional vibrational frequencies in the SERS
spectra when the specific excitation power became
sufficiently high.'”® Insights on the origin of these so-called
individual events could be gained through cross-correlation
and extreme deviation statistical analysis of the SERS
intensity variations. While the evolution of the characteristic
vibrational modes of the reactant and product molecules
during the decarboxylation reactions could be followed
through cross-correlation analysis, the transient spectral
features associated with the individual events were essentially
uncorrelated with each other. The occurring frequency of the
uncorrelated individual events was observed to increase
super-linearly with the specific excitation power, suggesting
that the individual events might arise from the surface-
enhanced resonant Raman scattering (SERRS) of the
photothermally activated, transient local structures that were
resonantly excited."*® Although these transient events are
spectroscopically resolvable by SERS, whether they can
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somehow dynamically maneuver the hot carrier transfer
processes and to what extent they may influence the overall
reaction kinetics still remain unclear and are well-worthy of
more in-depth investigations.

3.4 Plasmon-mediated demethylation and decomposition of
methylene blue (MB)

All the plasmon-driven photochemical reactions discussed so
far in this review article are driven essentially by the
interfacial transfer of hot carriers from the optically excited
metallic nanostructures to either the transforming molecular
adsorbates or some other charge carrier-relaying species.
Besides the hot carrier-driven mechanisms, photocatalytic
reactions may also occur through plasmon-enhanced
intramolecular excitations without the involvement of the hot
carriers. When the HOMO-LUMO energy gap of the
molecular adsorbates matches the energy of plasmon
resonances of the metallic nanostructures, the rate of the
HOMO-LUMO interband electronic transitions in the
surface-adsorbed molecules can be drastically enhanced by
the photons re-radiated from the resonantly excited
plasmonic nanoantennas. A prototypical reaction in this
category is the plasmon-mediated N-demethylation of
MB,*?" in which MB molecules adsorbed on Au
nanoparticle surfaces are converted to fully demethylated
thionine and other partially demethylated products, such as
azure A and azure B, whose molecular structures are shown
in Fig. 11A. MB and its demethylated derivatives strongly
absorb light in the visible spectral region due to the HOMO-
LUMO interband electronic transitions (Fig. 11B). Also shown
in Fig. 11B is the light scattering spectrum of Au nanorod
(~40 nm in diameter and ~90 nm in length) aggregates on a
glass substrate, which displays a broad plasmon resonance
band in the visible that spectrally overlaps with the
absorption bands of MB and its demethylated derivatives.
Habteyes and coworkers employed SERS as an in situ
spectroscopic  tool to track the plasmon-mediated
N-demethylation of MB adsorbed on aggregated Au nanorod
substrates using a 633 nm cw laser to resonantly excite both
the intramolecular electronic transitions and the nanorod
plasmons. Fig. 11C shows the temporally evolving SERS
spectra of MB in ambient atmosphere under continuous
illumination by the 633 nm laser. During the reactions, a
new SERS peak emerged at 479 cm ' and became
progressively more intense, which could be assigned to the
skeletal deformation mode of the fully demethylated product,
thionine. Another new SERS peak emerged at 804 cm " was
the spectral signature of the NH, rocking vibration of the
MB-derived molecules that were completely demethylated at
least at one of the N-terminals. Neither of the vibrational
bands at 479 and 804 cm ' were present in the SERS
spectrum of MB before the reaction was initiated. The SERS
peak originally at 1435 ¢cm ' was down-shifted during the
reactions, which signified the formation of partially
demethylated products, including both azures A and B. All
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Fig. 11 (A) The molecular structures of MB, azure A, azure B, and thionine. (B) Absorption spectra of aqueous solutions of MB, azure A, azure B,
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pumped intramolecular excitations that underpin the plasmon-mediated N-demethylation of MB. Reprinted with permission from ref. 161.

Copyright 2019, American Chemical Society.

these evolving SERS spectral features could be used to track
the plasmon-mediated MB demethylation process and
detailed mechanistic insights were gained through a set of
SERS-based kinetic measurements performed at different
excitation wavelengths, in controlled reaction atmospheres,
and on tunable plasmonic nanostructures.

The plasmon-mediated N-demethylation of MB was
mechanistically distinct from those plasmonic hot carrier-
driven reactions, as manifested by a unique set of intriguing
characteristic phenomena.”*'®° First, the reaction rates varied
significantly as the wavelengths of the excitation lasers and the
plasmon resonances were systematically tuned with respect to
HOMO-LUMO transition energy of the surface-adsorbed MB.
The reaction proceeded at its maximal rates when the plasmon
resonances of the substrates, the HOMO-LUMO interband
transitions of the adsorbates, and the excitation laser were all
on resonance with each other. When the excitation energy
overlapped with the plasmon resonances but not with the
electronic transitions of MB, almost no N-demethylation
reaction was observed, implying that the primary driving force
for demethylation reaction was the plasmon-enhanced
intramolecular electronic transitions rather than the interfacial
hot carrier transfer. Second, excitation of MB adsorbed on
nonplasmonic surfaces at 633 nm did not lead to
experimentally observable N-demethylation, in spite of the
strong spectral overlap between the excitation laser line and the
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electronic transitions of MB. When adsorbed on a bulk Au film
(~50 nm thick), the MB molecules well-preserved their chemical
structures under continuous illumination by a 633 nm laser at
power densities up to ~100 000 W cm™>, whereas MB adsorbed
on plasmonic Au nanostructures underwent rapid
N-demethylation reactions at incident laser intensity as low as
100 W cm™2. This observation underscored the crucial roles of
the intense local fields in pumping the electronic excitation of
the molecular adsorbates. Third, in ambient air and in pure
oxygen atmosphere, continuous exposure of the samples to the
excitation laser led to efficient N-demethylation of MB. However,
in Oyfree inert gasses, such as an N, atmosphere, the
conversion of MB to its demethylated products became
negligible. Therefore, O, was indispensable in this plasmon-
driven demethylation reaction. Fourth, when the surface
adsorption of MB occurred in an aqueous environment, MB was
most likely assembled on the Au nanoparticle surfaces in its
hydrated form. The water molecules in hydrated MB served as
the source of H atoms for the demethylation reactions. When
MB molecules were assembled on Au surfaces in the dehydrated
form (incubating MB and Au nanopatrticles in ethanol solvent),
the N-demethylation of MB was suppressed even when
additional water molecules were present in the reaction
atmosphere. Fifth, N-demethylation of MB could be further
enhanced when coating the surfaces of Au nanoparticles with
certain types of molecular ligands, such as a monolayer of
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poly(sodium 4-styrenesulfonate). This observation suggested
that introduction of a thin spacer layer between the Au surfaces
and MB might optimize the surface-molecule proximity to
minimize competing radiative and nonradiative processes, a
unique mechanistic feature of the reactions mediated by
plasmon-pumped HOMO-LUMO electronic transitions.

On the basis of all the experimental observations mentioned
above, a reaction mechanism involving the participation of both
0O, and H,O molecules has been proposed for the plasmon-
mediated N-demethylation of MB, which is schematically
illustrated in Fig. 11D.'°" Benefiting from large local field
enhancements in the plasmonic hot spots, the interband
electronic transitions from the singlet ground electronic state
(So) to the singlet excited electronic state (S;) of surface-
adsorbed MB can be drastically enhanced. The excited MB
molecules in the S; state may subsequently undergo an
intersystem crossing process to populate the excited triplet state

Review

(T,). The energy transfer from the T, state of MB to oxygen in its
triplet ground state (*0,) leads to the generation of singlet O,
('0,.), a highly reactive species capable of attacking the N atoms
and stripping away the methyl groups attached to N atoms. In
the presence of water molecules, a radical species forms upon
H-atom transfer, which leads to the N-demethylation and other
side products. The plasmon-pumped electronic excitations of
MB leads to selective dissociation of N-C bonds without causing
further decomposition of the demethylated products into even
smaller molecular fragments. With the aid of plasmon
resonances, the S-S bond in a single (CH;S), molecule adsorbed
on an Ag or Cu surface could also be selectively cleaved, which
was recently demonstrated by Kim and coworkers through in
situ scanning tunneling microscope (STM) studies.'®® The
mechanism underpinning the plasmon-mediated S-S bond
dissociation could also be interpreted in the context of
plasmon-pumped direct intramolecular electronic transitions, a
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Fig. 12 (A) Scheme of two pathways for hot electrons to activate surface adsorbed molecules. Landau damping generates energetic hot electrons

above Fermi level, and these hot electrons can indirectly transfer to the unoccupied orbitals of the surface adsorbates. CID can directly inject hot
electrons into the unoccupied orbitals of the surface adsorbates. (B) The spectra of surface plasmon resonance of Ag nanocube aggregates
deposited onto a solid substrate. The excitations are also labeled out on the spectrum. The finite-difference time domain calculated electric field
enhancement of two Ag nanocubes that are 1 nm apart under 532 and 785 nm excitation are showing at the bottom of the panel. (C) The Stokes
and anti-stokes spectra of MB adsorbed on Ag nanocubes with the excitation of 532 and 785 nm. (D) The temperature that the MB molecules
experienced under the excitation of 532 and 785 nm laser. The error bars represent the standard deviations of all trial runs. (E) The temperature
obtained based on different vibrational modes of MB on Ag nanocubes under 532 nm excitation. (F) The demonstration of excess anti-Stokes signal
ratio, K(v,,), of different MB vibrational modes at various excitation photon fluxes. The error bars represent the standard deviations obtained from
three independent experiments. (G) The normalized 447 cm™ peak heights of MB on Ag nanocubes at 373 K and in inert N, atmosphere after
exposure to no laser (control, blue diamonds), 532 nm laser (green squares), or 785 nm laser (red triangles). Panels A, B, F, and G were reprinted
with permission from ref. 163. Copyright 2016, Springer Nature. Panels C-E were reprinted with permission from ref. 164. Copyright 2016,

American Chemical Society.
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reaction pathway that did not rely on the interfacial transfer of
plasmonic hot carriers.

While the plasmon-enhanced intramolecular electronic
excitation has been identified as the major driving force for
the selective N-demethylation of MB, injection of plasmonic
hot carriers into the surface-adsorbed MB molecules may also
occur under certain photoexcitation conditions, which leads
to further fragmentation or decomposition of the surface-
adsorbed MB molecules."®® As illustrated in Fig. 124, the
plasmon hot carriers may get injected into the molecular
adsorbates either through indirect charge transfer following
Landau damping or through CID, which involves direct
excitation of an electron into an unoccupied orbital of the
molecular adsorbate that are strongly coupled with the
metallic nanoparticles. Because the direct and indirect charge
injection mechanisms are featured by drastically different
energy profiles of hot electrons, it is of pivotal importance to
develop solid understanding of their relative contribution to
plasmon-induced photocatalytic reactions. Plasmon-induced
decomposition of MB adsorbed on Ag nanoparticle surfaces
constitute a representative model reaction ideal for such
mechanistic investigations.

Linic and coworkers'® discovered that MB molecules
adsorbed on Ag nanocube aggregates underwent photo-
induced decomposition through a direct charge excitation
mechanism at 785 nm excitations. The Ag nanocube
aggregates exhibited broad plasmon resonance bands
spanning the visible and near-infrared spectral regions
(Fig. 12B) due to the strong plasmon coupling between
neighboring nanocubes. The local electric fields in the
junctions between adjacent nanocubes were drastically
enhanced upon plasmonic excitations at both 532 and 785
nm (Fig. 12B), providing hot spots for SERS. Although the
intensity ratios of anti-Stokes vs. Stokes peaks in the SERS
spectra were close to the expected values at certain
temperatures at 532 nm excitations, the anti-Stokes peaks
became drastically stronger than expected at 785 nm
excitations (Fig. 12D), which could not be interpreted solely
as the results of local photothermal heating in the plasmonic
hot spots. The electron-phonon temperatures (equilibrated
local temperatures at nanoparticle surfaces) and the
vibrational temperatures of specific Raman modes could be
evaluated by analyzing the anti-Stokes and Stokes SERS
spectral features.'"® The anti-Stokes background intensity
was related to the local equilibrated temperature of the metal
through the following equation derived from the Fermi-Dirac
distribution function

Ias0
eFraman/ksT 4 1’

IaS,background =
where I,s packground Was the background intensity of the anti-

Stokes SERS at a given energy of Raman shift, Eraman, and
Is,o was the anti-Stokes intensity at Eraman Of 0. Assuming
that the thermalized vibrational energy distribution obeyed
the Boltzmann distribution, the effective vibrational
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temperatures of a specific Raman mode of the molecular
adsorbents could be calculated using the following equation

Top — - Bvibr
vibr kB ln(Ias/ISt) ’

where E,,, was the energy of the vibrational mode, and I,s

and Is. were the intensities of anti-Stokes and Stokes peaks in
the SERS spectra, respectively. As shown in Fig. 12D, for both
excitation wavelengths, the local nanoparticle temperature
under laser illumination was slightly above the bulk
temperature in the reactors due to the plasmonic
photothermal heating effect. At the same excitation power
densities, 532 nm excitation resulted in higher temperature
elevation of the nanoparticles than the 785 nm excitation
because of higher photon energy of the 532 nm laser.
Interestingly, with a photon flux of 2.0 x 10*° photons cm™
s ' incident on the sample, the vibrational temperatures of
the Raman modes of MB were dramatically elevated
compared to local nanoparticle temperature at the 785 nm
excitations, whereas under illumination by the 532 nm laser,
the local nanoparticle temperatures and the vibrational
temperatures appeared very similar to each other (Fig. 12E).

The degree by which the SERS anti-Stokes signal of a
specific vibrational mode exceeded the expectation according
to the Boltzmann distribution, K(v,,), was defined using the
following equation:'®?

LSS m) /157 (vm)

KOm) = = ) J1T )

where I55°(Vy,) and I3t"°(vy,) represented the anti-Stokes and

Stokes peak intensities of a vibrational mode, vy,, in the SERS
spectra of MB adsorbed on Ag surfaces. I;‘?Sl(vm) and Ié‘t’l(vm) were
the anti-Stokes and Stokes intensities of similar vibrational
modes in the normal Raman spectra of liquid toluene, which
served as an internal reference system obeying the Boltzmann
distribution. Linic and coworkers associated the large deviation
between the equilibrated temperatures of nanoparticles and
the vibrational temperatures of MB molecules at 785 nm
excitations with the direct charge excitations in the Ag-MB
complex system at this particular excitation wavelength. The
linear relationship between the K(v,,) values and the incident
photon flux (Fig. 12F) for all the analyzed vibrational modes
also indicated an optically pumped direct charge transfer
mechanism in the hybrid MB-Ag complex system at 785 nm
excitations. The direct charge transfer through CID at 785 nm
excitations resulted in rapid decomposition of the surface-
adsorbed MB molecules, which was evidenced by the fast decay
in SERS signals over time (Fig. 12G).

The effects of direct charge excitations in the Ag-MB
complex system claimed by Linic and coworkers, however,
are still open to further scrutiny. The accuracy of Raman
thermometry based on Stokes/anti-Stokes ratios may
deteriorate significantly when electronic transitions and
plasmons are resonantly excited, an effect not further
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Fig. 13 (A) Plasmon-driven protonation of 4-MPY: (i) schematic illustration of protonation of 4-MPY adsorbed on Ag nanoparticle surfaces; (ii and
iii) time-resolved SERS spectra highlighting the transition from the unprotonated to the protonated form. The Raman peaks at 1575 and 1608 cm™
corresponded to the ring breathing modes of the unprotonated and the protonated form of 4-MPY, respectively. Reprinted with permission from
ref. 174. Copyright 2014, the Royal Society of Chemistry. (B) Plasmon-driven intramolecular proton transfer of hypoxanthine: (i) schematic
illustration of the reaction; (i) time-resolved SERS spectra showing the transition from the enolic form (EF) to the ketonic form (KF) of
hypoxanthine adsorbed on plasmonic Au nanoparticle at 633 nm excitations; (iii) the temporal evolution of the SERS peak intensities at 724 (KF)
and 744 cm™ (EF); (iv) the conversion of EF to KF. Reprinted with permission from ref. 175. Copyright 2017, the Royal Society of Chemistry. (C)
Plasmon-driven C-Br bond cleavage of 8-bromoadenine: (i) molecular structure of 8-bromoadenine; (ii) scheme illustrating the transfer of hot
electrons into the LUMO of 8-bromoadenine adsorbed on Ag nanoparticle surfaces; (iii) schematic potential energy diagram illustrating the C-Br
bond dissociation of the molecule in its excited electronic state; (iv) SERS spectra at various reaction times and (v) temporal evolution of C-Br bond
cleavage of 8-bromoadenine induced by surface plasmon. Reprinted with permission from ref. 176. Copyright 2017, the Royal Society of
Chemistry. (D) Plasmon-induced dehydrogenation of 2,13-bis(aldehyde)-[7]thiaheterohelicene: (i) schematic demonstration of dehydrogenation
induced by green laser (532 nm) excited surface plasmons; (ii) temporal evolution of the far-field (0-30 s) and near-field spectra (31-60 s); (iii) the
comparison of the near-field spectra at time points of 35 and 45 s, the averaged far-field spectrum and DFT calculated Raman spectrum. Reprinted
with permission from ref. 177. Copyright 2017, American Chemical Society. (E) Plasmon-mediated C-I bond cleavage in unsymmetric iodonium
salts: (i) schematic illustration of the proposed reaction mechanism; (ii) schematic illustrate of the C-lI bond cleavage triggered by plasmon-
enhanced intramolecular electronic excitations; (iii) SERS spectra of two unsymmetric iodonium salts after the photoreactions. The compound at
the bottom showed regioselectivity in reactions, whereas the one at the top did not show such regioselectivity. Reprinted with permission from
ref. 178. Copyright 2020, American Chemical Society. (F) Plasmon induced C-N bond cleavage in viologen derivatives: (i) molecular structures of
benzyl viologen (BV), ethyl viologen (EV), and 4,4'-bipyridine (BPY); (ii) SERS spectra of BV, EV, and BPY, and DFT-calculated Raman spectra of BPY.
Reprinted with permission from ref. 179. Copyright 2019, American Chemical Society.
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considered in Linic's work. The origin of the spectral
background in the Stokes and anti-Stokes SERS spectra,
which is typically described as luminescence from the
plasmonic nanostructures, is mechanistically complex. The
mechanisms for luminescence from optically excited Au and
Ag nanostructures have been interpreted in the context of
either  radiative = recombination of  hot  carriers
(photoluminescence)'®™'%” or electronic Raman scattering
(inelastic light scattering).'®®'®® Link and coworkers'”’
recently showed that analysis of the Stokes/anti-Stokes
emission intensity ratios yielded temperatures that could
only be interpreted as originating from the excited electron
distribution and not a thermally equilibrated phonon
population. Therefore, the accuracy of calculating the
equilibrated electron-phonon temperatures based on the
continuum background in SERS spectra still needs to be
further tested. With recent advances in fundamental
understanding and  methodology  development  of
nanothermometry and thermoplasmonics,®>#”'7*'73 more
accurate measurements of the local temperature at
nanoparticle surfaces under light illumination become
possible, which will allow us to carefully revisit previous
conclusions drawn from the Raman thermometry and better
quantify the thermal and nonthermal effects on plasmon-
driven reactions.

3.5 Other recently discovered plasmon-driven photocatalytic
reactions

Insights gained from the detailed case studies of several
representative reactions discussed in the previous sections in
this review provide a solid knowledge foundation for
mechanistic understanding of plasmon-driven photocatalysis.
Over the past few years, numerous new reactions have been
discovered and added to the continuously expanding library
of plasmon-driven photocatalytic reactions. Here we present
a brief survey of several newly discovered plasmon-driven
reactions, during which the detailed structural evolution of
the transforming molecules can be monitored in situ by SERS
or TERS. Singh and Deckert'”" discovered that
4-mercaptopyridine (4-MPY) adsorbed on Ag nanoparticle
surfaces became protonated in ambient air when irradiated
by 532 nm laser (Fig. 13A). Liu and coworkers’’> observed
that surface-adsorbed hypoxanthine molecules underwent a
unique plasmon-driven intramolecular proton transfer
process, in which the enolic form was converted to the
ketonic form (Fig. 13B). Schiirmann and Bald'’® found that
the hot electron injection into the LUMO of surface-adsorbed
8-bromoadenine led to the selective dissociation of the C-Br
bond (Fig. 13C). Chaunchaiyakul and coworkers'”’
demonstrated that a Ag tip could act as both a local heat
source and a plasmonic catalyst to induce dehydrogenation
reactions on one of the benzene rings of 2,13-bis(aldehyde)-
[7]thiaheterohelicene, though which a C=C bond was created
at the location in close proximity to the tip (Fig. 13D).

Postnikov and coworkers'’® observed that plasmon
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resonances could effectively induce the site-selective cleavage
of the C-I bond in unsymmetrical iodonium salts and the
formation of electron-rich radical species (Fig. 13E). The high
regioselectivity of the bond cleavage essentially originated
from the plasmon-pumped electronic excitations from the
ground state to a dissociative excited state. Frontiera and
coworkers*”® found that localized plasmon resonances could
be harnessed to trigger the C-N bond cleavage across a series
of viologen derivatives, such as benzyl viologen (BV) and ethyl
viologen (EV), through which a photo-stable final product,
4,4'-bipyridine (BPY), was produced (Fig. 13F). It was
hypothesized that the hot electron injection into surface-
adsorbed O, resulted in the formation of anionic O, , which
acted as a reactive intermediates triggering the C-N bond
cleavage. Although more detailed mechanistic investigations
are still underway, the mechanisms of these recently
discovered reactions can all be interpreted in the broad
context of surface photochemistry driven by either plasmonic
hot carriers or plasmon-enhanced intramolecular electronic
excitations, possibly entangled with additional kinetic
enhancement caused by local photothermal heating at the
photocatalyst surfaces.

4. Plasmonic hot electron-driven
photocatalysis versus secondary
electron-induced surface chemistry

Our understanding of plasmon-driven photocatalysis has
been progressing primarily in an empirical, discovery-driven
fashion, typically initiated by discovery of new reactions,
followed by systematic kinetic studies under controlled
reaction conditions, and in some cases further corroborated
by computational simulations, based upon which plausible
reaction mechanisms can be eventually proposed and further
tested. However, it remains an extremely challenging task to
rationally predict the reaction outcomes and pathways of a
previously unexplored nanostructure-adsorbate system under
a given set of photoexcitation and reaction conditions.
Because of the fundamental differences in the mechanisms
of the plasmon-driven photocatalysis and the thermally
activated surface chemistry, there is limited information one
can extract from the large body of the literature on
heterogeneous catalysis to develop predictive tools for the
plasmon-driven photocatalytic molecular transformations. A
particularly enlightening discovery recently made by Zenobi
and coworkers,'®® which draws the connection between the
plasmon-driven photocatalysis and the surface chemistry
induced by X-ray and electron beam irradiation, represents
an important step toward filling this knowledge gap. Through
combined TERS, SERS, and temperature programmed
desorption mass spectrometry (TPD-MS) measurements,
Zenobi and coworkers'®® found that the products of
plasmon-driven photocatalytic reactions were similar to the
those produced from the X-ray and electron beam-induced
surface reactions on planar metallic surfaces, which have
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been relatively well-studied by the surface chemistry
community. The plasmon-driven photocatalytic reactions
occurred among the molecules residing in the gap-mode
electromagnetic hot spots, which could be created by either
densely packing metallic nanoparticles on a substrate
(Fig. 14A) or bringing a metal tip in close proximity to a
metallic substrate (Fig. 14B). The plasmon-driven molecular
transformations in these two types of hot spots could be
tracked in real time using SERS and TERS, respectively.
Although the energies of X-ray and electron beams are about
two orders of magnitude higher than those of the visible or
near-infrared photons commonly used for plasmon-driven
reactions, irradiation of the molecular adsorbates on metallic
substrates with X-ray or electrons may result in surface
molecular transformations surprisingly analogous to those
driven by plasmonic hot electrons. It is essentially the lower-
energy secondary electrons scattered off the metal surfaces
rather than the higher-energy primary particles in the
incident X-ray or electron beams that induces the interfacial
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molecular transformations (Fig. 14C). In contrast to the hot
electron-driven reactions that are locally confined within the
plasmonic hot spots, the secondary electron-induced surface
reactions may happen uniformly over the entire electron
beam- or X-ray-irradiated substrate surfaces.

Fig. 14D and E show the TERS spectra reflecting the
chemical transformations of 1-hexadecanethiol (HDT) and
biphenyl-4-thiol (BPT) SAMs sandwiched between a TERS tip
and an Au substrate under excitation by a 633 nm laser at
various excitation powers. Both HDT and BPT underwent
interesting plasmon-driven transformations involving a series
of bond-forming and bond-breaking processes, as evidenced
by the changes in their TERS spectral features. For HDT, the
emergence of TERS peaks at 980, 1580 and, 2110 cm™’
signified the formation of S-O bond, the C=C bond, and
C=C bond, respectively. The formation of these new bonds
in the HDT SMAs was accompanied by the cleavage of some
other chemical bonds originally existed in the pristine SAMs,
such as the C-S and C-C bonds. In the case of BPT, the
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Fig. 14 Schematic illustration of photocatalytic reactions in plasmonic hot spots located (A) within inter-nanoparticle junctions and (B) a tip-
substrate junction. (C) Schematic illustration of surface reactions induced by the secondary electrons when the Au surface is bombarded by
energetic particles, such as X-ray photons or low energy electrons (<50 eV). TERS spectra showing the plasmon-induced transformations of (D)
HDT and (E) BPT SAMs on Au surfaces. The pristine SAM structures and the product molecules after the plasmon-driven transformations are shown
in the lower and upper parts of TERS spectra, respectively, in panels D and E. (F) The snapshot SERS spectra showing the structural evolution of
thiophenol SAMs on Au surfaces during plasmon-driven transformations. The spectral fluctuations in the spectral range of 1200-1700 cm™
indicated the formation of a variety of polycyclic aromatic hydrocarbons (PAHs). The possible structures of these PAHs are shown in the right panel
next to the spectra. Reprinted with permission from ref. 180. Copyright 2018, American Chemical Society.
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intensity evolution of the semicircle stretching (1485 cm™)
peak of benzene and the C-H stretching modes were
indicative of the cross-linking of benzyl rings. These products
formed through the plasmon-driven photocatalytic reactions
were very similar to the those obtained by bombarding low
energy electrons (<50 eV) at the same molecules adsorbed on
Au surfaces."®"'®> Both TPD-MS and anti-Stokes TERS results
strongly suggested that these molecular transformations were
essentially driven by the plasmonic hot carriers rather than
being thermally induced.

Besides the desired products, side products may also be
produced during the plasmon-driven reactions. In numerous
cases, photo-induced damage of molecules in the hot spots,
sometimes also referred to as sample burning, may occur
during SERS and TERS measurements at high excitation power
densities due to the formation of amorphous carbon on the
nanostructure surfaces. The amorphous carbon may also form
on the catalyst surfaces through thermal catalytic conversions,
which typically leads to the deactivation of the catalysts. The
TERS results in Fig. 14F clearly show the formation of
amorphous carbon ((CH,),, 0.2 < x < 1.0) through plasmon-
induced photocatalytic transformations of a self-assembled
thiophenol monolayer on an Au substrate. Upon prolonged
laser irradiation, parasitic spectral features emerged in the
TERS spectra, with temporally fluctuating peaks appearing at
random positions, mostly between 1200 and 1700 cm™'. These
fluctuating peaks could be assigned as the spectral features of
various transient intermediates, presumably polycyclic
aromatic hydrocarbons (PAHs), generated during the sample
degradation process. Spectral average over these fluctuating
peaks gave rise to two broad background humps, which well-
resembled the spectral features of the amorphous carbon. The
fluctuating spectral features of the transient intermediates
observed in TERS and SERS, in numerous cases, were
misinterpreted as the signatures of single-molecule events or
structurally dynamic biomolecules.””””** The conversion of
surface-adsorbed organic SAMs into amorphous carbon
observed in TERS is essentially a plasmon-driven analog to the
sample carbonization processes induced by X-ray and electron
beams. Carbonization of sample surfaces is a well-known
phenomenon in scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy. When exposed to the scanning
electron beam, amorphous carbon can be built up on the
sample surfaces due to the carbonization of the molecular
adsorbates on the sample surfaces driven by the secondary
electrons scattered off the substrate. Similar carbonization
processes may also occur during XPS measurements. It is worth
mentioning that the mechanism of sample carbonization
through plasmon-driven photocatalysis is fundamentally
different from the pyrolysis or combustion processes occurring
under thermal conditions, which do not involve any hot
carriers or secondary electrons.

The remarkable analogy between the plasmon-driven
photocatalysis and the surface chemistry induced by X-ray/
electron-beam irradiation coincides with the similarity in
electron energies for the secondary electrons and plasmonic
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hot electrons. Within this context, the plasmon-driven
photocatalysis can be considered as a member in a much larger
family of charge carrier-mediated surface chemistry. Many
reactions known from the surface science literature, including
those induced by electron beams, X-ray, and femtosecond laser
pulses in ultrahigh vacuum conditions, may also occur on
plasmonic nanostructured surfaces through hot carrier-
mediated pathways to produce similar products.

5. Concluding remarks

Plasmon-driven photocatalysis has emerged as a paradigm-
shifting approach capable of regioselectively tailoring the
structures and properties of the molecular adsorbates
residing in the plasmonic hot spots on nanostructured metal
surfaces. Enlightened by the thought-provoking insights
gained from deliberately designed in situ plasmon-enhanced
Raman spectroscopic measurements over the past decade, a
unified mechanistic picture has started to emerge, which
creates a generic knowledge framework for interpreting the
complex mechanisms underpinning a broad scope of
plasmon-driven reactions. Despite their remarkable diversity,
the plasmon-mediated photocatalytic reactions can be
classified into four broadly defined categories, according to
which plasmon decay pathway dominates the reaction
mechanism. Because each type of reactions has its own
unique mechanistic and kinetic characteristics, different
design principles should be taken into considerations
accordingly to rationally guide the structural optimization of
both the plasmonic photocatalysts and the molecular
adsorbates for specific types of plasmon-mediated molecule-
transforming processes.

The type-I reactions are essentially driven by the hot
carriers, in most cases the energetic hot electrons, generated
through the Landau damping. The kinetics and efficiencies
of the type-I reactions are determined by several key factors,
such as the energy distribution of the hot electrons, the life
time of the hot electrons, and the energy alignment of the
unoccupied molecular orbitals with respect to the Fermi level
of the metallic nanostructures. The transient energy
distribution of the nonthermal hot carriers immediately after
the photo-excitations depends on the energies of the
excitation photons that are on resonances with the plasmons.
The hot carrier-driven photocatalytic reactions typically
exhibit rather low quantum efficiencies, which are
intrinsically limited by the short life-times of the hot carriers.
The life times of the hot carriers can be tuned within a
certain range by changing the size, shape, and composition
of the plasmonic nanostructures. Electrodynamic simulations
serve as valuable computational tools that can aid in the
design of the materials. An alternative way to increase the
life-times of the hot carriers is to place electron-accepting or
electron-donating species, either molecules or
semiconductors, in direct contact with the plasmonic
nanostructures to promote the charge separations. Because
of carrier relaxation that occurs rapidly after photoexcitation
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of the hot carriers, close energy match between an
unoccupied molecular orbital and the Fermi level of the
metal is highly desirable for efficient injection of the hot
electrons into the molecular adsorbates.

The type-II reactions are driven by direct excitation of
electrons in an adsorbate orbital through CID. CID occurs
upon efficient photoexcitation of certain electronic
transitions between the hybrid orbitals of strongly coupled
nanostructure-adsorbate systems that are on resonance with
the excitation photons. Identifying these resonance modes in
nanostructure-adsorbate hybrid systems is not an easy task
and DFT calculations can be used as a computational tool to
help predict and understand the formation of hybrid orbitals
in these strongly coupled systems. More in-depth
mechanistic investigations are still needed to fully elucidate
the energy landscapes and kinetic profiles associated with
the CID-mediated photocatalytic reactions.

The type-III reactions are driven by the plasmon-enhanced
intramolecular electronic excitations, a mechanism that does
not involve the injection of hot carriers into the molecular
adsorbates. The efficiency and rates of this type of reactions
are profoundly influenced by the local-field enhancements
and the spectral overlap between the plasmon resonances
and the HOMO-LUMO interband transitions. Taking full
advantage of the plasmonic tunability offered by metallic
nanostructures, the plasmon resonance frequencies can be
systematically tuned with respect to the HONO-LUMO band
gap of the adsorbates to meet the requirement for on-
resonance excitations. The amplitude of the local plasmonic
fields are sensitively dependent upon the structures of the
plasmonic photocatalysts and the distance between the
molecular adsorbates and the metal surfaces. The
dependence of reaction rates on the local fields, however,
may vary drastically from reaction to reaction, depending on
the detailed mechanisms involved in the molecule-
transforming processes.

The type-IV reactions are those kinetically enhanced by
plasmonic photothermal heating, such as the Suzuki
coupling reaction catalyzed by Pd-coated Au nanoparticles.'®
These reactions can also take place under thermal
conditions, and their fundamental mechanisms are not
altered by the plasmon resonances of the metallic
nanocatalysts. However, the reaction rates can be greatly
enhanced purely due to the elevation of the local temperature
on the photocatalyst surfaces under light illumination. This
type of reactions should be more accurately termed as
plasmon-enhanced catalytic reactions rather than plasmon-
driven photocatalytic reactions. Because their mechanisms
remain essentially the same as those of the thermal catalytic
reactions, we decided not to present more detailed
discussions on this type of reactions in this review article.

Finally, we wrap up our discussions by pointing out
several relatively unexplored directions that are well-worthy
of further investigations and scrutiny in the future.

(1) In addition to the plasmonic excitations within the
conduction band of the metals, hot carriers can also be
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generated in the metallic nanostructures upon the optical
excitations of the d-to-sp interband transitions."®! It has been
demonstrated by several case studies that the interband hot
carriers can be photocatalytically more efficient than the
plasmonic intraband hot carriers in driving certain
reactions.’® "% The interband hot electrons may also couple
with the plasmonic electron oscillations to give rise to new
plasmon resonance modes in the metallic nanostructures,"*’
potentially creating additional pathways for the hot carrier
transfer in nanostructure-adsorbate systems. While the
plasmonic intraband excitations primarily produce energetic
electrons exploitable for photocatalysis, the interband
excitations of metallic nanostructures leads to highly
energetic hot holes well below the Fermi level of the metal.
How these interband hot holes behave differently from the
plasmonic hot electrons when executing their photocatalytic
functions represents a fundamentally intriguing question.

(2) The plasmon-driven reactions discussed in this review
all occur locally in the plasmonic hot spots, which provides a
unique means of tailoring the surface chemistry of metallic
nanostructures within nanoscale confinement. However, it
remains challenging to scale up the reactions, which limits
the potential of developing plasmon-driven photocatalysis
into a scalable synthetic tool for real-world applications. For
the application-oriented purpose, there is an urgent need to
design and engineer the catalyst and the reactor
configurations that allow us to efficiently harvest the sun
light to drive plasmon-driven reactions on a larger scale.

(3) The use of plasmon-driven photocatalysis to tailor the
surface chemistry of metallic nanoparticles for biomedical
applications needs to be further demonstrated. As exampled
by multiple reactions discussed in this review, the plasmon
resonances can induce selective bond cleavage in the
molecular adsorbates. Therefore, plasmon-triggered drug
delivery systems can be developed by selectively conjugating
desired molecular moieties to the plasmonic hot spots on the
nanoparticle surfaces. By tuning the plasmon resonances of
the nanoparticles to the near-infrared water windows, it
becomes possible to use deep-penetrating near-infrared light
sources to trigger targeted drug release from plasmonic
nanocarriers in living systems.

(4) The research on plasmon-mediated surface chemistry
has been focusing on nanostructures composed of noble
metals so far. However, the high cost and scarcity of these
noble metal elements inevitably limits their large-scale
applications in catalysis, optoelectronics, and biomedicine. A
variety of alternative materials,"”™%* which are cheaper and
more earth-abundant than the noble metals, also exhibit
interesting plasmonic properties potentially exploitable for
plasmon-driven photocatalysis. These materials include non-
noble metals, such as AlI'*7%® and Mg,"®” and degenerately
doped semiconductors, such as non-stoichiometric copper
chalcogenides and doped oxides.’”®?%” Although largely
unexplored, plasmon-mediated surface chemistry on these
alternative plasmonic materials represent a research area that
is fundamentally interesting and potentially transformative.
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The success in using these non-noble metal materials as the
plasmonic photocatalysts may not only further expand the
scope of the plasmon-mediated surface chemistry, but also
effectively mitigate the cost issues associated with the noble

metal-based plasmonic photocatalysts for real-world
applications.
Plasmon-mediated surface chemistry has been an

emerging area full of open questions, opportunities, and
challenges. The research on plasmon-driven photocatalysis
has reached a critical stage, at which some important
conclusions drawn from earlier studies concerning the
detailed reaction mechanisms become well-worthy of careful
reexamination and need to be refreshed with new
perspectives. With its unique structure-resolving capability
and ultrahigh surface sensitivity, plasmon-enhanced Raman
spectroscopy has become an extremely powerful tool fueling
new discoveries and in-depth mechanistic explorations in the
field of plasmon-mediated surface chemistry. The
mechanistic insights extracted from the in situ SERS and
TERS results provide central guiding principles for the
development of next generation plasmonic photocatalysts.
Pushing the mechanistic understanding of the plasmon-
driven photocatalysis to the next level of depth and
comprehensiveness relies critically on the development of
new materials systems, approaches, and methodologies that
transcend the disciplinary boundaries, which broadly
embraces collaborative efforts among researchers in the
plasmonics,  spectroscopies,  surface  science, and
computational chemistry communities.
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