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Abstract: Plasmon-driven photocatalysis offers a unique
means of leveraging nanoscale light—matter interactions to
convert photon energy into chemical energy in a chemose-
lective and regioselective manner under mild reaction con-
ditions. Plasmon-driven bond cleavage in molecular adsor-
bates represents a critical step in virtually all plasmon-
mediated photocatalytic reactions and has been identified
as the rate-determining step in many cases. This review
article summarizes critical insights concerning plasmon-
triggered bond-cleaving mechanisms gained through com-
bined experimental and computational efforts over the
past decade or so, elaborating on how the plasmon-derived
physiochemical effects, metal-adsorbate interactions, and
local chemical environments profoundly influence chemos-
elective bond-cleaving processes in a diverse set of molec-
ular adsorbates ranging from small diatomic molecules
to aliphatic and aromatic organic compounds. As demon-
strated by several noteworthy examples, insights gained
from fundamental mechanistic studies lay a critical knowl-
edge foundation guiding rational design of nanoparti-
cle—adsorbate systems with desired plasmonic molecule-
scissoring functions for targeted applications, such as con-
trolled release of molecular cargos, surface coating of solid-
state materials, and selective bond activation for polymer-
ization reactions.

Keywords: plasmon resonances; bond cleavage; plasmonic
photocatalysis; hot carriers; field enhancement; photother-
mal transduction

1 Introduction

Metallic nanostructures combine finely tunable optical
properties with remarkable catalytic activities in single
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nanoscale entities, creating unique opportunities of uti-
lizing light-matter interactions as a leverage to optimize
the efficiencies, rates, and selectivity of solar-to-chemical
energy conversion processes [1]-[6]. The optical responses
of a metallic nanoparticle are dominated by resonantly
excited collective oscillations of free electrons against the
restoring force of positively charged nucleus lattices within
the nanoparticulate confinement (Figure 1a), an interest-
ing phenomenon known as localized plasmon resonances
[7]1-[10]. An optically excited plasmonic nanoparticle may
function as a nanoscale light-concentrating antenna, dras-
tically enhancing not only the light absorption/scattering
efficiencies at the resonant frequencies but also the local
electric fields near the nanoparticle surfaces [7]-[10].
Plasmon resonances may decay through either radiative
photon scattering or nonradiative Landau damping, and
the branching ratio between the radiative and nonradia-
tive decay is determined by the radiance of the plas-
mon mode, the dimensions and compositions of nanopar-
ticles, and the local environment near the particle sur-
faces [6], [11]. The strongly enhanced photon scattering
at the nanoparticle surfaces creates localized hot spots
exploitable for plasmon-enhanced spectroscopies, such as
surface-enhanced Raman scattering (SERS) [12]-[15] and
surface-enhanced fluorescence (Figure 1b) [16]-[19]. When
multiple metallic nanoparticles are placed close to each
other, the local electric fields inside the interparticle gaps
can be further enhanced by several orders of magnitude in
comparison to those achievable on individual nanoparticles
[7], [20], even enabling SERS detection at the single-molecule
levelin certain hot spots [21]-[24]. The nonradiative Landau
damping can be described as a quantum mechanical process
in which a plasmon quantum relaxes through excitation
of an electron-hole pair within the conduction band (CB)
of the metallic materials on a timescale of 1-100 fs [4], [6],
[11], [25]. The photoexcited electrons derived from Landau
damping are highly energetic and nonthermally distributed
above the Fermi level, while the holes are distributed below
the Fermi level. When the energy of the excitation photons
exceeds the energy threshold for the interband electronic
transitions, electrons in the valence band (VB) of the metal
can also be photoexcited, producing energetic holes in the
VB and excited electrons near the Fermi level in the CB
[25]-[27]. These nonthermal electrons and holes, commonly
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Figure 1: Excitation and decay of localized plasmon resonances in metallic nanostructures. Schematic illustrations of (a) resonant excitation of free
electron oscillations in a metallic nanoparticle, (b) local field enhancements in the interparticle gaps of a plasmonically excited nanoparticle trimer,
(c) photoexcitation of intraband and interband hot carriers and hot carrier-driven photochemistry on the nanoparticle surface, and (d) evolution of
energy distributions of plasmonic hot carriers during Landau damping, carrier relaxation, and thermalization. The energy distributions of hot electrons

are represented by the red areas above the Fermi energy, E.,;»

termed as hot carriers, can either be extracted to initiate
photochemical reactions on the nanostructured metal sur-
faces (Figure 1c) or undergo multistep carrier relaxation
and thermalization processes within the nanoparticles [4],
[6], [11], [25], eventually leading to local temperature ele-
vation in material lattices and dissipation of heat to the
surrounding medium (Figure 1d).

The aforementioned photophysical effects derived
from excitation and decay of plasmon resonances can
be harnessed to catalyze photochemical transformations
of molecular adsorbates on metallic nanoparticle sur-
faces [1]-[6]. By deliberately tuning the plasmon—adsorbate
interactions, it becomes possible to not only selectively acti-
vate a targeted chemical bond in the adsorbate molecules
but also modulate the activation energy of a specific elemen-
tary step in a multistep reaction [2], [3], [28], [29]. Because
of the spatially localized nature and heterogeneous distri-
bution of active sites, plasmon-mediated molecular trans-
formations occur preferentially in localized hot spots rather
than over the entire photocatalyst surfaces, which provides
a unique way to locally tailor the surface chemistry of
metallic nanoparticles with nanoscale precision [5]. Such
chemoselectivity and regioselectivity are often unattainable
in heterogeneous catalysis under thermal conditions.

and those of holes are represented by the blue areas below £,,,;, respectively.

The light-harvesting and photocatalytic behaviors of
plasmonic metallic nanostructures differ strikingly from
those of the conventional semiconductor photocatalysts
[30]-[32]. First, the photoexcitation of excitons in semi-
conductors requires photon energies above the materials’
band gaps, whereas the remarkable plasmonic tunability
offered by metallic nanostructures makes it possible to effi-
ciently harvest the solar energy for photochemical reactions
over a much broader spectral range [32], even at excita-
tion energies far below the energy threshold for interband
electronic transitions. While the band gap engineering of
semiconductor photocatalysts requires careful tuning of
the sizes, compositions, and doping of the nanoparticles,
the plasmonic spectral features of metallic photocatalysts
can be fine-tuned to match the solar spectrum by sim-
ply tailoring the nanoparticle geometries without chang-
ing the materials’ compositions. Second, certain chemical
bonds in molecular adsorbates can be selectively activated
to achieve desired reaction outcomes by deliberately tuning
the metal-adsorbate interactions, which may give rise to
chemoselectivity typically unachievable in semiconductor-
driven photocatalysis [29], [33]-[36]. Third, the rate of a
plasmon-driven reaction may exhibit a superlinear depen-
dence on excitation power above certain light intensity
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threshold [6], [30], which is in striking contrast to the sub-
linear power dependence commonly observed on semi-
conductor photocatalysts. Fourth, the rate of a plasmon-
driven reaction may increase exponentially with the work-
ing temperature, while semiconductor photocatalysts typ-
ically exhibit decreased quantum efficiencies and slower
reaction rates at elevated temperatures [30].

Photoexcited plasmonic nanostructures are catalyti-
cally versatile, capable of boosting a large variety of bond-
cleaving dissociation and bond-forming coupling reactions
involving a plethora of surface-adsorbed reactants ranging
from small diatomic molecules and ionic species to
structurally more sophisticated organic compounds and
polymers [1]-[6]. While the library of plasmon-mediated
photocatalytic reactions keeps expanding as the discovery
of new reactions continues, there is an imperative need
for developing deep and comprehensive understanding of
the detailed mechanisms involved in plasmon-mediated
molecule-transforming processes. Although immense re-
search efforts have been devoted and significant advan-
cements have been achieved over the past decade,
plasmon-mediated photochemistry remains a rapidly
growing research area full of fundamentally intriguing
open questions and its potential for important technological
applications is still far from being fully realized. Several
prominent review articles published in the last decade
provide comprehensive overviews of the major break-
throughs and the state-of-the-art progress in the field of
plasmon-mediated photocatalysis, covering various critical
aspectsin the context of hot carrier energetics and dynamics
(photoexcitation, relaxation, separation, and utilization)
[4], [11], [37], [38], design of complex plasmonic photo-
catalysts (multimetallic antenna-reactor systems and
metal-semiconductor heteronanostructures) [28], [39],
[40], mechanistic studies using in situ characterization
techniques (spectroscopies and microscopies) [41]-[47],
and important reactions relevant to clean energy and
sustainable chemistry (nitrogen fixation, hydrogen
production, and carbon dioxide utilization) [48]-[51]. Some
widely debated controversies, mechanistic ambiguities, and
key experimental and theoretical challenges in the broadly
defined research area of plasmonic photochemistry have
also been discussed in several insightful perspective articles
[52]-[56].

Keeping sight of the existing literature, this review
focuses on a crucial step in plasmonic photocatalysis, specif-
ically bond cleavage in molecular adsorbates on nanos-
tructured metal surfaces. Virtually all plasmon-mediated
photocatalytic reactions, regardless of how mechanistically
complex and versatile they are, require cleavage of specific
chemical bonds in the reactant molecules before new bonds
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can be formed to create the final products. The plasmon-
triggered bond cleavage represents not only a critical ele-
mentary step at the early stage of the reactions but also,
in many cases, the rate-limiting kinetic bottleneck of the
entire molecule-transforming processes. In this review arti-
cle, I will first provide an outline of the fundamental mech-
anisms involved in plasmon-driven cleavage of chemical
bonds in molecule adsorbates. Then I will choose struc-
turally simple homonuclear diatomic adsorbates with var-
ious interatomic bond orders, such as H,, O,, and N,, as
model systems to demonstrate how the photon energies
can be effectively harvested by plasmonic nanoparticles to
drive energetically uphill bond dissociation processes. The
primary driving forces for photocatalytic scission of these
diatomic molecules will be discussed in the context of sev-
eral plasmon-induced physicochemical effects, such as local
field enhancements, hot carrier transfer, and photothermal
transduction. Next, I will elaborate on the detailed mecha-
nisms of plasmon-driven bond cleavage in structurally more
sophisticated organic molecular adsorbates. The mechanis-
tic complexity and versatility of plasmon-driven molecular
scission can be fully manifested by a selection of molecule-
scissoring reactions that involve selective cleavage of a
wide variety of chemical bonds, such as sulfur—sulfur, nitro-
gen—carbon, carbon-carbon, and carbon-halogen bonds.
Built upon the insights gained from fundamental mecha-
nistic studies, I will further showcase several deliberately
designed catalyst—adsorbate systems that can be success-
fully employed as plasmonic molecule-scissoring tools for
targeted applications, such as light-triggered drug release,
light-driven surface functionalization, and selective bond
activation for polymerization. Finally, I will summarize the
insights gained from previous work, identify key challenges
in current research, and envision future directions in this
research area.

2 Fundamental working
mechanisms of plasmonic
molecular scissors

Resonantly excited plasmonic electron oscillations only
maintain their coherence for approximately 1-10 fs before
they start to partition their energies into several radia-
tive and nonradiative decay channels [11], through which
energy can be deposited into molecular adsorbates to
activate certain chemical bonds for cleavage. In general,
plasmon-induced bond activation involves formation of
either electronically or vibrationally excited intermediates
withreduced activation energies for bond dissociation. Such
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activation energy reduction can be achieved through sev-
eral distinct plasmon-mediated pathways dictated by local
field enhancements, hot carriers, and photothermal heat-
ing, respectively.

Nanoscale resonant energy transfer processes in
strongly coupled metal-molecule systems [57]-[61] have
been extensively explored, revealing that the excited state
lifetimes of molecular adsorbates can be significantly influ-
enced by the plasmons of the metal substrates. In metal-
semiconductor hybrid nanostructures, the interband
transitions in the semiconductors can be enhanced by
the plasmons of the metallic domains, an interesting
process often known as plasmon-induced resonance energy
transfer (PIRET) in the literature [62]-[64]. In metal—
molecule systems, the large local field enhancements near
the metallic nanoparticle surfaces are exploitable for en-
hancing intramolecular electronic excitations in the adsor-
bates [65]. When resonant with the plasmons, vibronic
transitions between the frontier molecular orbitals,
specifically the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), of
the adsorbates can be drastically enhanced benefiting
from the intense scattering photons reradiated from
the plasmonic nanoparticles (Figure 2a). The efficiency
of plasmon-enhanced intramolecular excitations is
determined by the coupling between the locally enhanced
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electric fields in hot spots with transition dipoles in the
molecules near the metal surfaces. Molecules in their ex-
cited vibronic states may either evolve along a dissociative
potential energy surface until a covalent bond is fully
dissociated or relax back to an excited vibrational state in
the ground electronic state (Figure 2b). These excitation and
relaxation processes can be fully described in the context
of the Franck-Condon Principle. The plasmon-enhanced
intramolecular excitations do not involve charge transfer
between the metal nanoparticles and surface adsorbates
and thus do not require direct contact of the molecules with
the metal surface. However, a molecule must be in close
proximity to the nanoparticle surface, typically within a
few nanometers, to achieve appreciable enhancements of
intramolecular excitations because the local field intensity
decays rapidly as the distance between the molecule and
the metal surface increases [66], [67].

The nonradiative plasmon decay is the primary path-
way for generating nonthermal charge carriers [4], [11], [37],
[38], [68]. Through Landau damping, the energy of absorbed
photonsis utilized to excite electron—hole pairs in the metal-
lic nanostructures, leading to transient, nonthermal distri-
bution of electrons and holes across the Fermi level of the
metal. The primary hot electrons generated during Landau
damping, also referred to as the first-generation nonequi-
librium carriers, undergo a rapid relaxation process on the
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Figure 2: Mechanisms of plasmon-driven bond cleavage. (a) Schematic illustration and (b) potential energy surface diagram of bond cleavage driven
by plasmon-enhanced intramolecular electronic excitations. (c) Schematic illustration and (d) potential energy surface diagram of bond cleavage

driven by indirect metal-to-adsorbate transfer of hot electrons. (e) Schematic illustration of direct electron injection into molecular adsorbates through
chemical interface damping. (f) Potential energy surface diagram of a photothermally triggered bond cleavage involving deposition of thermal energy
into adsorbate vibrations. Adapted from ref. [65]. Copyright 2019 Wiley.
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timescales of ~100 fs to ~1ps to redistribute their ener-
gies among larger populations of electrons in the metal-
lic nanostructures through inelastic electron—electron and
electron—surface scattering. The energy distribution pro-
files of the hot electrons evolve over time during car-
rier relaxation, resulting in Fermi-Dirac-like distributions
of hot electrons featured by an effective electron temper-
ature higher than the temperature of the material lattices
(Figure 1d). Given sufficient energy, hot electrons accumu-
lated on nanoparticle surfaces can get injected into unoc-
cupied orbitals of adsorbate molecules (Figure 2c) to drive
photocatalytic reactions. Similarly, hot hole-driven reac-
tions may also take place upon transfer of electrons from
occupied orbitals of molecular adsorbates to the metal.
Because carrier relaxation may start immediately after Lan-
dau damping before the hot carriers reach the nanoparticle
surfaces and get ejected, most photocatalytic reactions are
primarily driven by the relaxed hot carriers rather than
the less-populated first-generation hot carriers [69], even
though the later one is more energetic. Therefore, Landau
damping-driven photocatalysis typically involves the injec-
tion of hot electrons into the adsorbate orbitals that are
fairly close to the Fermi level of the metal [69]. The short
lifetimes, limited diffusion lengths, and multiple competing
relaxation pathways are all key factors limiting the utiliza-
tion efficiencies of plasmonic hot carriers for photocatalysis
(4], [11], [29], [37], [38], [69].

The transfer of hot electrons from metals to molecu-
lar adsorbates leads to the formation of transient anionic
radicals whose activation energies for bond cleavage are
significantly lower than those of their neutral counterparts
in the ground state (Figure 2d). After releasing an electron
back to the metallic nanoparticle, a transient anionic radical
canbe converted to its neutral counterpart in a vibrationally
excited state (Figure 2d), an interesting process known as
plasmon-induced vibrational activation [2], [3]. The hot
electron-induced activation of a certain vibrational mode
becomes particularly effective when the potential energy
surface of a transient anionic adsorbate is significantly mod-
ified and shifted in comparison to that of its neutral counter-
part. For example, Kim and coworkers [70] recently found
that the symmetric stretching vibration of the nitro group
could be selectively excited upon transient hot electron
transfer to the antibonding LUMO of surface-adsorbed para-
nitrothiophenol. Interestingly, a significant population of
the vibrationally excited para-nitrothiophenol adsorbates
existed in the overtone-excited states, which exhibited even
higher reactivities than those in the first-excited vibrational
states.

The involvement of photoexcited hot carriers in bond
activation of molecular adsorbates was initially observed in
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photodesorption processes on single-crystal surfaces of bulk
metals illuminated by femtosecond-pulse lasers at photon
flux densities 6—9 orders of magnitude higher than the solar
radiation [71]-[76]. In the surface photochemistry commu-
nity, this phenomenon is referred to as desorption induced
by electronic transitions (DIET) [77], [78]. Metallic nanoparti-
cles, especially small ones within the sub-10 nm size regime,
have been of particular interest for heterogeneous catalysis
because of their large surface area-to-volume ratios, high
abundance of active sites on their surfaces, and tunable
metal-support interactions. When serving as the catalyst
materials for surface photochemistry, metallic nanoparti-
cles are more advantageous than bulk metals benefiting
from their unique plasmonic properties. The densities of hot
carriers at the metallic nanoparticle surfaces are substan-
tially higher than those at the bulk metal surfaces due to the
enhanced light absorption, making it possible to effectively
drive photochemistry at much lower photon flux densities,
even under continuous wave (CW) illuminations at inten-
sities comparable to the solar irradiation [30]. In addition,
the energy distributions of hot carriers in nanoparticles can
be tuned over a broader energy range across the Fermi
level than in bulk metals, owing to the unique tunability of
plasmon resonance frequencies in metallic nanoparticles.
Furthermore, the confinement by a nanoparticle may intro-
duce interesting modifications to the electronic states of the
metal-adsorbate complexes, further enhancing our capa-
bility to improve the reactivities of molecular adsorbates by
fine-tuning the metal-adsorbate interactions.

The radiative photon scattering and nonradiative Lan-
dau damping, discussed above, are two intrinsic plasmon
decay pathways regardless of the local environment sur-
rounding the photoexcited nanoparticles. When a molecu-
lar adsorbate or another material is in direct contact and
strongly coupled with a metallic nanoparticle, the plas-
mons may decay through an alternative pathway known as
chemical interface damping (CID) [6], [79]. CID involves the
direct injection of electrons into unpopulated orbitals of the
molecular adsorbates while leaving the holes in the metal
(Figure 2e), which has been considered as a potentially
more efficient charge-transfer channel than the indirect
charge transfer following Landau damping [2], [6]. Direct
adsorbate-to-metal electron transfer processes are often
referred to as CID as well [80]. Analogous to CID in coupled
plasmon-molecule systems, decay of a plasmon by directly
exciting an electron from a metal to a strongly coupled
semiconductor has also been observed in Au—CdSe hetero-
nanostructures, a process also known as plasmon-induced
interfacial charge-transfer transition (PICTT) [81]. By tun-
ing the interactions between the Au and CdSe domains in
the heteronanostructures, quantum efficiencies as high as
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24 % can be achieved for the PICTT process, far exceeding
those achievable through indirect charge transfer following
Landau damping. The photocatalytic reactions induced by
Landau damping and CID may have different quantum effi-
ciencies, reaction selectivity, and kinetic features. Although
the past few years have witnessed some research endeavors
to delineate various nonthermal plasmonic effects on pho-
tocatalysis [82], [83], it is still challenging to unambiguously
distinguish the Landau damping- and CID-mediated mecha-
nisms in plasmon-driven photocatalytic reactions.

The photoexcited hot carriers that do not get extracted
and involved in the surface photocatalytic reactions may
dissipate their energies to the phonons of the metals and
eventually reach the thermally equilibrated state over
timescales ranging from ~100ps to ~10ns [11]. Such
photothermal transduction delivers heat locally to the
metal-adsorbate interfaces and deposits thermal energies
into the vibrational modes of the molecular adsorbates [65],
[84]-[86]. In this plasmon-mediated photothermal cataly-
sis mechanism, the vibrationally excited adsorbates evolve
along the potential energy surface of the ground elec-
tronic state without involving any charge-transfer processes
(Figure 2f). As demonstrated by ample examples in the lit-
erature, both nonthermal hot carriers and photothermal
heating can provide crucial contributions to the overall
kinetic enhancements, even though it remains a significant
challenge to quantitatively evaluate the thermal and non-
thermal effects in plasmonic photocatalysis [52], [87]-[92].

3 Plasmon-driven bond cleavage
in homonuclear diatomic
molecules

Despite their seemingly simple structures, homonuclear
diatomic molecules may undergo mechanistically compli-
cated plasmon-driven dissociation reactions that exhibit
interesting kinetic characteristics dictated by multiple pho-
tophysical and photochemical effects. Under thermal reac-
tion conditions, it typically requires high energy costs to
break the strong covalent bonds in diatomic molecules.
Molecular adsorption to the surfaces of optically excited
plasmonic nanostructures may lead to significant reduction
of the activation energies for bond dissociation, triggered
by injection of hot electrons into antibonding orbitals of
the molecular adsorbates and/or the enhanced local fields
at the nanoparticle surfaces (see schematic illustration in
Figure 3). Here I discuss the mechanisms of plasmon-driven
dissociation of three representative homonuclear diatomic
molecular adsorbates, specifically H,, O,, and N,, in the
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Figure 3: Schematic illustration of plasmon-driven bond cleavage in
diatomic molecular adsorbates, such as H,, 0,, and N,, on a metal
nanoparticle surface.

order of increasing bond energies and orders. Mechanistic
insights gained from these homonuclear diatomic adsor-
bates form a knowledge foundation critical for understand-
ing plasmon-driven bond cleavage in structurally more
sophisticated molecules.

3.1 Plasmon-driven H, dissociation

H, represents the structurally simplest homonuclear dia-
tomic molecule, in which the two H atoms are connected
covalently through a single nonpolar ¢ bond with a dis-
sociation energy of 436 k] mol~". Although such an energy
barrier appears exceedingly high to overcome in thermally
driven chemical transformations, the activation energy of
H-H bond cleavage can be significantly reduced with the
aid of plasmon resonances. Halas and coworkers [93] dis-
covered that plasmonic hot electrons photoexcited in Au
nanoparticles could be transferred to the antibonding ,"
orbital of surface-adsorbed H,, effectively triggering the
H-H bond cleavage even at room temperature and atmo-
spheric pressure. Because molecular H, exhibited negligibly
low binding affinity to Au surfaces, the nanoparticulate Au
photocatalysts were dispersed on TiO, supports (Figure 4a),
which enhanced the interactions of H, molecules with Au
surfaces to facilitate the transfer of hot electrons. The rate
of H, dissociation was measured indirectly by monitor-
ing the HD formation under continuous light illumination
when exposing the Au/TiO, photocatalysts to a mixture of
H, and D, (Figure 4b). While almost no H,/D, dissociation
was observed over bulk Au, small Au nanoparticles in the
sub-10 nm size regime appeared catalytically active due to
high abundance of atomically undercoordinated reactive
sites on their surfaces. Although the production of HD was
kinetically very slow in dark, a sharp increase in the rate
of HD formation by 6-fold was observed when an Au/TiO,
photocatalyst sample (1.75 wt % Au loading) was illuminated
by a supercontinuum laser at a power density of 2.4 W cm™2
(Figure 4c). Under continuous laser illumination, the tem-
perature of the photocatalyst substrate increased by ~5 °C
due to photothermal heating, reaching a steady state
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Figure 4: Plasmon-driven dissociation of H,/D,. (a) Scanning transmission electron micrograph showing distribution of Au nanoparticles over a TiO,
support (1.75 wt % Au). (b) Schematic illustration of the experimental setup for kinetic measurements of plasmon-driven HD formation. (c) Real-time
monitoring of rate with laser excitation (on, 2.41 W cm=2) and without laser excitation (off). During 8 min of laser irradiation on the photocatalyst,
the temperature increased by ~5 °C as shown in the figure. The dotted vertical lines indicate the laser on/off times. (d) Proposed mechanism of hot
electron-induced H, dissociation on an Au nanoparticle surface. Adapted from ref. [93]. Copyright 2013 American Chemical Society.

temperature around 29—-30 °C within a few minutes. When
the laser was switched off, the rate of HD formation reverted
to its initial value in dark, clearly showing that this reac-
tion could be kinetically modulated by light in a reversible
manner.

A series of experimental observations coherently sug-
gested that the photocatalytic dissociation of H, and D,
on Au/TiO, catalysts was essentially driven by photoex-
cited hot carriers in the Au nanoparticles. First, the rate of
photocatalytic HD formation depended sensitively on the
sizes and coverages of Au nanoparticles on the TiO, sup-
port, whereas pristine TiO, without Au nanoparticles under
the same experimental conditions showed negligible photo-
enhancement in HD production rate [93]. A fraction of pho-
toexcited energetic hot electrons might overcome the Schot-
tky barrier at the Au/TiO, interface (0.9-1 eV) to get injected
into the TiO, matrix, which reduced the number of hot elec-
trons utilizable for the H,/D, dissociation. When changing
the support material from semiconducting TiO, to entirely
insulating SiO,, the rate of photocatalytic HD formation
increased dramatically by two orders of magnitude, further
verifying that the photodissociation of H,/D, was indeed
caused by hot electron injection into the surface-adsorbed

H,/D, [94]. Second, at a constant reaction temperature, the
rate of HD formation exhibited a linear dependence on
the photon flux density, which was a kinetic signature of
hot carrier-driven photochemical reactions [93], [94]. Third,
keeping the reaction temperature the same, photothermal
processes gave rise to substantially higher reaction rates
and yields than those achievable through thermal heating
in dark, which verified the crucial roles of nonthermal hot
carriers in catalyzing the dissociation of H,/D, [93], [94].
Fourth, the photocatalytic action spectra (excitation wave-
length dependence of reaction rate) matched the spectral
profiles of light absorption by the Au nanoparticles very well
[93], [94], indicating a direct correlation between H,/D, dis-
sociation rate and hot electron abundance in Au nanoparti-
cles. Density functional theory (DFT) calculations revealed
that as an H, molecule approached the Au surface, both the
bonding 1o, and the antibonding 1o, orbitals of H, down-
shifted in energy due to the Au-H, interactions. The ener-
getically down-shifted 1c," state became hybridized with
the conduction band electrons in Au, yielding a partially
occupied antibonding lcu* state [93]. On the basis of the
experimental observations and the computational results,
a hot electron-driven reaction mechanism was proposed. As
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schematically illustrated in Figure 4d, photoexcited hot elec-
trons in the high energy tail of nonequilibrium Fermi-Dirac
distribution got transferred into the 1o, state of surface-
adsorbed H,, producing a transient negative ion, HZS‘, with
significantly elongated the H-H bond. After releasing an
electron back to Au, the H25‘ intermediate relaxed to the
potential energy continuum of the neutral H, in excited
vibrational states, eventually leading to the H-H bond disso-
ciation. The seminal work published by Halas and cowork-
ers [93], [94] clearly demonstrated the feasibility of har-
vesting plasmonic hot electrons to trigger bond cleavage in
H, molecules. However, several critical aspects concerning
the detailed reaction mechanisms remained open to further
investigations.

Although plasmonic hot electrons were identified as the
primary driving force for the H, dissociation, the reaction
rate was also significantly influenced by the photothermal
effects. A simple experimental approach widely utilized to
distinguish the nonthermal and thermal contributions to
plasmonic photocatalysis is to measure the dependence of
reaction rate on the power of excitation light [95], [96]. In the
case of a photocatalytic reaction driven solely by hot carri-
ers, the reaction rate is expected to be linearly proportional
to the excitation power under moderate CW illumination. In
contrast, the rate constant of a dark reaction under thermal
conditions should typically follow an Arrhenius-type tem-
perature dependence. Assuming that the temperature eleva-
tion is proportional to the excitation power in a photother-
mal process, the rate of a photothermally triggered reaction
should exhibit an exponential dependence on the illumina-
tion power. When extracting mechanistic information from
the excitation power dependence of reaction rate, however,
caution must be taken because a seemingly linear power
dependence may be alternatively fitted with the Arrhenius
equation at almost the same level of satisfaction [95], [96].
To unambiguously distinguish the thermal and nonthermal
effects, the excitation power must be varied across a sta-
tistically significant range to ensure that the reaction rate
varies over multiple orders of magnitude, which is difficult
to achieve experimentally in many cases.

Lack of detailed information about the local struc-
tures at the photocatalytically active surface sites has been
another major barrier toward thorough mechanistic under-
standing. As exemplified by the plasmon-mediated pho-
topolymerization, the hottest spots for plasmonic photo-
catalysis coincided with the highest local field enhance-
ments on the surfaces of individual Ag nanoparticles [97].
On close-packed Au nanoblock arrays, the primary hot spots
for photopolymerization were located within the nanoscale
gaps between adjacent nanoblocks [98], where the local
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field enhancements were dramatically higher than those
on individual nanoblocks. Whether the spatial distributions
of hot spots for the plasmon-driven H, dissociation reac-
tion follow the same rules of regioselectivity still remains
an open question. Schatz and coworkers [99] conducted
ab initio nonadiabatic molecular dynamics calculations to
simulate the dissociation of H, into atomic H on metallic
nanoparticles upon excitation by femtosecond laser pulses.
When an H, molecule was located near the surface of a
single Au nanoparticle, the wave-functions of H, and the
nanoparticle became hybridized at chemically relevant sep-
arations. In the coupled metal-adsorbate system, the anti-
bonding state of H, was only 1.48 eV above the Fermi level
of Au, which suggested that visible light-excited hot elec-
trons were energetic enough to get transferred from Au
nanoparticles to the antibonding state of the H, molecules,
resulting in a repulsive potential energy surface that pro-
moted H, dissociation. When two Au nanoparticles of the
same size were positioned close to each other to form a
dimer, the abundance of hot electrons in the interparticle
gaps became drastically higher than that achievable on indi-
vidual nanoparticles benefitting from the enormous field
enhancements in the interparticle hot spots. However, if
the H, molecule was located at the center of the gap in a
plasmonic dimer, dissociation was suppressed instead of
being enhanced due to sequential charge transfer, which
reduced the probability of electronic occupation in the anti-
bonding state. An asymmetric displacement of the molecule
in the gap restored the H, dissociation as the additional
charge transfer was significantly suppressed due to sym-
metry breaking. Experimental demonstration of such reac-
tivity tunability in plasmonic photocatalysis, nevertheless,
remains challenging due to lack of capability to precisely
control the spatial distributions of individual molecules in
a plasmonic hot spot.

It remains unclear whether the injection of hot elec-
trons into the antibonding orbital of surface-adsorbed H,
occurs indirectly following Landau damping or directly
through CID. Guo, Zhang, and coworkers [100] carried out
computational investigations using a simple model com-
posed of an H, molecule interacting with an Aug cluster.
Time-dependent density functional theory (TDDFT) calcula-
tions revealed that the initial photoexcitation was primar-
ily restricted to the metal, producing hot electrons in the
Aug cluster. The results of quantum dynamics simulations
suggested that the diabatic charge transfer states caused
rapid bond dissociation in H,, whereas no such molecular
dissociation occurred in the diabatic hot electron states.
The dissociation of H, occurred through multiple crossings
from the hot electron states to the charge transfer states.
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Although these computational results were highly sugges-
tive of a reaction mechanism involving indirect hot electron
transfer following Landau damping, the H, @Aug model was
too small to sustain any localized plasmon resonances and
thus, unable to fully describe the photoexcitation, transfer,
and relaxation of hot electrons in larger metal nanoparti-
cles that were commonly utilized as plasmonic photocat-
alysts. The possible involvement of CID in the plasmon-
driven dissociation of H, should certainly be taken into
consideration in future computational and experimental
investigations.

Hot carriers exploitable for photocatalysis can be cre-
ated in metallic nanoparticles through two fundamentally
different mechanisms, nonradiative decay of plasmons and
direct photoexcitation of interband transitions. Choosing
Al nanocrystals as a model materials system, Halas and
coworkers [101] demonstrated that both intraband and
interband hot carriers could be effectively utilized to drive
the photocatalytic H, dissociation. Al nanocrystals with an
average size of 100 nm exhibited two light absorption peaks
around 460 and 800 nm, which could be assigned to the
localized plasmon resonances and the interband transi-
tions, respectively. Photoexcitation of interband transitions
in Al by near-infrared light resulted in more efficient HD
production even though the light absorption cross sections
associated with interband transitions were smaller than
those of the plasmon resonances. The interband hot elec-
trons in Al were distributed approximately 1-1.5 eV above
the Fermi level and were thus, energetic enough to get
injected into the H, adsorbates to trigger the bond cleav-
age. More recently, Schatz and coworkers [102] compared
the influence of plasmonic versus interband excitations on
laser pulse-driven dissociation of H, adsorbed to octahe-
dral Ag and Au nanoparticles through real-time TDDFT cal-
culations. The computational results clearly revealed that
plasmon excitation led to lower threshold light intensity for
H, dissociation in the case of Ag nanoparticles, but in Au
nanoparticles, interband excitations became photocatalyti-
cally more effective than plasmonic excitations. In Ag and Al
nanoparticles, the plasmon resonances and interband tran-
sitions occur in well-separated spectral regions, and thus
can be selectively excited by choosing appropriate excita-
tion wavelengths. In nanoparticles made of other metals,
such as Au, Cu, Pd, and alloys, however, plasmon resonances
may get strongly dampened by interband transitions due
to spectral overlap of the two photoexcitation processes
[103]-[108]. How the interplay between plasmons and inter-
band transitions modulates the photocatalytic behaviors of
metallic nanoparticles is a fundamentally important topic
well-worthy of further investigations.
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3.2 Plasmon-driven O, dissociation

With a bond dissociation energy as high as 498 k] mol~%, the
0=0 double bond in molecular O, is even stronger than
the H-H bond in H,. Interestingly, molecular O, adsorbed
on the surfaces of plasmonically excited metallic nanostruc-
tures can readily undergo photocatalytic dissociation even
at room temperature and atmospheric pressure [2], [30],
[109]. It was proposed that the plasmon-driven dissociation
of 0, was induced by injection of hot electrons into the
antibonding * orbital of surface-adsorbed O, [2], [30], [109],
a mechanism analogous to that of the plasmon-driven H,
dissociation in many aspects. The dissociation of O, leads
to the formation of atomic O on the nanoparticle surfaces,
which rapidly oxidizes a variety of molecular substrates
[109]. In the case of ethylene epoxidation, dissociation of O,
was identified as the rate-limiting step [109].

Linic and coworkers [30] studied the Kkinetics of
plasmon-driven ethylene epoxidation over Al,O,-supported
Ag nanocubes as a function of excitation light inten-
sity at different reaction temperatures. The photocatalytic
rate exhibited a linear dependence on the light intensity
up to 300 mW cm~2 but switched to a superlinear power
dependence at higher excitation powers. The magnitude of
the kinetic isotope effect, which was defined as the ratio
between the reaction rates for the 0, and 0,'® isotopes,
increased substantially when entering the superlinear
power dependence regime. Both the linear-to-superlinear
transition of power dependence and the enhanced kinetic
isotope effect were the kinetic signatures of electron-driven
photocatalytic reactions on metals. A third kinetic char-
acteristic of plasmon-driven O, dissociation was that both
the temperature and light intensity positively influenced
the quantum yield of the photocatalytic reaction. At a con-
stant temperature, the quantum yield remained essentially
unchanged in the low excitation power regime until a sub-
stantial increase was observed upon transition from the
linear to the superlinear regime. At a given light inten-
sity, the quantum yield increased monotonically upon ele-
vation of the operating temperature. All these experimen-
tal observations were highly suggestive of a hot electron-
driven reaction mechanism. Injection of an electron into
the antibonding orbital of surface-adsorbed O, led to the
formation of a transient negative ion, O,~, which might
lose an electron and evolve into neutral O, in excited
vibrational states. The lifetimes of these excited vibrational
states, typically on picosecond timescale, were substantially
longer than the timescale of a bond vibration (several fem-
toseconds), enabling effective utilization of the vibrational
energy gained by O, to overcome the activation energy bar-
rier for the bond cleavage.
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Within the framework of the proposed mechanism,
the switch from the linear to superlinear power depen-
dence could be interpreted as the consequence of transi-
tion from single-electron to multi-electron processes. In the
low excitation power regime, the bond cleavage was initi-
ated upon injection of a single electron into each O, adsor-
bate. In the high excitation power regime where super-
linearity emerged in the power dependence, the probabil-
ity of electronic excitation of an adsorbate already vibra-
tionally excited from previous electron scattering events
became substantially higher. Meanwhile, the kinetic iso-
tope effect also became more pronounced because multiple
electron-scattering events led to a larger discrepancy in the
vibrational energy gained by the two isotopes. The proposed
mechanism also captured the experimentally observed tem-
perature dependence of reaction rate. At higher tempera-
tures, the O, adsorbates, on average, required less energy
gainin electron scattering events to overcome the activation
energy barrier because of increased population of adsor-
bates in the excited vibrational states. In addition, the prob-
ability of gaining a specific number of vibrational quanta
became higher if the molecule was initially in an excited
vibrational state. Therefore, the photocatalytic rate exhib-
ited an exponential dependence on the operating tempera-
ture at a constant excitation power.

Although the origin of the aforementioned kinetic fea-
tures could be interpreted reasonably well in the context
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of the proposed hot electron-driven mechanism, recent
experimental and computational investigations suggested
an alternative reaction mechanism that did not involve hot
carrier transfer [110]. Through rigorous comparison of the
quantum yields, local field enhancements, and hot carrier
densities across a broad range of nanoparticle sizes and
excitation photon wavelengths, Christopher and coworkers
[110] proposed that the plasmon-mediated O, dissociation
over SiO,-supported Ag nanoparticles was essentially trig-
gered by the direct interactions of the O, adsorbates with the
plasmonic near-fields on Ag nanoparticle surfaces rather
than hot electron transfer or photothermal heating. The
quantum yields for O, dissociation were experimentally
measured as a function of excitation photon wavelength
on three photocatalyst samples with average Ag particle
sizes 0f 14.1, 27.4, and 48.6 nm (Figure 5a), respectively. Over
all three photocatalyst samples investigated, the maximal
quantum yields for O, dissociation were achieved when
the Ag plasmons were resonantly excited within the wave-
length range of 400—450 nm. The three samples also exhib-
ited comparable quantum yields across the entire explored
wavelength range. Finite difference time domain (FDTD)
calculations were carried out to study the effects of particle
size on the relative electric field enhancement at the Ag
nanoparticle surfaces (Figure 5b) and the relative hot car-
rier density in Ag nanoparticles (Figure 5c). The calculated
hot carrier density increased by ~2 orders of magnitude
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Figure 5: Plasmonic near field-triggered O, dissociation on Ag nanostructures. (a) Experimentally measured quantum yield for ethylene epoxidation
on Ag nanoparticles with average sizes of 14.1, 27.4, and 48.6 nm. FDTD-calculated (b) relative surface field enhancement and (c) relative hot charge
carrier density as a function of excitation photon wavelength for Ag nanoparticles with sizes of 14.1, 27.4, and 48.6 nm. The relative surface field
enhancements and hot charge carrier densities were normalized to the highest value determined by FDTD calculations. (d) Excitation wavelength-
dependent quantum yield for O, dissociation, surface electric field enhancement, and hot carrier density in 104.4 nm Ag nanoparticles. The schematic
illustrations of the dipole and quadrupole plasmon modes are shown at top of panel (d). Adapted from ref. [110]. Copyright 2019 American Chemical
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when decreasing the particle size from 49 to 14 nm, devi-
ating drastically from experimentally observed trend in the
quantum yield for O, dissociation. However, the calculated
surface field enhancements followed a trend consistent with
the quantum yields, strongly suggesting that the plasmon-
mediated O, dissociation was triggered by direct interac-
tions of adsorbed O, with the enhanced local fields on Ag
nanoparticle surfaces.

The direct correlation between plasmonic field enhan-
cement and quantum yield for O, dissociation became
more evident in the case of larger Ag nanoparticles beyond
the quasi-static limit. Due to the phase retardation effect,
Ag nanoparticles that were 104.4 nm in diameter exhib-
ited extinction spectral features associated with both dipo-
lar and quadrupolar plasmon resonances. The quadrupo-
lar plasmon modes primarily led to photon absorption,
whereas the light extinction at the dipole plasmon reso-
nance frequencies was dominated by scattering. The electric
field enhancement at the Ag particle surface trended with
the longer-wavelength dipolar plasmon mode, whereas
the density of hot carriers in Ag nanoparticles trended
with the shorter-wavelength quadrupolar dark plasmon
mode. As shown in Figure 5d, the wavelength-dependence
of quantum yield matched the trend of relative surface
field enhancement, deviating significantly from the trend
of relative hot carrier density inside the Ag nanoparticles.
Real-time TDDFT calculations further revealed that the local
field enhancement played the major role in driving the O,
dissociation reaction, while significant charge transfer was
neither necessary nor sufficient for inducing bond cleavage
in surface-adsorbed O, [111]. At the current level of mech-
anistic understanding, the local field-mediated mechanism
appears more plausible than the hot electron-driven mech-
anism, even though multiple critical aspects concerning the
detailed mechanisms still need to be further investigated.

3.3 Plasmon-driven nitrogen fixation

With a nonpolar and strong N=N triple bond (dissociation
energy of 941 k] mol™!), molecular N, is structurally stable
and chemically inert. Even the cleavage of the first bond in
N,, which converts a N=N bond into a N=N bond, requires
an energy as high as 410 k] mol~". The bond cleavage in
N, molecules is crucial for the N, reduction and has been
considered as the rate-limiting kinetic bottleneck of the
entire nitrogen fixation process. Nitrogen fixation is an
important chemical process through which molecular N,,
which constitutes 78 % of the atmosphere, is reduced and
converted into ammonia, a noncarbon-based compound
indispensable in industrial processes for synthesizing fer-
tilizers, pesticides, and pharmaceuticals. Nitrogen fixation
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relies critically on the use of catalyst materials [112]-[115].
In biological systems, nitrogen fixation is effectively cat-
alyzed by enzymes called nitrogenases under mild reaction
conditions [116]-[118]. However, biological nitrogen fixa-
tion is far from being able to meet the industrial needs
for large-scale synthesis of ammonia. The most widely uti-
lized method for nitrogen fixation in industry has been
the Haber-Bosch process, which converts H, and N, into
ammonia using oxide-supported Fe-based catalysts at high
temperature (300-500 °C) and pressure (100 atm). There
have been tremendous research interests in searching for
high-performance catalyst materials and optimization of
the reaction conditions to reduce the energy cost required
for the manufacturing processes [112]-[115], [119]-[121].
Photocatalytic nitrogen fixation provides a particularly
attractive approach that enables sustainable ammonia syn-
thesis in a simulated natural environment, i.e., at ambient
pressure, at room temperature, in aqueous reaction media,
and under solar irradiation [122]-[125].

Nitrogen fixation on the surfaces of catalyst materials
can occur through either dissociative or associative reac-
tion pathways (Figure 6a) [126]. In the dissociative pathway,
the N=N bond is completely broken before each individ-
ual N adatom gets hydrogenated on the catalyst surface,
eventually producing two NH; molecules independently.
In the Haber-Bosch process, the reaction proceeds along
the dissociative pathway, which occurs at high reaction
temperatures and pressures. Alternatively, catalytic nitro-
gen fixation can occur through the associative mechanism,
which involves the conversion of the N=N bond into the
N=N bond, immediately followed by stepwise hydrogena-
tion until ammonia is finally produced. In the associative
distal mechanism, the N, molecule adsorbs to the catalyst
surface in an end-on coordination mode. The two N atoms
get hydrogenated in a sequential manner, which leads to
the production of one ammonia molecule at a time. In the
associative alternating mechanism, however, both N, atoms
are hydrogenated simultaneously, forming two equivalents
of ammonia from each N, molecule. Photocatalytic nitrogen
fixation, in most cases, take places through the associative
mechanisms, whereas the complete dissociation of N, into
atomic N remains difficult to achieve due to the high energy
cost required to fully break the N=N bond.

Optically excited metallic nanoparticles exhibit unique
capabilities to catalyze the dissociation of N, toward NH,
production under mild conditions. The mechanism of
plasmon-driven nitrogen fixation involves injection of hot
electrons into the antibonding orbital of surface-adsorbed
N,, which causes weakening of the N=N bond and triggers
the bond dissociation process [49]-[51], [127]. Aikens and
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Figure 6: Plasmon-driven nitrogen fixation. (a) Schematic illustration of the dissociative and associative pathways of catalytic nitrogen fixation.

(b) Schematic illustration of plasmon-driven N, dissociation on Au@Ru antenna-reactor nanostructures. The insets show a transmission electron
microscopy image and energy-dispersive spectroscopy-based elemental mapping profiles of Au@Ru nanoparticles. (c) Apparent quantum efficiencies
(AQEs) for N, fixation over Au@Ru nanoparticles in pure water under 20 mW cm=2 monochromatic light irradiation (black squares) and UV-vis
extinction spectrum of colloidal Au@Ru nanoparticles (red line). (d) Rates of photocatalytic ammonia production in the first 2 h under different light
intensities. (e) Optimized structures of N, adsorbed on Ag,,Ru, cluster, both charged by 1e and experienced with an electric field of 1.0 x 108 v m~".
The electron density difference for a (spin-up) and f (spin-down) is normalized, and the absolute isovalue is set to 0.02. The red and green colors
represent an increase and decrease in electron density, respectively. Panel (a), adapted from ref. [126]. Copyright 2023 Springer. Panels (b-e), adapted

from ref. [127]. Copyright 2019 American Chemical Society.

coworkers [128] theoretically studied the bond dissociation
of N, and H, adsorbed to an Agg atomic wire using real
time TDDFT, linear response TDDFT, and Ehrenfest dynam-
ics. The computational results revealed that bond activa-
tion in diatomic molecular adsorbates was symmetry- and
electric field-dependent. Dissociation of N, required higher
electric field strengths than that of H,. The bond dissoci-
ation of N, and O, triggered by plasmons in Au and Ag
nanoparticles was compared theoretically by Montemore
and coworkers [111], who found that both hot electron trans-
fer and local-field enhancement played crucial roles in cat-
alyzing the bond dissociation of N,, whereas the local-field
enhancement was the primary driving force for the disso-
ciation of O,. Although theoretically predicted to be feasi-
ble, plasmon-driven nitrogen fixation directly catalyzed by
standalone Au and Ag nanoparticles has not been experi-
mentally realized yet because N, exhibits intrinsically low
binding affinity to Au and Ag surfaces, resulting in negli-
gible plasmon-adsorbate interactions. When constructing

plasmonic photocatalyst materials for nitrogen fixation, Au
and Ag nanoparticles need to be combined with other mate-
rials, such as semiconductors [129], [130], platinum-group
metals [127], [131], and metal-organic frameworks [132], to
form multicomponent heterostructured nanocomposites. In
these heterostructured photocatalysts, the plasmonic com-
ponents, typically Au and Ag nanoparticles, serve as the
sources of both hot carriers and local field enhancements,
whereas the nonplasmonic components play a unique dual
role, not only promoting the separation of the photoexcited
charge carriers but also providing surface binding sites for
N,. In the past decade, plasmon-driven nitrogen fixation has
attracted tremendous attention, and the latest progress in
this research area, in terms of both materials development
and mechanistic understanding, has been summarized by
several recently published review articles [49]-[51].
Through plasmon-driven nitrogen fixation, it becomes
possible to replicate the Haber—Bosch process by photo-
catalysis under mild and environmentally friendly reaction
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conditions. To optimize the ammonia synthesis process and
further accelerate the transition of this technology from
laboratory to industrial-scale applications, the plasmonic
photocatalysts must be deliberately designed such that they
are able to efficiently absorb the solar light, generate highly
energetic charge carriers, have extended excited state life-
time, and possess abundant surface sites for N, binding.
Xiong and coworkers [127] used a plasmonic heteronanos-
tructure composed of an Au nanoparticle coated with Ru
nanowiskers as the photocatalyst to catalyze the dissocia-
tion of N, toward NH; production in pure water at 2 atmo-
spheric pressure and room temperature (Figure 6b). The Au
nanoparticles functioned as plasmonic nanoantennas and
hot electron generators, while the Ru nanowiskers served as
the catalytic reactors and binding sites for N,. The photocat-
alytic action spectrum matched the absorption spectrum of
the Au@Ru photocatalysis very well (Figure 6c), and a linear
relationship between the reaction rate and the photon flux
density was clearly observed under CW illumination within
the power range experimentally investigated (Figure 6d).
In situ spectroscopic studies using near ambient pressure
X-ray photoelectron spectroscopy provided experimental
evidence that N, was fully dissociated into surface-adsorbed
atomic N at the early stage of the plasmon-driven nitrogen
fixation process. First principles calculations were carried
out to study the adsorption and plasmon-triggered dissocia-
tion of N, interacting with an atomic cluster composed of
22 Au atoms and 6 Ru atoms (Figure 6e). N, chemisorbed
at Ru sites through an end-on configuration, forming a
hybridized state that allowed plasmons to directly excite the
charge carriers within the Au@Ru-N, complex to induce
N, dissociation. The computational results also suggested
that electron transfer alone without enhanced electric field
only led to slight bond elongation in surface-adsorbed N,
and could hardly dissociate N, molecules. Only when metal-
to-N, electron transfer occurred in locally enhanced elec-
tric fields could the bond elongation and dissociation in N,
become efficient. Another unique advantage of plasmon-
driven nitrogen fixation is that the reactions occur in aque-
ous medium without the need to use pressurized H, as the
reducing agent because water itself serves as the hydrogen
donor. Through in situ Raman and infrared spectroscopic
studies coupled with DFT calculations, Chi and coworkers
[133] recently found that the efficiencies of plasmon-driven
nitrogen fixation over branched AuCu alloy nanoparticles
could be significantly improved by weakening the inter-
molecular Hbonds in water and regulating the arrangement
of water molecules at the catalyst-liquid interface. This
work sheds light on the effects of interfacial assembly of
water molecules on plasmon-driven photocatalysis, which
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appears to have been overlooked in the past. Plasmon-
driven nitrogen fixation has so far been primarily focusing
on ammonia synthesis, while direct synthesis of other value-
added nitrogen fixation products, such as nitrate and nitrite
anions, through plasmon-mediated photocatalytic nitrogen
fixation still needs to be further explored.

4 Plasmon-driven bond cleavage
in organic adsorbates

Built upon the knowledge gained from the homonuclear
diatomic molecular adsorbates, I will further discuss how
various plasmonic effects can be judiciously harnessed to
selectively cleave certain types of chemical bonds in struc-
turally more complicated organic molecular adsorbates.
Instead of going through all bond-cleaving reactions ever
reported in the literature, I will focus on several delib-
erately selected representative reactions to elucidate how
the nature of the frontier molecular orbitals involved in
electronic excitation and charge transfer processes and the
local chemical environment at the metal-adsorbate inter-
faces determine the reaction pathways and chemoselectiv-
ity of plasmon-driven bond cleavage in organic molecular
adsorbates.

4.1 Homolytic dissociation of dimethyl
disulfide (cleavage of disulfur bond)

Cleavage of chemical bonds in small molecules, such as
oxygen [71], [134], nitric oxide [135], carbonyl sulfide [135],
and methyl bromide [136], can be effectively triggered by
optical excitation of electronic transitions between the fron-
tier molecular orbitals. Although these small molecules in
the gas and liquid phases may undergo UV light-induced
photodissociation reactions, they remain chemically stable
under visible light illumination because the visible pho-
tons are energetically insufficient to excite the HOMO-to-
LUMO electronic transitions. Strong plasmon-adsorbate
interactions can create new photocatalytic reaction path-
ways that enable the use of visible light to pump the elec-
tronic transitions in small molecules, which drives bond
cleavage in molecular adsorbates on metal surfaces. Kim
and coworkers [137] discovered that when chemisorbed
on single-crystalline Cu(111) and Ag(111) surfaces, dimethyl
disulfide, (CH,;S),, underwent photodissociation reactions
upon cleavage of the disulfur bond under visible light
illumination. Although it has been known that adsorption
of disulfur bond-containing molecules to metal surfaces
may lead to destabilization or even dissociation of the S-S
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bond [138], no (CH;S), dissociation was observed on the
Cu(111) and Ag(111) surfaces at room temperature without
light illumination. The mechanism of visible light-driven
photodissociation of (CH,;S), was found to be fundamen-
tally different from those involved in plasmon-driven pho-
todissociation of homonuclear diatomic molecules. The S-S
bond dissociation was essentially driven by direct electronic
excitation of the molecular adsorbates without involving
any charge transfer between the metal and the molecular
adsorbates. The strong metal-adsorbate interactions sig-
nificantly narrowed the energy gap between the frontier
molecular electronic states derived from the HOMO and
LUMO of (CH;S), (Figure 7a), reducing the energy thresh-
old for HOMO-to-LUMO electronic transitions from the UV
to the visible range. In addition, the LUMO-derived molec-
ular orbitals had negligible overlap with the metal sur-
face, keeping the lifetimes of the photoexcited state suffi-
ciently long to induce photodissociation. The photodisso-
ciation of surface-adsorbed (CH;S), could be tracked one
molecule at a time using scanning tunneling microscopy
(STM). In the STM measurements, the (CH,S), molecules
were chemisorbed to an Ag (111) or Cu (111) surface, and
an Ag tip with a curvature radius of ~60 nm was placed at
a certain distance from the metal surface (Figure 7b). At a

DE GRUYTER

sample bias voltage (V,) of 20 mV and a tunneling current
(I,) at 0.2 nA, each (CH;S), molecule appeared as an elliptical
protrusion in the STM images. Each elliptical protrusion
was transformed into two identical ball-shaped protrusions
(Figure 7c) once the (CH;S), molecule was dissociated into
two CH;S molecules on the metal surface under visible light
illumination.

The visible light-driven photodissociation of (CH;S),
could be kinetically modulated by adjusting the distance
between the STM tip and the metal surface [139]. As the Ag
tip moved closer to the metal surface, the localized plas-
monic field near the metal surface became increasingly
more intense, resulting in further increased photodissoci-
ation rates. When the tip—substrate gap size was reduced
to 1nm, the plasmon-induced dissociation became Kkineti-
cally very fast due to strong local field enhancements in
the gaps. The yield of (CH,S), dissociation induced by local-
ized plasmon resonances (Y;gp), which was defined as the
first-order rate constant divided by the photon flux density,
exhibited wavelength-dependent profiles (Figure 7d) well-
correlated to the calculated plasmonic field enhancements
in the tip—substrate gaps (Figure 7e). The values of pho-
todissociation yield (Y. ) measured when the tip was
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Figure 7: Plasmon-mediated cleavage of S-S bond in surface-adsorbed (CH
on metal surfaces through direct HOMO-to-LUMO excitations. (b) Schematic

5S),. (@) Mechanism of visible-light-induced photodissociation of (CH;S),

illustration of plasmon-induced S-S bond dissociation in (CH;S), in a gap

between a metal surface and an STM tip. (c) Topographic STM images of a (CH;S), molecule on an Ag(111) surface observed at ~5 K (V, =20 mV and
I, = 0.2 nA) before and after irradiation with 532 nm light (5.86 X 10% photons cm=2 s~") for 10 min. (d) Wavelength dependence of ¥ ¢, of (CH;S),

molecules on Ag(111) (blue diamonds) and Cu(111) (red circles). The photodissociation yields without the excitation of plasmons, Y,

photons (DlaCk circles)

are also shown. (e) Calculated electric field intensity for a 1-nm gap between an Ag tip and the metal substrates under p-polarized light. The simulated
pointis z= 0.1 nm above the substrate surfaces and x = 0 nm. (f) Current trace for detecting the dissociation of a target molecule in dark induced by
inelastic electron tunneling (tunneling conditions: V; = 0.38 V and I, = 8.0 nA). The current changes indicated by red and green arrows correspond to
rotation and dissociation, respectively. (g) Current trace for detecting the dissociation event for a target molecule on Ag(111) upon plasmonic excitation
by p-polarized light at 532 nm (~2.7 X 10" photons cm~2 s™). The Ag tip was positioned above the molecule marked by the asterisk in the STM image.
t, refers to the time required for the plasmon-induced dissociation. Panels (a) and (b), adapted from ref. [137]. Copyright 2017 American Chemical
Society. Panels (c-g), adapted from ref. [139]. Copyright 2018 American Association for the Advancement of Science.
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approximately two orders of magnitude lower than those
of Y, ¢p (Figure 7d) due to diminished field enhancements
in the large gaps. In striking contrast to the action spec-
tra of Vg, the wavelength dependence of Yo, Well-
reflected the densities of states of the HOMO and LUMO
rather than the plasmonic field enhancements. DFT cal-
culations revealed that in the coupled (CH;S),-Ag(111)
and (CH;S),-Cu(111) systems, the HOMO- and LUMO-
derived molecular orbitals consisted of the nonbonding lone
pair—type orbitals on the S atoms (ng) and the antibond-
ing orbital localized at the S-S bond (6*y), respectively.
The experimental observations and computational results
strongly indicated that molecular dissociation under vis-
ible light illumination was driven by plasmon-enhanced
ng-to-6*¢g electronic excitations in the (CH;S), adsorbates
rather than metal-to-adsorbate transfer of plasmonic hot
electrons. The cleavage of the S-S bond was essentially
caused by the dissociative potential energy surface of the
neutral (CH;S), adsorbate in its excited states formed by the
direct intramolecular excitations.

As exemplified by the previously discussed cases of
H, and O,, molecular dissociation can also be initiated by
injecting electrons into molecular adsorbates to produce
transient anionic intermediates. Inelastic electron trans-
fer may lead to vibrational or electronic excitations of
the molecular adsorbates, resulting in molecular rotation
and dissociation that can be tracked in real time at the
single-molecule level using STM. In (CH,;S), chemisorbed on
the metal surfaces, the transient anionic states could be
produced through an inelastic electron tunneling process
by injecting tunneling electrons from the STM tip instead
of the plasmonic hot electrons. Vibrational excitations of
surface-adsorbed (CH,S), by inelastically tunneled electrons
led to rotation of (CH;S), before the molecular dissocia-
tion eventually occurred. Stepwise changes in I,, a unique
feature signifying the rotation of surface-adsorbed (CH;S),,
was clearly observed at the single-molecule level until the
S-S bond was finally dissociated, which was reflected by
an irreversible sudden drop in I, (Figure 7f). The transient
anionic state of (CH,S),, which was featured by a nondis-
sociative potential energy surface, relaxed to vibrationally
excited states to trigger the S-S bond dissociation. Inter-
estingly, such molecular rotation events were not ohserved
prior to the S—Sbond cleavage in plasmon-mediated (CH;S),
photodissociation processes (Figure 7g), strongly implying
that neither direct nor indirect transfer of plasmonic hot
electrons was the primary driving force for the photodis-
sociation of (CHsS), adsorbates. The results of DFT calcu-
lations also revealed that the LUMOs of (CH;S), were only
weakly hybridized with the metal states, which suppressed
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the relaxation of the excited state and thus made the dis-
sociative potential energy surface of the excited state more
accessible. In contrast, the molecular orbitals of O, and
H, adsorbates were more strongly hybridized with metal
substrates, which promoted the release of electrons from
the anionic intermediates to the metal substrates. There-
fore, plasmon-driven dissociation of O, and H, occurred
through a fundamentally different pathway involving vibra-
tional excitations of the molecular adsorbates induced by
transient transfer of plasmonic hot electrons. In addition
to energetic alignments between adsorbate orbitals and
metal states, the degree of hybridization between molecular
orbitals and metal states is obviously another determining
factor for the pathway selection of plasmon-mediated bond
cleavage in molecular adsorbates.

4.2 N-Demethylation of methylene blue
(cleavage of carbon-nitrogen bond)

In the case of plasmon-mediated (CH;S), dissociation,
the strong chemisorption of (CH;S), to Ag and Cu sur-
faces narrows the energy gap between the HOMO- and
LUMO-derived molecular orbitals, shifting the energies
of HOMO-LUMO transitions from the UV to the visible
region. However, such strong chemisorption is not neces-
sarily a prerequisite for visible light-driven bond cleavage
in molecular adsorbates. Some visible light-absorbing dye
molecules may undergo chemoselective bond-cleaving reac-
tions through plasmon-enhanced intramolecular excita-
tions under visible light illumination even when they inter-
act with metal surfaces through physisorption dominated
by weak dispersion forces. One striking example is methy-
lene blue (MB), which has a characteristic light absorp-
tion band in the wavelength range of 600—700 nm when
dissolved in water. Because of the weak metal-adsorbate
interactions, physisorption of MB on metal surfaces intro-
duces rather limited spectral shift and line-shape modifi-
cation to the intrinsic absorption band of MB molecules.
Under visible light excitations, MB physisorbed to nanos-
tructured Au surfaces may undergo plasmon-driven trans-
formations to form either fully demethylated thionine or
partially demethylated products, such as Azure B, Azure A,
and Azure C (Figure 8a) [140]-[143].

Habteyes and coworkers [140]-[143] used SERS as an
in situ molecular fingerprinting tool to precisely monitor
the plasmon-driven N-demethylation of MB in real time. The
SERS-based kinetic measurements were conducted at differ-
ent excitation wavelengths on MB molecules physisorbed
to the surfaces of a series of Au nanostructures, such as
aggregated Au nanorods, aggregated Au nanospheres, and
Au nanorods over Au thin films. The nanoscale gaps in
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Figure 8: Plasmon-mediated demethylation of MB. (a) Molecular structures of MB and various partially and fully demethylated products.
Time-resolved SERS spectra collected from MB adsorbed on (top panels) aggregated CTAB-coated Au nanorods (R-CTAB) and (middle panels)
carboxylic acid-coated Au nanospheres (S-CA) at different excitation wavelengths in the Raman shift ranges of (b) 430-515 and (c) 1,364—1,490 cm~".
The last SERS spectra included in the intensity maps are shown as the red (MB on R-CTAB) and blue spectra (MB on S-CA) in the bottom panels.

The spectra are normalized to the same maximum. The peak labeled v, indicates the formation of thionine due to complete N-demethylation of MB.
The peak labeled v, is used as a reference. The relative intensity and peak position of the mode labeled v, indicate partial N-demethylation and/or
charge transfer, which are analyzed with reference to the peak labeled v,. (d) Scheme showing the mechanism of C-N bond cleavage in MB
adsorbates through plasmon-enhanced intramolecular excitations. The plasmon near field of the particle pumps the S, — S, electronic transition

of the MB adsorbate. S, to T, intersystem crossing can populate the MB T, state, from which energy transfer can promote oxygen from its triplet
ground state (30,) to singlet excited state ('0,). The energy scale is derived from the absorption spectrum of the adsorbate. (e) Evolution of the

adsorption energy per unit mass as the CH; groups in MB are removed and r

eplaced by hydrogen atom during the stepwise N-demethylation

reaction. Adapted from ref. [143]. Copyright 2020 American Chemical Society.

these nanostructures played a dual role as both the hot
spots for SERS and the active sites for photocatalysis. The
N-demethylation of MB was evidenced by intensity drop
of the SERS peak at 449 cm~! (C-N-C rocking vibrational
mode of MB), emergence of new SERS peaks at 479 (the
skeletal deformation of thionine) and 804 cm™! (the NH,
rocking vibration modes of thionine and partially demethy-
lated MB with at least one of the N-terminals completely
demethylated), and frequency downshift of the in-plane
NCH bending mode initially at 1,435 cm~", which could be
attributed to the formation of partially demethylated prod-
ucts. When the excitation energy overlapped with both
the plasmon resonance of the metallic substrates and the

HOMO-to-LUMO electronic transition energy of the MB
adsorbates (excitation wavelength of 633 nm), the rate of
photochemical conversion of MB to thionine reached the
maximum. Detuning the plasmon resonance or the excita-
tion energy away from the HOMO—LUMO transition energy
of MB resulted in decreased reaction rates. Under illumi-
nation by a 633 nm CW laser, N-demethylation of MB on
aggregated Au nanorods was clearly observed at an inci-
dent intensity as low as 10> W cm~2. In contrast, excitation
of MB adsorbed on an Au bulk film did not lead to any
detectable N-demethylation even at an irradiation intensity
of 10° W cm~2, which underscored the crucial role of local
field enhancements in pumping the electronic excitations of



DE GRUYTER

adsorbates [140]. When the MB adsorbates were separated
from the Au surfaces by a thin dielectric layer composed of
poly(sodium 4-styrenesulfonate), the N-demethylation reac-
tions was Kkinetically further enhanced instead of being
suppressed, suggesting that the N-demethylation of MB did
not require any charge transfer between the metallic pho-
tocatalysts and molecular adsorbates [140]. The rate of
N-demethylation was observed to be sensitive to not only
the photoexcitation conditions but the local chemical envi-
ronment at the active sites as well [141]. MB adsorbed on
nanostructured Au surfaces were observed to be highly
reactive toward plasmon-mediated N-demethylation reac-
tions in aqueous aerobic environments (under ambient air
or in an O, atmosphere) but became completely inert in
an N, atmosphere. Molecular O, adsorbed on nanostruc-
tured Au surfaces can be photoactivated by promoting oxy-
gen from its triplet ground state (20,) to singlet excited
state (10,), and MB is a well-established and extensively
studied photosensitizer for 10, generation [144]. Coupling
MB or other photosensitizers, such as [Ru(bpy);]** [145], to
plasmonic nanostructures enables plasmon-mediated pho-
togeneration of '0,. Interestingly, 0, is a highly reactive
species capable of initiating the oxidative N-demethylation
of MB, an interesting plasmon-driven bond-cleaving reac-
tion discovered by Habteyes and coworkers through in situ
SERS measurements [140]-[143].

Besides N-demethylation of MB, plasmon-driven
N-dealkylation reactions may also occur on Viologen
derivatives. Frontiera and coworkers [146] observed that
N-dealkylation reactions could be alternatively driven by
anionic 0,~ radicals, which were produced upon injection
of a plasmonic hot electron into the n* orbital of surface-
adsorbed O,. Viologen derivatives, such as benzyl and
ethyl viologen, underwent plasmon-mediated C—N bond
cleavage to form 4,4’-bipyridine on nanostructured Au
surfaces under near infrared excitations. Apparently, near
infrared light was incapable of exciting any intramolecular
electronic transitions in the viologen derivatives. The
cleavage of the C-N bond in these viologen derivatives
was proposed to be initiated by interactions of the
transient O, radicals with the nitrogen atoms, followed
by extraction of hydrogen from the local water molecules
on the Au surfaces. Therefore, both the plasmon-enhanced
intramolecular excitations and metal-to-adsorbate transfer
of plasmonic hot electrons may lead to the formation
of photoactivated species that drive the chemoselective
N-dealkylation of organic molecular adsorbates.

Although N-demethylation of MB was observed to be
driven by plasmon-pumped intramolecular HOMO—LUMO
transitions in the MB adsorbates, the possible involvement
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of charge transfer between Au nanoparticles and surface-
adsorbed MB as an alternative reaction mechanism could
not be ruled out solely based on those observations.
Habteyes and coworkers [143] discovered that the surface-
capping molecular ligands on Au nanostructure surfaces
could be used as a unique knob to switch the reac-
tion pathways of plasmon-driven N-demethylation of MB.
Nanoparticle aggregates composed of two types of Au
nanostructures, cetyltrimethyl ammonium bromide (CTAB)-
capped Au nanorods (R-CTAB) and carboxylic acid-capped
Au nanospheres (S-CA), were utilized as the plasmonic pho-
tocatalysts. After incubation of the Au nanostructures with
MB in aqueous solutions, MB completely replaced the car-
boxylic acid ligands and became in direct contact with
the Au surfaces, whereas CTAB coadsorbed with the MB
molecules on the Au surfaces. As revealed by the results
of in situ SERS measurements at various excitation wave-
lengths (Figure 8b and c), in the presence of CTAB ligands,
MB was selectively transformed into the fully demethylated
product, thionine, whereas MB directly adsorbed on the
Au surfaces underwent nonselective N-demethylation reac-
tions to produce thionine and a series of partially demethy-
lated products. The reaction selectivity was intimately tied
to the reaction pathways. In the presence of CTAB, the
N-demethylation reaction was essentially driven by near
field-enhanced intramolecular excitation of the MB adsor-
bate, resulting in the transition from the singlet ground state
(Sy) to the singlet excited state (S,), followed by intersystem
crossing to the excited triplet state (T;), as schematically
illustrated in Figure 8d. The energy transfer from the T;
state of MB to the triplet ground state of 0, (30,) led to
the formation of reactive singlet oxygen O, (*0,), which
interacted with MB to form a charge-transfer complex (exci-
plex) that selectively favored the complete demethylation
of MB. The CTAB ligands not only promoted the plasmon-
pumped S, — S, electronic excitations by aligning the molec-
ular dipoles along the plasmonic fields but also extended
the excited state lifetimes by slowing down adsorbate-to-
metal energy transfer When MB was in direct contact
with Au surfaces, the energy transfer to the metal sur-
face caused shortening of molecular excited-state lifetime,
making the '0,-mediated reaction pathway less accessible.
However, the plasmonic hot electrons could be injected into
the surface-adsorbed MB to produce a transient anionic
complex, which subsequently underwent stepwise, non-
selective N-demethylation. The stepwise N-demethylation
process could be assisted by steric effect as the relatively
bulky methyl groups were substituted by smaller hydro-
gen atoms during the N-demethylation reactions. As the N-
demethylation proceeded, the molecular adsorption to Au
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surface became increasingly more favorable as the steric
hindrance caused by the bulky CH; groups was removed
(Figure 8e). While the fully demethylated thionine repre-
sented the thermodynamically most stable product of the
plasmon-driven N-demethylation reaction, several partially
demethylated products could also be kinetically trapped
and clearly identified by SERS during the reactions.

Both the reactivity of the MB adsorbates and the
mechanisms for N-demethylation became drastically differ-
ent when changing the chemical composition of the plas-
monic photocatalysts from Au to Ag. Linic and cowork-
ers [147], [148] found that MB molecules could interact
with Ag nanocube surfaces through chemisorption to form
strongly coupled Ag-MB complexes. By carefully analyz-
ing the relative SERS intensities of anti-Stokes and Stokes
peaks at 785 nm excitation, they found that the apparent
temperature of MB vibrational modes was significantly ele-
vated in comparison to the local nanoparticle tempera-
ture, which was hypothesized to be caused by direct elec-
tron transfer through CID at this excitation wavelength
[148]. Surprisingly, injection of electrons into the MB adsor-
bates induced nonselective photodegradation or photodes-
orption of MB, a reaction fundamentally different from the
N-demethylation of MB observed on nanostructured Au
surfaces. At 532 nm excitation, no charge transfer between
Ag and MB was observed according to the anti-Stokes
and Stokes SERS features. However, MB transformed into
thionine through plasmon-mediated N-demethylation, even
though the authors misinterpreted the characteristic SERS
features of thionine as the spectral signatures of MB, based
on which they drew a seemingly incorrect conclusion that
MB was photochemically inert under this reaction condition
[147]. On Ag surfaces, the N-demethylation of MB appears
mechanistically even more complicated than on Au sur-
faces, and many puzzling pieces concerning the detailed
mechanisms are still open to further experimental and com-
putational investigations.

4.3 Decarboxylation reactions (cleavage
of carbon-carbon bond)

As exemplified by MB demethylation reactions, a plasmon-
driven bond-cleaving process may occur along multi-
ple reaction pathways. Another strikingly example is the
plasmon-driven decarboxylation reaction, which may inter-
switch among multiple reaction pathways when chang-
ing the light illumination conditions or the local chemi-
cal environment at the metal-adsorbate interfaces. Ther-
mally driven decarboxylation of aromatic monocarboxylic
acids typically requires high reaction temperatures and
relies critically on specifically designed catalysts [149]. The
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reaction selectivity and decarboxylation yields under ther-
mal conditions remain low in many cases unless electron-
withdrawing substituents are regioselectively introduced
to the phenyl ring [150]. Plasmon-driven decarboxylation
provides a unique means of efficiently utilizing photon
energies to trigger chemoselective C-C bond cleavage in
aromatic carboxylic acids under mild reaction conditions.
For example, 4-mercaptobenzoic acid (4-MBA) chemisorbed
on nanostructured Au and Ag surfaces can readily lose
its carboxyl group to transform into thiophenol (TP) and
release CO, under visible light illumination even at room
temperature.

The initial discovery of plasmon-driven decarboxyla-
tion reactions dates back to the early 2000s when Michota
and Bukowska used SERS to monitor the adsorption of
4-MBA onto roughened Au and Ag electrode surfaces [151].
They observed the emergence of two unexpected peaks
centered at 998 and 1,020 cm~! in the SERS spectra, which
could not be assigned to any characteristic vibrational mode
of 4-MBA. Interestingly, these two emerging SERS peaks
were both the spectral signatures of in-plane ring breathing
modes of mono-substituted benzene derivatives, suggesting
that 4-MBA underwent decarboxylation reactions to pro-
duce TP on the light-illuminated electrode surfaces during
the SERS measurements. Without recognizing the possible
involvement of plasmon resonances, the decarboxylation
reaction was initially proposed to be driven by the inter-
actions of the deprotonated carboxylate group (COO™) with
the roughened metal surfaces, which was supported by the
observed pH-dependency of the reaction rate (fast reaction
in alkaline environments but almost no reaction in acidic
environments). Zhao and coworkers [152] proposed an alter-
native explanation for the peculiar SERS features of surface-
adsorbed 4-MBA, which involved chemical enhancement
caused by interfacial charge transfer. They argued that the
SERS peaks at 998 and 1,020 cm~? should be assigned to the
nontotally symmetric (b,) modes of 4-MBA, which got selec-
tively enhanced by charge transfer between 4-MBA and the
metal surface. While the origin of the observed spectral fea-
tures could be interpreted reasonably well in the context of
metal-adsorbate interactions and charge transfer, detailed
kinetic results obtained from in situ SERS measurements
provided compelling evidence that the temporal spectral
evolution of surface-adsorbed 4-MBA originated essentially
from plasmon-driven decarboxylation of 4-MBA residing in
plasmonic hot spots [153].

To gain further mechanistic insights, Yoon and cowork-
ers [154] studied decarboxylation of 4-MBA located in gap-
mode plasmonic hot spots at various excitation wave-
lengths under deliberately controlled reaction conditions.
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Figure 9: Plasmon-driven decarboxylation reactions. (a) Plasmon-driven decarboxylation of 4-MBA in a nanoscale gap of NPoM. An excitation laser
(A =785, 633, or 532 nm) was focused on the NPoM structures through a 50X objective to induce the photocatalytic reactions and the reaction
progress was monitored by SERS (785 nm excitation) using a Raman microscope. (b) SERS spectra at various reaction times during decarboxylation

of 4-MBA at 785 nm excitations. The SERS spectra of the product (TP) and the reactant (4-MBA) are shown in the top and bottom panels, respectively.
The asterisks highlight the characteristic peaks of TP. (c) Proposed mechanism of plasmon-driven decarboxylation of 4-MBA sandwiched between

an Au nanoparticle and an Au substrate. (d) Effect of applied potential on the energy distribution (the Fermi-Dirac-like distribution after carrier
relaxation) and transfer of plasmonic hot carriers. (e) Schematic illustration of the electrochemical tip-enhanced Raman spectroscopy (EC-TERS) setup,
where the decarboxylation reaction is induced by gap-mode plasmons between the strongly coupled Ag tip and Au substrate. (f) Color-coded intensity
map of the line-trace TERS spectra across a reaction region. The reaction was induced at the sample potential of —0.4 V under a laser (633 nm) power
of 0.7 mW. The line-trace TERS spectra were acquired with the sample potential at —0.7 V. Bias: 100 mV, tunneling current: 800 pA. (g) Schematic
illustration of plasmon-mediated decarboxylation of 4-MBA driven by photogenerated reactive oxygen species (ROS) at excitation wavelengths of

532 and 633 nm on Au and Ag nanoparticle surfaces. Panels (a-c), adapted from ref. [154]. Copyright 2019 American Chemical Society. Panels (d-f),
adapted from ref. [164]. Copyright 2020 Nature Publishing Group. Panel (g), adapted from ref. [166]. Copyright 2024 American Chemical Society.

Au nanoparticles were placed on top of an Au sub-
strate coated with a self-assembled monolayer (SAM) of 4-
MBA to form a nanoparticle-on-mirror (NPoM) structure
(Figure 9a). Under laser illumination, the 4-MBA molecules
in the gap-mode hot spots underwent irreversible photocat-
alytic decarboxylation reactions, and the reaction progress
could be tracked through in situ SERS measurements
(Figure 9b). When the excitation laser was resonant with the

plasmons (785 nm), the reaction rates and yields reached the
maximum, whereas the decarboxylation reaction got kineti-
cally suppressed when the excitation laser was off-resonant
with the plasmons. This decarboxylation reaction could not
be thermally activated by simply heating up the samples in
dark and none of the visible and near infrared lasers used in
this work had sufficiently high photon energies to excite any
intramolecular electronic transitions in surface-adsorbed
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4-MBA. Therefore, the primary driving force for this decar-
boxylation reaction was proposed to be the photoexcited hot
carriers. Coating the Au nanoparticle surface with a thin
layer of dielectric SiO, effectively blocked the interfacial
transfer of the hot carriers and thereby completely inhib-
ited the decarboxylation reaction, further verifying the hot
carrier-driven reaction mechanism. As schematically illus-
trated in Figure 9c, the hot carriers in Au nanoparticles
were generated from Landau damping, and subsequently
transferred to reactant molecules in the hot spots to initi-
ate the decarboxylation reaction. The acceptor of hot holes
was identified to be the deprotonated 4-mercaptobenzonate
rather than the protonated 4-MBA. Transfer of hot holes to
the 4-mercaptobenzonate anions produced a reactive inter-
mediate, carboxyl radicals, while the depletion of hot holes
in the Au nanoparticles was compensated for by transfer
of hot electrons to protons in water. Each carboxyl radical
further underwent homolytic C-C bond cleavage to produce
CO, and a surface-adsorbed mercaptophenyl radical, which
rapidly combined with an atomic H to generate the final
product, TP.

Using SERS as an in situ spectroscopic tool, Wang
and coworkers [155] systematically studied the plasmon-
driven decarboxylation of 4-MBA and 2-MBA adsorbates on
a suprananostructure composed of a dielectric SiO, core
(~1.0 pmin diameter) densely decorated with Ag nanocubes
(~36 nm in edge length). These SiO,@Ag suprananostruc-
tures executed unique dual-functions as both plasmonic
photocatalysts and SERS substrates under near-infrared
excitations (785 nm), with interstitial hot spots located in
the nanoscale gaps between adjacent nanocubes. A series
of critical insights concerning the detailed reaction mech-
anisms were gained through careful analysis of the in situ
SERS results, further corroborated by DFT calculations. (1)
The apparent decarboxylation rate increased with the local-
field enhancement in the hot spots on the photocatalyst
surfaces, as the surface abundance of hot carriers was posi-
tively correlated with local electric field intensity. (2) When
the excitation laser power was varied within the range of
sub-mW to mW, a superlinear dependence of reaction rate
on the excitation power was observed. The elevation of
local temperatures in the reactant-occupying plasmonic hot
spots was measured by SERS employing TP as a Raman
probe with intrinsic temperature-dependent SERS features.
The results of the SERS-based nanothermommetric mea-
surements revealed that photothermal heating had rather
insignificant contribution to the Kkinetic enhancements
under the experimental conditions explored in this work.
Therefore, the superlinear power dependence of reaction
rate observed in this case was essentially the hallmark of a
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hot carrier-driven reaction involving multiphoton absorp-
tion rather than a photothermally trigger reaction. (3) The
maximal yield of TP achievable through the decarboxyla-
tion reaction (apparent reaction yield quantified based on
the SERS spectra) was observed to decrease as the exci-
tation laser power went down, becoming far below unity
in the sub-mW power regime. Considering the irreversibil-
ity of this reaction, such excitation power dependence of
the reaction yield suggested the existence of a threshold
local-field intensity required for the plasmon-driven decar-
boxylation reactions. Only the molecular adsorbates occu-
pying the hottest spots with local field intensities exceeding
the threshold could be photoactivated for decarboxylation,
while those residing in the colder regions remained essen-
tially unreactive. (4) The pH-dependence of decarboxyla-
tion rate should not be interpreted simply in the context
of protonation/deprotonation of the MBA adsorbates. Both
the frontier orbital energies of the MBA adsorbates (hot
hole acceptor) and the redox potentials of protons (hot elec-
tron acceptor) were pH-dependent and could be system-
atically tuned with respect to the Fermi level of Ag and
the energy distribution profile of hot carriers. As a result,
the kinetic profile exhibited a volcano-type dependence on
PH, achieving maximal reaction rates and yields in weakly
alkaline media within a pH range of 10-11. These mech-
anistic insights provided important guiding principles for
rational optimization of both the plasmonic photocatalyst
materials and the local chemical environment in which the
decarboxylation reactions occur.

In addition to the irreversible spectral evolution caused
by decarboxylation of 4-MBA, some transient spectral fea-
tures might also emerge stochastically at additional vibra-
tional frequencies in time-resolved SERS spectra [156].
While the spectral evolution reflecting the decarboxylation
reactions could be analyzed by cross-correlation, the tran-
sient spectral events were found completely uncorrelated
with each other. The probability of observing the uncor-
related stochastic events increased upon elevation of the
excitation power and exhibited a superlinear dependence
on the excitation power. The origin of the stochastic fluc-
tuations observed in SERS is still poorly understood and
whether these transient events can somehow influence the
transfer of hot carriers across the metal-adsorbate inter-
faces remains a fundamentally intriguing open question.

A key factor limiting the utilization efficiency of hot
holes for the photocatalytic decarboxylation reactions is
the short lifetime of the energetic hot carriers photoex-
cited in the metallic nanostructures. Incorporation of
electron-accepting coadsorbates to the plasmonic nanopar-
ticle surfaces may promote the charge separation on the
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nanoparticle surfaces, which leads to longer lifetimes of the
hot carriers and more efficient transfer of hot holes into
the MBA adsorbates. As a proof-of-concept, Lu and cowork-
ers [157] demonstrated that choosing 4-hydroxythiophenol
(4-HTP) as a coadsorbate could significantly accelerate the
plasmon-driven decarboxylation of 4-MBA on Ag nanopar-
ticle surfaces. At the excitation wavelength of 633 nm, the
energy distribution of photoexcited hot electrons matched
the LUMO level of the coadsorbed 4-HTP very well, which
facilitated the transfer of the hot electrons from Ag to 4-HTP.
Coadsorption of 4-HTP and 4-MBA on Ag nanoparticle sur-
faces could be achieved by incubating Ag nanoparticles with
ethanolic solution containing both 4-HTP and 4-MBA. At a
fixed 4-HTP/4-MBA molar ratio, increasing the incubation
time resulted in more efficient decarboxylation of 4-MBA
on Ag nanoparticle surfaces, suggesting that the spatial dis-
tribution of the adsorbate molecules over the nanoparticle
surfaces might influence the hot carrier separation and the
photocatalytic efficiency [158]. At short incubation times, the
two types of molecular adsorbates might be intermixed on
Ag nanoparticles, which represented a kinetically trapped
metastable state. As the incubation time increased, the
intermixed adsorbates might undergo thermodynamically
driven phase segregation to form spatially separated 4-HTP
and 4-MBA domains, which was found to be more favorable
for the hot carrier separation on the Ag nanoparticle sur-
faces. The spatial distributions and interfacial dynamics of
molecular adsorbates on metallic nanoparticle surfaces can
be profoundly influenced by a series of factors, such as the
chemical nature of metal-adsorbate interactions, the local
surface curvature at the molecular binding sites, and the
intermolecular interactions among adsorbates [159]-[163].
There is plenty of room to further optimize plasmon-driven
photocatalysis by judiciously tailoring the surface chemistry
of metallic nanostructures, especially when multiple types
of molecular adsorbates are coadsorbed to nanoparticle
surfaces.

While the decarboxylation reactions could be induced
by transfer of hot holes from the Au to the MBA adsor-
bates, the photoexcited hot holes could also be utilized to
produce reactive oxygen species (ROS) capable of initiat-
ing the decarboxylation reactions through an alternative
reaction mechanism. Ren and coworkers [164] observed
that photoexcited hot holes in Au could oxidize OH~ or
H,0 to produce hydroxyl radical, OH., which effectively
drove the decarboxylation of 4-MBA adsorbates. In the pres-
ence of an OH- scavenger, tert-butanol, the plasmon-driven
decarboxylation of 4-MBA could be completely inhibited.
As illustrated in Figure 9d, the Fermi level of Au and the
energy distributions of plasmonic hot carriers could both
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be shifted by applying an electrochemical potential on the
Au photocatalysts. The hot holes with energies more posi-
tive than the oxidization potential of OH™ are considered
reactive toward the production of OH-. Electrochemical tip-
enhanced Raman spectroscopy (EC-TERS) was used as an in
situ nanospectroscopic technique to correlate the detailed
kinetic features of plasmon-driven decarboxylation reac-
tions to precisely controlled energy distributions of plas-
monic hot carriers. At an excitation wavelength of 633 nm,
the fraction of reactive hot holes in Au increased signifi-
cantly as the applied potential was shifted from —0.7V to
—0.4V (vs. Pt), which effectively boosted the decarboxyla-
tion of 4-MBA adsorbates on Au surfaces. In the EC-TERS
measurements, 4-MBA molecules were anchored on an Au
(111) electrode surface through strong Au-S interactions to
form a SAM and the electrochemical modulation of reac-
tion kinetics was executed by applying a potential on the
electrode. The strongly coupled plasmons hetween an Ag
tip and the Au electrode were excited using a 633 nm CW
laser, and TERS signals were collected in real time dur-
ing the plasmon-driven reactions in an electrochemical
cell (Figure 9e). The tip potential- and substrate potential-
dependent experiments revealed that the decarboxylation
of 4-MBA was primarily triggered by the hot carriers gen-
erated in the Au electrode rather than the Ag tip. When
a potential of —0.7V was applied to the Au electrode, 4-
MBA appeared unreactive at an excitation power of 0.7 mW.
However, a positive shift of the electrode potential by only
0.3 Vled to rapid decarboxylation of 4-MBA at the same exci-
tation power. The SERS features of TP were well-preserved
when the potential was switched to —0.7 V, further verifying
that the decarboxylation reaction was irreversible. Using
EC-TERS as an imaging tool, the spatial distribution of plas-
monic hot carriers on the Au electrode surface could also
be fine-resolved with nanometer-scale precision. With the
tip held at a fixed position, the substrate potential was first
set to —0.4 V (vs. Pt) to induce the decarboxylation reaction.
The plasmon-driven reaction was terminated by switching
the electrode potential back to —0.7 V. In this way, the spatial
distribution profiles of the product and reactant molecules
could be mapped using TERS (Figure 9f) without further
perturbing the reaction. Considering the hot hole-driven
mechanism, the size of the reaction area may be determined
by the spatial distribution of the reactive hot holes and
the diffusion length of OH-. Based on the EC-TERS imaging
results, the transport distance of the reactive hot holes was
estimated to be ~20 nm for the reactive hot holes that could
overcome the energy barrier of about 1.66 eV for oxida-
tion reaction. Hot holes with higher energies had shorter
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transport distances, as further indicated by potential-
dependent EC-TERS imaging results.

Besides OH- radicals, other ROS, such as O, and 102,
could also induce the decarboxylation of MBA adsorbates.
All these ROS could be produced through plasmonic hot
carrier-driven reactions. Corio and coworkers [165] found
that under illumination by a 633 nm laser, decarboxylation
of MBA adsorbates on Ag and Au nanoparticle surfaces was
primarily initiated by photogenerated 0, and OH-, respec-
tively. Energetic hot electrons in Ag nanoparticles could
promote triplet-to-singlet transition from 30, to 10, via Dex-
ter energy transfer, whereas energetic hot holes below the
Fermi level of Au nanoparticles were capable of oxidizing
OH~ to produce reactive OH-. Recent results reported by
Qiu, Hao, and coworkers [166] not only confirmed Corio’s
findings but also further revealed the critical role of 0,~
in plasmon-driven MBA decarboxylation on Ag nanopar-
ticles at the excitation wavelength of 532 nm (Figure 9g).
The selective involvement of different types of ROS under
various reactions was verified by control experiments using
tert-butanol, p-benzoquinone, and furfuryl alcohol as the
scavengers of OH-, 102, and O,, respectively. The decar-
boxylation of MBA regioisomers on Ag and Au nanoparticle
surfaces driven by photogenerated ROS exhibited interest-
ing regioselectivity [165]. Ag nanoparticles appeared active
in catalyzing the decarboxylation for 4-MBA but exhib-
ited almost no photocatalytic active toward decarboxylation
of 2-MBA. In contrast, on Au nanoparticle surfaces, only
2-MBA molecules were decarboxylated at appreciable rates
under the same reaction conditions. Such regioselectiv-
ity in plasmon-driven reactions was believed to originate
from intricate metal-adsorbate, adsorbate—adsorbate, and
adsorbate—environment interactions. The exact nature of
these interactions and how these interactions contribute
to the observed regioselectivity, however, are still open to
further investigations.

4.4 Dehalogenation reactions (cleavage
of carbon-halogen bonds)

Different from the oxidative C—C bond cleavage during
decarboxylation of carboxylates, dehalogenation reactions
involve reductive cleavage of carbon-halogen bonds in
organohalogen molecules. Dehalogenation is a critical step
in a large variety of organic reactions, such as the substi-
tution, dissociation, and coupling reactions, through which
halognenated organic compounds transform into other
molecules with targeted functional groups in a chemose-
lective and regioselective manner. Photoexcited hot elec-
trons in metallic nanoparticles can be judiciously har-
nessed to selectively activate the carbon-halogen bonds in
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halogenated thiophenol derivatives chemisorbed on metal
nanoparticle surfaces. Through in situ SERS measurements,
Xie and coworkers [167] observed that 4-iodothiophenol (4-
ITP), 4-bromothiophenol (4-BTP), and 4-chlorothiophenol (4-
CTP) adsorbates underwent dehalogenation reactions trig-
gered by plasmonic hot electrons. As schematically illus-
trated in Figure 10a, plasmonic hot electrons in Ag and
Au nanoparticles could be transferred to the LUMO of the
adsorbate molecules to produce halogenated 4-thiophenol
radicals. This anionic intermediate underwent rapid car-
bon-halogen bond cleavage to dissociate into a TP radical
and a halide anion. The TP radical could either capture a
hydrogen atom derived from protons or molecular water in
the reaction medium to produce TP or undergo a bimolec-
ular self-coupling reaction to generate 4,4’-biphenyldithiol
(4,4’-BPDT). The progress of plasmon-driven dehalogena-
tion reactions could be monitored in real time through SERS
measurements. During the dehalogenation reactions, the
intensities of the SERS peaks corresponding to vibrational
stretching of the C-I, C—Br, and C—Cl bonds, which were cen-
tered at 1,055, 1,069, and 1,065 cm ™, respectively, progres-
sively decreased, while several new SERS peaks emerged
at ~1,000, ~1,580, and 1,590 cm~1, which were attributed to
the phenyl ring deformation mode of TP, the ring stretch-
ing mode of TP, and the symmetric stretching mode of
the phenyl ring in 4,4’-BPDT, respectively, became gradu-
ally more intense over time. Figure 10b shows the tempo-
ral evolution of the SERS spectra collected from 4-ITP on
Ag nanoparticle surfaces at an excitation wavelength of
532 nm, from which the processes of both the C-I bond
cleavage and the product formation could be well-resolved.
In an aqueous reaction medium, the final products con-
sisted of both TP and 4,4’-BPDT. Interestingly, the plasmon-
driven dehalogenation reactions in a water-free environ-
ment led to the formation of 4,4’-BPDT as the sole prod-
uct without any TP detectable by SERS, suggesting that the
hydrogen source for TP formation was indeed from water.
The plasmon-driven dehalogenation reactions could be fur-
ther boosted by adding hole scavengers, such as Na,SO5 or
ethanol, into the reaction medium, which further verified
the hot electron-driven mechanism involved in the car-
bon-halogen bond cleavage. The reaction rates and yields
on Ag nanoparticle surfaces were observed to be signifi-
cantly higher than those achievable on Au nanoparticle sur-
faces because of stronger local field intensities and higher
hot electron abundance on Ag surfaces.

The plasmon-driven dehalogenation reactions could be
kinetically modulated by tuning the energies of the pho-
toexcited hot electrons, which could be realized by apply-
ing a potential on Au photocatalysts. Xie and coworkers
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Figure 10: Plasmon-driven dehalogenation reactions. (a) Hot electron-driven reaction mechanism of C-X (X =F, Cl, Br, or I) bond dissociation in
halothiophenol adsorbates on the Ag or Au nanoparticle surfaces under laser illumination. (b) In situ SERS spectra collected during dehalogenation of
4-ITP on the surfaces of Ag nanoparticles (80 nm in size) at an excitation wavelength of 532 nm and an excitation power density of 2.5 X 107 mW cm=2
(c) Reaction yields of the hot electron-driven dehalogenation of 4-ITP, 4-BTP, and 4-CTP on the Au nanoparticles measured by EC-SERS (632.8 nm laser
excitation with a power density of 1.25 mW pm~2). The Au nanoparticles were supported by a glassy carbon electrode, to which an electrochemical
potential was applied. (d) Schematic illustration of using in situ SERS to study photocatalytic dehalogenation of 4-ITP in a gap-mode nanoantenna
composed of two parallelly aligned, brick-shaped Au nanorods. Dehalogenation process can be traced from decreasing Raman peaks of C-I bond
(denoted in blue) and phenyl-ring (denoted in red) and increasing peaks of TP (denoted in green) and 4,4’-BPDT (denoted in yellow). The C-S peak
(denoted in purple) is chosen as the reference. (e) Calculated field enhancement (|£|2/|E,|%) map under the excitation by 633 nm x-polarized light
(upper panel) and scanning electron microcopy image (lower panel) of an Au nanoantenna dimer. (f) Field enhancement dependency of the observed
rate constant, k, and calculated hot-electron generation rate in the gaps of the Au nanoantenna dimers for hot electrons with energies exceeding

1.31 eV above the Fermi energy of Au. (g) Schematic illustration of using EC-SERS to study plasmon-driven debromination of 8-BrAd adsorbed on the Ag
nanoparticle surfaces. (h) EC-SERS spectra of 8-BrAd adsorbates on Ag nanoparticle surfaces at an excitation wavelength of 532 nm (laser power is

0.1 mW) with a collecting time of 2 s at different potentials from 0 to —0.5 V versus Ag/AgCl. (i) Temporal evolutions of EC-SERS spectra at 0.0 V versus
Ag/AgCl at various excitation wavelengths and powers: 532 nm, 0.1 mW; 633 nm, 0.1 mW; 785 nm, 0.2 mW. Panels (a) and (b), adapted from ref. [167].
Copyright 2019 American Chemical Society. Panel (c), adapted from ref. [168]. Copyright 2022 American Chemical Society. Panels (d-f), adapted from
ref. [171]. Copyright 2023 American Chemical Society. Panels (g-i), adapted from ref. [173]. Copyright 2020 American Chemical Society.

[168] used in situ electrochemical SERS (EC-SERS) to system- negative than a certain threshold could the hot electrons
atically investigate the kinetic features of plasmon-driven became sufficiently energetic to get injected into the molec-
dehalogenation reactions on Au nanoparticles at controlled ular adsorbates to induce the dehalogenation reactions.
potentials. Only when the electrode potential was more Shifting the potential to more negative values resulted in
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higher fractions of reactive hot electrons, which further
boosted the dehalogenation reactions. By analyzing the
intensity evolutions of the C-I, C-Br, and C-Cl stretching
peaks in the in situ EC-SERS spectra, the apparent rates
and yields of the dehalogenation reactions could be quan-
tified. As shown in Figure 10c, the threshold potential for
the dehalogenation of halogenated thiophenol derivatives
negatively shifted in the order of 4-ITP > 4-BTP > 4-CTP,
strongly supporting the proposed hot electron-driven reac-
tion mechanisms.

The relative reactivities of various halothiophenols
observed in the EC-SERS measurements were intimately
related to the strengths of the carbon—-halogen bonds (bond
energy decreased in the order of C-F > C-Cl > C-Br >
C-D). On Ag nanoparticles, the rates of the dehalogenation
reactions decreased in the order of 4-ITP > 4-BTP > 4-
CTP, according to the in situ SERS results reported by Xie
and coworkers [167], [168]. Surprisingly, it was observed by
Schirmann, Bald, and coworkers [169] that on Au nanopar-
ticle surfaces, the dehalogenation rates were similar among
4-BTP, 4-CTP, and 4-fluorothiophenol (4-FTP). X-ray photo-
electron spectroscopy (XPS) measurements provided impor-
tant information about the work functions and valence
band states of isolated halothiophenol-capped Au nanopar-
ticles in the gas phase. With an increasing electronegativ-
ity of the halogen, the effective work-function increased
from 4.3 eV for 4-BTP to 5.1 eV for 4-CTP and 5.2 eV for 4-
FTP, respectively. While the relatively low work function
of 4-BTP favored the transfer of hot electrons, a high den-
sity of occupied electronic states close to the Fermi-energy
was also required for efficient electron transfer. In 4-BTP-
capped Au nanoparticles, the accessible initial states were
very limited in the relevant energy range, thereby hamper-
ing the electron transfer from the Au nanoparticles to the
adsorbed molecules. In contrast, the relatively high work
functions of 4-CTP- and 4-FTP-capped Au nanoparticles were
a major barrier hampering the electron transfer processes
even though the densities of states close to the Fermi level
were significantly higher in comparison to 4-BTP-capped
Au nanoparticles. Therefore, both the electronic properties
of the metal-adsorbate systems and the intrinsic chemi-
cal reactivity of the molecular adsorbates should be taken
into careful consideration when optimizing plasmon-driven
molecule transformations involving carbon-halogen bond
cleavage.

When analyzing the rich kinetic information extracted
from in situ SERS results, we should keep in mind that the
overall SERS features are dominated by the spectroscopic
signals from molecules residing in the plasmonic hot spots,
which may only account for a tiny fraction of all mole-
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cular adsorbates over the entire photocatalyst surfaces.
The molecular transformations observed in SERS-based
kinetic measurements are primarily restricted to small
volumes spatially confined within the reactive hot spots,
whereas how the majority of the molecular adsorbates
on the photocatalyst surfaces behave remains disguised.
Molecules chemisorbed to metal surfaces through strong
covalent interactions exhibit limited surface mobility dur-
ing plasmon-driven reactions, resulting in drastic site-to-
site deviations in molecular reactivities due to heteroge-
neous distributions of hot spots on the photocatalyst sur-
faces. As exemplified by the plasmon-driven debromina-
tion of 4-BTP adsorbates on closed-packed Au nanoparti-
cles, 4-BTP molecules in the reactive hot spots (interparticle
gaps) underwent rapid debromination reactions, whereas
the majority of 4-BTP adsorbate molecules remained almost
unreacted at the poorly reactive surface sites where
the local field enhancements were limited [170]. Finite-
difference time-domain (FDTD) simulations revealed that
the apparent kinetic order of plasmon-driven debromina-
tion of 4-BTP probed by SERS might be uncorrelated with
the real reaction order, which was concealed by the highly
heterogeneous enhancement of Raman signals over the pho-
tocatalyst surfaces. However, the apparent reaction rates
measured by SERS were found to be proportional to the
underlying rate constants for the same substrate and exci-
tation wavelength. The experimental results could be fit-
ted with high accuracy using the Fractal-like kinetic model,
which took the inhomogeneity of the SERS substrates into
account using a time-dependent reaction coefficient.

To assess the impact of hot spots to the reaction kinetics
at a higher level of quantitativeness, Cortés and cowork-
ers [171] used in situ SERS to track the detailed molecule-
transforming processes in individual gap-mode hot spots
and further correlated the reaction kinetics to the hot elec-
tron generation as a function of gap size at the single hot spot
level. Au nanoantennas with precisely controlled hot spot
geometries, each of which consisted of a pair of parallelly
aligned, brick-shaped Au nanorods, were fabricated using
an electron beam lithography-based method. The plasmon-
driven deiodination of 4-ITP on each Au nanorod dimer was
chosen as a model reaction for detailed kinetics studies.
Figure 10d illustrates the basic geometry of the Au nanoan-
tenna and the transformation of 4-ITP into TP and 4,4’-
BPDT during SERS measurements. For rigorous comparison,
the dimensions of individual nanorods and the gap size in
each nanorod dimer were carefully tuned to achieve vary-
ing local-field intensities in the hot spots while maintain-
ing a similar level of geometric anisotropy and transver-
sal resonant profile. As shown in Figure 10e, upon optical
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excitation of the transverse plasmon mode by a polarized
plane wave at 633 nm, the local field enhancements were
confined within the interparticle gaps rather than located
at the longitudinal ends of individual nanorods. Although
unpolarized excitation light was used for the in situ SERS
measurements, the hot electrons exploitable for photocatal-
ysis were primarily derived from the transverse gap-mode
plasmons at the excitation wavelength of 633 nm, while the
influence of the longitudinal plasmon resonances could be
neglected. When the gap size was tuned within the range
of 5-30 nm, higher reaction rates were observed at smaller
gaps due to more efficient generation of hot electrons.
Aggregated Au nanoparticles also possess highly abundant
interparticle gaps, which could serve as the hot spots for the
plasmon-driven dehalogenation reactions. However, due to
heterogeneous spatial distribution and broad size distri-
bution of the gaps, analysis of the kinetic results became
less straightforward, requiring the use of more complicated
kinetic models, such as the fractal kinetic model. Benefit-
ing from the precise control over gap sizes and the in situ
SERS measurements preformed at single hot spot level, the
observed kinetic features of the dehalogenation reactions
on the lithographically fabricated Au nanorod dimers could
be well described by a simple first-order rate law. It was
found that the dehalogenation reactions were driven by
intraband hot electrons with energies exceeding a certain
threshold, which was defined as E;. The values of E; for
a given metal-adsorbate system under certain photoexci-
tation conditions could be estimated through DFT calcula-
tions. As shown in Figure 10f, the observed rate constants
were well-correlated to the calculated generation rates of
reactive hot electrons in hot spots (intraband hot electrons
over the Au surfaces facing the gap with energies higher
than an E, value of 1.31eV above the Au Fermi level).
Decreasing the gap size from 30 nm to 10 nm led to an
increase of the dehalogenation rate by 4 times while the
local field enhancements went up by only 1.7 times. Further
reduction of the gap size to the sub-10 nm range did not
improve the reaction rate significantly even though the local
fields were further enhanced by another 2-fold, strongly
suggesting that in such small gap regime, the contribution
of the stronger local field enhancements might be com-
promised by the decreased surface areas of the plasmonic
nanoantennas.

Besides the halothiophenols, brominated nucleobases
adsorbed on Au and Ag nanoparticle surfaces may also
undergo plasmon-driven dehalogenation reactions. In 2017,
Schirmann and Bald discovered [172] that 8-bromoadenine
(8-BrAd) transformed into adenine on the surfaces of Au and
Ag nanoparticles when irradiated by CW lasers at excitation
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wavelengths of 532, 633, and 785 nm. The debromination
process could be tracked in real time based on the tem-
poral evolution of spectral features in SERS. Analogous to
the plasmon-driven debromination of 4-BTP, the cleavage
of the C-Br bond in surface-adsorbed 8-BrAd was initiated
upon injection of a hot electron into 8-BrAd, which led
to the formation of an anionic radical with a dissociative
potential energy surface. Through EC-SERS measurements,
Tian and coworkers [173] demonstrated that the energy
distributions of hot electrons could be tuned with respect
to the LUMO energy of surface-adsorbed 8-BrAd by vary-
ing either the potential applied to the Ag photocatalysts
or the wavelength of the excitation laser (Figure 10g). At a
fixed excitation wavelength, negative shift of the applied
potential led to energetic uplift of the hot electrons, which
kinetically boosted the cleavage of the C—Br bond in 8-BrAd
(Figure 10h). At a fixed potential, increasing the energy of
the excitation photons led to higher debromination rates
and yields when 8-BrAd were adsorbed on the surfaces of
aggregated Ag nanoparticles (Figure 10i).

In addition to 8-BrAd, brominated derivatives of other
canonical nucleobases, such as bromocytosine, bromogua-
nine, and bromouracil, could also undergo plasmon-driven
debromination reactions on Ag nanoparticle surfaces [174].
Although the overall reaction rate was initially proposed
to be limited by the metal-to-adsorbate transfer of hot
electrons, both Br~ and the nucleobase radicals were later
found to be played crucial roles in hole deactivation, which
ultimately determined the dehalogenation rate [175]. In
certain circumstances, insufficient hole deactivation might
become a kinetic bottleneck limiting the overall rate of
the debromination reactions. While both Br~ and the
nucleobase radicals exhibited favorable oxidation poten-
tials toward hole reaction on Ag surfaces, their reactivities
toward hole deactivation was compromised on Au surfaces
[175]. It is particularly interesting that hot electrons pho-
toexcited in an Ag nanoparticle could be transferred over
several nanometers to drive the debromination of an
8-BrAd in double-stranded DNA oligonucleotides [176].
Using double-stranded DNA as an efficient electron-
conducting linker, it became possible to utilize plasmonic
hot electrons to selectively trigger the C—Br bond cleavage
in a bromonucleobase that was not even directly adsorbed
on the nanoparticle surfaces.

4.5 Other plasmon-driven bond-cleaving
reactions in organic adsorbates

Besides the intensively investigated reactions discussed
above, a diverse range of other plasmon-driven bond-
cleaving reactions, including but not limited to N-H bond
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cleavage in mercaptopyridine [177] and hypoxanthine [178],
C-B bond cleavage in mercaptophenylboronic acid [179],
C-N bond cleavage in para-nitrothiophenol [180], azo bond
cleavage in 4,4’-dimercaptoazobenzene [181], 0-O bond
cleavage in hydrogen peroxide [182], [183], C-I bond cleav-
age in diaryliodonium salts [184], [185], C—H bond cleav-
age in aromatic methyl groups [186], and C-0 bond cleav-
age in 1-phenoxy-2-phenylethane [187], allyl phenyl ether
[188], and alkoxyamines [189], have also been reported
in the literature. The experimental observations reported
so far suggest that these reactions are primarily driven
by either injection of hot carriers into the molecular
adsorbates or plasmon-enhanced intramolecular electronic
excitations. Although the plasmonic photothermal effects
may contribute to the kinetic enhancement to a cer-
tain extent, none of these reactions can be activated by
thermal heating alone without the aid of plasmon res-
onances. With in-depth and comprehensive understand-
ing of the molecule-transforming mechanisms and plas-
mon-adsorbate interactions, plasmon-driven photocataly-
sis will ultimately become a precise and versatile molecule-
scissoring tool for cleaving targeted chemical bonds in
molecular adsorbates to achieve chemoselective reaction
outcomes under mild reaction conditions.

5 Applications of plasmonic
molecular scissors

The insights gained from detailed mechanistic studies of
plasmon-driven molecular scission form a solid knowledge
foundation crucial for rational design of catalyst—adsorbate
hybrid systems for targeted applications. Here, I briefly
showcase three noteworthy examples that successfully
demonstrate the unique capabilities of optically excited
plasmonic nanostructures to trigger the cleavage of spe-
cific chemical bonds in molecular adsorbates, which are
transformative to technological innovations in drug release,
surface coating, and polymer synthesis.

5.1 Plasmon-triggered molecular release

Metallic nanoparticles with chemically tailored surface
functionalities and near infrared plasmon resonances have
been of particular interest and widely utilized as nanocar-
riers for targeted delivery and controlled release of drugs.
There are two general strategies for on-demand release of
drugs from the plasmonic nanocarriers to targeted tissues
or cells using deep penetrating near-infrared light as a stim-
ulus. The first strategy involves optical excitations by pulsed
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lasers to generate high-energy hot electrons, which cause
direct desorption of adsorbates from the nanoparticle sur-
faces [190]-[193]. The other strategy relies on the plasmonic
photothermal effects, which may either weaken thermo-
labile noncovalent intermolecular interactions or thermally
activate covalent bonds for cleavage [194]-[196]. Taking full
advantage of plasmon-driven chemoselective bond cleav-
age in deliberately designed molecular constructs, Cam-
den and coworkers [197] developed an alternative strategy
for light-controlled molecular release that neither involved
the use of pulsed lasers nor relied on the photothermal
effect. This strategy was designed based on a well-studied
plasmon-driven oxidative coupling reaction, in which para-
aminothiophenol (pATP) chemisorbed to Au or Ag nanopar-
ticle surfaces underwent bimolecular coupling to produce
4,4'-dimercaptoazobenzenethiol (DMAB) under moderate
CW laser illumination [198]-[200]. A critical step at the early
stage of the pATP coupling reaction involved the cleavage
of the N-H bond in the amino group in pATP, which could
be initiated upon either transfer of hot holes to surface-
adsorbed pATP or injection of hot electrons into surface-
adsorbed O,. Interestingly, instead of being restricted to
PATP, this plasmon-driven oxidative coupling reaction could
also take place in other aminothiophenol derivatives [201],
[202], in which one of the H atoms or both H atoms in the
amino group were substituted by other functional groups.
The bimolecular coupling between two adjacent aminothio-
phenol derivative adsorbates led to the release of the func-
tional groups originally connected to the nitrogen atoms,
followed by the formation of an azo bond.

The feasibility of the proposed strategy was demon-
strated using Au nanoparticles as the nanocarriers and a
fluorescent molecule, 1-pyrenecarboxylic acid (PyA), as a
model molecular cargo for controlled release [197]. As sche-
matically illustrated in Figure 11a, PyA was conjugated
to pMA through the 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)/N-hydroxysuccinimide (NHS) coupling
reaction to form N-(mercaptophenyl)pyrene-1-carboxamide
(MPPC), which chemisorbed to Au nanoparticle surfaces
through Au-S interactions. When illuminated by a
785 nm CW laser, the MPPC adsorbed on aggregated Au
nanoparticles underwent a plasmon-driven oxidative
coupling reaction to produce DMAB, which remained
chemisorbed to the nanoparticle surfaces, while releasing
PyA from the Au nanoparticle surfaces into the solution.
The conversion of MPPC to DMAB on the nanoparticle
surfaces could be tracked by in situ SERS measurements, in
which three SERS peaks at 1,144, 1,390, and 1,443 cm™~! were
identified as the spectral signatures of DMAB (Figure 11b).
The release of PyA into the solution led to gradual increase
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Figure 11: Plasmon-triggered release of molecular cargos from nanocarriers. (a) Scheme illustrating plasmon-triggered release of PyA via
plasmon-driven oxidative coupling of MPPC on Au nanoparticle surfaces. (b) Temporally evolving SERS spectra collected from MPPC adsorbed on Au
nanoparticles under continuous laser illumination (785 nm, 2 mW). The left panel shows the temporal evolution of the SERS spectra. The right panel
shows the snapshot spectra collected at reaction times of 10, 1,000, and 2,000 s. (c) The fluorescence intensity (emission wavelength of 381 nm and
excitation wavelength of 342 nm) of the supernatant solutions after irradiation (785 nm, 1-180 min) and centrifugation of the MPPC-functionalized
nanoparticles. The inset shows the fluorescence spectra of the supernatant of the samples irradiated for between 1 and 30 min. Adapted from ref.

[197]. Copyright 2017 The Royal Society of Chemistry.

of the fluorescence intensities in the aqueous solution
(Figure 11c).

The facile EDC/NSH cross-linking method can be used
as a robust and versatile synthetic tool to conjugate a large
variety of targeted molecular cargos, such as drugs, nucleic
acids, and proteins, to the amino group in surface-adsorbed
host molecules, such as pATP. Therefore, the light-triggered
molecular release based on plasmon-driven cleavage of the
chemical bonds between the host and cargo molecules rep-
resent a particularly useful strategy for designing and con-
structing drug-nanocarrier systems for targeted biomedical
applications.

5.2 Plasmon-mediated surface
functionalization

The plasmonic properties of metallic nanostructures can
be judiciously harnessed to drive on-surface photoreac-
tions, providing a unique way to create targeted molecular

moieties and functionalities on the nanostructured sur-
faces. Iodonium salts have been widely used as sources
of aryl radicals, which serve as highly reactive interme-
diate species for surface functionalization of a large vari-
ety of solid-state materials [203]-[205]. The most widely
adopted approaches for the surface functionalization with
iodonium-derived compounds are based on either elec-
trochemically induced grafting or chemical reduction pro-
cesses [203]-[205], both of which have certain limita-
tions and need further improvement. Postnikov, Lyutakov,
and coworkers [184] developed an alternative, plasmon-
mediated approach to the surface-functionalization of Au-
coated optical fibers with targeted organic coating lay-
ers using iodonium salts as the precursors. This approach
was essentially based on plasmon-driven homolytic cleav-
age of C-I bonds in iodonium salts followed by graft-
ing of the in situ generated aryl radicals to Au surfaces.
As illustrated in Figure 12a, the plasmon resonances sus-
tained by an optical fiber coated with a thin layer of
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Figure 12: Plasmon-driven surface functionalization using iodonium salts as the precursors. (a) Schematic illustration of plasmon-driven surface
functionalization of an Au-coated optical fiber using 3,5-bis(trifluoromethyl)phenyl iodonium tetrafluoroborate as the precursor. (b) SERS spectra
measured on the pristine Au-coated fiber surface and after different reaction times during the plasmon-driven 3,5-bis(trifluoromethyl) phenyl grafting.
(c) Schematic illustration of C-I bond cleavage and surface functionalization under thermal and plasmon-mediated reaction conditions when using
unsymmetric iodonium salts as the precursors. (d) SERS spectra collected from Au-coated fiber after decomposition and grafting of
(4-methylphenyl)[3-(trifluoromethyl)phenylliodonium (upper spectrum) and (4-nitrophenyl)(3-(trifluoromethyl)phenyl)iodonium (lower spectrum).
Panels (a) and (b), adapted from ref. [184]. Copyright 2018 WILEY-VCH. Panels (c) and (d), adapted from ref. [185]. Copyright 2020 The American

Chemistry Society.

Au could be optically excited by passing an excitation
laser (650 nm) through the fiber. Exposure of an opti-
cally excited Au-coated optical fiber to an aqueous solu-
tion of di-[3,5-bis(trifluoromethyl)phenylliodonium tetraflu-
oroborate led to the cleavage of the C-I bonds and pro-
duction of 3,5-bis(trifluoromethyl)phenyl radicals, which
were spontaneously grafted to the Au surfaces upon for-
mation of Au-C bonds. Coating the Au surfaces with
a bis(trifluoromethyl)phenyl layer led to spectrally red-
shifted plasmon resonances and interesting antifouling
properties. While the pristine Au surfaces appeared fea-
tureless in the SERS spectra, the plasmon-induced molec-
ular grafting led to the emergence of strong SERS peaks
signifying the formation of 3,5-bis(trifluoromethyl)phenyl

moieties on Au surfaces (Figure 12b). By accommodating
multiple plasmon-driven grafting steps, mixed-aryl coatings
could be created on the metal surfaces. Under continu-
ous laser excitation, exposure of an Au-coated optical fiber
to di-[3,5-bis(trifluoromethyl)phenylliodonium and di(4-
nitrophenyl)iodonium salts in a sequential manner could
result in grafting of a mixed bis(trifluoromethyl)phenyl and
4-(nitrophenyl) layer on the Au surface.

Plasmon-driven C-I bond cleavage in unsymmetric
iodonium salts was found to be more complicated than
in symmetric iodonium salts because of the possibility to
produce different types of aryl radicals exploitable for sur-
face grafting. Therefore, the regioselectivity of plasmon-
mediated homolytic decomposition became a critical issue
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that must be taken into consideration [185]. Thermally
driven dissociation of an unsymmetric iodonium salt at
elevated reaction temperatures was typically featured by
limited regioselectivity of C-I bond cleavage, leading to
mixed-aryl coatings on Au surfaces. In striking contrast,
with the aid of plasmons, the C-I bond cleavage occurred
preferentially in electron-rich aryl substituents, resulting
in the selective grafting of the more electron-rich aryl
radical to the Au surface (Figure 12c). When choosing (4-
methylphenyl)[3-(trifluoromethyl)phenyl]iodonium as the
precursor, plasmon-driven C-I bond cleavage led to selec-
tive transfer of the 4-methylphenyl to the Au surface
because the methyl group was an electron donating
group (EDG). However, exposure of Au to (4-nitrophenyl)(3-
(trifluoromethyl)phenyl)iodonium under laser illumination
led to surface functionalization with mixed 4-nitrophenyl
and 3-trifluoromethyl-phenyl moieties because both nitro
and trifluoromethyl were electron-withdrawing groups.

The regioselectivity observed in plasmon-driven C-I
bond cleavage in unsymmetric iodonium salts could be
interpreted as the consequence of plasmon-enhanced
intramolecular excitations [185]. The excitation of an
electron from HOMO to LUMO of unsymmetric iodonium
cation led to iodonium cations in their excited state with
dissociative potential surfaces. It was theoretically pre-
dicted by TDDFT that the homolysis of the C-I bond
located on the electron-rich aryl groups was kinetically
favored, a general trend consistently observed in a
series of unsymmetric iodonium salts bearing electron-
donating aryl groups. For (4-nitrophenyl)(3-(trifluoro-
methyl)phenyl)iodonium, which represented an unsymme-
tric iodonium cation with electron-deficient aryl groups,
both (3-(trifluoromethyl)phenyl and 4-nitrophenyl radicals
were produced upon C-I bond cleavage induced by intra-
molecular electronic excitation. Dissociation of (4-nitro-
phenyD)(3-(trifluoromethyl)phenyl)iodonium via excitation
by hot electrons, however, led to the formation of 3-(tri-
fluoromethyl)phenyl radical with high regioselectivity,
which disagreed with the experimental observations. The
aforementioned experimental and theoretical results
suggested that the regioselective cleavage of C-I bonds in
unsymmetric iodonium salts was a consequence of
plasmon-enhanced intramolecular excitations rather
than hot electron injection or photothermal heating.
Therefore, the plasmon-driven C-I bond cleavage in
iodonium salts is mechanistically different from the hot
electron-driven deiodination of 4-ITP chemisorbed to Au
and Ag nanoparticle surfaces, which was discussed in detail
in Section 4.4.
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5.3 Plasmon-mediated synthesis of block
copolymers

Free radicals produced through plasmon-driven bond-
cleaving reactions can be utilized to induce molecular poly-
merization processes. Nitroxide-mediated polymerization
[206]-[209] has been a living radical polymerization tech-
nique particularly useful for synthesizing polymer brushes
on solid state materials surfaces. The nitroxide-mediated
polymerization processes are initiated upon homolysis of
the C-ON bond in an alkoxyamine initiator. With the aid
of plasmon resonances, it has become possible to efficiently
utilize visible and near-infrared light to chemoselectively
activate the C—ON bond toward homolytic cleavage, fol-
lowed by nitroxide-mediated polymerization on Au sub-
strates under mild reaction conditions.

The feasibility of the plasmon-driven nitroxide-
mediated polymerization was demonstrated by Tretyakov,
Postnikov, and coworkers [210] using Au gratings as a
plasmonic substate and a 785 nm CW laser or the sun light
as the excitation light source, respectively. As illustrated
in Figure 13a, diethyl (1-((1-(4-aminophenyl)ethoxy)(tert-
butyl)amino)-2,2-dimethylpropyl) phosphonate was first
subjected to diazotization to produce an arenediazonium
tosylate, which was subsequently tethered to the surfaces
of Au gratings via the diazonium chemistry. The surface-
functionalized Au gratings were then immersed in a
solution of N-isopropylacrylamide (NIPAM) under light
illumination to induce the C—ON bond cleavage, which led
to the formation of free radicals that initiated a polymeri-
zation process on Au surfaces. Through this plasmon-
driven nitroxide-mediated polymerization process, block
copolymers could be synthesized on the surface of
Au gratings by further reacting with 4-vinylbenzene-
boronic acid (VBA) monomers. The success in surface
functionalization of Au gratings with poly(NIPAM)/poly
(VBA) brushes was confirmed by atomic force microscopy,
X-ray photoelectron spectroscopy, atomic force microscopy
imaging, and SERS, while the plasmon-induced formation
of free radicals was verified by electron spin resonance
spectroscopy. Through plasmon-driven nitroxide-mediated
polymerization, thermally promoted side reactions, such
as the undesired formation of a cross linkage via boroxine
formation, could bhe effectively suppressed, resulting in
significantly enhanced chemoselectivity and precisely
controlled block copolymer structures.

The Au gratings with covalently attached poly(NIPAM)/
poly(VBA) block copolymers exhibited a unique combina-
tion of plasmonic and surface properties particularly useful
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Figure 13: Plasmon-driven nitroxide-mediated polymerization. (a) Scheme illustrating plasmon-driven polymerization of poly(NIPAM)/poly(VBA) on Au
gratings and entrapment of @-1 acid glycoprotein (AGP) by the polyVBA units. (b) The principle of @-1 glycoprotein detection at room and elevated
temperatures. (c) SERS detection of AGP (10~8 M solution in phosphate buffer at pH 7.4). Adapted from ref. [210]. Copyright 2019 The Royal Society of

Chemistry.

for biomolecular sensing applications. @—1 glycoprotein, a
potentially useful circulating biomarkers for estimating the
5-year risk of all-cause mortality [211], was chosen as an
analyte of interest to demonstrate the sensing capability of
the block copolymer-functionalized Au gratings. The a-1
glycoprotein could be covalently entrapped by the polyVBA
units through coupling reactions between the boronic acid
and the carbohydrate moieties (Figure 13a). At alow temper-
ature below 32 °C, the polyNIPAM units were in a swollen
state and served as a flexible joint for the polyVBA units
to enhance the effectiveness of capturing a—1 glycoprotein
from solution. Increase of temperature led to the transition
of the polyNIPAM units from the swollen state to the col-
lapsed state, moving the entrapped a—1 glycoprotein closer
to the plasmonic Au surface (Figure 13b). The reduced dis-
tance between Au surface and a—1 glycoprotein gave rise to
significantly higher signal enhancements in the SERS spec-
tra (Figure 13c), greatly improving the sensitivity for a—1
glycoprotein detection.

6 Concluding remarks

Plasmon-mediated photocatalysis provides a unique means
of harnessing photon energy to induce the cleavage of
specific chemical bonds in molecular adsorbates under
mild reaction conditions. Chemoselective bond cleavage in
molecular adsorbates can be triggered by plasmon reso-
nances through multiple mechanisms involving plasmon-
enhanced intramolecular excitations, transfer of hot car-
riers from metal to adsorbates following Landau damp-
ing, direct electronic excitations in strongly hybridized
metal-adsorbate systems through CID, and photothermal
activation of molecular vibrations. Even in some seemingly
simple cases, such as homonuclear diatomic adsorbates,
the detailed mechanisms involved in plasmon-driven bond
cleavage can be highly complex and diverse, involving mul-
tiple reaction pathways. Some plasmon-driven molecule-
scissoring reactions, such as N-demethylation of MB and
decarboxylation of MBA, may even undergo pathway
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switch upon variation of either the light illumination
conditions or the local chemical environment at the
metal-adsorbate interfaces. Over the past decade, tremen-
dous research efforts have been devoted to mechanistic
studies of plasmon-driven bond-cleaving processes. In situ
spectroscopies and microscopies, such as STM imaging,
ambient pressure XPS, SERS, TERS, EC-SERS, and EC-TERS,
have become particularly useful tools for tracking detailed
plasmon-driven molecule-transforming processes in real
time under operando conditions. Computational tools, such
as TDDFT, have been developed and widely utilized for cal-
culating not only the optical responses of metallic nanos-
tructures upon plasmonic excitations but also the dynamic
transforming behaviors of molecular adsorbates stimulated
by various plasmonic effects. Built upon the mechanis-
tic insights gained from fundamental studies, plasmonic
molecular scissors can be rationally designed to match the
need for targeted applications, such as controlled release of
molecular cargos, surface coating of solid-state materials,
and selective bond activation for polymerization.

Through combined experimental and computational
efforts, some unified mechanistic pictures have started to
emerge over the past decade. The radiative and nonradia-
tive decay of plasmon resonances creates several unique
channels to deposit energy into molecular adsorbates,
through which certain chemical bonds can be selectively
activated for cleavage. In general, plasmon-induced bond
activation involves the formation of either electronically or
vibrationally excited intermediates triggered by enhanced
local electric fields, energetic hot carriers, or photother-
mal heating. The nature of the frontier molecular orbitals
involved in either electronic excitations or hot carrier trans-
fer is a key factor determining the reaction pathway and
chemoselectivity of a specific bond-cleaving reaction. On
the other hand, the local chemical environment at the
metal-adsorbate interfaces may play an equally important
role in the selection of reaction pathways, as exemplified
by the plasmon-driven N-demethylation of MB and decar-
boxylation of MBA discussed in this review article. Despite
the remarkable progress made in the last decade, several
critical aspects concerning detailed bond-cleaving mecha-
nisms remain challenging to elucidate, well-worthy of fur-
ther investigations.

The thermal and nonthermal contributions in plas-
monic photocatalysis remain difficult to quantify [52],
[871-[92]. The key to solving this problem is to precisely the
local temperature at the active sites on the photocatalyst
surfaces through nanothermometric measurements. Con-
sidering the exponential relationship between reaction rate
and temperature, even a slight uncertainty in thermometric
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measurements can lead to significant under- or overesti-
mate of the relatively contributions of the nonthermal and
thermal plasmonic effects. In addition, the local tempera-
tures at the photocatalytically active sites may differ signifi-
cantly from the apparent temperatures in the photocatalyst
bed measured at the ensemble level. With recent advance-
ments in plasmonic nanothermometry, it has become possi-
ble to precisely measure the local temperatures in a single
plasmonic hot spot [212] and even at the single molecule
level [213], which will eventually enable us to clarify some
widely debated issues regarding the nonthermal and ther-
mal effects.

Both indirect transfer of hot electrons following Lan-
dau damping and direct electronic excitation through
CID lead to the transient anionic intermediates, lowering
the activation energy for bond cleavage [147], [148]. Lan-
dau damping and CID may give rise to different quan-
tum efficiencies, reaction selectivity, and kinetic features
in plasmon-mediated photocatalysis. However, distinguish-
ing these two mechanisms can be extremely challenging,
especially for those mechanistically complicated reactions
involving multiple reaction pathways. In numerous cases,
identification of the metal and adsorbate states involved in
the electronic transitions for a CID-induced reaction is not
an easy task due to the complexity of the metal-adsorbate
interactions. Experimental approaches capable of unam-
biguously distinguishing these two mechanisms have so far
not been fully established yet.

Plasmon-driven bond cleavage in molecular adsorbates
may lead to the formation of intermediates that further
evolve into the final products. Identification of impor-
tant intermediates represents a crucial step toward thor-
ough mechanistic understanding of multistep molecule-
transforming processes. Plasmon-enhanced spectroscopies,
such as SERS and TERS, can be used as unique in situ
molecular fingerprinting tools to identify the intermedi-
ate species and track their production and consumption
during plasmon-driven reactions [43]-[47]. Deliberately
designed steady-state and pump/probe-based time-resolved
SERS/TERS measurements can provide detailed information
about plasmon-induced molecule-transforming events over
a broad distribution of timescales ranging from picosec-
onds to minutes [43]-[47]. Ultrafast SERS/TERS approaches
capable of probing even faster molecular events occur-
ring at the early stages of plasmon decay over femtosec-
ond-picosecond timescales still need to be developed.
In addition, transient intermediates exhibiting short life-
times, small Raman cross sections, and spectroscopic fea-
tures overlapping with those of the reactants and prod-
ucts remain difficult to resolve in SERS/TERS measurements.
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Therefore, SERS/TERS needs to be further combined with
other time-resolved spectroscopic tools to fully characterize
plasmon-adsorbate interactions over the entire range of
timescales relevant to plasmonic photocatalysis.

TDDFT has become a particularly useful computational
tool for studying the effects of hot carriers and local fields
on the dynamic transforming behaviors of molecular adsor-
bate on metal surfaces. However, the clusters of metal
atoms employed in the computational work are too small
to support any localized plasmon resonances [100], [111],
[127], [128], [214]. Therefore, the TDDFT results do not fully
describe the photoexcitation, transfer, and relaxation of
hot carriers in experimentally utilized plasmonic photocat-
alysts. New computational approaches capable of model-
ing molecular adsorbates on much larger metal nanoparti-
cles in the experimentally relevant size regime need to be
developed.

When constructing plasmonic molecular scissors,
nanoparticles of noble metals, most commonly Au and
Ag, are typically used as plasmonic photocatalysts.
Unfortunately, the high cost and scarcity of the noble
metal elements limit the large-scale applications of these
plasmonic molecular scissors. There has been a tremendous
interest in searching for alternative plasmonic materials
made of cheaper and more earth-abundant elements,
which can potentially replace the noble metals for various
applications [215]-[217]. It has been demonstrated that
plasmonic nanoparticles made of non-noble metal elements
and doped semiconductors, such as Al [101], Mg [218], copper
selenides [219], and oxygen vacancy-rich MoO,_, [220],
can also be employed as plasmonic photocatalysts to
drive molecular transformations. Detailed mechanisms
of photocatalytic bond cleavage in molecular adsorbates
on these alternative plasmonic materials remain largely
unexplored, representing a fundamentally intriguing and
potentially transformative research area.

As the discoveries of new materials and reactions con-
tinue, we expect to witness ever-increasing mechanistic
diversity and complexity of plasmon-driven photocatalytic
reactions. When utilizing plasmonic photocatalysis for prac-
tical applications, a series of critical issues concerning mate-
rials cost, quantum efficiencies, photocatalyst durability,
reaction scalability, and reactor design, should all be taken
into careful consideration. Thorough understanding of
detailed bond-cleaving mechanisms will enable us to build
a solid knowledge platform, based upon which both the
light-matter and plasmon-adsorbate interactions can be
rationally fine-tuned to achieve optimized light-harvesting
efficiencies, precisely controlled kinetic features, and tar-
geted reaction outcomes through plasmonic photocatalysis.
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