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A B S T R A C T

We review our recent studies of photochemistry and plasmon chemistry of dimethyl disulfide,
(CH3S)2, molecules adsorbed on metal surfaces using a scanning tunneling microscope (STM).
The STM has been used not only for the observation of surface structures at atomic spatial re-
solution but also for local spectroscopies. The STM combined with optical excitation by light can
be employed to investigate chemical reactions of single molecules induced by photons and lo-
calized surface plasmons. This technique allows us to gain insights into reaction mechanisms at a
single molecule level. The experimental procedures to examine the chemical reactions using the
STM are briefly described. The mechanism for the photodissociation reaction of (CH3S)2 mole-
cules adsorbed on metal surfaces is discussed based on both the experimental results obtained
with the STM and the electronic structures calculated by density functional theory. The dis-
sociation reaction of the (CH3S)2 molecule induced by the optically excited plasmon in the STM
junction between a Ag tip and metal substrate is also described. The reaction mechanism and
pathway of this plasmon-induced chemical reaction are discussed by comparison with those
proposed in plasmon chemistry.

1. Introduction

The effective conversion from clean and renewable solar energy to chemical energy by inducing chemical reactions is increasingly
required for modern industry. In the 1990s, photodissociation and photodesorption of the molecules adsorbed on metal surfaces was
enthusiastically studied [1–23]. Novel reaction pathways different from those in the gas and liquid phases can be provided by the
interaction between the molecules and metal surfaces, which defines the interfacial electronic structures. Most photochemical re-
actions of small molecules (O2, CH4, Cl2CO, etc.) on single-crystalline metal surfaces have been achieved with UV light.

In photochemistry on metal surfaces (far-field chemistry), three principal mechanisms have been proposed (Fig. 1(a)) on the basis
of experiments with spectroscopies such as temperature-programmed desorption-mass spectroscopy, high-resolution electron energy-
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loss spectroscopy [3–18] and two-photon photoemission (2PPE) [19–23], as described in detail in Section 3.
Excitation mechanisms in photochemistry on metal surfaces (far-field chemistry) (Fig. 1(a)) are as follows:
(i) Direct intramolecular excitation (coupling between a transition dipole (μ) with the electric field of the light)
(ii) Charge transfer (direct excitation) from bulk or surface states to unoccupied molecular orbitals
(iii) Indirect hot-electron transfer to the unoccupied molecular orbitals (hot electrons are generated by light absorption by the

metals)
In the past 10 years, on the other hand, plasmon-induced chemical reactions on metal nanostructures such as Au and Ag nano-

particles have been attracting attention because the plasmon can promote more highly efficient conversion from solar energy to
chemical energy than in the case of photochemical reactions [24–57]. The plasmon resonantly excited by light generates a strong
electric field localized near the metal surface and serves as a highly efficient excitation source. Formation of an azo bond was found
and observed by the change in the spectra of surface-enhanced Raman scattering (SERS) [26–31] and tip-enhanced Raman scattering
(TERS) [32–35]. Dissociation of O2 [44,46] and H2 [47,52] molecules was achieved also by the plasmon of metal nanoparticles,
which was proven by the detection of the produced molecules with gas chromatography.

Immediately after the excitation of the plasmon, hot electrons and holes are created in metal nanostructures through nonradiative
decay of the plasmon, and finally the plasmon energy is thermally dissipated. During the decay process, four proposed mechanisms
are available in the plasmon-induced chemical reactions. However, it is still unclear which factor determines the principal me-
chanism.

Excitation mechanisms in plasmon chemistry on metal surfaces (near-field chemistry) (Fig. 1(b)) are as follows:
(i) Direct intramolecular excitation (coupling between transition dipole (μ) with the electric field of the plasmon)
(ii) Charge transfer (direct excitation) from near the Fermi level to the unoccupied molecular orbitals
(iii) Indirect hot-electron transfer to the unoccupied molecular orbitals (hot electrons are generated by light absorption of metal

nanostructures due to the plasmon)
(iv) Local heating effect
The different excitation mechanisms result in different reaction pathways because the initial excited states are different [1]. In the

case of (i) direct intramolecular excitation, the excited state is neutral because the separated holes and electrons exist in the molecule.
In contrast, in both cases of (ii) charge transfer and (iii) indirect hot-electron transfer, the excited state involves a transient negative
ion (TNI). It is difficult to discriminate (ii) and (iii) by experiments. Charge transfer is resonant excitation from the metal states to the
adsorbate state (one-step process), whereas indirect hot-electron transfer includes the light absorption of metals, the creation of hot
carriers, and electron transfer to the unoccupied molecular orbitals (three-step process) [58]. Therefore, in photochemistry on metal
surfaces, only time-resolved spectroscopy would distinguish them clearly [59,60]. In plasmon chemistry, most cases have been
explained by the indirect hot-electron transfer mechanism without direct evidence. However, the mechanism of the plasmon-induced
chemical reaction is still a subject worth further investigation.

The main problem of chemical reactions on metal surfaces induced by light is that the reactions are suppressed due to the short
lifetimes of the excited molecular states caused by the hybridization between molecular orbitals and the metal surfaces. To elucidate
the underlying mechanisms of both photochemistry and plasmon chemistry on the metal surfaces, a fundamental understanding of
the relationship between the reaction pathways and the interfacial electronic structures is crucial.

A scanning tunneling microscope (STM) can provide mechanistic insight based on the real-space investigation of photochemical
reactions on metal surfaces. The atomically well-defined surfaces of metal single crystals are necessary to obtain molecular-scale
mechanistic insights, which enable the combination of experiments with the STM and density functional theory (DFT) calculations to

Fig. 1. Excitation mechanisms in (a) photochemistry on a metal substrate and (b) plasmon chemistry on a metal nanoparticle (NP). (i) Direct
intramolecular excitation mechanism, (ii) charge-transfer mechanism, and (iii) indirect hot-electron transfer mechanism.
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investigate surface photochemical reactions and the accompanying changes in the electronic structure. Furthermore, STM can be
applied to investigate the plasmon-induced chemical reactions of a single molecule. The findings obtained using the STM provide
deep insights into reaction mechanisms at the single-molecule level that cannot be accessed by macroscopic analysis methods.

In this review, we summarize our recent STM studies clarifying the reaction mechanisms responsible for both photodissociation
and the plasmon-induced dissociation of dimethyl disulfide, (CH3S)2, molecules adsorbed on Ag(111) and Cu(111) surfaces [61,62].
We discuss the reaction mechanisms proposed in the fields of surface photochemistry and plasmon chemistry in terms of molecular
excitation on metal surfaces. Section 2 describes the experimental procedures and techniques of STM investigations of chemical
reactions. Section 3 explains the reaction mechanism of the photodissociation reaction of the (CH3S)2 molecules on the metal sur-
faces, which was revealed by STM investigations and DFT calculations. Section 4 summarizes the excitation mechanism and reaction
pathway of the plasmon-induced dissociation reaction of the (CH3S)2 molecules using the STM.

2. Experimental methods for STM investigations of chemical reactions

The STM is a powerful tool not only for observing surface structures at atomic spatial resolution but also for performing local
spectroscopies such as scanning tunneling spectroscopy (STS) and inelastic electron tunneling spectroscopy (IETS). The IET process
can induce vibrationally mediated motion or reaction of a single molecule in a tunnel junction of an STM (Fig. 2(a)). STM action
spectroscopy (STM-AS) provides the elementary processes of IET-induced vibrational excitation resulting in molecular motion or
reaction [63].

The combination of optical excitation and detection with the STM has been applied to local spectroscopies such as STM-induced
luminescence [64–66] and STM tip-enhanced Raman scattering [67]. In particular, the STM combined with optical excitation has
been also applied to investigation of photon-induced molecular motions and dynamics [68–71] or chemical reactions such as pho-
toisomerization [72,73] (Fig. 2(b)). It can be extended to chemical reactions induced by the plasmon optically excited in the STM
junction between a plasmonic tip and metal substrate (Fig. 2(c)) [62]. Here, we describe the experimental methods using the STM for
IET-induced, photochemical, and plasmon-induced chemical reactions of (CH3S)2 molecules.

2.1. Experimental setup and sample preparation

All experiments were performed with a low-temperature STM (Omicron GmbH) maintained at 5 K under an ultra-high vacuum of
less than 4.0× 10–11 Torr. The p-polarized light was introduced into the STM chamber through a viewport (transmittance ≥95% at
400–1000 nm) with an incident angle of 25° to the sample surface. The light sources were coupled to an optical fiber. The fiber was
connected to an optical cage system (THORLABS) including the optical filters, an iris, and lenses, which was attached to the STM
chamber. The light was collected by lenses attached outside of the chamber and focused onto the sample surface with a spot diameter
of ϕ ∼1.2 mm. The visible and near infrared light sources were CW lasers (wavelength λ=405, 450, 520, 532, 635, 650, 670, 780,
850, and 980 nm, Collimated Laser Diode Module, THORLABS) and a Xe lamp with a small emission size (∼0.1 mm) directly coupled
to the optical fiber (Laser-Driven Light Source, TOKYO INSTRUMENTS, INC) equipped with bandpass filters (THORLABS). The light
intensity was tuned with ND filters (THORLABS) and was evaluated in an equivalent sample position with all optical components in
the path by using an optical power meter (THORLABS) and a dual scanning slit beam profiler (THORLABS). W tips were used for IET-
induced reaction and photochemical reaction (Fig. 2(a, b)) because W has mechanical strength, a relatively flat density of state (DOS)
near the Fermi level (EF), and does not contribute to the plasmonic field enhancement. Sharp Ag tips prepared by electrochemical
etching were used for the plasmon-induced chemical reactions (Fig. 2(c)).

Ag(111) and Cu(111) single-crystalline substrates were cleaned using repeated cycles of Ar+-ion sputtering and annealing, and
the (CH3S)2 molecules were deposited by evaporation from a glass ampoule at room temperature. The substrates were maintained
at< 50 K during deposition. The scanning conditions for obtaining STM images were Vs (sample bias voltage)= 20mV and It
(tunneling current)= 0.2 nA.

Fig. 2. Schematic illustrations of experiments using an STM for (a) IET-induced reactions, (b) photochemical reactions, and (c) plasmon-induced
chemical reactions.
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2.2. STM investigation of IET-induced, photochemical, and plasmon-induced chemical reactions

IET-induced molecular reaction was achieved by injecting tunneling electrons from the STM tip with the feedback loop turned off,
after positioning the tip over the target molecule (Fig. 2(a)). The reaction is manifested as a sudden change in the recorded current
traces at a constant bias voltage due to a change in the distance between the tip and the sample (d) ((It∝ Vs exp(-Ad Φ ) (A:
coefficient, Φ: barrier height)). The time required for the reaction of a single molecule (t) is read from the current trace and the
reaction yield (Y) is calculated by Y=1/ne= e/Itt (ne: the total number of injected tunneling electrons, e: elementary charge). The
STM action spectrum is obtained by measuring the applied bias-voltage dependence of Y. The details for the experimental procedure
of STM-AS are described in [63].

The STM combined with optical excitation by light is applicable to analyze photochemical reactions on surfaces. The sample in
the STM chamber was irradiated with light, and during irradiation, the STM tip was retracted more than 2 μm from the sample
surface to avoid tip-induced effects (Fig. 2(b)). The STM images were measured before and after light irradiation and quantitative
information of the photochemical reaction of (CH3S)2 was obtained by analyzing the reaction ratio (N/N0), which is defined as the
number of molecules (N) after light irradiation divided by the total number of preadsorbed molecules (N0).

The STM combined with optical excitation can be applied to investigation of the plasmon-induced chemical reaction at a single
molecule level. To excite the plasmon optically, the Ag tip was positioned over the bare metal surface or target molecule during light
irradiation. Reaction time was obtained by measuring the current trace when the STM tip was first positioned over the target
molecule at a fixed tunneling-gap resistance, and then turning off the feedback loop to maintain the tip height during light irradiation
(Fig. 2(c)). The tunneling current sensitively detects a change in the gap distance due to the reaction previously described. The time
required for the single reaction event induced by the plasmon (tp) is directly read out from the current trace.

2.3. DFT calculations

Geometric and electronic structure of an individual (CH3S)2 molecule adsorbed on Cu(111) and Ag(111) surfaces were in-
vestigated using periodic DFT calculations using Grimme’s DFT-D3BJ [74,75] functional and projector augmented wave (PAW)
pseudopotentials (the cut-off energy= 400 eV) [76] implemented in the Vienna Ab-initio Simulation Package (VASP) code [77,78].
To minimize the intermolecular interaction among neighboring adsorbates on the surfaces, we employed (6× 6) surface supercells
for which a 4× 4×1 Γ-centered grid was used for the k-point sampling of the Brillouin zone. The slab model is composed of a
vacuum region of ∼18 Å and six metal layers, in which the two bottom layers were fixed in their bulk positions during ionic
relaxations. The dipole correction was applied to avoid interactions between periodically replicated slab images. The electronic self-
consistent iterations and ionic relaxations were carried out with the convergence criteria of 10−7 eV and 0.02 eV/Å, respectively.

3. Photochemistry of dimethyl disulfide on metal surfaces

In this section, we describe the excitation mechanism of photochemical reactions of (CH3S)2 molecules adsorbed on metal surfaces
by comparing the previously reported mechanisms of photochemical reactions on the same metal surfaces. The wavelength de-
pendence of the reaction yield was examined to reveal the excitation mechanism. In addition, the DFT calculations provided
knowledge of the mechanism to understand the experimental results. For comprehensive understandings of surface photochemistry,
we refer the readers to the excellent review by Lindstrom and Zhu [1].

Fig. 3. Excitation mechanisms proposed for photochemical reactions on metal surfaces. (a) Direct intramolecular excitation of physisorbed mole-
cules on a metal surface that has a HOMO–LUMO gap only slightly shifted from its gas-phase value. (b) Direct intramolecular excitation of che-
misorbed molecules, in which the electronic states of the molecules are strongly hybridized with the metal states. (c) Charge transfer either from
bulk states or from surface states of the metal to the unoccupied molecular orbitals. (d) Indirect hot-electron transfer mechanism. Hot carriers
generated by photoabsorption in the bulk metal are transferred to the unoccupied molecular orbitals. Black and white dots indicate electrons and
holes, respectively.
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3.1. Excitation mechanisms and reaction profiles of photochemical reactions on metal surfaces

Fig. 3 shows the excitation mechanisms at molecule–metal interfaces proposed for photochemical reactions on metal surfaces.
Photochemical reactions via the direct intramolecular excitation of the frontier electronic states have been reported for molecules
physisorbed (Fig. 3(a)) and chemisorbed (Fig. 3(b)) on the metal surfaces. Photodissociation of Mo(CO)6 molecules on Cu(111) and
Ag(111) is the sole example of the direct intramolecular excitation mechanism for the physisorbed system [7,8]. The wavelength
dependence of the photodissociation yield for the physisorbed molecules is almost identical to the intrinsic molecular absorption
(Fig. 4(a)), which indicates that the electronic levels of the physisorbed molecules are weakly perturbed and the direct excitation
across the HOMO–LUMO gap of the adsorbed molecule is induced. Chemisorbed molecules, on the other hand, have molecular
orbitals hybridized with the metal states, which results in a narrower energy gap than that in the gas phase. The strong hybridization
causes short lifetimes of the molecular excited states, and there are only few examples of photochemical reactions of chemisorbed
systems induced by the direct intramolecular excitation. The reaction yield for the chemisorbed system reflects the DOSs of both
HOMO and LUMO hybridized with the metal states, and the wavelength dependence of the reaction yield is totally different from the
intrinsic molecular absorption. A few chemisorbed systems, such as O2 [5] and Cl2CO [10] on Pt(111), have been analyzed using
temperature-programmed desorption after irradiation with UV pulse lasers.

In the charge-transfer mechanism (Fig. 3(c)), electronic coupling between the metal states and the molecular resonance states is
necessary. In the case of most single molecules, the coupling term (matrix element) becomes vanishingly small because the anionic
molecular resonance state is localized to an individual molecule [79]. Therefore, the charge transfer from the metal states to the
molecular states hardly occurs in photochemical reactions of single molecules on metal surfaces, although it was reported for mo-
lecular thin films [80,81] and alkali atoms [21,82,83] on metal surfaces.

In contrast, the indirect hot-electron transfer mechanism (Fig. 3(d)) has long been believed to be the primary mechanism for
photochemical reactions for numerous adsorbates on metal surfaces. The reaction probability is determined by the density of hot
electrons generated through light absorption by the metal. Thus, the wavelength dependence of the reaction yield depends on the
energy distribution of the hot electrons, which is determined by the photoabsorption of the metal (Fig. 4(b)) [17].

The real-space investigation using the STM revealed that photodissociation of the S–S bond in (CH3S)2 molecules adsorbed on Ag
(111) and Cu(111) surfaces was induced by visible-light irradiation (Fig. 5(a)) [61]. The STM images of an individual (CH3S)2
molecule adsorbed on the metal surfaces appear as an elliptic protrusion. After light irradiation without the influence of the STM tip
(Fig. 2(b)), some of the ellipsoids had broken into two identical ball-shaped protrusions, implying the formation of two CH3S mo-
lecules due to the dissociation of the S–S bond (Fig. 5(b)). Any other molecular motion such as rotation, translation and desorption,
was not observed. Only the molecular photodissociation occurs randomly within the light spot (Fig. 5(c)). This result clearly shows
that the reaction is not initiated from the TNI states followed by the vibrational excitation of the molecule, as we will explain in
Section 4.

Fig. 4(c) shows the wavelength dependence of the photodissociation yield of (CH3S)2 molecules on the metal surfaces. The spectra
have a peak at ∼450 nm (∼2.76 eV) on both the Ag and Cu surfaces. The threshold wavelength on the Ag and Cu surfaces is
∼635 nm (∼1.95 eV) and ∼670 nm (∼1.85 eV), respectively. The spectral shape does not match those of intrinsic molecular ab-
sorption and metal absorption (Fig. 4(c)), which suggests that the molecules were chemisorbed and the direct intramolecular ex-
citation between hybridized frontier molecular orbitals was induced.

Fig. 4. (a) Wavelength dependence of the photodissociation yield obtained for 1 L Mo(CO)6 on the Cu(111) surface. The solid line is the absorption
spectrum of Mo(CO)6 measured in cyclohexane solution. Reproduced with permission from [7]. Copyright 1991 AIP Publishing. (b) Wavelength
dependence of the dissociative desorption yield of CO from OCS on Ag(111). The solid line is the simulated total yield for dissociative desorption
induced by hot-electron attachment. Reproduced with permission from [17]. Copyright 1999 American Chemical Society. (c) Wavelength depen-
dence of photodissociation yield (Y) of the (CH3S)2 molecules adsorbed on Cu(111) and Ag(111). The blue and red dotted lines are the simulated
absorption spectra of bulk Cu and Ag, respectively. The green line is the absorption spectrum of a (CH3S)2 solution. Reproduced with permission
from [61]. Copyright 2017 American Chemical Society. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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3.2. Discussion of the reaction mechanism in terms of interfacial electronic structure

To elucidate the photodissociation mechanism of (CH3S)2 molecules on the Ag(111) and Cu(111) surfaces, we carried out periodic
DFT calculations [61]. The atomically resolved STM images reveal the adsorption site of the molecules: the molecular center is
positioned above bridge sites, and two S atoms are located at the on-top sites of adjacent metal atoms (Fig. 6(a)). The local density of
states (LDOS) of an (CH3S)2 molecule and the projected density of states (PDOS) of the three p-states of its two S atoms calculated on

Fig. 5. (a) Structure of a (CH3S)2 molecule, indicating the dissociation of the S–S bond by photons. (b, c) Topographic STM images of (CH3S)2
molecules adsorbed on Ag(111) before and after irradiation with 532 nm light (5.86×1016 photons cm−2 s−1, 10min). The tip was retracted
∼2 μm from the surface during light irradiation. Dashed circles indicate dissociated molecules. All STM images were obtained at ∼5 K (20mV and
0.2 nA). The scale bars are (b) 0.5 nm and (c) 5.0 nm, respectively. Reproduced with permission from [61]. Copyright 2017 American Chemical
Society.

Fig. 6. (a) The adsorption structures of a (CH3S)2 molecule on Ag(111) optimized by DFT calculations. (b) The projected DOS of three p-states on S
atoms in a (CH3S)2 molecule and dz2-state of two metal atoms that are underneath the S atoms and directly interact with the molecule on Ag(111).
(c) The spatial distribution (isovalue= 0.0005 e/bohr3) of the molecular frontier states nearest to EF for an isolated (CH3S)2 molecule on Ag(111).
(d) The spatial distribution (isovalue= 0.01 e/bohr3) of the HOMO and LUMO orbitals in the gas phase (CH3S)2. Reproduced with permission from
[61]. Copyright 2017 American Chemical Society.
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the metal surfaces indicate that the S p-states mainly contribute to the first prominent LDOS peaks of (CH3S)2 nearest EF [61]. The
occupied and unoccupied molecular states near the EF are dominantly composed of the S pz-state, and S px- and py-states, respectively
(Fig. 6(b)). The spatial distributions of molecular frontier states for (CH3S)2 adsorbed on the Ag(111) surfaces indicate that H-1 state
(∼–1.9 eV) consist of π-bonding orbital along the S-S bond (πSS) and nonbonding lone-pair type orbitals on the S atoms (nS), and L-1
state (∼+1.4 eV) is characterized by the antibonding orbital localized on the S− S bond (σ*SS) (Fig. 6(c)). The H-1b and L-1 states
are very similar to the HOMO and LUMO states of (CH3S)2 in the gas phase, respectively (Fig. 6(d)). The appearance of H-1a state in
the frontier region can be understood by enhancement of molecular planarity due to the adsorption on the surface, where the dihedral
angle of 82.8° along the S-S bond in the gas phase increases to 134.2° (126.7°) on Ag (Cu) surface. The spatial distributions of
electronic states on Cu(111) are almost identical to those of the electronic states observed on Ag(111).

In the gas-phase reaction, dissociation of the S–S bond of (CH3S)2 predominantly occurs with 248 nm (∼5.0 eV) light through the
direct electronic excitation from nS to σ*SS [84–87]. Considering the remarkable similarity of the frontier states on the metal sub-
strates to the molecular orbitals of the gas phase (CH3S)2 (Fig. 6(c, d)), the photodissociation of the S–S bond on the metal surface can
also occur through direct electronic excitation between the frontier electronic states (nS→ σ*SS). The computationally estimated
energy gaps for the excitation pathway (nS→ σ*SS) are 3.12–3.30 eV (376–397 nm) and 2.27–2.51 eV (494–546 nm) on Ag(111) and
on Cu(111), respectively. Although the conventional DFT calculations cannot exactly describe the HOMO-LUMO gap due to the
limitations of neglecting exact Hartree-Fock exchange, the computational results not only describe the reduction of the energy gap
from the HOMO–LUMO gap of gas phase (CH3S)2 but also provide a way to qualitatively explain the experimental results in which the
threshold energy for photodissociation on Cu(111) was found to be lower than that on Ag(111) (Fig. 4(c)). Moreover, the reduced
energy gap due to hybridization, i.e., coupling between the electronic states of adsorbate and metal substrate, enables photo-
dissociation by visible light.

The alignment of molecular frontier states with respect to the metal-states of the two metal atoms underneath the S atoms reveals
the degree of interfacial hybridization between molecular orbitals and metal states, for which the energy region corresponds to the
edge of Ag 4d state. Fig. 6(b) shows that the HOMO-derived states align well with the dz2-state of the two Ag atoms underneath the S
atoms, but there is no significant distribution of the metal-state in the unoccupied region. The same tendency was also observed on
the Cu(111) surface. The spatial distribution of molecular orbitals for (CH3S)2 adsorbed on the metal clearly represents the strong and
weak interfacial hybridization between the molecule and the metal at HOMO- and LUMO-derived states, respectively (Fig. 6(c)). In
particular, the weakly hybridized electronic structure in the unoccupied region may suppress the rapid relaxation of the excited
states. We thus conclude that the weak interactions between the frontier molecular orbitals and the metal states, especially in the
unoccupied region, extend the excited-state lifetimes sufficiently to induce photodissociation.

The experimentally observed photodissociation by visible light can be explained by reduction of the optical energy gap of (CH3S)2
due to the hybridization between electronic states of adsorbate and metal substrate, in which the molecular frontier states with less
overlap with the metal substrate enables a reaction pathway for the photodissociation of adsorbate.

4. Plasmon chemistry of dimethyl disulfide

Most papers related to plasmon-induced chemical reactions have been published since 2010, and influential review papers have
also been recently published [36–39]. In this section, we describe the excitation mechanisms of the plasmon-induced chemical
reaction of the (CH3S)2 molecules on the basis of the STM investigation of single-molecule reaction. Furthermore, we discuss the
reaction pathways in terms of the electronic structures of the molecules adsorbed on the metal surfaces.

Fig. 7. Excitation mechanisms proposed for plasmon-induced chemical reactions. (a) Direct intramolecular excitation mechanism. (b) Charge-
transfer mechanism. The electrons are resonantly transferred from the metal to the unoccupied states of the molecule. (c) Indirect hot-electron
transfer mechanism. Hot electrons generated via nonradiative decay of the plasmon transferred to the unoccupied states to form the TNI states of the
molecule. Black and white dots indicate electrons and holes, respectively.
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4.1. Excitation mechanisms and reaction profiles of plasmon-induced chemical reactions

The possible excitation mechanisms of the plasmon-induced chemical reactions are illustrated in Fig. 7. The direct intramolecular
excitation mechanism (Fig. 7(a)) and the charge-transfer mechanism (Fig. 7(b)) are the same concepts as the resonance Raman
enhancement mechanism and charge-transfer resonance enhancement mechanism in SERS, respectively [88]. In the direct in-
tramolecular excitation mechanism (Fig. 7(a)), the transition from the HOMO to the LUMO of the molecules is resonantly excited by
the plasmon having the same energy as the HOMO-LUMO gap. In the charge-transfer mechanism (Fig. 7(b)), the plasmon induces
resonant charge-transfer from the metal states near the Fermi level to the LUMO. The enhancement of SERS intensities of molecules
such as pyridines, pyrazine and p-aminothiophenol adsorbed on Ag, Cu, and Au surfaces were explained by the charge-transfer
mechanism, and the Raman intensity became highest when the energy of the plasmon is same as the energy difference between the
Fermi level and the LUMO [89]. The charge-transfer mechanism was also applied to describe the plasmon-induced chemical
transformation of methylene blue adsorbed on Ag nanocubes [54]. Although the interaction between the plasmon and molecules has
long been enthusiastically discussed as a chemical enhancement mechanism in the field of SERS, a complete explanation of the
enhancement mechanism has not been obtained due to complicated experimental conditions such as non-uniform surface of metal
nanoparticles, aggregations of nanoparticles, and less information of electronic structures of adsorbed molecules [88].

In addition to these two mechanisms, in plasmon chemistry, most studies have applied the indirect hot-electron transfer me-
chanism (Fig. 7(c)) to explain the reactions [36–39]. The hot electrons generated by nonradiative decay of the plasmon transfer from
the metal to the molecule, which leads to the TNI state of the adsorbed molecule. The plasmon-induced dissociations of O2 [44,46]
and H2 [47,52] molecules were explained by a mechanism in which the dissociation reactions proceed through vibrational excitation
after the formation of the TNI states.

The wavelength dependence of the plasmon-induced dissociation rate (or yield) provides mechanistic insights. The dissociation
rate reported for H2 molecules adsorbed on Au nanoparticles/SiO2 photocatalyst exhibits excellent agreement with the calculated
absorption spectrum of the Au/SiO2 photocatalyst (Fig. 8 (a,b)) [52]. This indicates that the indirect hot-electron transfer mechanism
governs this dissociation reaction, because the dissociation rate is influenced by the energy distribution of the hot electrons, which is
sensitive to the electronic band structure of metals [90].

In our recent study, the plasmon-induced dissociation of the S–S bond in the (CH3S)2 molecules adsorbed on Ag(111) and Cu(111)
surfaces was induced by the plasmon optically excited in the nanogap between the Ag tip and the metal surface (Fig. 9) [62]. The Ag
tips with the same cone angle (θ) and curvature radius (r) were selected for use on the basis of SEM images (θ=15 ± 1.2° and
r=58 ± 4.9 nm) (Fig. 9 (b,c)), because the plasmonic properties strongly depend on the tip shape. The Ag tip was positioned over
the bare metal surface under the tunneling condition (Vs = 20mV and It = 0.2 nA) during light irradiation (Fig. 9(d)). Tunneling
electrons at a bias of 20mV cannot excite vibrational modes related to any kinds of reactions and molecular motions [91,92]. The
spatial distribution of the (CH3S)2 molecules on Ag(111) after the excitation of the plasmon with 532 nm light revealed that the
molecules near the tip position were preferentially dissociated due to the plasmon (Fig. 9(d)). Notably, other reactions, such as
rotation or desorption, were not observed. The dissociation rate constant (k) was obtained from time dependence of the dissociation
ratio (N/N0) ((ln(N/N0)=−kt). From comparison of the lateral distance dependence of k with the simulated lateral profile of
electromagnetic field intensity in the nanogap (Egap) (Fig. 9(e)), the plasmon-induced dissociation has a strong correlation with the
electric field intensity of the plasmon.

Maksymovych et al reported nonlocal dissociation of the (CH3S)2 molecules on Au(111) induced by injecting tunneling electrons
from a W tip [93]. The threshold bias voltages of the nonlocal dissociation was reported as ∼1.4 eV. The nonlocal dissociation was
explained by lateral propagation of hot electrons injected from the STM tip, and excitation mechanisms by electric field effect and
field-emission current were excluded. The spatial distribution of the reacted molecules became larger as the intensity of tunneling
current increased (from 10 to 100 nm in diameter), which supported lateral propagation of hot electrons. In contrast to the nonlocal
dissociation induced by hot electrons from the STM tip, the spatial distribution of dissociated molecules was determined by the lateral
distribution of the electric field of the plasmon (Fig. 9(e)).

Fig. 8(c) shows the wavelength dependence of the dissociation yield on Ag(111) obtained in the 10-nm-diameter circle under the
tip. The wavelength at the maximum intensity and the threshold wavelength of the yield are ∼532 nm (∼2.33 eV) and ∼780 nm
(∼1.59 eV), respectively, which are longer than those of photodissociation. The spectral shape of the yield is similar to that of the
simulated electric field intensity in the nanogap at the wavelengths where photodissociation occurs. Furthermore, the maximum
intensity of the yield (Fig. 8(c)) was ∼400 times higher than that of the photodissociation yield (Fig. 4(c)). These results indicate that
the plasmon was an efficient excitation source. Moreover, the overall shapes of the spectra of the yield also reflected the spectral
shape of the photodissociation yield, that is, the energy distribution of the DOSs for both the HOMO- and LUMO-derived molecular
states. We therefore conclude that the plasmon efficiently induces and enhances the dissociation reaction through the same reaction
pathway as photodissociation (nS→ σ*SS) by the direct intramolecular excitation mechanism (Fig. 7(a)).

The plasmon-induced dissociation was also induced at longer wavelengths where photodissociation never occurred, as indicated
in the tail of the spectrum (Fig. 8(c)). To explain this low-efficiency reaction in the long-wavelength region, both the direct in-
tramolecular excitation from the molecular orbitals in-gap states near the EF to σ*SS (MOin-gap→ σ*SS) and the charge transfer from
the metal state near the EF to σ*SS should be taken into account. However, it is difficult to distinguish them based on analysis of the
wavelength-dependent reaction yield. A more detailed discussion was provided in our previous study [62].
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4.2. STM investigation of single-molecule reaction induced by a plasmon

The STM allows real-space analyses of the plasmon-induced chemical reaction as described in Section 4.1. In addition, the
reaction time of a single molecule is provided by the current trace measurement, as explained in Section 2.2, which gives insights into
the elementary reaction pathways that cannot be accessed by conventional spectroscopies and the analysis of the wavelength de-
pendence of the yield. Fig. 10(a) shows an experimental scheme of the current trace when the STM tip was positioned over the
(CH3S)2 molecule on Ag(111) under light irradiation. A one-time change in tunneling current indicates that one kind of molecular
motion or reaction happened. In the case of the (CH3S)2 molecule, a sudden drop in the current was caused by the dissociation of the
molecule (Fig. 10(b)).

The STM can also reveal the reaction pathways initiated from the TNI states formed by electron transfer from the metal to the
molecule via the IET process. Both the hot electrons of the plasmon and the tunneling electrons inelastically transfer to the un-
occupied molecular orbitals to form the TNI states. The reaction pathways initiated from the TNI states in the same energy regions
should be the same regardless of the origin of the excitation source, because both the hot electrons and tunneling electrons had a
broad energy distribution from EF to the energy of the plasmon (EF+ ELSP) and the applied sample bias voltage (EF+ e−Vbias),
respectively.

Rotation and dissociation of the (CH3S)2 molecule on Ag(111) were induced through vibrational excitation by injecting the
tunneling electrons at energies higher than ∼0.28 and ∼0.36 eV, respectively (Fig. 11(a–c)). Dissociation occurred through

Fig. 8. (a) Wavelength dependence of the rate of HD formation at 100 °C using 1% Au/SiO2. (b) Simulated absorption cross section of the Au/SiO
photocatalyst. The simulation model is a 10-nm Au nanoparticle 75% embedded into a 40-nm SiO2 nanoparticle. Inset shows the local electric field
near the Au/SiO photocatalyst. (c) Wavelength dependence of plasmon-induced dissociation yield of (CH3S)2 molecules on Ag(111). (d) Wavelength
dependence of calculated electric field intensity for a 1-nm gap between a Ag tip and the Ag substrate under p-polarized light. The simulated point is
z= 0.1 nm above the substrate surfaces and x= 0 nm. (a, b) Reproduced with permission from [52]. Copyright 2014 American Chemical Society.
(c, d) Reprinted with permission from Science (http://www.aaas.org), [62]. Copyright 2018 American Association for the Advancement of Science.
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Fig. 9. (a) Schematic illustration of the experiment for the plasmon-induced chemical reaction in the nanogap between a Ag tip and a metal
substrate. The tip was positioned over the metal surface during light irradiation with the feedback loop turned on to maintain the gap distance. Vs

and It are kept at 20mV and 0.2nA. (b) An SEM image of a typical Ag tip used in this study. The scale bar is 1 μm. (c) Schematic illustration of the Ag
tip drawn from the SEM images. θ and r estimated from the SEM image were used for calculation of Egap. (d) Topographic STM images of the (CH3S)2
molecule adsorbed on Ag(111) before and after irradiation with p-polarized light at 532 nm (∼7.6× 1017 photons cm−2 s−1, 2 s) (Vs= 20mV,
It = 0.2nA, 43× 43 nm2). The tip was positioned at the center of the dotted circle during light irradiation. (e) k obtained at four areas depicted with
10 nm wide concentric rings (532 nm light, ∼5.9× 1016 photons cm−2 s−1). Each data point is the average of six trials. Solid curve is the calculated
lateral profile of Egap with the Ag tip (θ=15°, r=60 nm) under 533 nm light. x= 0 nm corresponds to the center of the tip. Reprinted with
permission from Science (http://www.aaas.org), [62]. Copyright 2018 American Association for the Advancement of Science.

Fig. 10. (a) Schematic illustration of the current trace experiment for the plasmon-induced single molecule reaction. (i) The Ag tip was positioned
above the molecule (V= 20mV and I= 0.2nA). (ii) The fixed gap resistance (V= 20mV and I= 2.0nA) was applied and the feedback loop was
turned off to maintain the tip height. (iii) Light irradiation started. (iv) The light was turned off and the feedback loop was turned on, and (v) the tip
height returned to the initial position. (b) Current trace for detecting the dissociation event for the single (CH3S)2 molecule on Ag(111) induced by
the plasmon excited with p-polarized light at 532 nm.
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vibrational excitation of the C–H stretch mode [91] and a combination of the C–H stretch and the S–S stretch modes [92]. Small
changes in the current followed by its sudden drop resulted from dissociation accompanied by rotation (Fig. 11(d, e)). This result
reveals that the energy of the TNI states was dissipated to the vibrationally excited states according to the non-dissociative potential
energy surface (Fig. 12(a)), which resulted in both rotation and dissociation of (CH3S)2. Thus, the IET process through vibrational
excitation at the lower-energy region is always included in the reaction pathway when the energy of electrons is higher than the
vibrational energies of the ground state.

The current trace measured for the single-molecule reaction induced by the plasmon exhibited only a one-time change due to
dissociation and is not accompanied by rotational motion prior to dissociation (Fig. 10). This excluded the hot-electron-mediated
process as an elementary pathway for the plasmon-induced dissociation of (CH3S)2. By considering the results of the wavelength
dependence of dissociation yield (Section 4.1) and the DFT calculations (Section 3.3), we concluded that the plasmon-induced
dissociation of (CH3S)2 occurred through the direct dissociation pathway from neutral excited states generated by direct in-
tramolecular excitation (Fig. 12(a)).

4.3. Reaction pathways of the plasmon-induced chemical reactions

In the indirect hot-electron transfer mechanism (Fig. 7(c)), the hot electrons of the plasmon do not have a specific energy but have
a broad energy distribution from EF to the energy of the plasmon (EF+ ELSP). Therefore, they can induce all possible reaction
pathways initiated from the TNI states. The non-dissociative TNI states (Fig. 12(b)) resulting in rotational motion are always included
in the reaction pathway when the electrons are broadly distributed from the Fermi level to the upper energy level, which is higher
than the vibrational energies of the ground state.

In the charge-transfer mechanism (Fig. 7(b)), the electrons with a specific energy (Ee= Δ(LUMO− EF) are resonantly transferred
from the Fermi level to the LUMO states, resulting in the formation of negative ion states (Fig. 12(c)). The reaction pathway through
this excited state cannot be separated from the reaction through vibrational excitation induced in the lower-energy region (Ee < Δ
(LUMO− EF)) (Fig. 12(b)) in the STM experiment due to the broad energy distribution of the tunneling electrons. In other words, we
cannot determine the shape of the potential energy surface, non-dissociative (Fig. 12(c)-(i)) or dissociative (Fig. 12(c)-(ii)) in the
charge-transfer mechanism. In the plasmon-induced dissociation of (CH3S)2, the charge transfer from near the Fermi level to the
LUMO (σ*SS) states (Fig. 7(b)) as well as the direct intramolecular excitation (Fig. 7(a)) is a possible excitation mechanism. The
computationally estimated energy gaps between EF and σ*SS are about 1.0–2.0 eV and 0.8–1.5 eV on Ag(111) and Cu(111), re-
spectively. Thus, the charge transfer can also contribute to the tails of the YLSP-λ spectra in the low energy region only if the potential
energy surface is dissociative (Fig. 12(c)–(ii)).

In consequence, the indirect hot-electron transfer mechanism (Fig. 7(c)) is definitively ruled out by our precisely controlled STM
experiment. The plasmon-induced dissociation of (CH3S)2 is explained by the direct intramolecular excitation mechanism (Fig. 7(a))

Fig. 11. IET-induced reactions in the dark. (a) Action spectrum for the rotation and dissociation of the (CH3S)2 molecules induced by injecting
tunneling electrons from the STM tip. (b, c) STM images of the molecule before and after the IET-induced (b) rotation and (c) dissociation. The tip
position is indicated by the * in the STM image. The scale bars in the STM images in (b, c) are 0.5 nm. (d, e) Current trace was measured on the
molecules with the feedback loop turned off. The tunneling conditions were (d) V=0.30 V and I=8.0nA, and (e) V=2.0 V and I=1.0 nA. The
current changes indicated by red and green arrows correspond to rotation and dissociation, respectively. Reprinted with permission from Science
(http://www.aaas.org), [62]. Copyright 2018 American Association for the Advancement of Science. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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along the potential energy surface shown in Fig. 12(a). Notably, weak hybridization between the LUMOs of (CH3S)2 and the metal
states allows access to the dissociative potential energy surface from the neutral excited states, which was theoretically predicted for
the photodissociation of (CH3S)2 molecules in the gas phase [87]. In addition, the charge-transfer mechanism would also contribute
to the reaction if the potential energy surface of the excited state is dissociative (Fig. 11(c)–(ii)). In our STM studies, however, we
cannot quantitatively evaluate the contribution of the charge-transfer mechanism.

5. Concluding remarks

The STM combined with optical excitation provides real-space information on photochemical reactions and plasmon-induced
chemical reactions. Visible-light-induced photodissociation of the S–S bond in (CH3S)2 molecules adsorbed on Ag(111) and Cu(111)
surfaces was explored with the STM. The experimental results combined with DFT calculations of the frontier electronic states
revealed that photodissociation on the metal surfaces occurred through direct intramolecular excitation (nS→ σ*SS). The photo-
dissociation pathway available for visible light became accessible because the hybridization between the molecular orbitals and the
metal substrate causes not only the reduction of the optical energy gap into the range of visible light but also the generation of LUMO
states with less overlap with the metal substrate.

Plasmon-induced dissociation of the S–S bond in (CH3S)2 on the metal surfaces was also achieved in the nanogap between the
STM tip and the metal substrate. The STM investigation of a single-molecule reaction revealed that the plasmon-induced dissociation
of the molecule with the electronic states less hybridized with the metals occurred principally by the direct intramolecular excitation
to the LUMO state (σ*SS). The STM combined with optical excitation allows us to obtain fruitful mechanistic insights into the
chemical reactions induced by photons and plasmons, which cannot be gained by conventional spectroscopies.
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