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Abstract	

Chemical reactions such as bond dissociation and formation assisted by localized surface plasmons (LSPs) 
of noble metal nanostructures hold promise in solar-to-chemical energy conversion. However, the precise 
control of localized plasmons to activate a specific moiety of a molecule, in the presence of multiple 
chemically equivalent parts within a single molecule, is scarce due to the relatively large lateral distribution 
of the plasmonic field. Herein, we report the plasmon-assisted dissociation of a specific molecular site 
(C―Si bond) within a poly-functional molecule adsorbed on a Cu(100) surface in the scanning tunneling 
microscope (STM) junction. The molecular site to be activated can be selected by carefully positioning the 
tip and bringing the tip extremely close to the molecule (atomistic approach), thereby achieving plasmonic 
nano-confinement at the tip apex. Furthermore, multiple reactive sites are activated one by one from the 
single molecular structure, and different sets of products are created and visualized by constant current 
topography and density functional theory (DFT) modeling. The illustration of site-selective activation 
probed by localized surface plasmons implies the realization of molecular-scale resolution for bond-
selected plasmon-induced chemistry. 

 

Localized surface plasmon (LSP) 
resonance, which is the collective oscillation of 
free electrons of noble metal nanostructures (such 
as Ag, Au, and Cu) coupled with the electric field 
of the incident light, has attracted paramount 
interest in recent years as an efficient driving force 
for energy conversion-related problems.1-7 
Recently, researchers have realized that chemical 
reactions can be effectively induced by localized 
plasmons via either the generation of hot charge 
carriers (such as electrons and holes) or the local 
heating effect.8-10 Moreover, plasmon-mediated 
chemical reactions provide a promising approach 
over thermally induced processes as they can 
utilize light energy to drive a thermodynamically 
unfavorable reaction under mild conditions, 
therefore significantly reducing the energy 
requirements for chemical transformation.11-13 For 
example, a strong nonpolarizable H―H bond can 
be dissociated on a gold nanoparticle through the 
injection of hot electrons into the σ* orbital.14 

Although chemical reactions assisted by 
LSPs have been extensively demonstrated in the 
past decade, the control of a localized plasmonic 
field towards the formation of desired products 
remains extremely difficult and thus challenging to 
attain. In order to address this, nanoscale 
investigations are required, which leads to the 
integration of the scanning tunneling microscope 
(STM) with optical excitation by light15-16 and 
luminescence from the STM tip-sample 
junction.17-20 Recently, combining light with the 
STM i.e., through the illumination of the nanogap 
between the plasmonically active STM tip21 and 
the metal substrate by visible light, the plasmons 
can be excited and a confined, intense localized 
EM field can be generated at the tip apex, which 
can provide details to locally understand plasmon-
induced changes.22-24 In recent years, STM 
combined with optical excitation has been 
successfully employed for local chemical reactions 
assisted by LSPs.24-25 With such an approach, a 
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certain type of chemical bond within small organic 
molecules such as dimethyl sulfide [S―S bond]24 
and oxygen (O―O bond)25-26 have been activated 
by localized plasmons. Maintaining the typical tip-
sample distance at ~ 1 nm or more, the plasmonic 
confinement at the tip apex (that dictates the lateral 
distribution of the plasmonic field, typically on the 
order of ≈ 5-10 nm)24, 27 remains a critical aspect in 
single-molecule plasmon-induced chemistry, as it 
can affect other molecules nearby the tip, in 
addition to the molecule underneath the tip. All 
these results lead to a very interesting query: how 
can we precisely control and confine the localized 
plasmons to activate a specific molecular site from 
the part of a single molecule, specifically if there 

exist multiple chemically equivalent sites within 
that molecule (in the order of ≈ 1-2 nm)? It is 
particularly intriguing, as a selective chemical 
reaction at a specific molecular site (desired 
chemical bond), in the presence of multiple 
chemically equivalent sites inside a single 
molecule, lies at the heart of many 
nanotechnological applications, including 
selective heterogeneous catalysis, surface 
functionalization, and so forth.28-29 Such controlled 
activation of a specific chemical bond has been 
achieved in some cases by tunneling electrons 
injected from the STM tip.30-31 As an alternative 
option, the tip-assisted plasmon-induced reaction 
is also very efficient for chemical bond activation. 
However, due to the lateral distribution of the 
plasmonic field, controlling the plasmon-induced 
activation of a specific molecular site inside a 
single molecule remains extremely challenging 
and of tremendous fundamental importance. 

We chose to investigate the 
carbon―silicon (C―Si) single bond activation 
(Figure 1a) within an individual 5,10,15,20-(tetra-
trimethylsilylethynyl)porphyrin (TMSEP, Figure 
1b) molecule adsorbed on the Cu(100) surface at 
low temperature (78 K). The controlled activation 
of the C―Si bond has been a ubiquitous theme in 
alkyne chemistry as trimethylsilyl (TMS, 
―SiMe3) groups are employed as a masking group 
(―C≡C―SiMe3) for the reactive terminal alkyne 
(―C≡C―H) in a poly-functional molecule to 
block its reactivity under reaction conditions. This 
protecting group is extremely useful to make 
modifications elsewhere in the molecule and can 
be easily activated in solution under mild 
conditions.32 Thus, the controlled activation of 
such a masking group within a poly-functional 
single molecule holds great promise in reaction 
manipulation towards the desired product. The fine 
control of the localized plasmon to activate a 
selective bond can be precisely achieved by 
bringing the tip extremely close to the molecule for 
several seconds [atomistic approach, i.e., tip-
sample distance (d) is extremely small, Figure 1b], 
which leads to the atomic confinement of light at 
the tip apex.6, 33  

At sub-monolayer coverage of TMSEP, 
isolated molecules are observed (Figure 1c) as they 
tend to be randomly distributed across the flat Cu 

Figure 1. (a) Simplified scheme of the reaction. (b) 
Schematic illustration of the experimental setup for 
the real-space visualization of the plasmon-assisted 
site-selective activation of a single TMSEP 
molecule in the STM nano-junction by a Ag tip and 
Cu(100) surface. (inset) Chemical structure of 
TMSEP, (c) Constant current STM image of 
TMSEP. 
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terraces and remain separated from the 
neighboring molecules due to the relatively strong 
molecule-substrate interactions and negligible 
intermolecular interactions.34-36 Each molecule 
appears as a four-lobe (4L) structure with a square 
shape (four bright protrusions). In order to verify 
whether the light can cause any chemical 
transformation of the TMSEP molecules during 
scanning, we compare an STM image of TMSEP 
molecules, acquired in the absence of light (Figure 
S2) with Figure 1c. No topographical differences 
are observed. From the dimensions of a single 
TMSEP molecule in the gas phase, we infer that 
the lobes correspond to the bulky TMS groups 
while the porphyrin backbone remains invisible, 
which agrees with previous studies performed on 
similar types of molecules.37-38 We also studied the 
adsorbed geometry of 4L on Cu(100) using DFT 
calculations (Figure 2g). In agreement with the 
experiment, Figure 2g shows that the 4L exhibits 
strong interactions with the underlying Cu 
substrate. Specifically, the Cu atoms interact with 
the alkyne moieties (―C≡C―), where the carbon-
carbon triple bond distance is 1.27 Å compared to 
that of 1.22 Å in a stand-alone TMSEP molecule. 
The four bulky TMS groups are pointing upward, 
leading to the 4L structure.  

In an effort to gain precise control over the 
localized plasmonic field that is generated at the tip 
apex, we positioned the Ag tip over the molecule 
(precisely over one lobe) and approached the tip 
extremely close towards the molecule for several 
seconds (atomistic approach. i.e., d ∝ 
ln(V/It)Φ1/2A-1 where It = 5 nA and V = 50 mV in 

this system).27 By approaching the Ag tip 
extremely close over one lobe (marked by the 
green “х” in Figure 2a), a highly confined field is 
generated by LSP in the tunneling junction, 
resulting in the formation of a three-lobe (3L, 
Figure 2b) structure. As one can see in Figure 2b, 
the single TMSEP molecule (Figure 2a) has been 
transformed, showing a significantly lower 
apparent height of 1.15 ± 0.1 Å at the reacted site 
(Figure 2c and 2d). Following lobe dissociation, 
the other three lobes typically retain their original 
size and shape. In order to confirm the observed 
modification at the single-molecule level is due to 
LSPR, we performed controlled experiments in the 
dark, maintaining the same parameters (It = 5 nA 
and V = 50 mV), which suggests no lobe 
dissociation in the absence of light (Figure S3). 

 Such a significant relative height 
difference strongly suggests that the observed 
topological change (4L → 3L) is due to the loss of 
one bulky TMS group. Based on that, we propose 
the structural model of 3L, in which one TMS 
moiety dissociates to generate an alkynyl radical 
species, while the other three TMS moieties remain 
intact on the surface (Figure 2e and 2f). We also 
analyzed the adsorption configuration of 3L using 
DFT calculations. After the dissociation of one 
TMS group to create the 3L species, the adsorption 
geometry (3L) confirms a strong interaction of the 
radical with the Cu substrate while the remaining 
three TMS groups remain unchanged on the 
surface (Figure 2h). The newly generated alkynyl 
radical at the desilylated side can interact with the 
two underlying Cu atoms (inset, Figure 2h), 

Figure 2. (a) and (b) STM image of 4L and 3L. (c) and (d) Relative height profile from 4L and 3L. (e) and (f) 
Ball-and-stick model of 4L and 3L. (g) and (h) Calculated adsorption geometry of 4L and 3L (side view).  
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preserving the triple bond character of the adjacent 
alkyne group as the calculated carbon-carbon triple 
bond distance is 1.27 Å (more discussions in 
Supporting Information, Section S4). Since a 
single TMSEP molecule consists of other 
chemically indistinguishable reactive sites within a 
1 nm range, the selective activation of only one site 
indicates that it is possible to confine the LSPs in a 
nano-cavity for precise plasmon-induced structure 
manipulation (more discussions in Supporting 
Information, Section S5). Furthermore,  the 
selective activation of only one site hints towards 
the hot-electron transfer mechanism (analogous to 
the C―N bond dissociation for diazonium salts)39-

40 as the most probable mechanism for this process 
(more discussions in Supporting Information, 
Section S6). In addition to the plasmonic 
resonance, the chemical reaction inside the single 
molecule can be triggered by inelastic tunneling 
electrons from the STM tip, although significantly 
higher biases are required compared to the 
plasmon-induced case (see Supporting 
Information, Section S7) 

The growing interest in chemical reaction 
manipulation to form different sets of products at 
the single-molecule level is of great importance to 
address many questions ranging from selective 

heterogeneous catalysis to nanotechnology. In 
particular, if the precursor exhibits multiple 
chemically equivalent active sites in its structure, 
the desired activation of different parts of the 
molecule in a carefully designed sequence can lead 
to new unique products, which are otherwise 
inaccessible through conventional chemistry. 
Since TMSEP has four such equivalent active sites 
(―C≡C―SiMe3) within ≈ 1 nm distance, the 
controlled activation of multiple sites one by one 
to produce different types of products starting from 
a single TMSEP molecule offers a tremendous 
opportunity to manipulate a chemical reaction at 
the single-molecule level.  

Such a scenario is illustrated in Figure 3 
where the atomistic approach was followed at each 
step. Each irreversible change in molecular 
topology (consecutive molecular site activation) 
indicates the single molecule has undergone a 
certain change inside the molecule. Starting from 
4L (Figure 3a and 3b), we first generate the 3L 
mono-radical species (Figure 3d and 3e). The 
corresponding calculated adsorption geometry (top 
view) of 4L and 3L is presented in Figures 3c and 
3f, respectively. Next, in order to activate another 
molecular site adjacent to the desilylated side, we 
apply one more atomistic treatment on 3L (marked 

Figure 3. Consecutive C―Si bond dissociations from 4L→3L→2L→1L. STM image, ball-and-stick model, and 
calculated adsorption geometry (top view) for 4L (a, b, c), 3L (d, e, f), 2L (g, h, i), and 1L (j, k, l) respectively.  
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by the green “х” in Figure 3d). The topological 
feature changed to a two-lobe structure (2L, Figure 
3g), suggesting the dissociation of another adjacent 
C―Si bond to produce a bi-radical species 
(proposed model, Figure 3h). As seen in the 
simulated adsorption configuration for 2L (Figure 
3i), both the alkynyl radicals now interact with two 
underlying Cu atoms each while the other two 
unreacted TMS groups remain unchanged. In 
addition to the formation of the 2L structure by 
activating two adjacent molecular sites, two 
opposite sites can also be activated by positioning 
the STM tip at the desired site and following the 
atomistic approach, as shown in Figure S8. With 
one more atomistic approach (denoted by the green 
“х” in Figure 3g), we can now construct a one-lobe 
structure (1L, Figure 3j), by activating three 
molecular sites. Figure 3k illustrates the proposed 
model for 1L, dissociating three C―Si bonds from 
a single molecule to generate a tri-alkynyl radical 
species. The calculated adsorption geometry 
(Figure 3l) again confirms an identical interaction 
of the radical sides with the Cu surface, as now all 
three alkynyl radicals are connected with two 
underlying Cu atoms each, leaving one TMS group 
intact. Furthermore, our simulation suggests that 
the triple-bond character in all three alkyne 
moieties (adjacent to the radical sites) remains 
preserved. Thus, the sequential plasmonic action 
only precisely affects the C―Si bonds without 
disturbing the electronic nature of adjacent carbon-
carbon triple bonds. Additional STM images 
showing 2L and 0L species are presented in Figure 
S9. Together these observations indicate that each 
plasmonic treatment of single molecules provides 
identical molecular fragments (alkynyl radicals in 
this case), even if, the molecular active sites are ≈ 
< 1 nm away from each other. Therefore, out of 
four chemically indistinguishable parts inside a 
single molecule, the selective activation of one or 
multiple molecular sites implies the attainment of 
plasmonic nano-confinement in manipulating the 
desired chemical reaction. 

In conclusion, the selective chemical bond 
activation inside a single molecule induced by a 
nano-confined plasmon is reported. In terms of 
manipulating a certain plasmon-assisted chemical 
reaction, this unprecedented level of precision is 
achieved through an atomistic approach, thereby 
confining light to a nano-cavity at the tip apex. 
Furthermore, multiple chemically equivalent 

reaction sites are sequentially activated within a 
single TMSEP molecule in a controlled fashion, 
suggesting a potential and broad application 
towards plasmon-induced molecular engineering 
of poly-functional molecular structure. 
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