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Abstract: Scanning probe microscopies (SPM) are powerful 
tools to study structure and dynamics of molecules at surfaces 
and interfaces as well as to precisely manipulate atoms and 
molecules by applying external force, by inelastic electron 
tunneling, or by means of an electric field. The rapid 
development of these SPM manipulation modes made it possible 
to achieve a fine control over fundamental processes in physics 
of interfaces and on chemical reactivity, such as adsorption, 
diffusion, bond formation and bond dissociation with a precision 
at the single atom/molecule level. Their controlled use for the 
fabrication of atomic-scale structures and synthesis of new – 
eventually uncommon - molecules with programmed properties 
are reviewed. Opportunity and challenges towards the 
development of complex chemical systems are discussed, by 
analysing potential future impacts in nanoscience and nanotech 
industry. 

1. Introduction 

The formation of a chemical bond represents the most 
fundamental process in chemistry which must be controlled with 
an atomic precision, towards the emergence of chemical 
complexity. Although by mimicking nature scientists were able to 
design and synthesize sophisticated artificial machines and 
devices, the level of structural and functional complexity which 
has been attained to date is very far from that of biochemical 
systems. From the first synthesis of Urea[1] and Vitamin B12[2] to 
the successful fabrication of functional composite materials,[3] 
scientists have focussed their efforts towards gaining a deeper 
understanding of natural systems and processes thereof. 
However, the lack of powerful characterization tools assisting 
chemists in this path towards increasing complexity, by offering 
atomic mapping in the direct space, has hindered the in-depth 
understanding for several decades.[4] 

The invention of Scanning Tunneling Microscopy (STM) by 
Binnig and Rohrer in the early ‘80s[5] has made it possible to 
image surfaces and interfaces with an atomic resolution in the 
real, i.e. direct, space. The working principle of STM is the 
tunneling of electrons between a sharpened metal probe (tip) and 
a conducting surface, when they are brought in close proximity. 
The highest tunability of the operating mode which is attained by 
modulating the tunneling parameters such as the bias voltage 
and the tunneling current makes it possible to work either in a 
non-invasive mode, enabling the mapping of the structure and 
dynamics of surfaces and interfaces with an atomic precision, or 
in more invasive regimes to controllably manipulate atoms and 
molecules.[6] In fact, upon applying a bias voltage between the tip 

and the sample surface, electrons tunneling or electric field 
emitted electrons can be exploited to trigger reactions, as they 
act as ultrasmall electron beam welder for breaking or creating 
chemical bonds. In STM imaging of an atom or molecule, the 
output tunneling current is roughly proportional to its local density 
of states (LDOS); as a result, the contrast in the so-called 
constant height mode appears brighter in electron-rich areas of 
the surface under investigation. The exponential dependence of 
the magnitude of the tunneling current on the separation distance 
between the tip and the conducting substrate surface makes it 
possible to position the tip accurately at a chosen distance above 
the surface with a sub-ångström precision.  

When the first stable low-temperature STM was built at IBM 
Almaden Research Center in the late ‘80s, [7] scientists began 
extending the human touch to the atomic realm, by using the 
STM tip as manipulating tool. Tungsten tip prepared by 
electrochemical etching, having a conical shape with an atomic 
apex, was indeed first exploited for atomic manipulation. Since 
the first STM controlled atom-by-atom positioning,[8] a great deal 
of effort has been devoted towards the manipulation of individual 
atoms and molecules with atomic-scale precision.[9] The 
adjustment of the tip position may be employed for tuning the 
magnitude and nature of the tip-substrate interaction. By 
lowering the tip close to the surface one can obtain an overlap 
between the wave function of the atoms on the underlying 
surface and the outermost tip atoms, yielding repulsive forces 
that can be used to manipulate the adsorbate by pushing it 
across the surface. Eigler and Schweizer first showed that it is 
possible to slide atoms on Ni(111) surface, thereby writing the 
“IBM” logo by assembling Xe atoms, as displayed in Fig. 1b.[8] 
Towards this end, the following procedure (Fig. 1a) has been 
employed: i) the STM tip was approached toward an Xe atom 
physisorbed on a surface to increase the tip-atom interaction 
force; ii) the lateral displacement of the tip made it possible to 
re-locate the Xe atom along a desired path until it reached a 
predetermined position; iii) the tip was retracted to the initial 
imaging height while the Xe atom was left behind on the Ni(111) 
surface. This pioneering atom manipulation experiment has been 
followed by a multitude of works, e.g. rearranging Pt adatoms on 
Pt(111),[10a] building a triangular artificial structure consisting of 
52 Ag adatoms on  Ag(111) surface.[10b] Crommie, Lutz and 
Eigler first moved 48 Fe adatoms on Cu (111) surface to form a 
quantum corral with a radius of 7.13 nm.[11] The surface state 
electrons on Cu(111) were able to be confined in this closed 
circle structure defined by barriers built from Fe adatoms. Spatial 
image of the eigenstates of a quantum corral showed standing 
waves of concentric rings, which derived from the scattering of 
surface state electrons by Fe adatoms. Further research 
demonstrated that single molecules can also be moved by the 
STM tip, e.g. CO molecules on Pt(111).[10] All these atom 
manipulation have been rigorously performed in ultra-high 
vacuum (UHV) environment and at a temperature of a few 
degrees kelvin, in order to avoid atom diffusion occurring at room 
temperature. During the manipulation process the interaction 
between the atomically sharpened STM tip and either small (e.g. 
di- or tri-atomic) molecules or larger polyatomic molecules is 
rather different. This is because the size of the tip apex, which is 
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formed mostly by a single atom, can only strongly interact with 
1-3 atoms of the surface which represent a small portion of a 
large molecule, e.g. C60 molecules on Cu(111)[12],  
Cu-tetra-(3,5-di-tertiary-butyl-phenyl)-porphyrin (Cu-TBPP) 
molecules on Cu(100)[13]. As the sliding resistance of an 
adsorbate (atom or molecule) mostly depends on its diffusion 
barrier with the underlying substrate, a larger tip-adsorbate 
interaction shall be employed by lowering the tip position, i.e. 
approaching it closer to the surface, in order to manipulate the 
strength of interactions between adsorbate and surface, like Pb 
atom and CO molecule on Cu(211).[14] Noteworthy, in such lateral 
process, the manipulated molecule remains adsorbed on the 
substrate surface.  

 
Figure 1. a) Schematic illustration of the lateral sliding process of an atom 
across a surface; b) “IBM” logo built by Xe atoms on Ni(111) surface. 
Reproduced from Ref.[8] with the permissions of the American Association for 
the Advancement of Science; c) Schematic illustration of the atomic transfer 
between surface and tip. d) The reversible transfer of Xe atom between the 
STM tip and Ni(111) surface. Low-conductance state with Xe atom on the 
surface (A). Current spike by applying -0.8 V pulse leading to the transfer of Xe 
atom to tip (B). High-conductance state with Xe atom on the tip (C). Applying 
0.8 V pulse causing Xe atom to go back to the surface, regained state A (D), 
Reproduced from Ref.[15] with the permissions of the American Association for 
the Advancement of Science. 

Alongside its use to generate lateral displacements of 
ad-atoms or ad-molecules, the STM tip can be employed to 
accomplish vertical manipulations, in which an atom or a 
molecule can be transferred from the surface to the STM tip and 
vice versa, as portrayed in Fig. 1c. To this end, external energy 
has to be delivered to overcome the energy barrier and allow the 
adsorbate transfer from the surface to the tip. Noteworthy, this 
energy barrier depends on the tip-surface separation distance, 
and it approaches zero when the tip is close enough to the 
adsorbate. In vertical manipulation processes, the major 
contribution to this external energy applied to the adsorbate 
comes from the electrons tunneling. Such a vertical manipulation 
process was first introduced to reversibly transfer Xe atom 
between a polycrystalline tungsten tip and a Ni(110) surface.[15] 
By applying a positive or negative voltage pulse of 0.8 V between 
the tip and the surface, the location of the Xe atom could be 
adjusted, i.e. the Xe atom could be picked up by the tip or 
deposited on the Ni(110) surface at desired position. The position 
of the Xe atom was identified by measuring the tunneling current 

during this transfer operation. As shown in Fig. 1d, the output 
tunneling current displayed two values depending on whether the 
Xe atom was bound to the surface (low) or to the tip (high). In a 
similar approach, the desorption of H atoms from Si(100)-2×1 
surface was accomplished by applying a bias voltage greater 
than 2 V.[16] The same group subsequently reported an isotope 
effect on atom desorption, where the desorption yield of H atoms 
was about two orders of magnitude larger than that of D 
atoms.[17] More tightly bonded CO molecule on Cu(111) could be 
transferred to the tip by applying a high bias voltage larger than 3 
V.[18] Further research on the mechanism of the process 
indicated that the manipulation of CO by a STM tip originated 
from a single electron excitation process of the CO-2π* orbital.[19] 
Noteworthy, the dependence of the CO transfer rate on the 
current at a fixed bias was found to be linear. The highest control 
over this process made it possible to realize the world’s smallest 
stop-motion film - “a boy and his atom”.  

Lateral sliding and vertical transfer manipulations represent 
the most prototypical artificially controlled displacement of atoms 
and molecules. Such processes are of paramount importance for 
catalyzed reactions occurring at surfaces and interfaces,[20] to 
enable reactants (atoms or molecular fragments) to get in 
physical proximity, further leading to the formation of new 
chemical species via bond formation. In classical chemistry, 
reactants diffusion naturally occurs through thermally activated 
processes. The surface-potential energy landscapes greatly 
influence the direction and path of the thermodynamically 
governed diffusion processes. However, tip-induced diffusion 
can guide the reactants to a target position through a desired 
path. Moreover, large molecules may change their internal 
conformation along with the change of position.[21] For example, 
Moresco and co-workers showed that by using lateral 
manipulation on Cu-TBPP molecule on Cu(211), the 
conformation of a single tert-butyl-phenyl-group with respect to 
the substrate surface could be modified.[21b] 

A classical chemical reaction can be divided into several 
steps, with each step being characterized by the dissociation and 
the formation of chemical bonds. The ability to describe the 
process during each individual bond formation could provide an 
indication about how well we understand reactions in nature. 
Supersonic molecular beam,[22] and femtosecond laser[23] have 
become important methods to study the molecular reaction 
involving isolated molecules and made it possible to probe the 
dynamics and reaction time scales of individual bond formation. 
Yet, STM offered a novel visual approach to monitor the 
chemical reaction process. Combined with the complementary 
tunneling spectroscopy measurements,[24] the chemical, physical, 
electronic, and mechanical properties of a single molecule can 
be unravelled at each reaction step with atomic-level resolution. 
The tip-induced reaction experiments are typically studied at 
low-temperature and under UHV to avoid occurrence of 
thermal-activated processes. Owing to these advantages, atom 
manipulation by STM has become an intriguing sub-field of 
nanochemistry.  

In this manuscript we review the process of molecular 
synthesis occurring via controlled atom manipulations as 
unveiled by scanning tunneling microscopy imaging. In section 2, 
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we focus on controlled bond dissociation. Section 3 discusses 
the tip-induced bond formation, as well as classic examples of 
thermally activated bond formation. In section 4, we describe 
chemical and physical processes taking place in the junction 
between the STM tip and conductive substrates. 

2. Unimolecular reactions: chemical bond 
dissociation 

The deposition of a molecule onto a solid surface results in 
the weakening of the intramolecular bonds, because of the 
competition with molecule-surface interactions. In some cases, 
the intramolecular bonds can even dissociate upon the molecular 
adsorption onto catalytically active surfaces, as evidenced by the 
dehydrogenation of boric acid group upon physisorption on Ag 
(111).[25] Bond dissociation to generate reactive precursors is a 
key step in surface catalyzed molecular synthesis, to enable new 
chemical bonds formation, yielding novel chemical species. 
Since molecules tend to be mobile on surfaces, the tip-induced 
bond-breaking processes are favoured at low temperatures, by 
minimizing thermal diffusion. To dissociate a molecule by means 
of the STM tip, the energy required to break the chemical bond 
needs to be introduced in the system. Towards this end, two 
main approaches can be exploited as discussed below in this 
section. 

2.1. Electric field 

When the STM tip is brought into close proximity with the 
surface, by applying a bias voltage, an electric field as high as ca. 
100 V cm-1 can be generated [26], thus having a magnitude 
sufficient to break inter-atomic covalent bonds. As illustrated in 
the scheme in Fig. 2a, the effective area of the electric field is 
larger than atomic dimension. As the intensity of the electric field 
displays circular gradient distributed on the surface, the threshold 
of the field required for chemical bond dissociation imposes a 
strong space dependence by limiting the reaction in a certain 
area, i.e. where the centre of the field is located. Since the 
strength of this electric field is highest at apex of the tip, it is 
possible to manipulate surfaces with a true atomic resolution. By 
exploiting this method, Swartzentruber et al. reported for the first 
time the generation of an atomic-scale “bit” by moving single Ge 
atom from Ge(111)-2×8 surface.[27] The atomically resolved 
imaging of the defect-free region (Fig. 2b left) chosen for the 
atom manipulation was obtained under the scanning bias voltage 
of -1 V. By increasing the tip-to-surface bias to -4 V, successful 
dissociation of Ge-Ge covalent bonds was triggered and followed 
by a rapid withdrawal of the tip from the surface by 1 Å, and 
reduction of bias voltage to 1V in order to return to an imaging 
mode. The creation of a new protrusion in a previously pristine 
region of Ge(111) surface demonstrated the smallest spatial 
rearrangement of Ge atoms.  

The mechanism of atom dissociation from the crystal 
surface was discussed by Lyo and Avouris through Si-Si bond 
breaking on Si(111)-7×7 surface.[28] By combining the effects of 
the strong tip-surface electric field with chemical tip-sample 

interactions, they reproducibly transferred Si atoms (Fig. 2c) or Si 
clusters containing tens of atoms from the surface to the tip and 
vice versa. The magnitude of tip-surface interactions and the 
number of transferred atoms were precisely controlled by 
applying voltage pulses at different tip-surface distances. It was 
found that the threshold field in this tip manipulation process (1 
VÅ-1) was significantly lower than that observed in field ion 
microscope studies (3.0-3.8 VÅ-1). 

On-surface Si atom manipulation was further studied by 
Aono et al., by investigating the chemical reactivity of center 
adatom sites in Si(111)-7×7 lattices.[29] The single Si atom 
extraction process allowed the quantification of the excitation 
probabilities of the center and corner adatoms. The experimental 
results demonstrated that Si adatoms at the center of the 7×7 
unit cell were more frequently removed than those near the 
corner holes. Such phenomenon was ascribed to the 0.1 eV 
binding energy difference between center and corner adatoms. 
Similar conclusions have been drawn by Dujardin et al., who 
studied the Ge manipulation on Ge(111) surface.[30] Under 
electric field, an individual Ge atom was extracted in a controlled 
manner from a predefined site of the reconstructed Ge(111) 
surface. The statistical analysis of the adatom configurations 
observed around the vacancy made it possible to determine the 
free energy difference (0.15 eV) between the stable and 
metastable sites. Furthermore, Himpsel et al. manipulated Si 
atoms on Si(111)-5×2-Au surface at room temperature to 
propose a high storage density memory device.[31] 

 
Figure 2. a) Schematic illustration of electric field created between STM tip and 
the surface. b) The c-(2×8) reconstructed Ge(111) surface before and after 
tip-induced manipulation. Left: a single unit cell of the c-(2×8) reconstruction 
highlighted in white. Right: the displayed region slightly translated due to the 
thermal drift, and the new bright spot near labeled with arrow was the 
impressed bit. Reproduced from Ref.[27] with the permissions of the American 
Association for the Advancement of Science. c) The process of removal of a 
single Si atom from Si(111)-7×7 surface. From left to right the images were 
taken before and after the voltage pules were applied, and after the 
re-deposition of the Si atom back to the surface. Reproduced from Ref.[28] 
with the permissions of The American Association for the Advancement of 
Science. d) Removing sulfur atoms from layer compound MoS2 to form 
“PEACR `91 HCRL” characters. Reproduced from Ref.[32] with the 
permissions of the Elsevier B.V.  



REVIEW          

 
 
 
 
 

The single sulfur atom dissociation from layered 
semiconducting molybdenum (IV) disulfide (MoS2) surface by 
tip-induced Mo-S bond tearing was successfully demonstrated by 
Hasegawa and co-workers.[32] The probe tip was moved to 
produce nanostructures by applying -5.5 V voltage, as displayed 
in Fig. 2d. Noteworthy, it was shown that related materials, e.g. 
tungsten (IV) diselenide (WSe2) could also be manipulated, and 
nanosized hill structures can be reversibly produced and 
erased.[33] It should be noted that this experiment was carried out 
under ambient conditions, and therefore these results are 
certainly worthwhile to be pursued further for building-up stable 
artificial structures in air.  

Noteworthy, by maintaining the tip at a higher distance from 
the surface, the electric field expands over a larger surface area, 
leading to multiple molecules reacting from only one voltage 
pulse. As proof-of-concept, this approach was employed to 
trigger reversibly the trans-to-cis isomerization of azobenzene 
derivatives on Au(111).[34] The groups of Grill and Hecht revealed 
the occurrence of spatial selectivity during the collective 
isomerization within the same molecular islands.[35] The switching 
possibility of individual 4-methoxy-3,30,5,50-tetra 
-tertbutylazobenzene (M-TBA) molecule on Au(111) was found to 
be strongly dependent on the arrangement of surrounding 
molecules. Only certain trans-M-TBA molecules in a specific 
self-assembled domain could be switched upon applying a 
voltage pulse, and therefore a distinct periodic pattern of cis 
isomers was generated.  

Another effect is the controlled collection and repulsion of Cs 
atoms on GaAs(110) surface.[36] By applying an positive voltage 
pulse, Cs atoms were induced to diffuse into the region 
underneath the tip, thereby creating nanowire structures with 
lengths up to a few tens of nanometers. 

2.2. Electron injection 

Based on the electron energy, the bond dissociation induced 
by electron injection can be divided into field emission and 
inelastic tunneling approaches.[37] In the field emission process, 
the STM tip acts as an electron emission gun. High-energy 
electrons (roughly above 3 eV) can be emitted when the bias 
voltage exceeds the work function of the tip, e.g. 4.5 V for 
tungsten.  

 
Figure 3. a) Schematic illustration of field-emitted electrons. b-d) An isolated 
B10H14 molecule (large white spot) adsorbed on Si(111)-7×7 (b). The result of 
electron bombardment at a bias voltage of + 8V, and an additional fragment 
dissociated from the B10H14 molecule appeared (c). Continuous scanning, the 
large molecule dissociated to yield a number of small fragments (d). 
Reproduced from Ref. [38a] with the permissions of the American Association 
for the Advancement of Science. 

The tip-surface separation distance needs to be increased to 
above 10 Å to avoid an exceedingly large tunneling current. 
Therefore, tip manipulations with field emission electrons are 
impossible to be confined to the atomic size, since a significantly 
large areas (ca. 100 Å2) are typically affected (Fig. 3a).  

In the early 1990s, Avouris’s group demonstrated the 
dissociation of B10H14 and O2 molecules from Si(111)-7×7.[38] 
High bias voltages were used to rule out mechanical interactions 
between the tip and surface, suggesting that the observed 
dissociation processes were a direct consequence of electrons 
incident on the adsorbed molecules. The dissociation of an 
isolated B10H14[38a] at room temperature required a bias voltage at 
least of +4.0 V, and a high dissociation probability up to 80% was 
evidenced by increasing the bias to +8.0 V. The STM images of 
sequential dissociations are portrayed in Fig. 3b. A parent 
molecule was first dissociated with one emission electron and the 
fragments continued to be further dissociated over the scanning 
duration. 

The tip-emitted electrons were also used to demonstrate the 
initial stages of Si(111)-7×7 oxidation by locally inducing O2 
desorption and dissociation (bias voltage of +7.0 V).[38b] The O2 
molecules were found as two chemisorbed species on silica - 
one bonded to an already oxidized Si adatom, and the other 
bonded to a second-layer rest Si atom.  

Quantum tunneling effects can be generated when operating 
with a close tip-surface distance (< 1 nm). By applying low bias 
voltage, STM tip injects lower-energy electrons into the molecule 
via an adsorbate-induced resonance state, as depicted in Fig. 4a. 
The energy from the tunneling electrons transferred to the target 
molecule can lead to the dissociation if it exceeds the bond 
breaking energy barrier. In this inelastic tunneling dissociation 
process, the tunneling electrons confine the initial excitation to an 
atomic dimension below 1 Å, thus making it possible the 
selective targeting of a single bond. Furthermore, the amount of 
the tunneling electrons can be varied to control the reaction rate 
and pathway, thereby achieving localized and controllable bond 
dissociations. The reversible displacement of Si adatoms on 
Si(111)-7×7 surface at 52 K was reported by Ho and 
co-workers.[39] A bias voltage of 3 V was applied above a Si 
adatom to break Si-Si bond, as depicted in Fig. 4b-d. The 
displaced atoms were metastable and would be corrected (back 
to initial position) by tunneling or field-emitted electrons and by 
annealing above 155 K. Remarkably, such Si adatom 
displacement was found to be site-specific with a greater 
probability of the centre Si adatoms to be affected. Moreover, this 
displacement rate was found to linearly depend on the tunneling 
current, demonstrating that the dissociation of one Si adatom 
from surface can be stimulated by the tunneling of one electron 
from the STM tip.  

The dissociation of diatomic molecules on surfaces is one of 
the simplest surface chemical reactions. Ho et al studied the 
mechanism of single O2 molecule dissociation.[40] Towards this 
end, a single O2 molecule has been imaged on the Pt(111) 
surface at low temperature (50 K) and dissociated using 
tunneling electrons from the precisely positioned STM tip, without 
affecting neighbouring molecules. Because this experiment 
involved electrons tunneling from the outermost STM tip atom to 
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the O2 molecule under the tip, excitations induced by the 
tunneling current are confined to only one O2 molecule 
(dimensions of ca. 1 Å). The spatial selectivity of tunneling 
induced dissociation of two adjacent O2 molecules is shown in 
Fig. 4e-h. The tip was precisely positioned over the centre of the 
O2 and the feedback loop used to maintain constant tunneling 
current was turned off. A voltage pulse (100 ms to 10 s) was then 
applied, and the current was monitored. Fig. 4f shows the current 
during a 0.3 V pulse with a sudden drop in current, highlighting 
the occurrence of the dissociation. A rescan of the same area in 
Fig. 4g shows the dissociated molecule with one oxygen atom on 
a face-centered cubic (fcc) site and the other on a hexagonal 
close-packed (hcp) site. The neighbouring molecule (5.54 Å 
away) was unaffected by the pulse. By positioning the tip over 
this molecule and applying a second pulse, dissociation was 
observed with the two oxygen atoms placed on hcp sites. The 
energy barrier for rupturing the O-O bond was calculated as 0.38 
eV, which needed to be overcome with the energy transferred 
from one tunneling electron (0.4 V) or multiple tunneling 
electrons (two for 0.3 V, and three for 0.2 V). Such a vibration 
laddering climbing process is suitable for the mechanism of most 
inelastic tunneling dissociations.[41] 

 

 

Figure 4. a) Schematic illustration of the inelastic electron tunneling 
dissociation process. Inelastic electrons are injected into the molecule 
through the adsorbate-induced resonance state. b-d) Displacement of Si 
adatoms on Si(111)-7×7 surface. STM images of the surface showing the 
site occupied by the two adatoms before (c) and after (d) transfer in the 
faulted half of the unit cell. Reproduced from Ref. [39] with the permissions 
of the American Physical Society. e-h) O2 molecule dissociated on Pt(111) 
surface. e) STM image of two adjacent O2 molecules adsorbed on fcc 3-fold 
hollow sites of Pt(111) at 50 K. f) Tunneling current vs. time during a 0.3 V 
pulse over the O2 molecule on the right; sudden change at 30 ms is the 
moment of dissociation. g) STM image after dissociation showing one O 
atom on fcc site f, and the other on hcp site h. h) STM image taken after 
applying a second pulse over the remaining molecule, showing dissociation 
into two O atoms on hcp sites. Reproduced from Ref. [40] with the 
permissions of the American Physical Society. 

In the case of O2 on Ag(110), tunneling of electrons from the 
STM tip into the O2 can be used to control the pathway of the 
dissociation, giving rise to two adsorbed O atoms separated 
along the [110] direction.[42] It was demonstrated that the 
molecule rotation occurred before the bond dissociation, 
therefore oxygen atoms were separated exclusively along the 
[110] direction, regardless of the alignment axis of the adsorbed 
O2. In contrast, the ejection of electrons from the O2 molecule 
produced adsorbed O atoms separated along the [001] direction. 
However, the dissociation of O2 on Ag(100) surface took place at 
a high threshold bias voltage of +3.3 V, and the produced atom 

pairs showed a far range of motion by immediately pulling each 
other apart.[43]  

Dissociation processes induced by inelastic electron 
tunneling are extremely popular among on-surface reactions; in 
light of this, atomic-scale knowledge of the dissociation of 
diatomic molecules is a prerequisite for understanding more 
complicated surface reactions. By tunneling electrons into a 
molecule at a specific position, the precise rupture of a bond can 
be attained, by eventually cleaving off unnecessary parts of a 
molecule, and generating active sites. The molecular fragments 
obtained may further be used as building blocks for new 
chemical species. 

 

Figure 5. STM images and schematic models of CH3SSCH3 molecules 
before and after electron induced dissociation. a) Dissociation of 
CH3SSCH3 into two CH3S fragments by applying a pulse of 1.4 V. Chain 
reaction in b) CH3SSCH3 tetramer on Au(111) and c) 15-unit chain 
assemblies on Au(100) stimulated by a voltage pulse of 0.9 V on top of the 
terminal molecule (blue dot), leading to the synthesis of new CH3SSCH3 
molecules of opposite conformation. Reproduced from Ref.[44b] with the 
permissions of The American Association for the Advancement of Science.  

Several examples of selective bond breaking in 
polyatomic molecules via electrons tunneling have been 
discussed.[44] For example, Yates et al. investigated 
electron-induced reactions of linear dimethyldisulfide 
(CH3SSCH3) molecules bonded to Au(111) and Au(100) 
surfaces using STM at 5 K to inject electrons and image the 
reaction products.[44b] Single CH3SSCH3 molecules were 
adsorbed on Au surface in a trans conformation, i.e. with two 
methyl groups located at the two ends of the S-S bond 
adopting trans geometry. Fig. 5a shows that a single 
CH3SSCH3 molecule was dissociated into two equivalent 
CH3S fragments by firstly positioning the tip at the blue circle, 
and then by applying a voltage pulse (1.4 V) to inject tunneling 
electron into the S-S bond. In the self-assembled linear 
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structures, each molecule has the same orientation of the S-S 
bond and the same trans configuration of the two CH3 groups.  

The injection of tunneling electrons into the molecule at 
one end of the self-assembled chain led to a propagating 
chemical reaction along the molecular backbone. 
Interestingly, the newly obtained molecules had a mirror 
configuration compared with the original ones. Noteworthy, at 
a higher molecular coverage and at adsorption temperatures 
ranging between 70 K and 200 K, “linear” CH3SSCH3 chains 
up to five units in length were formed on the Au(111) surface. 

A chain reaction could also be induced by applying 
electron pulses into CH3SSCH3 molecules self-assembled on 
Au surface. The chain reaction can be illustrated as a 
sequence of elementary steps (CH3S + CH3SSCH3 → 
CH3SSCH3 + CH3S) and is being portrayed in Fig. 5b and 5c. 
This seminal work revealed that it is possible to synthesise 
desired products on surface via low-energy and stereospecific 
pathways.  Ho and co-workers reported the multistep 
dehydrogenation of individual ethylene molecules adsorbed 
on Ni(110).[45] A voltage pulse between 1.1-1.5 V induced the 
dehydrogenation of ethylene first to acetylene and further to 
carbon atoms. Moreover, the electrons from STM tip could 
also be used to break a C-H bonds in a single acetylene 
molecule adsorbed on Cu(100),[46] or to dissociate individual 
pyridine and benzene molecules on Cu(100).[47] 

One further challenge for tip-induced surface chemistry 
consists in breaking and forming chemical bond selectively in 
single complex organic molecule exhibiting a range of 
different functional groups. The bond energies of different 
covalent bonds in a single polyatomic molecule may be 
significantly different. In inelastic tunneling dissociation 
process, the probability of the electron energy transfer 
exponentially decreased with increasing bond energy.[48] The 
strong chemical bonds can be unaffected during the 
dissociation of the weak chemical bonds, which opens the 
way towards stepwise dissociation sequencing. For example, 
iodobenzene molecule exhibits three types of covalent bonds, 
i.e. C=C, C-H, and C-I, and their bond strength ratio in the gas 
phase was estimated as 3:2:1, respectively. [49] In case of 
iodobenzene adsorbed on Cu(111), the weakest C-I bond was 
firstly broken at a lower bias voltage of 1.5 V, and further 
dissociation of phenyl occurred as the bias voltage was raised 
above 3.1 V.  

Ho et al. demonstrated that it is possible to stimulate a 
sequence of target- selective bond dissociation and formation 
steps in 1,4-bis(4’-(acetylthio)styryl)benzene (DSB-2S-2Ac) 
molecules adsorbed on a NiAl(110) surface at 12 K.[50] The 
four functional groups were dissociated one after the other by 
injection of electrons with different energies (by applying 
different bias voltages) at the precise locations (Fig. 6a). The 
threshold biases for removing acetyl groups and sulfur atoms 
were found to amount to 1.8 V and 2.4 V, respectively. These 
voltages were proved not being sufficient for breaking C-H 
and C-C bonds, thereby indicating the integrity of the aromatic 
back-bone of the molecule. The two sulfur functional groups 
produced by the selective dissociations of acetyl groups could 
be used as the reactive sites for further combination with Au 

adatoms. As monitored in Fig. 6b, the formation of Au-S 
bonds resulted in the conformational change of the aromatic 
backbone. The spatial map of the molecular resonance and 
the Au states in the DSB-2S-2Au complex (Fig. 6c) indicated 
that only one Au-S bond was covalent in nature and the orbital 
hybridization (coordination bond) between the other Au and S 
was localized. 

 
Figure 6. a) Stepwise dissociation sequence of the DSB-2S-2Ac molecule. 
b) Formation sequence of the DSB-2S-2Au complex. c) Spatially resolved 
spectroscopy of the DSB-2S-2Au complex. The dI/dV spectra taken at 
locations 1, 2, 3, 4 and 5 of the complex as indicated in the STM image 
show states of DSB, sulfur and Au. The spectra of DSB-2S and the isolated 
Au atoms before the association were shown for comparison. The energy 
state of middle part (1) was red shifted about 0.15 eV, which indicated the 
molecule connected with metal leads. The formation of strong DSB-2S-Au 
covalent bond was proved by the 0.25 eV red shift of AuL (5 marked in STM 
image) state and 0.1 eV red shift of SL (3 marked in STM image) state. The 
50m eV slightly higher shift of AuR (4 marked in STM image) state caused 
by the weak coordination bond between AuR and SR. Reproduced from Ref. 
[50] with the permissions of Springer Nature. 

Intramolecular hydrogen atom transfer, also known as 
hydrogen tautomerization, is a key process occurring in 
photochromic and enzymatic reactions. By using STM, single 
molecule tautomerization induced by tunneling electron 
injection has been investigated, e.g. naphthalocyanine on a 
NaCl bilayer on Cu(111),[51] phthalocyanine[52] and 
porphyrin[53] on Ag(111). Moreover, the excitation mechanism 
of tip-induced tautomerization within a porphycene molecule 
was explored by Grill and co-workers.[54] On Cu(110),[54a] the 
porphycene molecule switched between two mirror-symmetric 
cis configurations in which two inner hydrogen atoms were 
transferred simultaneously. No trans configuration was 
observed during the experiment, suggesting that the trans 
tautomer was not sufficiently stable to be detected by STM. At 
a low experimental temperature of 5K, the appearance of 
porphycene molecules remained unchanged during scanning 
with low bias voltages, indicating that no tautomerization was 
induced thermally. However, the reversible cis-to-cis 
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tautomerization yield increased when raising the bias voltage 
above 200 mV. By measuring the tunneling current (I) 
dependence of the tautomerization rate (R) at various bias 
voltages, the R was found to follow the power law of R∝In, 
where n was considered as the number of tunneling electrons 
needed for one molecule switching, thus enabling to identify 
the mechanism of such process as a vibrationally induced 
one. On Cu(111) the porphycene molecules adsorbed 
exclusively in its trans configuration with the two inner 
hydrogen atoms located on opposite pyrrole rings. [54b] At 5K, 
the unidirectional trans-to-cis and reversible cis-to-cis 
tautomerization were realized by applying a voltage pulse 
directly above molecule. A threshold voltage at ca. ±150 mV 
was required to trigger both processes, and identical behavior 
was exhibited for both bias polarities. Moreover, the 
unidirectional trans-to-cis process was also induced in a 
non-local fashion, and the conversion occurred on molecules 
located about 10 nm far from the tip manipulation position 
(electron injection point) by applying a voltage pulse of ±1.5 V. 
A hot carrier-mediated mechanism was proposed to explain 
this phenomenon, in which hot carriers (electrons or holes) 
generated from tip manipulation travelled along the surface to 
trigger the tautomerization remotely. Interestingly, the 
reversed cis-to-trans switching was never observed via tip 
excitation, but it took place when heating the surface up to 30 
K. The trans tautomer was confirmed to be thermodynamically 
dominant on Cu(111), while the presence of cis tautomer was 
monitored on Cu(110). This indicative influence of the surface 
state provided a new approach to control the tautomerization 
behavior by modifying the local surroundings of a single 
molecule.[55] On Cu(110), a Cu adatom was precisely placed 
close proximity to a porphycene molecule ( 6 - 9 Å from the 
molecular center) via vertical manipulation, and the 
tautomerization rate of the molecule was adjusted effectively 
according to the location of adatom. Reversible 
tautomerization would be completely quenched, if one adatom 
was placed right next to the porphycene molecule (< 6 Å from 
the molecular center). 

The Kondo effect arises from the coherent spin-flip 
scattering between the conduction electrons in a metal and 
the localized spins of magnetic impurities, resulting in a 
characteristic change in electrical resistivity at sufficiently low 
temperature. Owing to the high selectivity and atomic 
precision, STM manipulations provide a novel route to allow 
insight into the Kondo effect at the single molecule level. 
On-surface studies focus on the Kondo resonance state 
phenomenon via chemical control of magnetic molecules 
interacting with nonmagnetic surfaces. As representative 
molecular magnets, transition-metal containing metal 
phthalocyanine (MPc) molecules adsorption on 2D metallic 
surfaces have been extensively explored. The Kondo 
resonance was found to be tunable for FePc molecule on 
Au(111) by changing the molecular adsorption configurations, 

i.e. the on top and bridge configurations.[56] Different 
adsorption configurations influenced the symmetry of the 
ligand field through the local coordination to the substrate. 
According to the STS spectra recorded over the Fe atom, the 

calculated Kondo temperature was lower for on top 
configuration. Another example is represented by TBrPP-Co 
(TBrPP = 5,10,15,20-tetrakis(4- bromophenyl)porphyrin) on 
Cu(111), reported by Hla’s group.[57] By applying 2.2 V voltage 
pulse, isolated TBrPP-Co molecule switched from “saddle” to 
“planar” adsorption conformation, reducing the distance 
between the central spin-active Co atom and the underlying 
Cu(111) substrate. STS spectra revealed that the switch of 
the molecular conformation enhanced spin-electron coupling, 
further increasing the associated Kondo temperature from 
130K to 170K.  

The Kondo effect exerted by an MPc molecule also 
depends on MPc’s chemical composition. Zhao and 
co-workers reported that dehydrogenation process could turn 
on the Kondo effect of CoPc molecule on Au(111).[58] The 
initial CoPc molecule exhibited no Kondo effect, and removing 
eight hydrogen atoms with voltage pulses from a STM tip 
allowed the molecule to chemically bond to the Au substrate. 
The localized spin was recovered in this artificial structure. A 
clear Kondo resonance and a high Kondo temperature at 200 
K were observed. The dehydrogenation threshold voltage 
applied was found in the range of 3.3 V to 3.5 V. In case of a 
FePc molecule adsorbed on Au(111), cutting away its eight 
outermost hydrogen atoms via applying -3.5 V voltage pulse 
turned off the Kondo effect.[59] The formation of the chemical 
bonds between the dehydrogenated CoPc molecule and Au 
atoms on surface increased the distance between Fe2+ ion 
and Au atoms, weakening the Fe-Au coupling. 
Consequentially, the molecule changed from the Kondo state 
to the magnetic triplet state. Kim and co-workers 
demonstrated that the spin state of Co-porphyrin on Au(111) 
could be reversibly switched by binding and unbinding NO 
molecule.[60] The Kondo effect was switched off by the 
formation of coordination complex NO-Co-porphyrin, and 
could switch back on by unbinding of NO through local 
manipulation or thermal desorption (at 500K). DFT analysis 
explained the mechanism of this switching process, as the 
suppression of magnetic moment in NO-Co-porphyrin on Au 
surface. Similar experimental phenomena were investigated 
by Tsukuhara and co-workers.[61] CO and NO showed 
different impacts on the Kondo effects of FePc on Au(111). 
CO coordination caused the localized molecular spins 
disappear because of the change in the electron configuration 
by the CO-Fe bond formation. Meanwhile, NO coordination 
reduced Kondo resonance due to the reducing of the coupling 
of Fe and Au atoms. 

Fu et. al. manipulated the Kondo resonance by placing 
individual MnPc molecule on silicon-supported Pd film.[62] The 
Kondo temperature was depended on the film thickness, and 
the lowest (23 K) and highest (419 K) Kondo temperature 
occurred at 15 and 17 monolayers, respectively. The 
oscillating Kondo temperatures were proved to be attributed 
to the formation of the thickness-dependent quantum-well 
states in the host Pb islands. 



REVIEW          

 
 
 
 
 

3. Molecular reactions: chemical bond 
formation 

Chemical bond formation can be naively seen as the exact 
opposite to the bond dissociation. The simplest example of the 
STM induced chemical bond formation comprises the 
coordination between CO molecule and Fe atom accomplished 
via a vertical manipulation procedure, as reported by Lee and 
Ho.[63] Individual iron atoms were evaporated and frozen onto the 
Ag(110) surface at 13 K, and then CO molecules were 
transferred toward the Fe atoms by means of the STM tip, 
yielding the generation of Fe(CO) and Fe(CO)2 complexes upon 
ramping the bias from -70 mV to -4 mV. The STM image in Fig. 
7a suggests that in the reaction products CO ligands exhibit an 
inclined configuration in the Fe-Ag(110) system. This seminal 
work paved the way towards chemical bond formation via 
reactions induced with STM tip.  

 

 

Figure 7. a) Atomically resolved STM image containing Fe, CO, FeCO and 
Fe(CO)2. A grid was drawn through the Ag(110) surface atoms to guide the 
determination of the adsorption sites. The models of side view and top view 
of Fe(CO) and Fe(CO)2 shown the CO to be tilted by angle τ and bent by 
angle β. Reproduced from Ref. [63] with the permissions of The American 
Association for the Advancement of Science. b) Structures and nc-AFM 
images of the starting molecule and the reaction products formed by 
tip-induced debromination and subsequent retro-Bergman cyclization. 
Reproduced from Ref. [67] with the permissions of Springer Nature. c) 
Corresponding Laplace-filtered AFM images with structural ball-and-stick 
models of 1,1-dibromo alkene, intermediate radical and triyne molecules. 
Grey, red and white balls represent C, Br and H, respectively. Reproduced 
from Ref. [69] with the permissions of Springer Nature. 

The groups of Hecht and Grill reported the lateral 
manipulation of porphyrin molecules on Au(111).[64] Different 
molecular appearances in the STM imaging were observed by 
comparing porphyrins bonded by a coordination bond with single 
gold adatoms underneath the molecular monolayer with 
unbonded ones. Such tuning of the single molecules electronics 
has been ascribed to an electrostatic shift of adsorbate-induced 
electronic state. Repp and co-workers brought one gold adatom 
into close contact with one pentacene molecule via tip 
manipulation.[65] New metal atom-molecule bond were formed by 
resonant inelastic electron tunneling through the lowest 
unoccupied orbital of pentacene, and imaged by STM as 
changes in bond hybridization. 

Intramolecular reaction induced by inelastic tunneling 
electrons was first reported by Kim and co-workers.[66] 
1,3-butadiene molecule was synthesized on a Pd(110) surface 
via the dissociation of C–H bonds of trans-2-butene molecule. 
The threshold voltage for this reaction was estimated as 365 mV, 
and could coincide well with the vibrational excitation of the C-H 
stretching mode. Another example is the reversible Bergman 
cyclization reported by Gross and co-workers.[67] Towards this 
end, 9,10-dibromoanthracene (DBA) molecules were deposited 
on a Cu(111) surface partially covered by two monolayers of 
NaCl. The two C-Br bonds of DBA were cleaved by applying two 
voltage pulse (3.3 V) to obtain the diradical. Subsequently, 
another voltage pulse of 1.7 V was applied above this diradical, 
yielding a new molecule consisting of fused six- and 
ten-membered rings, and it was ascribed to the formation of 
diyne by hemolytic cleavage of the C–C bond shared by two 
fused benzene rings. 

The ultrathin NaCl film employed as substrate facilitated the 
stabilization of diradical and diyne, yet reversibility between 
these two forms was observed. The atomically resolved 
non-contact atomic force microscopy (nc-AFM) images displayed 
in Fig. 7b offer a genuine evidence of the products in each 
manipulation step.  

Recently, Peña and collaborators explored a route towards 
formation of cyclic acenes by STM/AFM tip manipulations.[68] The 
tetraepoxycyclacenes with 8 and 10 units were synthesized and 
subsequently deposited onto Cu(111) surface. The on-surface 
deoxygenation step of tetraepoxycyclacenes and formation of 
corresponding cyclacenes was accomplished via either scanning 
the tip on the top of the molecular island at large bias (2.5-3.4 V) 
or by applying single voltage pulses above one molecule, which 
changed the shape and symmetry of the molecular cavity. The 
nc-AFM images enabled to picture the two main products: 
‘D’-shaped with two neighbouring epoxy groups being 
deoxygenated, and ‘oval’-shaped with two opposite epoxy 
groups deoxygenated. Noteworthy, the deoxygenation process 
altered the hybridization state of the two carbon atoms of the 
corresponding epoxy group from sp3 to sp2, generating curved 
aromatic molecules. 

Moreover, the mechanisms of Fritsch-Buttenberg-Wiechell 
rearrangement were demonstrated by Gross and co-workers.[69] 
Different voltage pulses were applied to cleave the two C-Br 
bonds of dibromoalkene one by one. These two debromination 
were carried out by applying voltage pulses of 2.5 V and 2.8 V, 
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respectively. Such dehalogenation triggered the rearrangement 
of the molecular backbone into linear polyynes. The geometry of 
reactants, intermediates and final products were monitored by 
nc-AFM, as portrayed in Fig. 7c. In case of Cu surface, this 
reaction resulted in the formation of carbine radicals, which were 
found to immediately bond to the underlying Cu atom and 
blocked the rearrangement process. Unfortunately, the 
observations on bilayer NaCl on Cu(111) surface failed to detect 
a long-lived carbene intermediate. The structural insight into the 
unexpected bromo-vinyl radical intermediates revealed that the 
C=C•-Br unit was nonlinear. This successful control of skeletal 
rearrangements by atom manipulation could open new pathways 
for the synthesis of carbon-rich materials. 

On-surface chemical bond formation between two molecular 
fragments involves more complex mechanisms. The two 
molecular fragments have to be in close enough to physically 
overlap the electronic wave functions of the reactive groups, 
which must align properly to form a bond between them. In some 
cases, such groups first get bonded to the metal substrate after 
dissociation from a parent molecule. For example, in phenyls 
produced by deiodination of C6H5I, the free C bonded to flat Cu 
surface with a tilted angle of 45°,[70] which has been proved as 
one intermediate state during tip-induced Ullmann reaction. 
Ullmann reaction has gathered much attention because of its 
efficiency for linking aromatic units through C-C covalent bonds. 
In his seminal work, Hla et al. demonstrated the on-surface 
Ullmann reaction by multistep STM manipulation [71] (Fig. 8a). In a 
low-temperature set-up (4 K), the STM tip first injected a 1.5 eV 
tunneling electron into each iodobenzene molecule. This 
operation induced C-I bonds cleavage yielding free phenyl 
radicals. While in solutions these are extremely reactive species, 
on a conducting surface they get stabilized by the combination of 
π-π interaction with the underlying substrate and σ-interaction 
with the Cu atoms at the lower part of the Cu(111) step edges. 
Subsequently, the two phenyl radicals were slided and brought 
into close proximity (in head to head fashion). Upon applying a 
positive voltage pulse of 0.5 V, covalent coupling between these 
two phenyl radicals was prompted yielding to biphenyl. 

 

Figure 8. STM images (70×30 Å2) showing the initial steps of the tip-induced 
Ullmann synthesis. a) Two iodobenzene molecules were adsorbed at a 
Cu(111) step edge. b,c) Electron-induced selective dissociation of iodine from 
both molecules. d) Removal of the iodine atom to a terrace site by lateral 
manipulation. e) Bringing together two phenyls by lateral manipulation. f) 
Electron-induced chemical association of the phenyl couple to biphenyl. 

Reproduced from Ref. [71] with the permissions of American Physical Society. 

Recently, Rosei et al. synthesized organometallic oligomers 
via the tip-induced C-H activation of tetrathienoanthracene (TTA) 

molecules on Cu(111).[72] After applying voltage pulses (above 3 
V), the molecules organized into a more densely packed 
arrangement compared to the spontaneously self-assembled 
structure. Based on the average contour length of 1.43 ± 0.06 nm 
between the centers of mass of two neighbouring molecules, the 
products were identified as organometallics via the formation of 
C-Cu-C bond. This reaction process was found being substrate 
dependent, as demonstrated by the absence of oligomerization 
when Au or highly oriented pyrolytic graphite (HOPG) was 
employed as surface. Compared with the similar oligomers 
obtained via thermo-induced on-surface Ullmann reaction,[73] this 
method allows the precise spatial control, and at the same time, 
can eliminate the formation of by-products. 

By tailoring the precursor structures, Ullmann reaction can 
also be controlled with atomic precision. Grill, Hecht and 
co-workers generated tetraphenylporphyrin(TPP) dimers, 1D 
chains and 2D networks on Au(111) by adjusting the number and 
position of Br substitutions exposed on a TPP core.[74] Moreover, 
by taking advantage of the energy barrier difference between 
C-Br and C-I bonds, highly regulated covalent networks were 
obtained followed a hierarchical reaction route (Fig. 9a-c).[75] The 
precursor trans-Br2I2TPP, equipped with two bromine and two 
iodine substituents at orthogonal terminal sites, were first 
coupled into linear structure by cleaving I atoms at 393 K, and 
subsequent formation of the 2D network by combining the linear 
chains at 523 K via C-Br bonds activation. Noteworthy, such 
step-wise approach compared with one-step growth procedure 
resulted in a decreased number of defects within the obtained 2D 
networks. Such hierarchical approach was more effective, 
because of the presence of active sites equally spaced along the 
pre-synthesized TPP polymer chain. Once the first inter-chain 
C-C bond was formed, the neighbouring active sites could be 
automatically arranged for the next C-C bond formation. 

Graphene nanoribbons (GNR) synthesis via bottom-up 
approach has attracted recently considerable attention in the 
community as it can be exploited for controlling the width and 
edge structures at atomic precision as a route to open a bad gap 
in graphene.[76] In this on-surface synthesis process, Ullmann 
coupling acts as an important step allowing formation of the 
embryonic form of the targeted GNR.[77] In 2010, the groups of 
Fasel and Müllen first built a prototypical armchair GNR with 
width of 7 carbon atoms (7-AGNR) on Au(111).[78] As displayed in 
Fig. 9d-f, the 7-AGNR was formed from 
10,10’-dibromo-9,9’-bianthryl (DBBA) monomers via two-step 
reactions: Ullmann coupling and subsequent 
cyclodehydrogenation. In the first step, Ullmann-type 
oligomerization between DBBA monomers took place to 
generate linear polyethylene chains at 473 K; second step, 
consisted in an increase of the surface temperature up to 673 K 
to trigger intramolecular cycledehydrogenations, resulting in the 
planar GNR structure via C-C coupling. Based on this two-step 
reaction, various precursors were designed to synthesize 
AGNRs with fine-tuned width. Metallic 5-AGNR (3p+2 type, here 
p=1) was synthesized by both Liljeroth’s[79] and Chi’s[80] groups 
from different precursors, and semiconducting 6-AGNR (3p type, 
here p=2) and 13-AGNR (3p+1 type, here p=4) were obtained by 
Sambi’s[81] and Crommie’s[82] groups, respectively. The 
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theoretical studies indicated that the band gap of 3p type and 
3p+1 type GNRs was closely related to the nanoribbon width.[83] 
13-AGNR showed a smaller band gap than 7-AGNR in the STS 
spectrum,[82] suggesting that increasing the width of the 
nanoribbon could result in more similar electrical properties to 2D 
graphene. Noteworthy, nanostructures with zig-zag edges are 
expected to exhibit spin polarized electronic edge states. 
However, the formation of GNR with zig-zag edges is almost 
impossible in solution-mediated reactions due to their relatively 
unstable nature. Remarkably, under the UHV conditions, Fasel’s 
group reported the first synthesis of full zig-zag-edged GNR 
(ZGNR) using U-shipped monomers.[84] Because of the strong 
chemical reactivity at the nanoribbon edges, this 6-ZGNR was 
found to be strongly bounded to underlying Au(111) surface, 
which limits its application at ambient conditions. The edge 
passivation approaches could be provided to reduce the 
chemical reactivity, at the same time, to preserve the electronic 
properties of the pristine GRNs. Some hybrid-edge structures 
have been obtained with properly designed precursors, such as 
chevron-types,[85] chiral-types,[86] and acene-types.[87] Recently, 
new type zig-zag edge-extended GNRs with a width of 9 up to 11 
carbon atoms was derived from zig-zag edge-encased 
poly(para-2,9-dibenzo[bc,kl]coronenylene) polymer chains, 
exhibiting a high radio of zig-zag (67%) vs. armchair (25%) edge 
segments.[88] Furthermore, the addition of heteroatom dopants 
into GNR represents another efficient approach to modulate 
GNR’s band structure and electronic properties. In particular, 
N-substituted precursors were first introduced to synthesize 
N-doped GNRs.[89] The further combination of N-substituted 
precursors with pristine hydrocarbon precursors resulted in 
partially doped GNR heterostructures, which performed similar 
behaviour as traditional p-n junctions. Hitherto, a series 
heteroatom doped GNRs have been fabricated via bottom-up 
synthesis: e.g. B-doped AGNR[90], S-doped chevron-type GNR[91], 
and OBO-doped chiral GNR[92]. Remarkably, Ma et al. 
demonstrated the fabrication of heterostructures in 7-AGNR by 
‘direct writing’ with STM tip.[93] The intra-ribbon heterostructures 
consisted the intermediate segment that had only one side of the 
polyanthrylene converted to the 7-AGNR structure while the 
other side remains in the polymeric structure. By applying a pulse 
of -2.0V for 30 ms, one unit cell of an intermediate segment could 
be converted to GNR. Through this procedure, multiple 
GNR/intermediate heterostructures at selected molecular sites 
could be fabricated. The intermediate segment embedded in one 
GNR performed like a quantum dot confined in a double-barrier 
structure. 

While all examples presented so far refer to experiments 
carried out in UHV and at low temperature (i.e. a few Kelvin), 
manipulation of molecular arrays can be explored at room 
temperature at the interface between a solid substrate and a 
supernatant solution. The spontaneous self-assembly of 
functionalized molecules can result in high-ordered and 
large-area nanostructured surfaces. Starting with such 
pre-assembled structures, polymers with multiple units can be 
generated through tip-induced bond formation. A beautiful 
example was reported by Okawa and Aono by using the STM tip 
to write directly on a HOPG surface 1D polydiacetylene 

nanowire.[94] An artificial defect was first created on 
tightly-packed 10,12-nonacosadiynoic acid (NCDA) monolayer 
by applying a positive voltage pulse of +5 V. Subsequently, the 
tip was scanned from top to bottom of the image with applying a 
negative bias of -4 V. The central diacetylene units of NCDA 
underwent polymerization through a chain reaction mechanism 
initiated by the formation of a diradical. One polydiacetylene 
nanowire was formed between the initial position of the tip and 
the artificial defect, generating a bright line in the STM image (Fig. 
10a). Noteworthy, the authors demonstrated a 1 nm spatial 
precision in initiating and terminating the linear propagation at 
any chosen point.  

 

 
Figure 9. a-c) Hierarchical growth following sequential thermal activation, 
and schematic illustration of this two-step Ullmann reaction. STM images of 
(a) trans-Br2I2TPP molecules deposited on Au(111) at 80 K, (b) 
debromination at 393 K. (c) deiodination at 523K. Reproduced from Ref. 
[75] with the permissions of Springer Nature. d-f) Bottom-up fabrication of 
atomically precise GNRs on Au(111). (d) Schematic illustration of the 
synthesis strategy. High-resolution STM image of (e) a polyanthrylene 
chain after dehalogenation at 473 K, and (f) STM image of the 7-AGNRs 
after cyclodehydrogenation at 673 K. DFT simulations of the STM images 
shown in the right side. Reproduced from Ref. [78] with the permissions of 
Springer Nature. 

Polymerization of self-assembled diacetylene monomers on 
surfaces and interfaces has been studied in details over the past 
years.[95] Activation approaches involving UV light irradiation or 
tip-induced polymerization have been employed to create 
conjugated polydiacetylene molecules.[96] Nevertheless, despite 
a high spatial selectivity over polymer initiation, the 
polymerization termination step is still poorly controlled, and thus 
the resulting length of the polydiacetylene polymers is often 
random. Noteworthy, it has been demonstrated recently, that the 
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conjugated polydiacetylene polymers with well-defined lengths 
can be fabricated by confining the liquid–solid molecular 
self-assembly of 10,12-pentacosadiynoic acid (PCDA) within 
nano-corrals created in chemically modified HOPG (CM-HOPG). 
To this end, De Feyter and co-workers covalently modified the 
HOPG surface using an electrochemical grafting procedure with 
an aqueous solution containing in situ generated 
3,5-bis-tert-butylbenzenediazonium cations.[97]  

Subsequently, nanocorrals were created within the dense 
monolayer of covalently attached aryls by raster scanning the 
desired area with the STM tip at high current (It = 200 pA) and low 
sample bias (Vs = -1mV). In the next step, a droplet of PCDA in 
1-phenyloctane was drop-casted on top of CM-HOPG surface 
and topochemical polymerization reaction was initiated with a 
local electrical pulse from the STM tip (-3.8 V for 100 μs), 
allowing the formation of arrays composed of polymerized 
species with desired dimensions. 

 

Figure 10. a) STM images and diagrams showing the process of controlling 
the initiation and termination of linear chain polymerization with an STM tip. 
Reproduced from Ref. [94] with the permissions of Springer Nature. b) 
Tip-induced polymerization of BDBA. c) The STM tip was brought very close 
to the H-bonded layer and scanned over a small area at the position indicated 
by the arrow. (d) The polymerization reaction was immediately initiated. (e&f) 
and slowly propagated until complete disappearance of the H-bonded phase. 
Reproduced from Ref. [98] with the permissions of The Royal Society of 
Chemistry. 

As polymeric diacetylenes are being predominantly used 
as conductive materials, such precise control over nanoscale 
fabrication could advance the fabrication of novel molecular 
nanoelectronic devices, with geometries at will.  

2D covalent framework fabricated via atom manipulation 
was reported by Porte and co-workers.[98] The 
1,4-benzenediboronic acid (BDBA) spontaneously 
self-assembled on Ag(100) assisted by hydrogen bonding. By 
positioning the STM tip very close to the self-assembled 
monolayer (-0.5 V, 10 nA) and scanning over a small area (25 
nm2), the self-assembled structure was disturbed, and 
dehydration condensation was initiated locally, as shown in Fig. 
10b-f. Upon decreasing the tunneling resistance the 
mechanical interaction between tip and monolayer was 
enhanced, thereby triggering the generation of a polymerization 
nucleus. About 20% of the molecules desorbed from the 

surface during the dehydration, which conveyed necessary free 
room for the rearrangement of the remaining molecules 
(radicals). From the dense H-bonded pattern to the loose 
polymer phase, the reaction kinetics was affected by tip 
manipulation via steric effects. Strong electron irradiation with 
15 eV E-beam was used to greatly accelerate the reaction 
kinetics in the polymerization of diboronic molecules. 

4. Tip-induced vertical reactions 

 

Figure 11. Control of unbound and bound states of C60 molecules by an STM 
tip. a) Experimental setup. b) STM images of a three-layer-thick C60 film. c)  
STM image after manipulation. The tip was scanned along the dotted line in 
(b) at a speed of 60 nm s-1 with applying a sample bias of -3.5 V. Two C60 
molecules bound via the [2+2] cycloadditive four-membered ring was 
schematically shown. d) Histogram of depth of bound C60 molecules relative 
to surrounding pristine C60 molecules. e) Schematic side view of C60 dimer 
and trimer. f–i) STM images of a C60 film showing that single-molecule-level 
writing (f to g), erasing (g to h), and rewriting (h to i) of binary data. 
Reproduced from Ref. [102] with the permissions of WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim. 

As introduced in Section 3, the catalytic effect of the 
metallic substrates is essential towards high efficiency in 
diverse on-surface reactions. However, some reactions require 
to be stimulated by applying suitable bias voltage, i.e. the 
underlying metallic substrate operates as a chemically inert 
support. In this case, the tip-induced reactions can occur in the 
direction perpendicular to the surface. One typical example is 
the [2+2] cycloaddition of C60 molecules, which has been first 
observed by Zhao et al.[99]. The tunneling of electrons (3 eV) 
from tip to neat C60 films induced the cycloaddition reaction on 
GaAs(110) surface. More recently, Nakamura’s group found 
that both polymerization and depolymerization of fullerenes 
could be achieved by injecting either holes or electrons into C60 
molecules.[100] Additionally, they compared C60 behaviour on 
HOPG and Si(111) surfaces,[101] and found that the reaction 
spread was generally smaller in C60 films grown on HOPG 
substrates. In C60/HOPG films, the crystals had a larger 
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intermolecular separation and hence the smaller transfer matrix 
for electron transport than in C60/Si(111) films, which could 
further support the band propagation hypothesis[100]. With direct 
observation on individual molecular reactions by STM, the 
polymerization and decomposition rates were found being 
proportional to the tunneling current, implying that each 
reaction was triggered by a single electron. One theoretical 
model was proposed suggesting that one tunneling electron 
injected into C60 film could propagate in the electronic band of 
C60 crystal, until it reached a specific site to cause the ionically 
enhanced cycloaddition reaction. Since the bound and unbound 
state of C60 molecules could be controlled reversibly at the 
single-molecule level, topochemical data storage with this 
tip-induced reaction method may be explored to form a bit size 
of 1 nm (a single C60 molecule).[102] As displayed in Fig. 11, C60 
film with a thickness of three molecular layers was prepared on 
a Si(111)-Ag substrate. The STM tip was then scanned along 
the dotted line (Fig. 11b) with a large negative bias voltage of 
-3.5 V.  

As a result, tip-induced vertical oligomerization of C60 
molecules occurred near the scan line (Fig. 11c), and the dark 
C60 molecules indicated their thermal rotation was suppressed 
due to chemical bonding with neighbouring molecules. As the 
STM image contract of the molecule could be altered by its 
vertical displacement, two shades related to pristine C60 
molecules might indicate different products. In Fig. 11e, two 
peaks at 0.05 nm and 0.09 nm were present in the histogram of 
the depth of dark C60 molecules, in agreement with the vertical 
depressions for dimer and trimer, respectively. The 
single-molecule level topochemical data storage was 
performed as in Fig. 11f-i. The data writing (Fig. 11i-g) process 
realized by applying a negative bias (-2.0 V) above the 
cross-marked C60 molecules one after another. The 
topochemical stored data were recorded by the displaced 
downward of C60 due to dimerization or trimerization, which 
could be read-out by scanning with a fixed height to monitor the 
variation of current. Further, the dimerization/trimerization was 
found to dominantly take place with a smaller/larger electric 
field induced by the tip, which could offer an opportunity to 
increase the data density by a multistate bit operation. It was 
demonstrated that each bit could be a three-state memory bit 
by controlling the formation of the dimer and trimer. To erase 
the data (Fig. 11g-h), the STM tip was placed above the four 
dark C60 molecules on a diagonal, and then a positive bias of 
+3.5 V. The bounded C60 oligomers were dissolved into 
individual molecules, which recovered the same image contrast 
as the unreacted molecules around. Furthermore, the same 
position could be rewritten by applying a negative bias of -2.0 V 
again (Fig. 11h-j). This writing-erasing-rewriting cycle showed 
excellent reproducibility of this topochemical data storage 
method.  

Diels–Alder (D-A) reaction between a conjugated diene 
and a substituted alkene (dienophile), is a prototypical 
electrocyclic reaction that can result in a formation of a 
six-number ring. Theoretical studies by Shaik’s group predicted 
that the reaction barrier height could be reduced by applying an 
external electric field.[103] This theory was experimentally proven 

by Coote and co-workers via a tip-induced electrostatic 
catalysis of an on-surface D-A reaction.[104] As shown in Fig. 
12a, the diene (surface tethered furan derivative) molecule 
were grafted to the STM gold tip through Au-S bond formation, 
while the non-polar dienophile (norbornylogous bridge with a 
terminal double bond) molecule packed edge-on on a flat Au 
surface via two parallel CH2S-Au bonds. The D-A reaction 
between diene and dienophile was revealed by monitoring the 
tunneling current (Fig. 12b). In Fig. 12c, the frequency of 
current jumps remained constants over a wide range of positive 
bias voltages. On the contrary, at negative bias voltages this 
frequency increased from 5 h-1 (-0.05 V) to 25 h-1 (-0.75 V). By 
applying negative bias an external electric field oriented from 
STM tip to surface (Esurface< 0) was generated, yielding an 
acceleration of the D-A reaction rate by a maximal fivefold 
increase. The ability to control reaction kinetics and 
thermodynamics by the tip-induced electric field offers a new 
pathway towards heterogeneous catalysis, and can be 
employed to catalyse the non-redox chemical reactions. 

 

Figure 12. a) Reactants chemisorbed mode showing the norbornylogous 
bridge orientation with respect to the surface and to the electric field lines.  
b) The stages encountered during electrostatic catalysis of a Diels–Alder 
reaction. A negative electric field was applied to improve the reaction rate. c) 
Frequency of current jumps as a function of applied bias. Positive and 
negative biases were plotted in red and blue, respectively. Reproduced from 
Ref. [104] with the permissions of Springer Nature. 

 
Device-oriented molecular manipulation using the STM tip 

and formation of nanoscale electronic circuits have been major 
subjects in Aono’s group.[105] The nanoscale precise electrical 
wiring for molecular electronics was realized by tip-induced 
polymerization of aligned diacetylene molecules, yielding in 
conductive polyacetylene (PDA) wires in a defined direction. As 
connecting functional molecules with conductive nanowires is 
key to single-molecule electronics, the second step of this STM 
electrical wiring process should involve “chemical reshuffling” at 
the molecular level. Towards this end, a few phthalocyanine 
(H2Pc) molecules were deposited on the self-assembled 
monolayer of diacetylene derivatives.[105a] in a polymer growth 
triggered by the STM tip (-3.8 V for 5 μs), one PDA nanowire 
was fabricated whose length extended until it reached a H2Pc 
molecule. Since the front edge of PDA polymerization had a 
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reactive carbene species, the PDA wire reacted with the 
encountered H2Pc to form C-C covalent bond via insertion 
reaction to the C-H bond on phenyl. Subsequently, the covalent 
connection of a single H2Pc molecule onto PDA conductive wire 
was realized. Moreover, a molecular-resonant-tunneling diode 
(RTD) was created by two PDA wires connecting to a single 
phthalocyanine molecule. In RTD, electron can directly tunnel 
through the phthalocyanine molecule only if the applied bias 
voltage matches the energy level of the molecule. It is 
noteworthy that the energy levels of phthalocyanine could be 
adjusted by selecting central metal atoms or substituents,[106] 
further affecting the switching properties of such molecular RTD 
device. By exploiting a similar approach, the same research 
group further fabricated a nanojunction between C60 molecule 
and PDA conductive wire.[105b] This molecular soldering process 
was achieved via cycloaddition reaction between the 
propagating forefront part of the π-conjugated PDA backbone 
and a single C60 molecule adsorbed on the surface. The 
covalent interaction in the C60-PDA nanojunction was 
considered to reduce the energy gap of C60 molecule. Based on 
these two examples, artificial fabrication of nanoscale electronic 
circuitry with required functional molecules at desired place 
could be successfully realized. 

5. Conclusion and perspective 

The tremendous pace in the improvement of scanning probe 
microscopies capabilities enabling the accurate control over the 
tip-sample junction made it possible to achieve atomically 
precise manipulation of matter. Nowadays, single atom/molecule 
manipulation via STM tip enables the formation of complex 
patterns and most importantly to explore new fundamental 
physics and chemistry at the atomic scale. Construction of 
atomic scale structures, such as quantum corrals and electron 
resonators, allowed in situ studies of quantum phenomena. 
However, the underlying of physical and chemical properties 
behind single atom and molecule are far from being fully 
unravelled. For example, the critical size of quantum phenomena 
and the formation of Kondo effect are still insufficiently explored.  

STM manipulation technique extends the applications of 
scanning probe microscope and has become a powerful 
analytical approach in nanoscience. Stimulating chemical 
reaction at atom level provides distinctive insight into the reaction 
mechanism, which could give us unprecedented understandings 
of chemistry. As the STM image solely provides a map of the 
local density of electronic states, it does not offer a 
compositionally resolved picture of a molecular structure. More 
advanced techniques such as nc-AFM emerged more recently as 
powerful tools for the direct visualization of the chemical 
structures, especially when exploring intramolecular reactions.[107] 
Small changes of molecular structures during reaction processes, 
which can hardly be distinguished by STM imaging, can easily be 
captured via nc-AFM. The bond making and bond breaking 
processes can be monitored by the ‘wire-frame’ chemical 
structures of the intermediates. 

Nowadays, a very limited number of the large arsenal of 
solution phase reactions have been realized on surfaces, and 
among them only a few could be induced by the STM tip. The 
tip-induced on surface reactions: Ullman coupling, Bergman 
cyclization, [2+2] cycloaddition, Fritsch-Buttenberg-Wiechell 
rearrangement, boronic acid condensation, Diels–Alder reaction 
and diacetylene polymerization, have been highlighted in this 
review. These pioneering works indicate that the advances in this 
tip-induced processes make it possible to see the structure and 
dynamics of single reactant, thus providing a new approach to 
study chemical reactions at the spatial limit. As many reaction 
mechanisms are still somehow speculative, it is highly expected 
that this new approach could provide supports to overcome these 
challenges. In particular, the introduction of multi-molecular 
reactions and more complex ensemble effects should be 
demonstrated. 

Under the influence of STM tip, new chemical reaction 
pathways could be discovered on catalytic metal surfaces. The 
additional electric field as well as the electron injection may 
cause reactions that otherwise can’t spontaneously occur in 
nature by tilting reactivity landscapes to favour one product over 
the other.  In the STM manipulation process, STM tip is used as 
an engineering tool to trigger basic reaction building blocks, to 
bring them together in an assembled manner, and to connect 
them yielding new molecules. With selective bond breaking, the 
building blocks for synthesis of new molecules can be designed. 
The unnecessary part of the reactant can be cleaved to create 
active sites, and individual molecules may also be constructed 
for the assembly of larger molecule. On the longer term, the 
synthesis of individual human-made molecules, never seen in 
nature or realized via wet chemistry,[108] could be developed with 
tip-induced process.  

It is certain that the STM manipulation will greatly contribute 
to nanoscience and nanotech industry, with an impact similar to 
that of STM imaging and spectroscopy during the last three 
decades. Molecules with specific functions can be constructed 
for the emergence of a new generation of nanoelectronic devices 
exhibiting complex functions, and further their physical and 
chemical properties can be studied in situ with spectroscopy 
techniques. With the realization of room temperature 
manipulation (in case of large molecules) and 
automated-tip-induced process (substantially increased the 
atomistic construction speed), the direct industrial application of 
the single-molecule construction could be possible in the 
foreseeable future. Additionally, tip-induced molecular assembly 
and reaction in a desired pattern has been performed as the 
smallest scale of nanoarchitectonics, which is introduced as a 
rising tide within current nanomaterial science. Indeed, 
manipulation of single molecule is an advanced research subject 
at the forefront of this research field. 

By learning and capitalizing on the previous works, new 
avenues for future research in STM manipulation can emerge. 
One direction is to explore the basic laws of physics and 
chemistry in nature at the atomic level. Another direction is the 
synthesis nano-materials with properties for further applications 
in nano-electronics, such as novel functional molecules, 
conductive 1D, 2D and 3D polymers, and vertical artificial 
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structures. Finally, it should be noted that the rapid improvement 
of experimental technology might open an entirely new 
dimension for the atom manipulation technique, towards 
harnessing of structural and functional complexity in 
molecules-based materials. 
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