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1 Introduction

Solid/liquid interfaces are peculiar, but exist universally in 
nature and in biosystems.  Reconstruction will occur in an 
electrode surface when it is dipped into a solution and forms a 
solid/liquid interface.  The solid/liquid interface provides the 
particular environment to implement the self-assembled 
polymerization, which can be observed by scanning tunneling 
microscopy (STM).

The STM is a powerful technique to observe structures and 

reactions or to manipulate molecules, atoms and reactions at the 
solid/liquid interface.1,2  With the help of STM, a variety of 
achievements were achieved in the surface and interface 
science.3–28  Based on the quantum tunneling effect, the 
information of the surface or interface can be revealed by the 
change of tunneling current in the real space.

Two-dimensional (2D) supramolecular polymers can form on 
the solid/liquid interface through noncovalent interactions and 
2D polymers can also form on the solid/liquid interface through 
covalent interactions.  In recent years, 2D polymerization at the 
solid/liquid interface has attracted more and more interest 
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because it can produce 2D polymers with single molecule 
thinness.  The conjugated polymers are widely used as active 
materials in field effect transistors (FETs),29 light-emitting 
diodes (LEDs),30,31 and photovoltaic cells.32–34  The STM 
investigations of the polymerization and reaction at the 
solid/liquid interface not only reveal atomic details of reaction 
mechanisms but are also relevant for potential applications such 
as surface functionalization and patterning, nanoreactors and 
switches.

Herein, we review some methods of polymerization at the 
solid/liquid interface in recent years starting with a brief 
introduction to the STM technique and the solid/liquid interface.  
Electrochemistry-induced polymerization is a frequently used 
technique in the formation of 2D polymers.  By using the 
molecule-molecule, molecule-surface interactions and the 
electrical excitation, one can stimulate the 2D polymerization.  
Utilizing STM tip to induce the polymerization reaction has also 
been reviewed.  In addition, controlling the applied potential 
between the tip and surface, some surface defects can be formed, 
which are able to control the polymerization process.  
Photo-irradiation is usually used in the organic reaction, so 
introducing the photo-irradiation into 2D polymerization at the 
solid/liquid interface may be an effective way.  Beside these 
methods, scientists are also searching for other ways in recent 
years, these will also be introduced in this review.

2 STM Introduction

Scanning tunneling microscopy (STM) was invented by Binnig 
and Rohrer in 1982.1,2  Because of its great impact on surface 
science and engineering science, these two scientists quickly 
shared the Nobel Prize for Physics with Ruth Card in 1986.  
There are many features of STM, such as high-resolution, 
real-time and real-space to obtain the information about 2D 
surfaces.  It can work under ultrahigh vacuum (UHV), ambient 
and even aqueous solution conditions.  In combination with 
other analytical techniques, the information about surface 
electrical structure and composition can be gained.  It provides 
the first time that human beings can observe the arrangement of 
single atoms and physical/chemical properties of surfaces at the 
atomic level.  At the same time, it is also the first time we can 
manipulate the atoms, molecules and reactions on the surface.  
The emergence of STM has a great impact in nanochemistry, 
surface chemistry and material science.

STM is based on the quantum tunneling effect to image the 
sample surface.  There are several STM modes, for instance, 
electrochemical scanning tunneling microscopy (ECSTM), 
ultrahigh-vacuum scanning tunneling microscopy (UHV-STM) 
and normal STM.  The difference between ECSTM and normal 
STM is that ECSTM has a potentiostat to control the 
electrochemical experiment when it is imaging.  The 
electrochemical cell is composed of four electrodes including 
two work electrodes (WE) (namely, the STM tip and the sample 
substrate), one reference electrode (RE) and one counter 
electrode (CE).

STM usually has two operation modes: constant height mode 
and constant current mode.  In the constant height mode, the 
height between the tip and the sample surface is constant during 
raster scanning, and the tunneling current is changing all the 
time.  Oppositely, in the constant current mode, the current 
between tip and surface is kept constant and the height 
information is recorded.  And then through the software 
manipulation, the topography and electronic information about 
the sample surface is obtained.

3 Solid/Liquid Interface

It is of great importance to understand the formation of highly 
ordered molecule monolayers at the solid/liquid interface, 
because of its relevance both in the theoretical and practical 
aspects, such as molecular recognition between proteins,35 
crystallization36 and chemical reactions.37  Solid/liquid interfaces 
have attracted the attention of scientists from various fields, 
such as chemists, metallurgists, biologists, physicists and 
engineers, because of its surface constitution, surface-structure 
sensitive properties and the great variety of phenomena 
occurring at solid/liquid interfaces.38  After Helmholtz proposed 
a model of the electrical double layer and realized the importance 
of the electrical nature of the solid surface in contact with the 
electrolyte solution in 1879, Parsons further developed the study 
by considering the distribution of ions and solvent molecules in 
the double-layer in 1954.39–43  The double layer consists of the 
inner layer and the outer layer.  On the metal surface and thin 
layer of solution near the surface of metal, the equal quantity of 
cations’ and anions’ surplus charge forms the double layer.

Now, with the development of science and technology, many 
unique features were revealed by the STM images of the solid/liquid 
interface.  Reconstruction will take place at the solid/liquid 
interface when some electrodes are dipped into a solution.  The 
reconstructed surface has a new surface structure different from 
an ideal crystal surface.44  There are many kinds of electrodes 
such as Au,45,46 Cu,47–49 Pt,50–52 Si53 which can generate the 
reconstruction by using different methods.  These methods 
resulted in the electrode reconstruction at the solid/liquid 
interface are mainly classified into three aspects: the 
thermal-induced reconstruction, the potential-induced 
reconstruction and the absorption-induced reconstruction.  The 
usual reconstruction of the Au(111) surface induced by the 
applied potential is shown in Fig. 1.  The reconstructed surface 
becomes the (fcc)-(bridge)-(hcp)-(bridge)-(fcc) domains with 
different surface heights.45  Along the <110> direction of the 
reconstruction, 23 atoms are compressed and occupied 22 
atomic positions, which also lead to the change of the height of 
the electron.  The Au(111) single crystal structure changes from 
Au(111)-(1 × 1) to Au(111)-(22 × √–3) and the atomic structure 
of the solid/liquid interface is also different.

Beside the self-assembly under the UHV conditions, the 
solid/liquid interface has its own unique advantages.15,54–57  First, 
the solid/liquid interface is easily obtained, and does not need a 
complicated or expensive infrastructure.  Second, many 
organismal macromolecules can not be gasificated under UHV 
conditions and almost all enzymes degenerate in high 
temperature; thus, the solid/liquid interface provides the 
possibility for the self-assembly of organismal macromolecules.  
Third, the solvent has a great influence on the system, which 
makes it possible to tune the assembling structure by adjusting 
the properties of solvents.  Last, the dynamic nature of 
solid/liquid interface allows repairing of defects in the 
self-assembled layers (self-healing) by the dynamic exchange of 
molecules adsorbed on the surface and in the liquid.  With all 
these advantages, self-assembly at the solid/liquid interface 
attracts more and more interest of scientists.

With the help of STM, we can directly observe the surface 
reconstruction at solid/liquid interface at the atomic level.58  
Thus STM is a pragmatic tool for visualization at the atomic 
level, and it can also be used as a manipulating tool in the 
molecular engineering and nanoscience.
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4 Tip-Induced 2D Polymerization

STM is a pragmatic methodology to probe the structure and the 
properties of physisorption/chemisorption at the atomic level.  
At the same time, it is also an effective tool in handling atoms, 
molecules and reactions on a surface.  The controllable 
manipulation includes lateral movement, vertical transfer, and 
dissociation of single molecules on a surface.59–68  Now, using an 
STM tip to initiate and control the polymerization or reaction at 
the solid/liquid interface is an interesting topic.69–71

Because of the excellent conductive properties, poly-diacetylene 
(poly-DA) and its derivatives are widely used in chemosensors, 
composite materials and biomimetic materials.  The 
polymerization of diacetylene (DA) can be stimulated by the 
STM tip.  Many groups including Nishio72 and Sullivan73 et al. 
have studied its polymerizations at the solid/liquid interface by 
tip-induced methods.  Takajo and coworkers69 used a tip-induced 
method to control the chain polymerization of 10,12- 
nonacosadiynoic acid (CH3(CH2)15–C≡C–C≡C–(CH2)8COOH) on 
a highly oriented pyrolytic graphite (HOPG) substrate.  It was 
found that two triple bonds of the 10,12-nonacosadiynoic acid 
molecules could be broken and would form a new double bond.  
This is the foundation of the polymerization of diacetylene 
compounds.74,70,71  Figure 2 is the typical STM image of 
10,12-nonacosadiynoic acid adlayers with a poly-DA nanowire 
indicated by a very bright line.  The polymerization was found 
to occur on a step edge of the topmost layer.  These authors 
attributed the polymerization to the multiple vibrations which 
led to repetitive collisions with charged carriers, initiating 
diacetylene (DA) polymerization at the solid/liquid interface.  
Takajo and coworkers suggested that the inelastic energy 
transformation of the tunneling electrons resulted in the 
electronic excitation of DA moieties and simultaneously began 
to polymerize.  With an applied pulse potential between the 
STM tip and the HOPG substrate, the polymerization of DA 
moieties has been carried out.  This method may be widely used 
in the self-assembled molecules at solid/liquid interface to form 
an ordered 2D polymer with single molecule thickness.

Okawa and his coworkers also studied the manipulation of 
polymerization of 10,12-nonacosadiynoic acid molecule with 
the tip-induced method.75  At first, a 6-nm-wide hole as an 
artificial defect was created in the monolayer, where the position 
was preset by the STM tip with a positively pulsed sample bias 
(~5 V in height, 10 ms in width).  After the defect was created, 
it was time to polymerize.  The STM tip was gliding from top to 
bottom (Fig. 3) and a negative pulse (14 V, 5 ms) was applied at 

the site indicated by arrow 1.  The chain polymerization started 
at this point and terminated when it met the defect.  Between the 
initial position of tip and the artificial defect, a bright line was 
observed.  With the help of structural analysis, it has been 
proved that this is a polymerized poly-DA nanowire (Fig. 3).

The STM tip not only can induce the polymerization reaction, 
but also can control all steps of a chemical reaction.  Hla et al.  
studied the Ullmann reaction steps by STM on the Cu surface.76,77  
The synthesis reaction of biphenyl from iodobenzene include 
three steps: (a) dissociation of iodobenzene (C6H5I) into phenyl 
(C6H5) and iodine; (b) diffusion of phenyl to find another phenyl 
as a reaction partner; (c) association to form biphenyl (C12H10).  
Figure 4 is a typical schematic image of all the steps of this 
Ullmann reaction.  Firstly, the STM tip induces dissociation of 
iodobenzene (C6H5I) into phenyl (C6H5) and iodine.  Then the 
iodine is moved aside along the step edges by the STM tip.  One 
phenyl (C6H5) shifts to the neighboring phenyl (C6H5) in order 

Fig. 1　STM image (a) and its structural model (b) of Au(111)-(22 × √–3) reconstruction (Adapted 
with permission from Ref. 45.  Copyright American Chemical Society).

Fig. 2　STM image of the first 10,12-nonacosadiynoic acid layer on 
HOPG obtained at 8 min after dropping the DA solution.  A pulsed 
sample bias (–4 V high, 5 μs wide) was applied to an array of DA 
moieties indicated by the white arrow.  A poly-DA nanowire indicated 
by a very bright line can be seen.  The inset shows a section profile 
across poly-DA (Reprinted with permission from Ref. 69.  Copyright 
American Chemical Society).
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to prepare the conjugation reaction.  At last, through the applied 
potential between the tip and the Cu surface, the conjugation 
reaction is completed and forms biphenyl (C12H10).  So with the 
help of the STM tip, all steps of Ullmann reaction can be 
reviewed clearly.

The STM tip-induced polymerizations give us an original idea 
on the fabrication of novel molecular nanoelectronic devices 
and suggest various new types of physical and chemical 
experiments on the nanoscale.

5 Light-Induced 2D Polymerization

Light irradiation is also a useful method in initiating the 
polymerization.  With the photo-irradiation, some polymerization 
reactions will be carried out or changed.  The light-driven 
polymerization was investigated by De Feyter and De 
Schryver.78–80  The monolayer of a terephthalic acid derivative 
consisting of two diacetylene chains was prepared by the 
Langmuir–Blodgett technique with horizontal lifting method 
and irradiated for 30 min with UV light.  From Fig. 5A, we 
could observe three bright lines with the same orientation in one 
domain, and these bright lines were considered as polymerized 
diacetylene rows.  UV irradiation led to the initial random 
polymerization, and then when a potential pulse was applied 
through the STM tip, a new polymerized diacetylene backbone 
emerged (Fig. 5B).  The reason for the low probability of 
polymerization was attributed to the substrate and/or the 
nonoptimal orientation of the diacetylene units.  Here, Fig. 5C 
is a typical molecular model of a 2D nanostructure formed by 
the covalent connection of adjacent parallel polydiacetylene 
chains.  This study demonstrated the possibility of forming 2D 
polymers by light-induced 2D polymerization.

Some bulk polymerization reactions are based on the 
surrounding excitation, such as light irradiation and 
thermo-induced polymerization.  The reactions at the solid/liquid 
interface are also influenced by these factors.78  Takami and 
coworkers studied the photopolymerization of 1,15,17,31-dotria-
contatetrayne (DTTY) molecules which formed a cloth-like 

Fig. 4　Schematic illustration of the STM tip-induced synthesis steps 
of a biphenyl molecule.  (a) and (b) Electron-induced selective 
abstraction of iodine from iodobenzene.  (c) Removal of the iodine 
atom to a terrace site by lateral manipulation.  (d) Bringing together 
two phenyls by lateral manipulation.  (e) Electron-induced chemical 
association of the phenyl couple to biphenyl.  (f) Pulling the synthesized 
molecule by its front end with the STM tip to confirm the association 
(Reprinted with permission from Ref. 77.  Copyright American 
Physical Society).

Fig. 3　STM images and diagrams showing the process of controlling the initiation and termination of 
linear chain polymerization with an STM tip.  STM images were obtained in air at room temperature in 
constant-current mode.  a, STM image of the original monomolecular layer of 10,12-nonacosadiynoic 
acid.  b, Creation of an artificial defect in advance in the monomolecular layer using an STM tip.  
c,  First chain polymerization, initiated at the point indicated by arrow (1) using an STM tip, and 
terminated at the artificial defect.  d, Second chain polymerization, initiated at arrow (2).  e, Third chain 
polymerization, initiated at arrow (3).  f, g, Creation of an artificial defect in advance with an STM tip.  
h, i, Initiation of chain polymerization with an STM tip, and termination of the polymerization at the 
artificial defect (Reprinted with permission from Ref. 75.  Copyright Nature).
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macromolecule (atomic cloth) on the graphite surface.81 
1,15,17,31-dotriacontatetrayne (DTTY) molecules consist of 
acetylene and diacetylene; these two parts can form flat lying 
alkyl chains which cross-linked alternately by polydiacetylene 

(PD) and polyacetylene (PA) chains.  Because of the PD and PA 
are both conjugated compounds, polyDTTY has the long 
conjugated systems.  Figure 6a is the schematic drawing of the 
formation of the polyDTTY.  Figure 6b is a typical STM image 
of the polyDTTY after the UV irradiation, the orientated domain 
was found on the graphite surface which covered the surface 
with the flat lying alkyl chains.  Based on the analysis of Fourier 
transformation of STM images, the authors concluded that the 
atomic cloth was not commensurate with graphite in all 
directions, most probably point-on-point coincident in one 
direction and point-on-line in another direction.

6 Electrochemistry-Induced 2D Polymerization

In recent years, using organic monomers to form 2D structure at 
solid/liquid interface by electrochemical methods has attracted 
more and more attention.82–99  These monomers included 
thiophene,82 aniline,83 nitrobenzene85 and other molecules.100–111  
Many noble metals such as Au(111), Cu(111) and Ag(100) were 
frequently used as substrates.  In situ STM provides a novel way 
to directly observe the processes of the polymerization at atomic 
level.112

Polyaniline (PAN) molecules had been reported to adsorb on 
Au(111) surfaces and could be observed by in situ STM.83,84,90–92  
In the 20th century, PAN had been investigated widely in 
electrochemistry and material science93–95 because of its potential 
applications, such as fabricating sensors, batteries, light-emitting 
devices, and electrochromic devices.96–99  The polymerization of 
aniline on Au(111) was carried out in the mixed solutions of an 
inorganic acid and aniline.  The ordinary inorganic acids are 
sulfuric acid, hydrochloric acid, nitric acid and perchloric acid, 
and the rate of polymerization in the different inorganic acids 
diminishes in the sequence of HClO4 < HNO3 ≈ HCl < H2SO4.  
This is because the anions play an important role in the 
polymerization of aniline.  On the one hand, anions can form 
ion-pairs with aniline.  On the other hand anions have an impact 
on the oxidation and reaction of aniline and PAN molecules.  
Ou Yang and coworkers directly visualized aniline admolecule 
and its electropolymerization on Au(111) with in situ STM.83  
The oxidative polymerization of aniline would occur if the 
potential E > 1.0 V.  Long-range ordered adlattices were readily 
discriminated amid randomly distributed islands.  Adsorption of 
aniline monomers led to the ordered arrays and the protruded 
islands which were raised by 0.25 nm above the terrace were 
aggregated gold adatoms injected from the Au(111) surface 

Fig. 5　(A) STM image of a monolayer of 2,5-(10,12- 
henicosadiynyloxy) terephthalic acid (TTA-DIA) after 30 min of UV 
light irradiation.  A pulse (height, –3.2 V; width, 500 ns) was applied at 
the position indicated with a white arrow.  (B) STM image of the 
monolayer of TTA-DIA at the same area after application of a single 
pulse.  The white arrow in the image indicates the polydiacetylene 
backbone created by pulsing.  Scanning conditions for both  
A and B were identical.  Image size: 27.1 × 27.1 nm2.  Iset = 0.40 nA, 
Vbias = –0.40 V.  (C) Molecular model of a 2D nanostructure formed by 
the covalent connection of adjacent parallel polydiacetylene chains 
(Reprinted with permission from Ref. 80.  Copyright American 
Chemical Society).

Fig. 6　(a) Schematic drawing of the atomic cloth prepared by photopolymerization of DTTY 
molecules that were laid flat and closely packed in a monolayer; (b) UHV-STM image of the atomic 
cloth on graphite surface.  Sample bias, +0.2 V; tunneling current, 0.1 nA; image sizes, 20.0 × 20.0 nm–2 
(Reprinted with permission from Ref. 81.  Copyright Wiley-VCH).
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upon the lift of reconstruction.  The polymerization of aniline 
could be initiated by exerting a pulse potential at the interface.  
Figure 7a shows an ordered array of aniline on the Au(111) 
surface at 0.9 V.  Under this potential, aniline did not polymerize.  
Until the potential value was increased to 1.05 V (Fig. 7b), 
aniline began to polymerize.  The polymer line preferentially 

grew along the <121> direction of the Au(111) surface.  From 
Fig. 7c we could observe that with the time increasing the line 
of the PAN became longer and inevitably deformed.  Figure 7d 
is a typical further high-resolution STM image of the PAN 
molecule and reveals the internal molecular structure.  All the 
brighter stripes were the PAN molecules, and the bright spots in 
the stripes were attributed to the phenyl rings of anilines.  The 
distances between neighboring phenyl rings inside one PAN 
chain indicated that aniline conjugated in a head-to-tail manner 
in PAN.

The different conformations of aniline in the polymerization 
process at different potentials were also investigated by the 
in-situ STM.86  It was found that aniline admolecules which 
adsorbed on a well-ordered Au(111)-(22 × √–3) reconstructed 
surface at 0.8 V could be easily oxidized and transformed into a 
well-defined PAN with linear molecular conformation if the 
potential value exceed 0.95 V.  X-ray photoelectron spectroscopy 
(XPS) and near edge X-ray absorption fine structure (NEXAFS) 
results indicated that these linear PAN molecules assumed an 
emeraldine salt form made of PAN chains and (bi) sulfate 
anions.  When the potential was changed between 1.0 and 0.5 V, 
the conformations of the emeraldine salt of PAN could be 
alternated from straight to crooked.  This was attributed to the 
restructuring of the Au(111) electrified interface.  At E > 0.95 V, 
the coadsorbed bisulfate anions that serve as anchors to 
immobilize the PAN chains were desorbed when the potential 
switched negatively, which results in the twist of PAN chains.  
The adsorption/desorption of bisulfate anions and PAN 
molecules and the restructure of the electrified interface of PAN 
on Au(111) were determined by the change of applied potential.

Polythiophene and its derivatives are another kind of 
conducting polymers (CPs) which has become a focus in the 
materials science, nanoscience and engineering.  Using 

Fig. 8　Electrochemical epitaxial polymerization of single-polythiophene wires.  a, Experimental 
set-up of electrochemical epitaxial polymerization.  WE, RE and CE denote working, reference and 
counter electrodes, respectively.  b – d, STM images of the substrates made by applying a different 
number of voltage pulses (1.4 V, 150 ms) of 5 (b), 13 (c) and 15 (d) in the BuOMT (10 mM) + iodine 
(0.1 mM) + NBu4PF6 (0.1 M) DCM solution.  e, Cyclic voltammogram of polythiophene wires on 
iodine-covered Au working electrode in NBu4PF6 (0.1 M) DCM solution with a scanning rate of 
1.0 V s–1.  Polythiophene wires were made by applying 30 pulses (1.4 V, 150 ms) in the BuOMT 
(10 mM) + iodine (0.1 mM) + NBu4PF6 (0.1 M) DCM solution.  f – h, Histograms of wire-length 
distributions for substrates made by applying pulses (1.4 V, 150 ms) of 5, 13 and 15, respectively 
(Reprinted with permission from Ref. 85.  Copyright Nature Materials).

Fig. 7　Time-dependent in-situ STM images recorded on Au(111) at 
0.9 V (a), and 1.05 V (b – c).  The images in panels b and c were 
collected at 1 and 20 min after the shift of potential from 0.9 to 1.05 V.  
Scan areas (a – c) are 50 × 50 nm2 and (d) 6 × 6 nm2 (Reprinted with 
permission from Ref. 83.  Copyright American Chemical Society).
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step-by-step electropolymerization of 3-butoxy-4-methylthiophene 
(BuOMT) monomer by applying voltage pulses to the 
BuOMT-NBu4PF6 (0.1 M) DCM (as an electrolyte solution) 
containing iodine on Au(111), it was found that the single 
conjugated-polymer wires with high-density arrays and the 
length of 75 nm were formed on the surface of a Au(111) 
electrode.85  In this study, the function of iodine is decreasing 
the double-layer charging, leading to the change of polymeric 
potential and influencing the formation of the well-organized 
single polythiophene wires.  Herein iodine acts as a glue to 
attach the polythiophene wires to Au(111) surfaces.103

Figure 8 shows the images of the polythiophene formed by 
polymerization with a number of potential pulses.  The STM 
images suggest that the epitaxial growth of polythiophene wires 
are propagating along the three specific directions of the 
Au(111) substrates.  The length of the polythiophene wires 
shows clear dependence on the number of pulses (Figs. 8f – 8h).  
With the different concentrations of iodine, the results of 
polymerization are also different.  In a low iodine concentration 
(0.01 mM), wires can not be created, while the higher iodine 
concentrations of 0.1 and 1 mM produce similar wires.  Figure 9 
is the schematic diagram of the mechanism for the 
electrochemical epitaxial polymerization in the iodine-containing 
system.  In the mechanism, the oxidized monomer produced in 
the solution by the applied potential pulse reacts step-by-step 
with the nuclei on the iodine-Au(111) surface and propagates 
along the substrate lattice.

The molecular assembly and electropolymerization of 
3,4-ethylenedioxythiophene (EDOT) on a bare Au(111) 
electrode was investigated by in-situ ECSTM in 0.1 M HClO4.27  

It was found that both ordered and disordered domains coexisted 
in the EDOT adlayer, which were characterized by vacancy 
islands with the subsequent lifting of the reconstruction lines 
upon adsorption of the EDOT molecules.  Electrochemical 
polymerization by shifting the potential positively resulted in 
the formation of pEDOT clusters rather than the single chain 
wires.  This in turn resulted in the vertical polymer growth 
rather than propagation along the substrate lattices.  Another 
similar result was observed by Si and coworkers in the study of 
electropolymerization of (4-benzeno-15-crown-5-ether)-
thiophene-3-methylene-amine (BTA) molecules.82  Figure 10 
shows the typical STM images of polyBTA and its 3D modeling 
structures.  Through controlling the substrate potential, the 
electropolymerization of the adsorbed BTA monomers resulted 
in the formation of the polymer nanoparticles or clusters 
distributed spontaneously over the Au(111) surface.  The size of 
the polyBTA molecule could be controlled by the applied 
potential and the monomer concentration.  Because of the crown 
ether group in these polythiophene derivatives, the prepared 
polyBTA films showed selective responses to potassium ions 
with a linear dependence of ion concentration over 4 orders of 
magnitude.  This opens the door towards the functionalization of 
polythiophene nanoparticles.

7 Other Ways to Induce 2D Polymerization

Besides the tip-induced, light-induced and electrochemistry-
induced 2D polymerization at the liquid/solid interface, many 
other methods were used in the polymerization, such as molecule 
corrals,73 heat-induced,113 condensation reaction114 and 
others.115–117

Zwaneveld et al. used a boronate-based chemistry to form 
surface covalent organic frameworks (SCOFs) on Ag(111) 
surfaces,118 which has been proven to be an effective method in 
synthesis of highly ordered three-dimensional covalent organic 
frameworks.119–121  Figure 11 is the STM image of the so-called 
SCOFs and the chemical structure of its two monomers.  The 
SCOFs was formed by the condensation reaction of BDBA and 
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP).  The size and 
chemical functionality of the SCOFs could be controlled by the 
complementary molecular building blocks, in this case of BDBA 

Fig. 9　Schematic diagram of the mechanism for electrochemical 
epitaxial polymerization in the iodine-containing system (Reprinted 
with permission from Ref. 85.  Copyright Nature Materials).

Fig. 10　Two STM images (A and C) and 3D modeling structures of (B) the eightfold oligomer with 
a close-up configuration.  The images (A and C) acquired after cyclic voltammetric scans up to 0.95 V 
(vs. SCE) in 30 mM HClO4 solution containing 2.0 mM BTA.  Scan areas: (A) 100 nm × 100 nm and 
(C) 11.4 nm × 11.4 nm.  Tunneling current (It) = 0.20 nA, bias voltage (Vb) = –0.05 V, and substrate 
potential (Ew) = 0.48 V (vs. SCE) (Reprinted with permission from Ref. 82.  Copyright American 
Chemical Society).
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and HHTP.  In the reaction, a monolayer of HHTP was initially 
deposited in order to inhibit the homopolymerization of BDBA, 
which could also form an SCOF but with smaller pore size.  
Then, sequentially, BDBA and HHTP was codeposited on the 
Ag(111) surface; through the annealing treatment, surplus 
HHTP and water produced during polymerization could be 
ablated.  From the STM image, the network was constituted by 
hexagonal structures with some defects present in the film.  
Boronate-based chemistry represents a useful way to form 
SCOFs, which resulted in SCOFs that extended over a very 
large area and showed high thermal stability.  These properties 
are essential for further functionalization of the SCOFs and 
applications such as surface patterning and sensing.

Some other examples for the formation of 2D polymerization 
on the substrate surface have also been demonstrated under 
UHV conditions, for instance using thermo or substrate mediated 
activation of halogenated aromatic monomers.119,122–124  However, 
these studies are out of the scope of this review and the readers 
who are interested in this area are referred to the original papers 
or to a recent review.125

8 Conclusion and Outlook

In this work, we have reviewed the recent studies on 2D 
polymerization at solid/liquid interface by STM, especially 
some methods to induce polymerization.

We mainly introduced the electrochemistry-induced, STM 
tip-induced and light-induced polymerization on single crystal 
metals and HOPG surfaces.  In the electrochemistry-induced 
polymerization, the width and the value of the pulse potential, 
the concentration of the monomer, and the kinds of anion in the 
solution have a great influence on the polymerization.  For the 
STM tip-induced polymerization, the height and duration of the 

applied potential between the tip and the sample surface are also 
important.  Then the time and the intensity of the irradiation 
play an important role in the light-induced polymerization.  Of 
course, other methods have their own advantages; heat-induced, 
condensation reactions are also frequently used in the 
polymerization on a 2D surface.  However, since we limited our 
review to the polymerization at the solid/liquid interface, we 
have not gone into detail about those results which are obtained 
under UHV.

The polymerization products by all kinds of methods have 
very attractive potential applications, such as surface patterning 
and functionalization, molecular sensing, miniaturizing 
integrated circuits, molecular switch and nanoreactors.  Thus, it 
is of great importance to study and understand the mechanism 
of the 2D polymerization on solid/liquid interfaces.

STM has played an important role in the characterization of 
assembling structures and surface reactions at the solid/liquid 
interface, and until now it is still the most important if not the 
only choice for the direct revealing of structural and electrical 
information at the solid/liquid interface with atomic/molecular 
resolution.  In the foreseeable future it will still be the technique 
of choice for the investigation of the 2D polymer, including the 
fabrication, structural characterizations and applications such as 
nanoreactors and scaffolds of nanocircuits.
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