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Abstract Although single-molecule electronic devices have been of great interest
for several decades, the fabrication of practical circuits remains challenging due to
the lack of reliable ways to wire individual molecules. On-surface synthesis of
single conductive polymer chains will be a key technology to solve this problem.
We already found that stimulating a molecular layer of diacetylene compound by
the tip of scanning tunneling microscope (STM) could initiate chain polymeriza-
tion. As a result, we could systematically fabricate a single conjugated polydi-
acetylene chain at designated positions. Subsequently, we developed a novel
method (‘chemical soldering’) for connecting the conjugated polymer chains to
single organic molecules. The connection of two polydiacetylene chains to a single
phthalocyanine molecule was demonstrated. Nanoscale characteristics of the con-
nection were also experimentally and theoretically investigated. Here, we briefly
review tip-induced chain polymerization and the chemical soldering methods. This
work will help to advance single-molecule electronics.

1 Introduction

To go beyond silicon-based complementary metal-oxide semiconductor (CMOS)
technology, recent research focused on single-molecule nanoelectronic devices. In
these single-molecule devices, the individual molecules function as electronic
components such as rectifiers, transistors, switches, or memories. Since the first
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proposal of a single-molecular rectifier 40 years ago [1], many experimental and
theoretical studies have been performed to realize single-molecule devices [2–15].
Despite such efforts, the fabrication of a usable single-molecule integrated circuit
has yet to be demonstrated. This is partly due to the absence of reliable ways to wire
or connect each functional molecule. Such wiring is also a very good way to
understand the electronic properties of the component molecules. Most previous
efforts focused on directly connecting metal electrodes to single molecules.
However, it is difficult to reduce the width of metal wires to the size of single
molecules. The best way to do so is to use single conductive polymer chains, which
are probably the thinnest wires among all materials.

Single conductive polymer chains will thus be a key component in
single-molecule electronics. On-surface chain polymerization of diacetylene moi-
eties was already demonstrated with the tip of a scanning tunneling microscope
(STM) on a molecular layer of diacetylene compound [16, 17]. As a result, we
could fabricate a single conjugated polydiacetylene chain at designated positions.
We then developed a novel method, ‘chemical soldering,’ for connecting the single
polydiacetylene chains to individual organic molecules [18, 19]. In this chapter, we
briefly review these methods of fabricating and connecting single conductive
polymer chains on a surface.

2 Nanoscale Control of Chain Polymerization

Chain polymerization was performed with diacetylene compounds as monomer
molecules, which have the general formula R–C≡C–C≡C–R′, where C≡C–C≡C is
the diacetylene moiety and R and R′ are various substituent groups. It is well known
that diacetylene compounds in the form of solid crystals [20] and Langmuir-Blodgett
films [21] polymerize into polydiacetylene chains when exposed to heat or ultraviolet
light (Fig. 1). Since the polydiacetylene chain has a π-conjugated backbone, it can be
an electrical conductor when charge carriers are injected. We mostly experimented
with 10,12-nonacosadiynoic acid (CH3(CH2)15–C≡C–C≡C–(CH2)8COOH) or
10,12-pentacosadiynoic acid (CH3(CH2)11–C≡C–C≡C–(CH2)8COOH).

Molecular layers of diacetylene compounds were prepared by transferring a thin
film of the molecules from the surface of purified water to a substrate by nearly
horizontal dipping. It is also possible to prepare such layers by direct droplet casting
and by thermal evaporation. Once the molecular layers have been prepared on a flat

Fig. 1 Polymerization of diacetylene compound, which results in a conjugated polydiacetylene
chain
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substrate, STM and atomic force microscopy (AFM) experiments can be performed
at room temperature both in air and in ultra-high vacuum.

Typical STM images of molecular layers of 10,12-nonacosadiynoic acid and
10,12-pentacosadiynoic acid on highly oriented pyrolytic graphite (HOPG) are
shown in Figs. 2a and 3a, respectively. In both cases, parallel bright lines are clearly
observed, which indicates that the molecules are self-ordered on the substrate.
Figure 2b, c shows magnified STM images of 10,12-nonacosadiynoic acid layers on
HOPG and molybdenum disulfide (MoS2) substrates, respectively. In this case, we
can resolve individual molecules. From these high-resolution images, we proposed
the model of molecular ordering, as shown in the superimposed models in the
figure. In this model, the molecules form flat-lying and closely packed straight
rows. The rows are arranged so that COOH end groups in one row are opposite to
those of a neighboring row [17, 22].

Though all domains have the same structure on HOPG, we found that the
arrangement of molecules varies for different domains on MoS2. On the former, the

Fig. 2 a STM image of a molecular layer of 10,12-nonacosadiynoic acid on a HOPG substrate. b,
c Magnified STM images of the molecular layer on HOPG and MoS2 substrates, respectively.
Molecular models are superimposed in the images. d Schematic sketch of the molecular
arrangement indicating the structural parameters. Vectors a and b indicate the directions of the
underlying substrate lattice. Image a adapted from Ref. [19] with permission from The Royal
Society of Chemistry. Images b–d adapted with permission from Ref. [22]. Copyright 2011,
American Chemical Society
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orientation of the alkyl side chains is parallel to the main graphite crystal axis.
Additionally, the spacing d between neighboring molecules along the direction of
the molecular row is always 0.47 nm, and the angle α between the alkyl side chains
and the molecular row is 86.5° (see Fig. 2d). On MoS2, the angle θ1 between the
alkyl side chains and the main MoS2 crystal axis varies from −7 to 7°. In this case,
the α and d values vary between 85–95° and 0.41–0.48 nm, respectively [22]. The
fluctuation of the molecular arrangement on MoS2 is probably related to the weaker
interactions between the alkyl chains and the MoS2, compared to graphite [22].

Tip-induced chain polymerization on amolecular layer of 10,12-pentacosadiynoic
acid is shown in Fig. 3. After depositing the layer, we positioned the STM tip over the
diacetylenemolecule indicated by the arrow, and applied a pulsed sample bias (–4V in
amplitude, 5 µs in width), as illustrated in Fig. 3a. Figure 3b shows the pulse appli-
cation product. It reveals a bright line, originating from the point of stimulation. This is
a single polydiacetylene chain formed by the tip-induced chain polymerization. Thus,
a single straight polydiacetylene chain can be fabricated at any designated position
with nm spatial precision. Note that the polymerization is terminated when it
encounters a domain boundary (Fig. 3b) [17], a substrate step [23], or an artificial
defect [16]. Therefore, when chain polymerization is initiated on larger, defect-free
domains, the polydiacetylene chains can be micron-long [24].

3 Lifted-Up Structure of Single Polydiacetylene Chains

Figure 4a shows a typical high-resolution STM image of 10,12-pentacosadiynoic
acid monomers and a polymer on a HOPG substrate. A model of the molecular
arrangement in the monomer row is depicted in Fig. 4b. We see that the alkyl side
chains are oriented parallel to the main graphite crystal axis. Among the

Fig. 3 a STM image of a molecular layer of 10,12-pentacosadiynoic acid on a HOPG substrate.
b STM image of the same area after applying a pulsed sample bias voltage (–4 V in amplitude,
5 µs in width) at the point indicated by the arrow. The fabricated single polydiacetylene chain is
imaged as a brighter line. Adapted with permission from Ref. [17]. Copyright 2001, AIP
Publishing LLC
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considerable structure models of the polymer, the simplest one is the ‘in-plane’
structure model (Fig. 4c). In this model, all carbon atoms in the polymer lie in the
same plane, parallel to the substrate surface. If this was the case, then, under the
experimentally observed condition that the polymer backbone has the same ori-
entation as the linear array of diacetylene monomers, the alkyl side chains should
have orientation changes as depicted in Fig. 4c. This is because C–C bonds con-
necting the alkyl side chains to the polydiacetylene backbone are restricted in
directions that satisfy sp2 and sp3 bond angles. However, this is inconsistent with
STM images such as in Fig. 4a, where orientations of polymer side chains are
observed to be parallel to those of monomer side chains. Thus, we proposed a
‘lifted-up’ conformation model (Fig. 4d) [17, 25]. In this model, the alkyl side
chains of the polymer are tilted by rotating C–C single bonds which makes the
model consistent with the experimental observations. The polydiacetylene back-
bone is geometrically raised from the level of alkyl side chains.

In first-principles density-functional calculations of the optimized lifted-up
structure [25], the height of the polydiacetylene backbone from the alkyl side chains
is 0.15 nm. From the total energy calculation, it was suggested that the conformation
of the polymer is determined by the stability of an oligomer as an intermediate rather
than the stability of a long polymer as a final product. The intermediate oligomer is

Fig. 4 a STM image of a molecular layer of 10,12-pentacosadiynoic acid on a HOPG substrate
obtained after ultraviolet irradiation. A photo-polymerized polydiacetylene chain and an
unpolymerized monomer row are resolved in the same image. b Top and side views of the
monomer molecular arrangement. c, d ‘In-plane’ and ‘lifted-up’ conformation models of the
polydiacetylene, respectively. Adapted from Ref. [25] with permission from The Royal Society of
Chemistry
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restricted between the neighboring monomers which will form chemical bonds with
it in the process of chain polymerization. In the case of in-plane structure, the alkyl
side chains of the oligomer are not parallel to those of neighboring monomers, thus
the alkyl side chains of the oligomer collide with those of the monomers. Hence, the
lifted-up oligomer structure is more stable than that of in-plane structure due to the
steric hindrance between the alkyl side chains.

The lifted-up structure enables us to observe the single polydiacetylene chains
with AFM. In AFM images, the polydiacetylene chains were 0.05–0.16 nm higher
than the unpolymerized monomer rows [25], which is consistent with the lifted-up
structure model.

Initially, we assumed that only one CH2 group is lifted at each side of the
backbone, symmetrically, as shown in Fig. 4d. However, a recent calculation
suggested that the total energy of oligomer could be more stable if one CH2 group
was lifted on one side and two CH2 groups were lifted on the other side. Further
investigations are required to resolve the structure.

4 Reaction Mechanism and Rate-Determining Factors

Figure 5 illustrates the reaction probability P of tip-induced polymerization as a
function of applied pulsed sample bias voltage Vs for typical domains of
10,12-nonacosadiynoic acid on HOPG and MoS2 substrates [22]. The P/Vs

dependence is very similar on both substrates. However, the absolute values differ,
making the reaction probability on MoS2 about 4 times higher than that on HOPG.
Nevertheless, the similar Vs dependence indicates that the reaction mechanism is the
same on both substrates. Furthermore, the plots are nearly symmetric with respect to
the polarity of voltage, and the threshold is ±2.7 ± 0.2 V on both substrates. This
value roughly corresponds to the 3.1 eV energy difference between the diacetylene
π–π ground state and the lowest excited π–π* triplet state [26]. Thus, we can assume
that at the first step in chain polymerization, electrons tunneling between the tip and

Fig. 5 Plot of tip-induced polymerization rate P per tunneling electron against pulsed sample bias
voltage Vs, measured on typical domains of 10,12-nonacosadiynoic acid on HOPG and MoS2
substrates. Adapted with permission from Ref. [22]. Copyright 2011, American Chemical Society
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the substrate pass inelastically through the molecular layer and excite the diace-
tylene moiety.

This observation is consistent with the process of tip-induced chain polymer-
ization schematically shown in Fig. 6 [17]. This is based on the proposed process
for three-dimensional crystals of diacetylene compounds [27]. Initially, a single
diacetylene moiety is inelastically excited by tunneling electrons, as described
above, creating a reactive diradical state (Fig. 6b). This state has a finite lifetime
before relaxing into the underlying substrate. If, within the lifetime of the diradical
state, a neighboring diacetylene moiety approaches the diradical via thermal
vibrations (Fig. 6c), an addition reaction can take place between them, creating a
diacetylene dimer (Fig. 6d). Because the created dimer also has reactive terminals,
similar addition reactions can take place on either side. The one-dimensional
polymer is thus extended by spontaneously repeating this process along the
molecular row (Fig. 6e). During the chain propagation, chain ends have reactive
carbenes as illustrated in Fig. 6e.

The greater polymerization reactivity on the MoS2 substrates can be attributed to
the weaker interactions of the alkyl side chains with the MoS2 compared to gra-
phite. Due to the weaker interaction, molecules on MoS2 experience more thermal
vibrations, which increase the frequency of close-approaching diacetylene moieties
favouring dimer formation (Fig. 6c), effectively promoting chain polymerization.

As mentioned above, the arrangement of molecules is always the same on
HOPG, but varies in different domains on MoS2. This structural variation allows us
to investigate how the reaction probability is affected by molecular geometry. We
determined the structural parameter d and α (Fig. 2d) for each domain from
high-resolution STM images such as Fig. 2c. Using these parameters, we then
estimated the distance between two reactive carbon atoms that are to be bound by

Fig. 6 Illustration of chain polymerization process. a Original array of diacetylene compound
monomers. b A single diacetylene moiety is inelastically excited by tunneling electrons to a
reactive diradical state. c A neighboring diacetylene moiety approaches one side of the diradical
via thermal vibrations. d Dimer formation by an addition reaction. e Extended polymer formation
by chain propagation reaction. The propagating polymer has reactive carbenes at both ends

On-Surface Synthesis of Single Conjugated Polymer Chains … 173



the polymerization reaction, R. This parameter R is a factor of the reaction prob-
ability, as seen in the plot in Fig. 7 [22]. This plot indicates that when R decreases
by 0.1 nm, the reaction probability P doubles. This is consistent with the reaction
mechanism described above. This means that R has a pronounced effect on the
occurrence (or not) of the first addition reaction (Fig. 6c, d) within the lifetime of
the diradical state.

Recently, we also found that similar molecular layers of diacetylene compound
can be formed on a cleaved surface of hexagonal boron nitride (h-BN) nanosheets
[28]. H-BN is a layered compound having a similar structure to graphite, except that
the two carbon basis set is replaced by boron and nitrogen. It is an insulator with a
band gap of 5.97 eV [29]. We found that the photo-polymerization rate on h-BN
was approximately 100 times faster than that on graphite. As the band gap of h-BN
is larger than the excited energy of diacetylene moiety (5.97 vs. 3.1 eV), the excited
state is prevented to relax into the substrate. In contrast, the excited energy can
easily relax into graphite or MoS2. Thus, the excited diradical state (Fig. 6b) has a
much longer lifetime on h-BN, resulting in a higher probability of the first addition
reaction.

5 Chemical Soldering: New Method for Single-Molecule
Wiring

‘Chemical soldering’ is a novel method for connecting conjugated polymer chains
to individual organic molecules [18, 19]. The concept is illustrated in Fig. 8.
Initially, a target functional molecule is adsorbed on a molecular layer of diace-
tylene compound. Then, an STM tip is positioned on the same molecular row of the
diacetylene compound that the functional molecule is adsorbed, and chain poly-
merization is initiated as described in Sect. 2. As previously described, the prop-
agating terminals of the chain have the reactive carbenes, as shown in Fig. 6e.

Fig. 7 Plot of tip-induced polymerization rate P per tunneling electron against the reactive
carbon–carbon distance, R, for MoS2 and HOPG substrates. Pulse amplitude Vs and duration were
always −3.5 V and 5 µs, respectively. Adapted with permission from Ref. [22]. Copyright 2011,
American Chemical Society
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When the chain polymerization encounters the adsorbed functional molecule, the
carbene at the terminal of the polymer reacts not only with a neighboring diace-
tylene molecule but also with the adsorbed molecule. As a result, a chemical bond
is spontaneously formed between the polydiacetylene chain and the target func-
tional molecule. Since the target functional molecule is located above the molecular
layer of diacetylene, the lifted-up structure of polydiacetylene is very important for
this process, as it enables the reactive carbene to approach the functional molecule.

We initially used phthalocyanine (Pc) as the target functional molecules. They
are planar functional dyes with unique electronic and optical properties [30]. Pc
molecules are very mobile on HOPG, so it is impossible to observe STM images of
isolated Pc molecules at room temperature. However, we found that Pc molecules
are stabilized on a molecular layer of 10,12-nonacosadiynoic acid (Fig. 9) [18, 19].

Fig. 8 Illustration of chemical soldering method. After a functional molecule is placed on a
molecular layer of diacetylene compound, chain polymerization is initiated using an STM tip. The
reactive carbene at the front edge of the chain polymerization spontaneously reacts and bonds with
the functional molecule

Fig. 9 a STM image after depositing a small quantity of copper phthalocyanine molecules on a
molecular layer of 10,12-nonacosadiynoic acid lying on HOPG. Monomers, a dimer, and a
pentamer of Pc are shown. b STM image of Pc pentamers. c Magnified STM image of a Pc
pentamer. d Model of a Pc pentamer. Adapted with permission from Ref. [18]. Copyright 2011,
American Chemical Society
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In Fig. 9a, the smallest protrusions (labeled ‘monomer’) are isolated single Pc
molecules adsorbed above the alkyl side chains of the 10,12-nonacosadiynoic acid
molecules. The larger protrusion labeled ‘dimer’ consists of two Pc molecules, and
the largest protrusion labeled ‘pentamer’ consists of five Pc molecules, which are
shown in Fig. 9b, c. As illustrated in Fig. 9d, a Pc pentamer adsorbs across two
rows of 10,12-nonacosadiynoic acid. As the pentamers are frequently observed
(Fig. 9b), they most likely represent a stable structure on the molecular layer of
10,12-nonacosadiynoic acid. The first demonstrations of chemical soldering were
performed on such pentamers of Pc [18].

Figure 10a shows an STM image of a Pc pentamer adsorbed onto a molecular
layer of 10,12-nonacosadiynoic acid on HOPG. Chain polymerization was initiated
by applying a pulsed bias voltage to the diacetylene row the Pc was adsorbed onto.

Fig. 10 a STM image of a Pc pentamer on a molecular layer of 10,12-nonacosadiynoic acid lying
on HOPG. b Same area after chain polymerization initiation. A fabricated single polydiacetylene
chain (bright line) is connected to a Pc molecule. c Same area after two polydiacetylene chains are
connected to the same Pc molecule. d Proposed chemical reaction. The reactive end of
polydiacetylene is inserted into a C–H bond of Pc. e Optimized structure model for the binding
structure. Calculated distribution of HOMO density is also shown. The white oval indicates the
region of smaller HOMO density. Adapted with permission from Ref. [18]. Copyright 2011,
American Chemical Society
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As a result, the polydiacetylene chain was connected to the Pc molecule (Fig. 10b).
Then, the STM tip was positioned on the other side of the Pc and initiated the
second chain polymerization (Fig. 10c), effectively connecting two polydiacetylene
chains to the same Pc molecule.

Careful observation of Fig. 10b, c reveals that the image contrast of the poly-
diacetylene backbone near the Pc connecting point decreased. By repeating similar
experiments more than 60 times, we found that approximately 70 % of the images
exhibited similar decreased contrast. In the other 30 %, the contrast of the poly-
diacetylene backbone was relatively unchanged [18]. We considered several pos-
sible chemical reactions of the terminal carbene and performed structural
optimizations of them [18] via the density-functional first-principles calculations
with a wavelet basis set (BigDFT) designed for large-scale calculations [31]. We
found that the binding structure, shown in Fig. 10d, e, gives the lowest energy
among calculated structures. In this structure, the carbene at the terminal of the
polydiacetylene chain is inserted into a C–H bond of Pc, resulting in the formation
of chemical bond between them, as shown in Fig. 10d. Figure 10e shows the
optimized structure of this binding structure. The calculated density distribution of
highest occupied molecular orbital (HOMO) is also depicted in the figure. The
calculated HOMO density in the two or three units of the polymer closest to the
connecting point (white oval in Fig. 10e) is less than that in the center of the
polymer. This is consistent with the decreased contrast in the STM images that
reflect the HOMO density. With 70 % of the images showing decreased contrast,
we conclude that polymer connection to Pc (chemical soldering) is the main
reaction. The remaining 30 % of the images, not exhibiting decreasing contrast, are
assigned to a structure where the carbene is inactivated through 1,2-rearrangement
of a hydrogen atom, without binding to the Pc.

Concerning the future applications of chemical soldering to Pc, it is suggested
that the system where the Pc molecule is connected to two polydiacetylene chains
could act as a molecular resonant tunneling diode [18]. As illustrated in Fig. 10d,
the terminal carbon atom of the polydiacetylene is converted to sp3 hybridization by
the insertion reaction. Those sp3 carbon atoms become tunneling barriers between
the polydiacetylene and Pc. If the bias voltage is adjusted such that the energy level
of the polydiacetylene is equivalent to that of the Pc, then an electron can directly
tunnel from the polydiacetylene into the Pc. Thus, electrons can flow from one side
to the other through the Pc molecule. If the bias is lower or higher than this voltage,
the flow of electrons could be restrained. Such could be a useful component of
future single-molecule electronics.

We also succeeded in chemical soldering with fullerene (C60) molecules [32].
When a chain polymerization is initiated to C60 nanoislands adsorbed on the
molecular layer of 10,12-pentacosadiynoic acid, a cycloaddition reaction occurs
between the carbene at the end of polydiacetylene and a single C60 molecule. STM
observation has proved that the C60 molecule is covalently connected to the end of
polydiacetylene [32].
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6 Summary

In this chapter, we discussed a method for on-surface synthesis of single conjugated
polymer chains, using STM tip-induced chain polymerization. This method enables
us to fabricate in ambient conditions, single straight polydiacetylene chains at
designated positions with nm spatial precision. Using this method, we have pro-
posed and demonstrated ‘chemical soldering,’ for connecting conjugated polymer
chains to a single functional molecule. Phthalocyanine and C60 molecules have
been used in our demonstrations, but we believe that many other functional
molecules can be connected using this method. Thus, this method will be a key
technology for the fabrication of single-molecule devices.
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